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ABSTRACT 

 

 Near-shore marine environments have undergone widespread heavy metal 

contamination resulting from the intensification of anthropogenic activities (e.g., industries, 

mining, pharmaceutical, agriculture, and urbanization). While some heavy metals may serve 

as essential nutrients for plants and animals, at elevated concentrations most are toxic and 

hazardous. Therefore, heavy metal pollution in coastal waters is one of the major environmental 

concerns making it imperative to develop reliable proxies for quantification of concentration 

levels. Shell or test geochemistry of marine calcifiers are increasingly utilised to monitor heavy 

metal contamination in the coastal waters to overcome limitations from traditional monitoring 

methods (e.g., using water, sediment and marine biota samples).  

 Heavy metals quantification studies were carried out using culture experiments in a 

temperature-controlled laboratory at the Indian Ocean Marine Research Centre, University of 

Western Australia. Live juvenile specimens of large benthic foraminifera (LBF) Amphisorus 

hemprichii collected from the subtropical waters of Rottnest Island, located ~20 km offshore 

Perth, South West (SW) Australia, were used for the culture studies. The foundation upon 

which the culture experiments are based is the incorporation of minor and trace elements 

present in seawater into the foraminifera tests by substituting for calcium or carbonate ions. 

The reef and seagrass dwelling cosmopolitan LBF Amphisorus hemprichii was chosen for our 

culture experiments because these miliolids are plentiful along the coasts of Western Australia 

and are commonly found along other Indian Ocean coastlines. Moreover, its close relative, 

Marginopora sp., is abundant in the tropical and subtropical near-shore marine waters of the 

Western Pacific Ocean, along with other Amphisorus sp., such as Amphisorus saurensis. 

 Three culture experiments were performed to investigate: 1) multi-element partitioning 

from seawater at varying temperatures but uniform light intensity, 2) multi-element partitioning 

from a multi-element spiked solution at uniform temperature but varying light intensities, and 

3) multi-element partitioning from multi-element spiked culture solutions at a uniform 

temperature and light intensity. A range of lead (Pb), manganese (Mn), nickel (Ni), and 

cadmium (Cd) spiked seawater (along with a control batch) was used for the multi-element 

spiking culture experiments. The partition coefficients (KDs) obtained for Pb, Mn, Ni, and Cd 

from the culture experiments were used to determine paleo-seawater Pb, Mn, Ni, and Cd 
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concentrations, using fossil Amphisorus hemprichii specimens picked from a sediment core 

obtained from Mangles Bay, Cockburn Sound Industrial area, SW Perth. 

 The uptake of 208Pb, 55Mn, 60Ni, and 111Cd in both newly grown and pre-existing 

chambers of individual A. hemprichii specimens from the culture studies were characterized 

using the microanalytical technique Laser Ablation-Inductively Coupled Plasma-Mass 

Spectrometry. We found no significant increase in Pb, Mn, Ni, and Cd incorporation in the 

tests of Amphisorus hemprichii with increasing temperature and light intensities. Importantly, 

it was observed that changes in the concentrations of Pb, Mn, Ni, and Cd in the A. hemprichii 

tests were directly proportional to those in the culture solutions over a wide range of 

concentrations. The calculated KDs for Pb, Mn, Ni, and Cd from the culture experiments are 

8.37±0.3, 1.3±0.2, 0.3±0.04, 2.6±0.3, respectively. Based on the test-geochemistry of cultured 

A. hemprichii specimens and staining experiments, a new biomineralisation model was 

proposed. The calibrated KDs for Pb, Mn, Ni, and Cd obtained for LBF A. hemprichii were used 

to determine the paleo (since 2150 BC) seawater Pb, Mn, Ni, and Cd concentrations. The past 

seawater revealed increased concentrations of heavy metals over the last millennium and in 

particular over the last century, coinciding with developmental activities in this industrial area. 

 The quantitative results obtained on the partitioning of heavy metals, Pb, Mn, Ni, and 

Cd from a wide range of multi-element spiked solutions into the calcite tests of Amphisorus 

hemprichii demonstrate the robustness of the LBF Amphisorus hemprichii for monitoring 

heavy metal contamination in coastal waters. In addition, the application of KDs of Pb, Mn, Ni, 

and Cd for LBF Amphisorus hemprichii to a sediment core to determine past seawater metal 

contamination now enable A. hemprichii to be utilised as a naturally occurring bio-archive to 

quantitatively monitor anthropogenic Pb, Mn, Ni, and Cd contamination in the present as well 

as past near-shore marine waters. 
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Chapter 1 

Introduction 

 

 

 

 

1.1  Monitoring of heavy metals in near-shore marine environments 

 Heavy metals are naturally occurring metallic elements in the earth’s crust in low 

concentrations with relatively high density compared to water (Fergusson, 1990; Hill, 2010). 

Commonly, a density of 5 g/cm3 is used to define a heavy metal and to differentiate it from 

other light metals (Koller and Saleh, 2018). Metalloids, such as arsenic, are also included as 

heavy metals because they introduce toxicity at low levels of exposure (Duffus, 2002). These 

heavy metals are introduced in the environment by either geogenic (weathering and erosion of 

crustal rocks), atmospheric or anthropogenic sources (He et al., 2005). Some of the 

anthropogenic sources includes mining, industrial, agricultural, pharmaceutical, and domestic 

effluents (Morais et al., 2012). Heavy metals such as cobalt, copper, chromium, iron, 

magnesium, manganese, molybdebum, nickel, selenium, and zinc are reported as essential 

micro-nutrients for various biochemical and physiological functions in plants and animals 

(WHO/FAO/IAEA, 1996). However, elevated concentrations of these metals can have adverse 

effects on living beings (Järup, 2003). Other heavy metals such as aluminium, antimony, 

arsenic, barium, beryllium, bismuth, cadmium, gallium, germanium, gold, indium, lead, 

lithium, mercury, nickel, platinum, silver, strontium, tellurium, tin, titanium, vanadium and 

uranium are considered as non-essential metals because of no established biological functions 

(Tchounwou et al., 2012 and references therein). Amongst all heavy metals, arsenic, cadmium, 

chromium, lead, and mercury have high levels of toxicity and are known to induce multiple 

organ failure even at lower levels of exposure. These heavy metals are also classified as 

‘known’ or ‘probable’ human carcinogens according to the International Agency for Research 

on Cancer and the United States Environmental Protection Agency (Tchounwou et al., 2012).  

 In recent years, near-shore marine environments have undergone wide-spread heavy 

metal contamination resulting from intensification of anthropogenic activities (e.g., industries, 
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agriculture, urbanization) related to developmental works (Bloom and Ayling, 1977; 

Kwiatkowska, 1984; Hart and Lake, 1987; Savvides et al., 1995; Govindaswamy and Azariah, 

1999; Rate et al., 2000; Pérez-López et al., 2003; Nasr et al., 2006;  Gaudry et al., 2007; 

Muzuka, 2007; Soualili et al., 2008; Hill, 2010; Wang et al., 2012; Beck et al., 2013; Naser, 

2013; Wang et al., 2013; Bozkurt et al., 2014; Hasan et al., 2016; Titelboim et al., 2018). 

Although mining and industries have major economic importance, yet their operation can 

introduce a wide range of chemical pollutants to the marine environment. Among some of these 

harmful chemicals are heavy metals that are considered as a major anthropogenic contaminant 

in coastal and marine environments (Ruillian et al., 2008). These heavy metals raise a serious 

threat to living organisms, human health and natural ecosystems because of their persistence 

(DeForest et. al., 2007), toxicity (DeForest et al., 2007, Fu and Wang, 2011) and 

bioaccumulation characteristics (DeForest et al., 2007; Zhou et al., 2008; Hosono et al., 2011; 

Zuykov et al., 2013). Therefore, heavy metal pollution in the coastal environments is one of 

the focussed environmental concerns, which makes it imperative to develop reliable proxies 

for accurately detecting and quantifying heavy metal contamination (both event-based pulsed 

changes and longer-terms) in a high-resolution temporal and spatial scale. 

 Research works on marine chemical pollution started in the late 1950s with studies on 

radioactive wastes dumped into the sea, and the first international congress on marine pollution 

took place in 1959 (Gerlach, 1981). Heavy metals in the near-shore marine environments have 

been monitored by using traditional direct methods such as measurements of concentrations in 

seawater (e.g., Patterson et al., 1976; Kersten et al., 1997; Shanbehzadeh et al., 2014) and 

sediment samples (e.g., Kersten et al., 1997; Gangaiya et al., 2001). Indirect methods such as 

analysis of organic tissues in marine biota (Talbot and Chegwidden, 1982; Zhou et al., 2008) 

have also been carried out for complementing direct methods. Although these direct and 

indirect methods have been useful, there are certain limitations associated with them. Seawater 

analysis provides a direct measurement of metals; however, they may overlook specific events 

of elevated concentrations, as water sampling is normally limited to frequency and spatial 

distribution. Additionally, the concentration of metal deposited in sediments are; 1) time 

averaged concentrations, 2) dependent on the organic content of the sediment, and 3) provides 

little or no data on the amount of metal available to biota in the overlying water column 

(Phillips, 1977). Diverse marine organisms can also have different biological response (i.e., 

vital effects), which leads to variable uptake rates even though they are exposed to same 

concentrations of heavy metals in the environment. Thus, despite significant improvements in 
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analytical sensitivity (Sadekov et al., 2008), continuous and long-term measurement of 

seawater quality using traditional sampling methodology remains a challenge. To overcome 

these disadvantages, shell-geochemistry of marine calcifiers such as corals (e.g., Shen and 

Boyle, 1987), bivalves (e.g., Gillikin et al., 2005), and foraminifera (e.g., Titelboim et al., 2018) 

are increasingly being utilized as natural bio-archives. This approach, the basis of this thesis is 

known as sclerochronology and has many advantages compared to the traditional methods: a) 

it is less sensitive and can be calibrated to account for vital effect (Bourgoin, 1990; Lingard et 

al., 1992), b) it provides a continuous record over the entire period of shell formation, and, c) 

most of the shells are well preserved even after the death of the organism (Sen Gupta 2003). 

1.2  Foraminifera as geochemical proxies 

 Compared to corals and bivalves, foraminifera are highly abundant in all marine 

environments (Sen Gupta, 2003; Murray, 2006) including marginal seas and coastal areas 

(Goldstein, 2003). These eukaryotic protozoa first appeared in the Cambrian (~540 ma) and 

have diversified (Sen Gupta, 2003), over the course of Phanerozoic, to exploit a wide variety 

of modes of life (Goldstein, 2003) in the marine environment. The latest taxonomy report on 

foraminifera by Loeblich and Tappan (1987) described 878 modern genera. Importantly, the 

number of extant foraminiferal species is estimated to be around 10,000 (Vickerman, 1992), 

which is the reason foraminifera are better known for their spectacular fossil record compared 

to their abundance in modern marine environments. Although unicellular, foraminifera 

accomplish most of the fundamental functions of life performed by multicellular animals. All 

foraminifera possess a test or shell that encompasses the organism. Based on their test, 

foraminifera are divided into four groups: the first two have organic and agglutinated tests. The 

other two groups precipitate CaCO3 shells and are known as the imperforate or porcelaneous 

(mainly Milliolids) and the perforate or hyaline. The porcelaneous foraminifera are more 

primitive and evolved in the Palaeozoic, whereas the perforate ones evolved in the Mesozoic 

and Cenozoic (Erez, 2003). Both imperforate and perforate foraminifera have different 

mechanisms of calcification. The imperforate porcelaneous species precipitate their needle 

shaped calcite crystals within intracellular vacuoles. These crystals, usually high Mg calcite, 

are then deposited, without any preferred orientation, at the sites of chamber formation. The 

test-building crystals of perforate species are oriented in a structure known as calcitic radial. 

Their shells are usually made up of low Mg calcite. One important feature found in many 

perforate foraminifera is lamination, which is observed when the organism covers its pre-

existing test with a new layer of calcite every time the organism builds a new chamber (Erez, 
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2003 and references therein). Some foraminifera are also known to host symbionts; algal 

symbionts in larger calcareous benthic and many planktonic species (Lee and Anderson, 1991); 

chloroplast husbandry in some benthic foraminifera from shallow-water habitats (Lopez, 

1979), and low-oxygen microhabitats located below the photic zone (Bernhard, 1986). 

Bacterial endosymbionts have been identified in some benthic foraminifera living in anoxic 

microhabitats; however, the actual mechanisms involved in this relationship has not yet been 

determined (Bernhard, 1996). The algal symbionts provide the foraminifera energy for growth 

and calcification (Hallock, 2000). Foraminiferal growth is accomplished by either increasing 

the size of a single chamber for unilocular forms or by adding a new chamber (Goldstein, 

2003). Based on the life strategy, foraminifera are separated into two groups; planktonic (live 

in surface waters) and benthic (live on the bottom of the ocean). Modern foraminifera are 

mostly benthic as there are only 50-60 planktonic species (Sen Gupta, 2003). Benthic 

foraminifera includes an informal group, known as large benthic foraminifera (LBF) that 

produce mainly calcite tests (Todd and Blackmon, 1956). The LBFs have: 1) algal symbionts 

(Hallock, 1999), 2) longer life span of one or more years compared to the short life-span of 

other benthic foraminifera (BouDagher-Fadel, 2018), and, 3) normally exceed 3mm3 in volume 

(Ross, 1974). The LBF are abundant in warm-temperate and tropical coastal reef-waters 

(Hallock, 1999; Hallock, 2000). Fossil specimens of LBF have been used in biostratigraphy 

(Murray, 2006; Bou-Dagher Fadel, 2008; 2018) and paleoenvironmental (Hallock et al., 2003; 

Murray, 2006; Gebhardt et al., 2013) analysis because of their great diversity, high evolutionary 

rates, and rich abundance as fossil records. 

 Foraminifera have been widely used as bio-indicators to monitor water quality and 

anthropogenic contamination in polluted coastal environments based on their assemblage 

studies (e.g. Frontalini and Coccioni, 2008; Uthicke and Nobes, 2008; Frontalini and Rodolfo, 

2012; Uthicke et al., 2012; Baz, 2015; Price et al., 2019), ultrastructure alteration (e.g. 

Frontalini et al., 2015, 2018), morphological changes (e.g. Madkour and Ali, 2009; Youssef, 

2015), physiological response (e.g. Uthicke and Altenrath, 2010; Ben-Eliahu et al., 2020), and 

test chemistry (e.g. Herut et al., 2008; Titelboim et al., 2018; Boehnert et al., 2020). During the 

process of calcification or test-building in foraminifera, minor and trace elements present in 

the seawater are incorporated by substituting for calcium or carbonate ion in the foraminiferal 

crystal lattice (Katz et al., 2010). This geochemical property of foraminiferal shells provides 

the foundation to reconstruct past oceanic conditions, because the uptake of these elements is 

often a function of ambient environmental settings at the time of test formation. The shell 



27 
 

chemistry of benthic foraminifera have been used as proxies for changing environmental 

parameters such as water temperature (Mg/Ca; e.g., Nürnberg et al., 1996), salinity (Na/Ca; 

e.g., Bertlich et al., 2018), redox conditions (Mn/Ca; Petersen et al., 2018), bottom water 

composition (Cd/Ca; e.g., Boyle, 1988; Boyle et al., 1995, Ba/Ca; e.g., Lea and Boyle, 1989), 

high-temperature hydrothermal fluxes (Li/Ca; e.g., Delaney and Boyle, 1986). Since the last 

two decades, several species of foraminifera (both planktonic and benthic) have been cultured 

in the laboratory to understand the partitioning of trace metals from the culture solutions to 

their calcite tests (Delaney et al., 1985; Lea and Spero 1992; Russel et al., 1994; Mashiotta et 

al., 1997; Havach et al., 2001; Maréchal-Abram et al., 2004; De Nooijer et al., 2007; Munsel 

et al., 2010; Nardelli et al., 2016; Titelboim et al., 2021; Sagar et al., 2021a; 2021b; Schmidt et 

al., 2022), which is important for quantitative application of foraminiferal test chemistry as 

environmental proxies. More recently, the shell geochemistry of foraminifera is being utilized 

as an emerging tool for monitoring heavy metal pollution in marine environments (Maréchal-

Abram et al., 2004; Herut et al., 2008; Frontalini et al., 2009; Madkour and Ali, 2009; Youssef, 

2015; Titelboim et al., 2018; Boehnert et al., 2020) and to reconstruct paleo seawater metal 

concentrations (Sagar et al., under preparation). 

1.3 Project overview 

 The idea of this project which commenced in October 2017, originated from the 

increasing necessity of developing a foraminiferal proxy for quantitavely monitoring Pb 

contamination in the near-shore marine environments. Though highly toxic, there was no 

published study on Pb partitioning in foraminiferal tests through laboratory culture 

experiments. Secondly, there was no other published literature on the partitioning of Mn and 

Ni, other than Munsel et al. (2010). Cd, being another toxic heavy metal with bio accumulative 

characteristics also warrranted the attention of this project. For culture studies in this project, 

live juvenile specimens of reef dwelling Amphisorus hemprichii, a cosmopolitan LBF 

belonging to the Order Miliolida were collected from the warm temperate waters of Rottnest 

Island located approximately 20 km offshore Perth, South West Australia. Amphisorus 

hemprichii foraminifera were used in our culture experiments because these miliolids are 

plentiful along the coasts of Western Australia and are commonly found along other Indian 

Ocean coastlines. Moreover, its close relative Marginopora sp. is abundant in the tropical and 

subtropical near-shore marine waters of the Western Pacific Ocean. The collected A. 

hemprichii specimens were cultured in the laboratory under a wide range of Pb, Mn, Ni, and 

Cd spiked seawater, in addition to one control experiment cultured with normal seawater. New 
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calcite formed during culture experiments were geochemically analysed using the micro-

analytical technique laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-

MS) facilities available with the University of Western Australia (UWA). Seawater 

concentrations were analysed in high-resolution (HR)-ICP-MS facilities at UWA. Partition 

coefficients of Pb, Mn, Ni, and Cd for the LBF A. hemprichii were calculated based on 

regression equations of the amount of uptake of heavy metals into their calcite from the 

laboratory culture solutions. Temperature and light sensitivity experiments were also carried 

out to understand the partitioning of studied heavy metals under different temperature and light 

intensity settings. The partition coefficients for the heavy metals; Pb, Mn, Ni and Cd obtained 

from culture experiments with Amphisorus hemprichii were applied to fossil A. hemprichii 

specimens picked from a sediment core collected from the Mangles Bay, Cockburn Sound 

industrial area, SW Perth to reconstruct seawater Pb, Mn, Ni and Cd concentrations since 2150 

BC. The findings from this project renders LBF A. hemprichii as a natural bioarchive to 

quantitatively monitor anthropogenic Pb, Mn, Ni, and Cd contamination in  near-shore marine 

environments for both modern as well as paleo-seawater. 

1.3.1 Research objectives 

 The primary objective of this thesis was to develop a methodology to quantitavely 

monitor Pb, Mn, Ni, and Cd concentrations in the near-shore marine environments using the 

LBF Amphisorus hemprichii. In the following two chapters of this thesis, we aimed to assess: 

a) if the LBF Amphisorus hemprichii proportionately incorporated trace metals of interest 

from their surrounding seawater; 

b) the threshold limits of proportionate incorporation for each studied heavy metal into their 

calcareous tests; 

c) the general calcification mechanism in A. hemprichii based on our staining experiments 

and geochemical data; 

d) the partitioning coefficients of Pb, Mn, Ni, and Cd for Amphisorus hemprichii; and, 

e) whether changing temperature and varying light intensities plays a role on the 

incorporation of Pb, Mn, Ni, and Cd in the imperforate tests of A. hemprichii 

foraminifera. 

In the fourth chapter of this thesis, we aimed to reconstruct paleo-seawater Pb, Mn, Ni, and Cd 

concentrations from fossil A. hemprichii specimens picked from a sediment samples in a core 

from Mangles Bay, Cockburn Sound industrial area, SW Perth. 
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Overall, our aim of this thesis was to study if LBF Amphisorus hemprichii can be quantitavely 

used as a suitable bioarchive and proxy for monitoring near-shore heavy metal contamination 

in modern as well as past seawater. 

1.2.1 Organization and summary of main thesis chapters 

 Chapter 2 of this thesis explains in details the setup of our laboratory culture 

experiments with live juvenile Amphisorus hemprichii specimens, the chemical cleaning 

technique developed for LBF A. hemprichii, and the LA methodology developed to pick 

geochemical signals from the calcite tests of Amphisorus hemprichii. We show the above using 

Pb incorporation in the tests of A. hemprichii from a wide range of Pb-spiked seawater and also 

zero spike seawater. A new biomineralisation model for LBF A. hemprichii is proposed based 

on the geochemical data obtained from the newly grown calcite chambers in the laboratory 

from the spiked culture solutions, and staining experiments. The range of proportionate intake 

of Pb in the A. hemprichii tests, and the threshold concentration are shown in this chapter. The 

partition coefficient of Pb for LBF A. hemprichii is calculated. 

 Chapter 3 discusses the role of temperature, and light intensity on the incorporation of 

Pb, Mn, Ni, and Cd in foraminiferal tests based on geochemical data from the temperature, and 

light culture experiments, respectively for Amphisorus hemprichii. The range of incorporation 

and thresholds for heavy metals Mn, Ni, and Cd in the calcite tests of A. hemprichii specimens 

from the spiked culture experiments are described. The partition coefficients of Mn, Ni, and 

Cd for A. hemprichii are calculated. 

 Chapter 4 applies the partition coefficients for Pb, Mn, Ni, and Cd with Amphisorus 

hemprichii, calculated in second and third chapters, to fossil Amphisorus hemprichii specimens 

picked from sediment samples in a core from Mangles Bay, SW Perth (an industrial and 

developed coastal region). Paleo-seawater concentrations for Pb, Mn, Ni and Cd were 

calculated since 2150 BC. 

 Chapter 5 is a general conclusion that summarizes the key findings of this thesis and 

makes suggestions for future research. 
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2.1 Abstract 

 Anthropogenic lead (Pb) contamination resulting from the rapid growth of 

industrialisation in coastal environments poses significant challenges. In this study, we report 

a novel approach utilising the large benthic foraminifera Amphisorus hemprichii as a 

biogeochemical archive for monitoring Pb pollution in tropical to warm-temperate coastal 

waters. Live juvenile specimens of A. hemprichii were cultured in the laboratory for 16 weeks 

with a range of seawater Pb concentrations. Lead uptake in both newly grown and pre-existing 

chambers of individual specimens was characterised using the microanalytical technique, Laser 

ablation-ICP mass spectrometry. We found that Pb concentration in the tests of cultured 

foraminifera in the laboratory is proportional to seawater [Pb] with the lead partition coefficient 

(KD
Pb) of 8.37±0.3. This calibration together with a new biomineralisation model now enables 

A. hemprichii to be utilised as a naturally occurring bio-archive to quantitatively monitor 

anthropogenic Pb pollution in coastal waters. 

2.2 Introduction 

2.2.1 Monitoring of lead pollution in the coastal environment 

 Lead is one of the most toxic (Tong et al., 2000; Tchounwou et al., 2012) and now 

widely distributed heavy metals present in the marine environment (Patterson et al., 1976; 

Bernhard and Patterson, 1981; Boyle et al., 2014). In urbanised coastal environments, lead 

pollution is of particular concern with more intense anthropogenic activities such as 

industrialization and waste discharge leading to orders of magnitude higher Pb concentrations 

than natural levels (Patterson et al., 1976; Davis, 1993). Because of its toxicity (DeForest et 

al., 2007; Fu and Wang, 2011), persistency (DeForest et al., 2007), and bio-accumulative 

characteristics (DeForest et al., 2007; Zhou et al., 2008; Hosono et al., 2011; Zukyov et al., 

2013) Pb poses a serious threat to aquatic organisms (Wu and Zhao, 2006) and ecosystems 

generally, compromising the food-chain and negatively impacting human health (Tong et. al., 

2000; Needleman, 2004). Monitoring of Pb concentrations in the coastal environments has 

traditionally been undertaken by direct measurements of seawater (Patterson et al., 1976; 

Kersten et al., 1997) and sediment samples (Kersten et al., 1997; Gangaiya et al., 2001; 

Alyazichi et al., 2016; Azadi et al., 2018). These direct seawater and marine sediment 

measurements have been complemented by indirect methods such as analysis of organic tissues 

in marine biota (Zhou et al., 2008) and in some cases monitoring of human blood samples 

(Long et al., 1995; Buchman, 2008; Gulson et al., 2009). However, there are limitations to the 

traditional approaches that are commonly used for monitoring lead and other heavy metal 
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contamination in the marine environment: 1) Analysis of chemical pollutants in water samples 

is generally limited by the frequency and spatial coverage of sampling and hence may miss 

short-term high-concentration pulsed events (Phillips, 1977). 2) Sediment samples are time-

averaged concentrations of Pb scavenged from the water column and are unlikely to be 

representative of the ambient environment (Phillips, 1977). 3) Incorporation of Pb and other 

heavy metals in organic tissues of living organisms is dependent on mechanisms that control 

biological uptake (e.g. feeding behaviour). Thus, biological responses can be species dependent 

with different sensitivities for organisms exposed to similar environmental conditions. To 

overcome the above limitations and to meet the need for long-term continuous records of water 

quality, Pb concentrations have been measured in corals (Shen and Boyle, 1987), bivalve shells 

(Gillikin et al., 2005) and have shown for example the high concentrations of Pb in the 1970’s 

arising from the use of leaded gasoline. Additionally, using the same principles of 

sclerochronology, anthropogenic pollution events caused by Pb and other heavy metals at 

Hadera in Israel have been successfully reconstructed using laser analysis from single 

chambers of foraminifera Lachlanella sp. and Pararotalia calcariformata (Titelboim et al., 

2018). Here we utilise a similar approach but instead focus on the larger benthic foraminifera 

Amphisorus hemprichii. These foraminifera have a lifespan of one to two years, are relatively 

prolific in the shallow-water in warm-temperate to tropical coastal areas and therefore can 

provide a near continuous record of anthropogenic pollution in the coastal environments. 

2.2.2 Larger benthic foraminifera (LBF) and environmental signatures 

 For the monitoring of Pb and other heavy metal contaminants in the coastal 

environments, foraminifera have several advantages over other calcareous marine organisms. 

They are highly abundant (Murray, 2006), diverse (Sen Gupta, 2003), and for calibration 

purposes, relatively easy to culture in the laboratory over a range of environmental conditions 

(Havach et al., 2001; de Nooijer et al., 2007; Munsel et al., 2010; Nardelli et al., 2013, 2016; 

Price et al., 2019; Smith et al., 2020; Ben-Eliahu et al., 2020). Foraminifera have been used as 

bio-indicators to monitor Pb and other toxic metal contamination in polluted coastal 

environments based on their assemblage studies (Armynot du Châtelet et al., 2004; Frontalini 

and Coccioni, 2008; Frontalini, 2012;  Baz, 2015; Price et al., 2019), ultrastructure alteration 

(Frontalini et. al., 2015, 2018), morphological changes (Madkour and Ali, 2009; Youseef, 

2015; Frontalini et al., 2017; Price et al., 2019), test chemistry (Herut et al., 2007; Titelboim et 

al., 2018; Boehnert et al., 2020) and physiological response (Ben-Eliahu et al., 2020). 

Importantly, an informal group, known as large benthic foraminifera (LBF) produce mainly 
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calcitic tests (Todd and Blackmon, 1956) with an incremental pattern of shell growth that 

enables the reconstruction of temporal records of environmental Pb concentrations. Like many 

other benthic foraminifera, the LBF have algal symbionts (Hallock, 1999) but have a longer 

life span of one or more years compared to the short life-span (few weeks) of other benthic 

foraminifera. Many of these LBF are morphologically large when compared to other benthic 

foraminifera (BouDagher-Fadel, 2018), and normally exceed 3 mm3 in volume (Ross, 1974). 

Importantly, these LBF can rapidly adjust to a wide range of environmental conditions because 

of their unicellular nature (Hallock et al., 2003), and larger size. For example, in the coastal 

waters of Haifa Bay in Israel, dissolved Pb, Cd, and Ni concentrations were tracked by 

geochemical analysis of foraminifera Amphistegina lobifera; a common reef-dwelling LBF 

(Herut et al., 2007). Also, because of their great diversity, high evolutionary rates and rich 

abundance of the fossil record, LBF have been used in biostratigraphy (BouDagher-Fadel, 

2008; 2018) and paleoenvironmental analysis (Gebhardt et al., 2013).  

 In reef settings that support algal-symbiont bearing organisms, the Foraminifera in Reef 

Assessment and Monitoring (FORAM) Index developed by Hallock et al. (2003) utilises LBF 

as bio-indicators of environmental conditions. Although LBF are abundant in warm-temperate 

and tropical coastal reef-waters (Hallock, 1999; Hallock, 2000), to the best of our knowledge 

only the study of Herut et al. (2007), has utilised the LBF Amphistegina lobifera as a 

geochemical monitor for Pb pollution. This study was, however, quantitatively limited due to 

the lack of a calibration for Pb-uptake in the calcite tests of LBF. Here we report the first direct 

calibration of skeletal Pb uptake by the LBF Amphisorus hemprichii thus enabling quantitative 

reconstruction of anthropogenic Pb pollution in coastal environments. The foraminifera 

Amphisorus hemprichii is a reef-dwelling cosmopolitan LBF belonging to the Family Soritida 

and Order Miliolida. In general, the walls of miliolid foraminifera are structured in three-layers: 

1) The outer thin extrados, 2) The middle thick porcelain, and, 3) The inner thin intrados 

(Parker, 2017). Since the imperforate foraminifera species A. hemprichii does not have a carbon 

pool, calcification and photosynthesis are approximately synchronous with both rates being 

similar (Erez, 2003). They precipitate needle-shaped high-Mg calcite crystals within their 

intracellular vacuoles and subsequently deposit them at the sites of chamber formation or 

biomineralisation space without any preferred orientation (Erez, 2003; de Nooijer et al., 2009). 

Thus we selected this species primarily because: a) It is highly abundant in their habitat; a 

density of more than 50 specimens in 10 cm3 of area. b) Commonly found along the Western 

Australian (WA) and other Indian Ocean coastlines, and, c) Its close relative, Marginopora sp.  



41 
 

(also miliolid) is commonly found in tropical and subtropical coastal zones in the Western 

Pacific Ocean. Here we describe the laboratory culture studies, the methodology developed to 

track the doped-Pb signatures from the tests of A. hemprichii using LA-ICP-MS geochemical 

analyses, and finally, the calibration of the Pb partitioning from artificially Pb-enriched 

seawater to the A. hemprichii tests. Importantly, we find that A. hemprichii can provide an 

effective tool for high temporal resolution quantitative monitoring of anthropogenic Pb 

contamination in the coastal reef-waters. 

2.3 Materials and methods 

2.3.1 Sample collection 

 Specimens of Amphisorus hemprichii were collected from the waters of Rottnest Island, 

which is located approximately 20 km offshore Perth, South West Australia (Figure 1a). The 

Rottnest Island is a protected natural reserve and measures around 11 km in length and around 

4.5 km in its widest point (Figure 1b). The species is abundant in the seagrass meadows 

composed mainly of Posidonia australis (Figure 1c), and are mostly found attached to seagrass 

leaves (Figure 1c, 1d). Live juvenile foraminifera A. hemprichii were removed from the leaves 

and placed into acid pre-cleaned Corning cell culture flasks containing recently filtered (0.2 

µm) seawater. In addition, Posidonia leaves with A. hemprichii attached to them were also 

stored in pre-cleaned zip-lock plastic bags containing fresh seawater. Both the culture flasks 

and the zip-lock plastic bags were thoroughly rinsed (x5 with seawater). All the foraminifera 

were transferred to the Watermans coastal culturing facility of the University of Western 

Australia (UWA) and acclimatized for four weeks in 100-litre tanks replenished with running 

seawater directly pumped from the ocean. 
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Figure 1 (a) Map of Western Australia showing Rottnest Island (white box). (b) Location of the sampling station 

(white star) in the Rottnest Island. (c) Seagrass Posidonia australis meadows with live foraminifera Amphisorus 

hemprichii specimens attached to the leaves. (d) Zoomed-in image of a seagrass-leaf with attached A. hemprichii 

specimens 

 

2.3.2 Culture studies in lead (Pb) doped seawater 

 For the culture studies, randomly selected live juvenile specimens of Amphisorous 

hemprichii were then transferred from the Watermans facility to a temperature-controlled 

laboratory in the Indian Ocean Marine Research Centre (IOMRC) at UWA. The specimens that 

showed active pseudopodial activity under a binocular microscope were only used in our 

culture studies. Two batches (1, and 2) of culture studies were undertaken at different levels of 

seawater Pb doping and the relative magnitude of Pb incorporation into the new calcitic tests 

of foraminifera A. hemprichii was determined. The culture studies in both the batches were 

conducted over 16 weeks using a range of Pb (PbCl2 from Sigma Aldrich) doped seawater 

concentrations (Table 1). The temperature of the foraminifera culture laboratory was kept 

constant at 20.5 °C ± 0.5 °C, similar to the seawater temperature at the sample collection site. 

Light intensity was controlled using an LED light that was customised to match the light 
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spectrum at around Rottnest Island and was programmed to generate a day-night light cycle of 

12 hours on and 12 hours off. The light controller was set to mimic the light intensity observed 

at ~1.5m water depth at Rottnest Island (Ross et al., 2015) of 177 PAR (Photosynthetically 

Active Radiation, µmol photons m-2 s-1). The culture studies were carried out using filtered (0.2 

µm) seawater to minimise the bacterial content and suspended material. During the 16-week 

culture of both batches, seawater solutions were changed every week to prevent bacterial build-

up with the salinity, pH and Pb concentrations of the doped solutions being kept constant 

throughout the experiment. Every week food for foraminifera A. hemprichii was added to the 

culture flasks. The food consisted of a mixture of two microalgae, Tetraselmis sp., and 

Nannochloropsis sp., as well as a diatom; Phaeodactylum triconortum. The different 

microalgal cultures were cultivated under optimized growth conditions (e.g. temperature and 

salinity) using synthetically prepared growth media at the Algae R&D Centre of Murdoch 

University (Ishika et al., 2018; 2019). Seawater was also replaced weekly, two hours after 

feeding. 

 The culture studies in batch 1 (see above) comprised five different experiments (S1, S2, 

S3, S4, and, S5). Each experiment contained six 100 ml culture flasks and each flask housed 

ten live specimens of Amphisorus hemprichii. The initial primary stock solution of Pb enriched 

seawater was prepared by gravimetric addition of PbCl2 (Sigma Aldrich) to filtered seawater 

for the high-Pb experiment S5.  The same stock solution was then diluted by factors of 1/8, ¼, 

and ½ for the experiments S2, S3, and S4 respectively. Due to the possibility of scavenging, 

Pb concentrations were also cross-checked by sampling (beginning and at the end) of seawater 

from the most concentrated S5 stock.  For this purpose ~5 ml aliquots were extracted, acidified 

with 15.6 N HNO3 and then diluted x10,000 with 2% HNO3 for Pb solution analysis using the 

High Resolution Inductively Coupled Plasma Mass Spectrometer (HR-ICP-MS) Element XR 

(Thermo Fisher Scientific). These analyses revealed significant Pb scavenging with a reduction 

in seawater concentrations of ~x3.2 relative to that expected from gravimetry. The measured 

range of Pb concentrations in batch 1 of Pb-doped culture experiments ranged from x2.5 to x18 

the trigger value of Pb for protecting 95% of the species in marine water (ANZECC, 

ARMCANZ; 2000) of Australia and New Zealand. Concentrations for experiments S2, S3, S4, 

S5 of 10.05, 20.1, 40.2 and, 80.4 µg/L respectively were maintained for these experiments (see 

Table 1). 

 To further confirm the veracity of this approach a second set of culture experiments 

‘batch 2’ designated A1, A2, and A3 was subsequently conducted with lower Pb-
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newly calcified tests over the 16 weeks of the staining experiment. The culture water was 

changed every fortnight and food (mentioned above) was supplied every week to these 

specimens of A. hemprichii. 

2.3.3 Chemical cleaning and preparation of samples for geochemical analysis 

 After the end of the 16-weeks culture period for the spike experiments S1 to S5, thirteen 

Amphisorus hemprichii (foraminifera) specimens were selected from each experiment; at least 

two specimens from every culture flask (section 2.3.2). Hence, total 65 specimens (13 

specimens x5 experiments) were picked for geochemical analyses. The foraminifera specimens 

in the highest Pb concentrated spike experiment: S5, showed no pseudopodial activity at the 

end of the 16-weeks culture experiment and hence were assumed to be dead. However, the 

specimens in experiments S1 to S4 showed signs of vitality with active pseudopodia. Before 

performing geochemical analysis on these selected specimens, they were first thoroughly 

rinsed and then soaked in 18.2Ω Milli Q ultra-pure water for 2 days. Three cleaning methods, 

which were partially adapted from Barker et al., (2003); and, Gray et al., (2014), were evaluated 

in their effectiveness in removing organic matter from the cultured specimens of foraminifera 

A. hemprichii.   

1. In the first cleaning experiment, Amphisorus hemprichii specimens were cleaned for 30 

minutes with an oxidative cleaning reagent (OCR) prepared in the laboratory using a 

mixture of 0.1M NaOH (Rowe Scientific) and 3% H2O2 (Chem-Supply). The 0.1M 

NaOH for the OCR was prepared by dissolving NaOH pellets in ultra-pure 18.2Ω Milli 

Q deionised water. Amphisorus hemprichii specimens were transferred to vials 

containing the OCR and soaked for 5 minutes followed by ultra-sonication with OCR 

at 65 Hz for 20 minutes. The specimens were then rinsed and ultra-sonicated with 18.2Ω 

Milli Q deionised water for 5 minutes. After cleaning, A. hemprichii specimens were 

dried in an oven at 40 °C for around 15 hrs. Finally, the dried foraminifera were 

mounted on glass slides for Pb analysis using laser ablation methods.  

2. The second chemical cleaning experiment was done with the OCR comprising 10% 

H2O2 and 0.1M NaOH. This method was performed on 10 specimens of A. hemprichii; 

5 specimens for 30 minutes and the remaining 5 for 60 minutes. Specimens were first 

cleaned as described above in step 1 and then subjected to ultra-sonication for two 

additional ~25-minute sessions, each with fresh OCR. The remaining steps were similar 

to the first cleaning experiment.  
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3. In the third cleaning experiment, some specimens of Amphisorus hemprichii were 

initially subjected to high-energy ultra-sonication pulses of 2 sec each for 20 sec using 

an ultrasonic probe from Sonics Vibracell. The samples were then chemically cleaned 

with an OCR (10% H2O2 and 0.1M NaOH) for 30 minutes as described in the first 

cleaning experiment. 

2.3.4 Laser ablation of foraminifera Amphisorus hemprichii tests 

 In-situ analyses of Pb of foraminifera tests was undertaken with the most abundant 208Pb 

isotope using a Laser Ablation-Inductively Coupled Plasma-Mass Spectrometer (LA-ICP-MS) 

at UWA’s Advanced Geochemical Facility for Indian Ocean Research (AGFIOR). Laser 

Ablation was undertaken using a 196 nm Excimer laser (Teledyne CETAC G2) with a two-

volume ablation chamber in a helium atmosphere. Laser pulse repetition rate was set at 6 Hz, 

with an energy density at the surface of 3.44 J/cm2 (Table 2). The ablated material was 

continually transported to the plasma of a sector field high sensitivity ICP-MS (Thermo 

Element XR). The ICP-MS was operated in medium resolution and was tuned for Th oxide 

production of less than <0.5% and U/Th ratio of ~1. National Institute of Standards and 

Technology (NIST) glass 614 was used as the primary reference material for metal 

concentrations. Repeat standards of NIST glass 612 were used as the secondary reference 

material and run every half hour throughout the analytical session with the reproducibility of 

Pb/Ca in NIST 612 being 1.6% (2RSE) over duration on 2 sessions of 2 days long. We also 

used one in-house carbonate standard named UWAC: an aragonite crystal, which had a 

reproducibility of 8.5% (2RSE). This standard was placed ahead of NIST reference materials 

throughout the sequence of analytical runs. All LA-ICP-MS generated Pb/Ca data sets were 

processed using IgorPro software. 

 Three different methods were investigated to better understand the typology and 

sequence of shell growth and to design the best method for retrieving the Pb-doped signals 

from the cultured Amphisorus hemprichii (foraminifera) specimens. Firstly, four line-scans 

were performed on each foraminifera specimen (for all chosen 65 specimens from culture 

studies batch 1;  section 2.3.2) using an adjustable slit to generate ablation craters of 200x100 

µm in size at a gap of 10 µm, with a raster rate of 4 µm/s and tracks of ~700 µm length (Figure 

2: orange box). The 260 (65x4) line-scans with laser data at every 10 µm spacing generated 

18,200 (260x70) laser data values. The number of LA-ICP-MS measurements carried out on 

the tests of A. hemprichii from our culture studies (batches 1, and 2) are included in the 
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Figure 2 Amphisorus hemprichii specimen showing: (1) Laser line transects; orange rectangular box, (2) 

Location of laser square-spot analysis on the septa; red spots, and, (3) Location of laser rectangle-spot analysis 

on the septa; purple boxes 

 

2.4 Results 

2.4.1 Staining experiment 

 Staining studies were carried out as a separate experiment to determine the growth 

pattern of foraminifera Amphisorus hemprichii specimens in the laboratory using dyes Alizarin 

red and Calcein green, which were added alternately every fortnight (Sadekov et al., in 

preparation). The radii of these specimens were measured before and after performing the 

staining experiments, which allowed identification of the extent of growth of new chambers in 

the laboratory and understanding of their growth pattern. After completion of the staining 

experiment, skeletons of stained A. hemprichii (foraminifera) specimens were imaged using 

confocal microscopy in the Centre for Microscopy, Characterisation and Analysis at UWA. A 

representative image of a stained specimen of A. hemprichii is shown in Figure 3. From the 

radii measurements, it was observed that new chambers were formed in a concentric manner 

giving A. hemprichii a flat and discoidal shape. Although the dyes were applied alternately, the 

newly formed calcite chambers of A. hemprichii did not show alternating red and green colour. 

Instead, patches of green colour produced by the dye Calcein were seen between the red colour 
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produced by Alizarin and vice versa in a random fashion. Importantly, stains of green and red 

colour (implying new wall growth) were observed on the surface of pre-existing chambers that 

were formed in the natural environment (Figure 3); indicative of subsequent overgrowths and 

a more complex pattern of calcification than originally envisaged. 

 

Figure 3 Representative image of a stained A. hemprichii specimen with dyes Alizarin red and 

Calcein green. The shell growth in the natural habitat and during the staining experiment in the 

laboratory is demarcated (see text section 2.4.1 for details) 

 

2.4.2 Chemical cleaning experiments 

 Efficacy of chemical cleaning is essential for retrieving accurate reliable geochemical 

data using foraminifera. Especially critical is the need to remove the organic tissue from the 

tests of Amphisorus hemprichii in order to achieve reproducible numbers from different growth 

periods of the test structure. To achieve this, variants of the cleaning method were tested with 

three experiments (section 2.3.3). A plot showing the results of cleaning exp2 and exp3 on the 

same foraminifera specimen is shown in Figure 4. Here spot analyses are shown on the same 

septum wall structures cleaned under exp2 and exp3; experiment regimes two and three, only. 

Similar Pb/Ca ratios were found (~0.24 mmol/mol) in septum 3, but with the standard deviation 

for cleaning experiment three (±0.03 mmol/mol) being slightly lower compared to experiment 

two (±0.05 mmol/mol). However for the septa, four to six (Figure 4) there is a significant 

difference in both the average value and the variability, with samples cleaned under experiment 
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2.4.3 LA-ICP-MS Pb/Ca analyses 

 From the high-resolution LA-ICP-MS line-scan analyses of 65 Amphisorus hemprichii 

specimens (260 line scans: section 2.3.4), around 48% foraminifera showed a ‘natural’ baseline 

with relatively low Pb/Ca ratios, which were consistent with that expected from the doping 

experiments, versus new growth under doped conditions (representative plot; Figure 5a: grey 

line). The other group, accounting for 52% of cultured specimens, showed abnormally high 

Pb/Ca ratios (representative plot; Figure 5b: grey line) on the surface of chambers that had 

formed earlier in the natural environment representing complex overgrowths. In addition, spot 

analyses and depth profiling were performed on the septa of some specimens of A. hemprichii, 

where line scans were initially carried out, to understand the patchy and abnormal higher Pb/Ca 

ratios (Figure 5b: grey line) that were observed in the baseline of some specimens in the line-

scans. We observed that the spot measurements (black spots: Figure 5a, 5b) carried out on these 

structures showed lower baseline values (section 2.4.3.2, Figures 5a, 5b) and were free from 

overgrowth complexities (section 2.5.1) when compared with the line analysis (grey line: 

Figures 5a, 5b). Finally, 552 spot measurements with depth profiling (22 measurements for 

each spot) were carried out on 46 foraminifera specimens from batch 1 that were chemically 

cleaned using the cleaning protocol three described above (section 2.3.3).  For the second batch, 

216 spot measurements with depth profiling were carried out on 18 foraminifera specimens. 

The Pb/Ca values obtained from the tests of these rigorously cleaned foraminifera specimens 

from batches 1 and 2 were used to calculate Pb partition coefficient (KD
Pb) for the incorporation 

of Pb into the test walls of A. hemprichii (section 2.5.3) from the Pb-doped seawater.  

2.4.3.1 Amphisorus hemprichii from Pb-doped experiments 

 The Pb-doped signatures were retrieved from analyses on the outer septa of Amphisorus 

hemprichii specimens that grew in the laboratory. Two representative images with higher 

Pb/Ca ratios in the tests corresponding to the shell-growth in Pb-doped seawater are shown in 

Figures 5a, and 5b. These figures highlight that both the laser line-scan and spot analysis 

discriminate enriched Pb signatures from the newly grown septa of A. hemprichii. The 

representative plot (Figure 5a) shows a steep increase in Pb/Ca ratios (grey line: line-scan 

analysis) from 0.03 to 0.17 mmol/mol reflecting growth in the Pb doped seawater. The spot 

measurements (black spots S1 to S10 joined by dots) also showed increased Pb/Ca ratios from 

0.01 mmol/mol (S3) to 0.16 mmol/mol (S1) corresponding to the interval formed in the Pb 

doped seawater. The highest Pb/Ca ratios observed in the second representative plot (Figure 

5b) related to the doped seawater (grey line: line analysis) was 0.72 mmol/mol and it appeared 
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that the Pb/Ca ratios increased steeply from around 75 µm towards the outer edge. Spot analysis 

carried out on the same outer septum showed highest Pb/Ca ratios of 0.88 mmol/mol at spot 

S1 (Figure 5b).  These Pb-doped signatures obtained with spot analysis from the outer septa of 

foraminifera A. hemprichii were used to calculate the KD
Pb (section 2.5.3). A slight increase in 

Pb/Ca ratios was also observed near the proloculus in the spot analyses (Figures 5a, 5b: black 

spots). 

 

Figure 5 (a, b) Pb/Ca ratios (mmol/mol) in representative Amphisorous hemprichii (foraminifera) specimens 

obtained from both line-scan (grey line) and spot measurements (black spots S1 to S10 connected by dots) using 

LA-ICP-MS techniques. The Pb/Ca ratios are plotted against the distance (in µm) from the outer edge of the 

foraminiferal shell. Also shown is the location of the spot measurements: S1 to S10 in terms of distance from the 

outer shell. Spots S1, S6 and S10 are highlighted. The threshold between growth in culture and natural 

environments, based on spot analysis, is marked by the vertical purple bar. (b) A ‘hump’ indicating secondary and 

complex overgrowth is observed in the line analysis between 200 µm and 450 µm. (c, d) Depth profiles with 

Pb/Ca ratios in log scale of the spots S1, S6 and S10. At each spot, 22 measurements were obtained from the 

surface to a depth of ~29 µm (see text section 2.4.3 for details) 

 

 The Pb/Ca ratios of the new calcite formed in the Pb doping culture studies batch 1 

(experiments S2, S3, S4, and S5), and, batch 2, (experiments A1, A2, and A3) are shown in 
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Figure 6a. The combined Pb concentrations in culture studies batch 1 and batch 2 range from 

3.5 to 80.4 µg/L (Table 1). The stock solution for batch 1 and batch 2 had measured Pb 

concentrations of 80.4 and 28 µg/L, respectively. The newly grown test-walls in experiments 

S2 to S4 from batch 1 and experiments A1 to A3 from batch 2 (in total six different 

experiments) linearly incorporate Pb (R=0.995) with increasing Pb concentrations in the 

culture seawater (Figure 6b).  

Figure 6 (a) Pb/Ca ratios in new calcite for culture studies batch 1 (experiments S1 to S5), and culture studies 

batch 2 (experiments A1 to A3). The region beyond experiment S4 (and covering S5) is shaded red as the 

foraminifera A. hemprichii specimens representing experiment S5 are possibly toxic-stressed as indicated by our 

geochemical measurements (see text for details). (b) Linear incorporation of Pb (R=0.995) in the newly calcified 

test walls of foraminifera Amphisorus hemprichii from the culture seawater with varying Pb concentrations (see 

Table 1). The 95% confidence band for the new calcite is shown in blue lines. The linear equation to calculate 

Pb/Ca concentrations in the seawater is derived from six Pb-doped culture experiments (combing culture studies 

batch 1, and 2). The calculated KD
Pb from our culture studies is 8.37±0.3 
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The notable exception, however, was for the Pb/Ca ratios of the newly built skeletal structures 

of the specimens in the highest Pb concentration (80.4 µg/L of Pb) experiment S5 (Figure 6a). 

The new calcite of this experiment showed similar Pb/Ca ratio (average=0.16 mmol/mol) to 

the Pb/Ca in the new calcite formed in experiment S4 (average=0.16 mmol/mol), which had 

x1/2 the Pb concentration compared to experiment S5. The highest variability (SE=0.06 

mmol/mol) was observed in the Pb/Ca ratios in the newly formed calcite of the specimens in 

experiment S5 compared to other Pb doped experiments.  

2.4.3.2 Amphisorus hemprichii from natural seawater (baseline) 

 In addition to the Pb-doped experiments (section 2.3.2), a control experiment (S1) was 

undertaken where the specimens of foraminifera Amphisorus hemprichii were cultured with 

undoped (natural) filtered (0.2 µm) seawater. In this experiment Pb/Ca ratios (0.54±0.05 

µmol/mol) in the newly formed test walls grown under laboratory conditions was within the 

same analytical uncertainty as the Pb/Ca ratios of pre-existing calcite (0.50±0.04 µmol/mol), 

which was calcified at the living site on the Rottnest Island (Figure 6a). This is consistent with 

the relative proximity of UWA culturing facility to Rottnest Island and therefore we observe 

similar natural Pb background values in seawater. It also confirms that our culturing 

experiments did not lead to an increase in Pb background due to specimen handling, feeding, 

and using plastic flasks.  

 We observed a difference in the background (or baseline) values with our laser-line and 

-spot analyses methods (Figures 5a, 5b). In the representative plot; Figure 5a, the distance from 

~160 µm to 700 µm (centre of the foraminifera) represents the portion of the growth in the 

natural environment or before the spiking culture experiments in the laboratory. The distance 

from 160 µm to 600 µm is a nearly flat portion (line analysis; grey line) with uniform Pb/Ca 

ratios (averaging 0.03 mmol/mol) indicating growth in natural seawater conditions. However, 

from 600 µm to 700 µm, a portion of the skeleton that calcified before the laboratory spiking 

experiments, also showed an increase in Pb/Ca ratios from 0.03 mmol/mol to 0.10 mmol/mol. 

The average Pb/Ca baseline value of 0.005 mmol/mol obtained from the spot analysis (Figure 

5a; spots S3 to S9) on the septa is x6 lower than the Pb/Ca baseline observed in the line analysis. 

In the second representative plot (Figure 5b), the distance from ~150 µm to 600 µm (centre of 

the foraminifer) represents the portion of growth before the laboratory spiking experiments (in 

the natural environment). Theoretically, the Pb/Ca baseline values from this portion should 

have been flat showing uniform values as seen in the first representative plot (Figure 5a). 
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However, the line analysis shows abnormally elevated Pb/Ca ratios in the central region on the 

baseline (Figure 5b: grey line). In contrast, the baseline values obtained from the spot analyses 

(Figure 5b: spots S4 to S9) on the septa are uniform with an average Pb/Ca concentration of 

0.05 mmol/mol. In addition, the abnormally higher Pb/Ca ratios observed in the middle of the 

line analysis, are completely absent in the spot profile (Figure 5b: black spots). This indicates 

that laser-spot analysis on the septa is the optimal method to retrieve signals from foraminifera 

A.hemprichii.  

 We also observed that the Pb/Ca background value (old calcite precipitated in the 

natural environment) for the Pb-doped experiments (S2 to S4; except S5) representing the 

growth in the pre-spike period also increased when compared to the Pb/Ca baseline or 

background values in the control experiment S1 (the experiment with undoped seawater) 

(Supplementary Figure 1). Theoretically, the background values for all the culture experiments 

(S1 to S5) for culture studies batch 1 should have remained the same. The increase in the 

background Pb/Ca values for the spiked experiments S2, S3, and, S4 compared to the 

background value in control experiment S1 are 0.16, 0.75, and 2.0% respectively. The 

background values in the old-calcite for Pb-doped experiments S2, S3, and S4 from batch 1, 

and, experiments A1, A2, A3 from batch 2 increased linearly with the spike solution (R=0.98, 

Supplementary Figure 1).  Interestingly, the Pb/Ca ratios in the old calcite of foraminifera A. 

hemprichii specimens in experiment S5 were lower compared to the old calcite of experiment 

S4 (Supplementary Figure 1), which is in contrast to the old calcite values obtained in 

experiments S2, S3, and S4 (batch 1). These geochemical data are suggestive of limited shell 

growth or hindrance in calcification in the highest Pb concentration spike experiment, S5.  

2.5 Discussion 

2.5.1 The overgrowth complexities 

 The representative plot (Figure 5a) showed an increase in Pb/Ca ratios for the chambers 

formed near the proloculus (600 µm to 700 µm), which were formed in the natural environment 

indicating possible overgrowths. This increase was observed in both the line analysis (grey 

line: 600 to 700 µm) as well as spot analysis (black spot: S10). The spot S6 (Figure 5a) also 

showed slightly higher concentrations than the ‘baseline’ Pb/Ca average value of 0.005 

mmol/mol observed from the spot analysis in the non-spike region. To understand the reason 

behind these higher Pb/Ca values at spots S6 and S10, depth profiling was carried out to check 

the calcification at deeper levels (Figure 5c). The depth profile of spot S6 was nearly uniform 
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with average Pb/Ca ratios of 0.01 mmol/mol. The deepest parts of the spot S10 showed lower 

Pb/Ca ratios, which was around 0.005 mmol/mol and it gradually increased to 0.06 mmol/mol 

at the surface. This contrasted with the higher Pb/Ca from depth profile of spot S1 (Figure 5c) 

averaging 0.16 mmol/mol representative of growth from Pb enriched seawater in the culture 

studies.  

 The second representative plot (Figure 5b; line analysis: grey line) also showed higher 

Pb/Ca ratios near the proloculus (450 to 600 µm) and between 200 to 450 µm where it reached 

a maximum of 0.65 mmol/mol. These patchy higher Pb/Ca ratios observed in the non-spiked 

region are interpreted as secondary growth that occurred in the laboratory on the surface of 

chambers that had already formed in the natural environment. The spot analysis (Figure 5b: 

black spots) does not show the ‘hump’, which was observed in the line-scan (Figure 5b: grey 

line). However, we observed a slight increase in the background value of spots S6 and S10 

compared to the other spots in the baseline period (S4 to S10). Depth profiles of spots S1, S6, 

and S10 (Figure 5d) were also carried out to characterise the Pb/Ca distribution within the shell 

for the regions corresponding to spiked and non-spiked periods. The Pb/Ca depth-values for 

the spot on the outermost margin of the foraminifera (S1), from the surface to ~29 µm depth 

(Eggins et al., 2003), remained nearly uniform averaging 0.9 mmol/mol. The Pb/Ca ratios in 

the deeper parts of other spots: S6 and S10 were around 0.05 mmol/mol, which was similar to 

the baseline values observed during the non-spike period in the spot profile. However, the 

Pb/Ca values of these spots S6 and S10 gradually increased towards the surface indicative of 

secondary overgrowths under higher Pb concentrations in the seawater in our laboratory 

experiments. In most line-scans, we observed higher Pb/Ca ratios near the proloculus 

(representative Figures 5a, 5b), than the baselines in the cultured Amphisorus hemprichii 

specimens with the Pb-spiked seawater. These higher Pb/Ca ratios near the proloculus 

(observed in the line analysis) become insignificant in the spot analysis (representative Figures 

5a, 5b). From our depth-profiling laser studies (representative Figures 5c, 5d), it appears that 

these are secondary overgrowths on the initial chambers. 

2.5.2 Distribution of Pb in cultured foraminifera Amphisorus hemprichii 

 During the process of calcification or test building in foraminifera, trace elements, such 

as Pb (from the seawater) present in the vacuoles precipitate along with the calcium carbonate 

and are incorporated into the walls of the test (Erez, 2003; de Nooijer et al., 2009). Irrespective 

of the biological controls, the degree of incorporation of some trace metals into the crystal 

lattice of the foraminifera wall is proportional (Supplementary Table 2) to their concentration 
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in the seawater (Ba, Cd: Havach et al., 2001; Cu: de Nooijer et al., 2007; Cu, Ni, Mn: Munsel 

et al., 2010; and, Zn: Nardelli et al., 2016). The results of our Pb-spiked culture experiments 

(excluding S5) with foraminifera Amphisorus hemprichii specimens reveal that newly grown 

test walls linearly incorporate lead (Figure 6b) in proportion to the concentrations of Pb in the 

culture-seawater (R=0.995). However retrieving the desired Pb-signals from A. hemprichii  

specimens was not possible by following the traditional geochemical sampling methods along 

a line-path as is normally done in other marine calcifiers such as corals (Fallon et al., 2002; 

McCulloch et al., 2003; Sagar et al., 2016) and molluscs (Marchitto, 2000) (Figures 5a, 5b; line 

analysis: grey line). This is due to continuous addition of newly formed calcite at the test 

periphery and also on the surface of previously formed chambers (staining experiment: Figure 

3). Our high-resolution geochemical LA-ICP-MS data on seawater-doped specimens suggests 

that A. hemprichii forms secondary chambers/layers as overgrowths above the old calcite or on 

the surface of initial chambers. This accounts for higher Pb/Ca values on the surface (that 

formed using Pb-doped seawater in the laboratory) of some septa whereas the underlying 

portion of these septa were formed in the natural environment (before the Pb-doping 

experiments). These overgrowths are patchy and non-uniform in nature as observed in the line 

analysis (Figures 5a, 5b: grey line).  

 Using our test-chemistry data, we propose a new biomineralisation model for 

foraminifera Amphisorus hemprichii that takes into account the presence of overgrowths on 

previously formed chambers (Figure 7). Although the physiological studies of the response of 

the host foraminifera A. hemprichii and its algal symbionts to elevated concentrations of Pb in 

our culture studies was beyond the scope of this study, some insights are provided by our Pb 

doping experiments and high-resolution geochemical analyses. It is known that LBF 

Amphistegina gibbosa are excellent adaptors to environmental stressors by having a trimorphic 

life cycle (Dettmering et al., 1998; Harney et al., 1998) with the ability to acclimatize to 

stressful conditions by hosting a wide variety of diatoms (Lee et. al., 1995), and selecting more 

stress-tolerant symbionts (Pochon et al., 2007). In a culture study on the effects of Pb pollution 

(ranging from 10 µg/L to 10 mg/L) on the foraminifera Ammonia parkinsoniana, Frontalini et 

al. (2015) found that higher concentrations of Pb led to cytological changes and in some 

specimens they observed thickened inner organic linings to the wall as a protective mechanism 

adopted by the foraminifera. In a recent study by Ben-Eliahu et al. (2020) on the response of 

algal symbionts in three LBF species (A. lobifera, A. lessonii, and S. orbiculus) to elevated 

concentrations of heavy-metals (Cu, Cd, Pb), the researchers observed non-fatal but variable 



58 
 

responses between different species of foraminifera. They observed that the Chl a concentration 

of the diatoms in the hyaline foraminifera A. lessonii showed a negative response to the Pb 

treatment, whereas in the other hyaline foraminifera A. lobifera and the porcelaneous S. 

orbiculus the Chl a concentration was similar or higher than in the control experiments (Ben-

Eliahu et al., 2020). 

 

Figure 7 Based on our LA-ICP-MS geochemical data and staining results, a simplified sketch representing the 

growth model (axial section) in the foraminifera Amphisorus hemprichii is proposed. The figure shows three 

growth stages (I, II, and III) marked in different colours. Patchy and non-uniform overgrowth related to stages II 

and III are shown on the surface of chambers formed in stages I and II. Laser spot measurements with depth 

profiling helped to demarcate (and avoid) these patchy overgrowths. This growth model explains the presence of 

patchy and abnormal high Pb/Ca ratios (related to the laboratory Pb-doped seawater) on the surface of chambers 

of A. hemprichii (foraminifera) that were initially formed in the natural environment 

 

 The proposed biomineralisation model for foraminifera Amphisorus hemprichii, based 

on the test-chemistry of cultured specimens is also consistent with results of our staining 

experiment (section 2.4.1), which now enables a more complete 3-D spatially resolved model 

of skeletal growth (Figure 7) for foraminifera A. hemprichii. The flat and circular shape of the 

test of foraminifera Amphisorus indicates that it adds new chambers away from the initial 

chamber or the proloculus (Figure 2) in a concentric manner. The generally flat shape of the A. 

hemprichii indicates that addition of new chambers is mostly lateral, which gives rise to a 

discoidal appearance (Figure 2) at any point of time during its life span. However, importantly, 

our staining experiment with alternate application of dyes Alizarin red and Calcein green 
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(Figure 3) does not generate distinct and alternate red and green zones. This is because new 

chamberlets were also formed randomly on the initial chamberlets during the laboratory culture 

experiments (with Pb-spiked seawater) indicating complex and secondary overgrowths. 

 We propose that laser-spot analysis method on the septa of the Amphisorus hemprichii 

test is, therefore, the only reliable method to discriminate the growth periods during shell 

ontogenesis. This approach delivers consistent geochemical data regardless of the extent of 

secondary overgrowth as found in this work (Figure 5). The spot analysis method also helped 

to improve the signal to noise ratio and hence better quantify the low Pb/Ca or baseline signals, 

for example, the natural Pb/Ca seawater concentrations. Importantly, the culture experiments 

in this research showed that the recent Pb concentration in the seawater composition can be 

quantitatively (section 2.5.3) retrieved by analysing the outer septum of live specimens of 

foraminifera A. hemprichii.  

 Our LA-geochemical data in the cultured Amphisorus hemprichii showed an increasing 

trend of the Pb/Ca ratios in the ‘old’ calcite (background or baseline) with the increase in Pb-

spiked seawater concentrations except experiment S5 (Supplementary Figure 1). These higher 

baseline values of Pb/Ca ratios for the Pb-doped experiments (S2 to S5, and, A1 to A3) are 

consistent with the incorporation of ~8% high Pb/Ca during either the laser ablation sampling 

process or from minor infilling secondary growth within the ‘old’ pre-existing regions of the 

shell. There is also possibility that ‘old’ calcite passively adsorbed Pb into the skeleton leading 

to ~8% increase in background values. 

2.5.3 Partitioning of Pb into cultured foraminifera Amphisorus hemprichii 

 We observed increased Pb/Ca ratios in the new calcite of the Amphisorus hemprichii 

specimens grown in the laboratory with our Pb-enriched seawater (Figure 6a). However, the 

increasing trend of Pb/Ca ratios in the new calcite with increasing seawater Pb concentrations 

is not observed in the experiment S5, which was spiked with 80.4 µg/L of Pb (highest spike 

concentration experiment in our culture studies) (Figure 6a). From the geochemical 

measurements of tests in experiment S5, we observed minimal calcification of A. hemprichii 

specimens with only one or two new septa formed over 16 weeks duration of the culture 

experiment. Previous studies have also observed a decrease in the shell growth with increase 

in heavy metal concentrations in the culture seawater: 1) Decrease of around 30% shell growth 

in Sorites orbiculus when exposed to x5 Criteria Maximum Concentration (CMC; Buchman, 

2008) of Pb (Ben-Eliahu et al., 2020), 2) Shell growth decrease of around 30-60% in Ammonia 
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tepida when exposed to varying concentrations (x13 to x44 CMC) of Cu (Munsel et al., 2010). 

3) Around 50% decrease in shell growth in Ammonia tepida when exposed to x125 CMC of 

Cd (Denoyelle et al., 2012). Delay in the production of chambers due to increase in heavy metal 

concentrations in the seawater was observed in some previous studies: 1) Delay in chamber 

formation in Ammonia tepida and Ammonia beccarii with Cu contaminated seawater (Le Cadre 

and Debenay, 2006). 2) Delay in production of first chamber in Pseudotriloculina rotunda with 

increasing Zn concentrations in the culture seawater (Nardelli et al., 2013). Decrease in growth 

rate in foraminifera Rosalina leei was observed with increasing Hg concentrations in the 

seawater (Saraswat et al., 2004: gradual increase in Hg; Nigam et al., 2009: sudden increase in 

Hg). Though we observed decreased calcification in A. hemprichii specimens in the culture 

experiment S5, we did not observe any test deformities. Test deformities were also absent in 

the culture experiments on Pseudotriloculina rotunda with high concentrations (100 mg/L) of 

Zn (Nardelli et al., 2013). A recent study on test deformation and shell chemistry (Cd, and Pb) 

in Ammonia tepida and Elphidium excavatum suggested deformities related to other 

environmental stressors than the studied heavy metals: Pb and Cd (Boehnert et al., 2020). 

Hence, we believe that the observed minimal calcification in A. hemprichii in experiment S5 

indicates Pb-toxicity, which stressed the foraminifera specimens. Therefore, for calculating the 

lead partition coefficient (KD
Pb) for A. hemprichii, we have used the test-chemistry data 

obtained from the rest of our Pb-doped experiments of batch 1 (S2, S3, S4) and batch 2 (A1, 

A2, A3); in total six experiments with varying Pb concentrations (Figure 6b). 

 The combined Pb/Ca ratios in the new calcite of the cultured Amphisorus hemprichii 

(foraminifera) specimens formed during the culture studies 1 (except S5), and 2, in varying 

concentrations of Pb-doped seawater are strongly linearly correlated (R=0.995: Figure 6b). 

This finding makes foraminifera A. hemprichii suitable for monitoring anthropogenic Pb 

pollution in their natural habitat especially the coastal reef waters. The linear equation on the 

proportion of Pb partitioned to the new shells of foraminifera A. hemprichii from the six Pb-

doped seawater culture experiments (Pb concentrations varying from 3.5 to 40.2 µg/L) is 

provided below: 

Pb/Ca SW (mmol/mol) = [Pb/Ca SM (mmol/mol) / 8.37±0.3] -- Equation 1 

 

(SW: Seawater, and, SM: Shell measured) 

 

The KD
Pb obtained by linear regression analysis of Pb-doped seawater experiments from both 

culture studies batch 1 (experiments S2, S3, S4), and batch 2 (experiments A1, A2, A3), is 
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8.37±0.3. From our culture experiments, we observed Pb incorporation in the shells of 

Amphisorus hemprichii even at lower Pb concentrations of 3.5 µg/L in the culture seawater 

(culture studies batch 2: experiment A1). The Pb-concentration of 3.5 µg/L in the seawater is 

below the threshold trigger value (4.4 µg/L) to protect 95% of species in the marine water 

(ANZECC, ARMCANZ, 2000). Hence, this new method can be successfully applied to protect 

95% of species in the coastal marine waters around Australia and New Zealand. Based on our 

new culture experiments we observe that the LBF A. hemprichii are quite robust in recording 

seawater Pb concentrations ranging from 3.5 to 40.2 µg/L. It would be interesting and helpful 

to conduct future Pb partitioning laboratory experiments using foraminifera A. hemprichii at 

further lower Pb concentrations in the culture seawater. 

 Apart from this new work on A. hemprichii, there are only a few studies that have 

performed geochemical analysis using foraminifera tests to retrieve anthropogenic Pb 

concentrations (Madkour and Ali, 2009; Youssef, 2015; Boehnert et al., 2020). For example, a 

study by Titelboim et al., (2018) on the individual chamber of Lachlanella sp. (a miliolid) 

collected from a thermohaline-polluted site in Hadera (northern coast of Israel) reported Pb/Ca 

concentrations of 125 µmol/mol. Another recent Pb/Ca studies (Boehnert et al., 2020) in the 

tests of rotaliid foraminifera Ammonia tepida and Elphidium excavatum obtained in a sediment 

core from the Helgoland Mud Area (southern North Sea) found a temporal offset with the bulk 

sediment Pb content, which they attribute to a biological (defence mechanism) response of the 

foraminifera to Pb incorporation. The Pb/Ca ratios obtained from the tests of Ammonia tepida 

and Elphidium excavatum by Boehnert et al. (2020) range from around 0.4 µmol/mol in the 

year 1500s to 1.4 µmol/mol in the late 1900s. Based on the results of Titelboim et al. (2018), 

miliolid foraminifera have an advantage over rotaliids as bio archives since they record higher 

values of trace metals in their tests from the same seawater. However, none of these studies, 

had been able to estimate Pb concentrations in seawater using the geochemistry of foraminifera 

due to lack of calibration of the partition coefficient (ie KD) on the incorporation of Pb into the 

calcitic foraminifera. Our determination of the KD
Pb (8.37±0.3) over a range of seawater Pb 

concentrations (3.5 to 40.2 µg/L) now enables direct quantification of Pb pollution in coastal 

environments that are close to urbanised areas. Since A. hemprichii and other related species 

are abundant in coral reefs and seagrass meadows ecosystems along the Australian coasts and 

throughout the Indo-Pacific region, the methodology and analytical approaches, we describe 

now, provide a unique and powerful tool for monitoring health of critical coastal environments. 
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2.6 Conclusions and future studies 

 This study presents the results of cultured Amphisorus hemprichii specimens in the 

temperature controlled laboratory with natural and Pb-enriched seawater solutions and the 

methodology developed for retrieving those geochemical signals using LA-ICP-MS analyses.  

1. We observe that continuous laser ablation line-scan measurements for retrieving signals 

(as is normally done with other marine calcifiers such as corals, and molluscs) are not 

suitable for Amphisorus hemprichii specimens because of patchy and non-uniform 

overgrowths on the surface of initial chambers. 

2. Spot analysis of the outer growing peripheral margins together with more central septa 

of Amphisorus hemprichii specimens is the most reliable way to retrieve temporal 

changes in seawater Pb concentrations within an individual specimen.  

3. The new calcite formed in the laboratory with the culture seawater solutions having 

varying Pb-concentrations (3.5 µg/L to 40.2 µg/L) is strongly linearly correlated 

(R=0.995). The KD
Pb obtained from our Pb doped culture experiments (except S5) with 

the Amphisorus hemprichii is 8.37±0.3. 

4. Our culture experiments using Pb-enriched seawater show that live juvenile 

Amphisorus hemprichii specimens are a relatively robust species linearly incorporating 

elevated concentrations of Pb from the spiked seawater into their new grown calcite 

chambers during calcification (except experiment S5). The reduced calcification of 

foraminifera specimens in experiment S5 are due to stress effects of Pb toxicity arising 

from higher lead concentrations at only x18 of 95% Pb-trigger value as per ANZECC, 

ARMCANZ, (2000) guidelines. 

 Thus, the new methodology, developed in this study, to retrieve temporal signals using 

laser-spot analysis from the Amphisorus hemprichii specimens demonstrates their potential for 

monitoring anthropogenic Pb concentrations in coastal reef environments. Culture experiments 

focused on the shell-growth, health of algal symbionts in the A. hemprichii to elevated 

concentrations of Pb (and other heavy metals) are important future studies for understanding 

the physiological response and resilience of these robust foraminifera.  
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3.1 Abstract 

 The accelerated release of heavy metals into the coastal environments due to increasing 

anthropogenic activities poses a severe threat to local marine ecosystems and food chains. 

Although some heavy metals are essential nutrients for plants and animals, higher 

concentrations can be toxic and hazardous. To mitigate this threat, developing quantifiable 

proxies for monitoring heavy metal concentrations in near-shore marine environments is 

essential. Here we describe culture experiments to quantify uptake of some heavy metals using 

live juvenile specimens of the large benthic foraminifera (LBF) Amphisorus hemprichii 

collected from the sub-tropical waters of Rottnest Island located ~20 km offshore Perth, South 

West Australia. The uptake of Mn, Ni, Cd, and Pb in the newly precipitated chambers of 

Amphisorus hemprichii in the laboratory was characterized using the micro-analytical 

technique, Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry. We found no 

significant increase in Mn, Ni, Cd, and Pb incorporation in the tests of Amphisorus hemprichii 

with increasing temperature and light intensities. Importantly, we found that changes in the 

concentrations of Mn, Ni, and Cd in the A. hemprichii tests are directly proportional to those 

in the culture solution over a wide range of concentrations. The calculated partition coefficients 

for Mn, Ni, and Cd from our culture experiments are 1.3±0.2, 0.3±0.04, 2.6±0.3, respectively. 

These multi-element calibration studies now enable A. hemprichii to be utilized as a naturally 

occurring bio-archive to quantitatively monitor the anthropogenic pollution of Mn, Ni, and Cd 

in coastal waters.   

3.2 Introduction 

3.2.1 Monitoring of heavy metals in the coastal marine environment 

 Intensification of anthropogenic activities (e.g., industries and agriculture) along 

coastal environments has resulted in widespread heavy metal contamination (Hart and Lake, 

1987; Hill, 2010). This poses a direct threat to marine ecosystems and increased risks to trophic 

food chains, including those upon which humans are dependent. While some heavy metals are 

essential nutrients for various biochemical and physiological functions (WHO/FAO/IAEA, 

1996); at elevated levels, they can be toxic to plants and animals. Some heavy metals (e.g., Pb, 

Cd) also have bio-accumulative characteristics (DeForest et al., 2007; Zhou et al., 2008; 

Hosono et al., 2011; Zuykov et al., 2013) leading to much higher concentrations in the trophic 

food chain than those in seawater. Higher initial seawater concentrations of these metals can 

thus be toxic at higher trophic levels and are known to have affected cell components and some 

enzymes involved in metabolism, detoxification, and cell repair (Wang and Shi, 2001). 
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Furthermore, with the expansion of coastal facilities and increased dredging, many sediments-

bound heavy metals are released into seawater and become bio-available. Hence, effective 

heavy metal monitoring of pollution in the marine environments is essential in preventing and 

mitigating both event-based pulsed changes as well as longer-term increases in ‘baseline’ 

concentrations. Traditionally, monitoring of heavy metals in the marine environment has been 

done by direct measurement of water concentrations and/or extracts from sediment samples.  

Additionally, in some cases, abnormally high concentrations have been inferred by analysis of 

organic tissues in the local biota (Phillips, 1977) and human blood samples (Buchman, 2008; 

Gulson et al., 2009). Generally, daily measurements of water samples are logistically 

impractical and expensive. Furthermore, sediments extracts represent time-averaged 

concentrations that are influenced by environmental factors. At the same time, organisms can 

have different biological responses (i.e., vital effects) and hence variable uptake rates even 

though they are exposed to the same concentrations of heavy metals in the environment. Thus, 

despite improvements in analytical sensitivity, continuous and long-term monitoring of coastal 

water quality using traditional sampling methodology remains a challenge. To overcome these 

shortcomings, continuous records from geochemical analysis of shells of marine calcifiers such 

as corals (Shen and Boyle, 1987), bivalves (Gillikin et al., 2005), and foraminifera (Titelboim 

et al., 2018) is increasingly being utilized. These approaches require sampling of shell-

geochemistry along time-series of growth trajectories (i.e., sclerochronology) and known 

elemental partitioning to extract continuous records of heavy metals concentrations in 

seawater.   

3.2.2 Foraminifera as geochemical proxies 

 Compared to corals and bivalves, foraminifera are highly abundant and diverse 

eukaryotic microorganisms (Protozoa) found in all marine environments (Sen Gupta, 2003). 

Most species of foraminifera secrete tests composed of calcium carbonate that are often well 

preserved in coastal environments. During the process of test-building, minor and trace 

elements present in the seawater are incorporated by substituting for calcium or carbonate ion 

in the foraminiferal crystal lattice (Katz et al., 2010). This geochemical property of 

foraminiferal shells provides the foundation upon which many geochemical proxies for 

oceanography and paleoclimate studies are based (e.g., Boyle, 1981; Hester and Boyle, 1982; 

Delaney and Boyle, 1986; Boyle, 1988; Delaney, 1989; Lea and Boyle, 1989; Boyle, 1992; 

Boyle et al., 1995; Nürnberg et al., 1996; Mashiotta et al., 1997; Rickaby and Elderfield, 1999; 

Marchitto, 2004). A prerequisite for the quantitative application of these proxies, however, 
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0.24±0.06 

 

0.20±0.04 

Uvigerina peregrine 

[deep sea] 

Ammonia beccarii 
[shallow water; littoral and 

neritic environments] 

U Russel et 

al., 1994 

(10.6±0.3)x10-3 for A. lobifera  

(7.9±0.1)x10-3 for G. Calida  

 

Globigerinella 

calida 
 

[surface waters; 

tropical, subtropical 

and temperate regions] 

Amphistegina lobifera 
 

[shallow water; tropical, and 
subtropical] 

Cd 

 

Mashiotta 

et al., 1997 

1.9±0.2 (for G. bulloides) 

0.095±0.021 (for O. universa) 

Globigerina 

bulloides, and 

Orbulina universa 
 

[G. bulloides: 

subsurface (75-100m) 
waters; between 10 N 

and 40 S] 

 

Havach et 

al., 2001 

3.0±1.0 

2.0±1.0 

1.0±0.5 

4.0±2.0 

 

 Bulimina marginate 

Uvigerina peregrine 

Ammonia beccarii 

Cibicidoides pachyderma 

[deep sea] 

Maréchal-

Abram et 

al., 2004 

~1.1 average of their culture 

experiments 2, 3, and 5 

~2.3 average of cultures 1, and 4 

 Ammonia beccarii 
 

 

Cu 

 

De Nooijer 

et al., 2007 

Between 0.14 and 0.17  Ammonia tepida, 
[shallow water; temperate] 
Heterostegina depressa 
[shallow water; tropical] 

Munsel et 

al., 2010 

0.14±0.02  Ammonia tepida 
 

Mn Munsel et 

al., 2010 

At least 2.4; high scatter in data  Ammonia tepida 

Ni 

 

Munsel et 

al., 2010 

1.0±0.5  Ammonia tepida 

Zn Nardelli et 

al., 2016 

 

From 4.03±0.06 to 0.2±0.01; 

decreases with increasing Zn 

concentrations 

 Pseudotriloclina rotunda 
[shallow water; temperate] 

 

Titelboim 

et al., 2021 

Average = 6.3   Amphistegina lobifera, 

Amphistegina lessonii 

Pb Sagar et al., 

2021 

8.37±0.3  Amphisorus hemprichii 
[shallow water; tropical, warm 
temperate] 

Titelboim 

et al., 2021 

Average = 12.9  Amphistegina lobifera, 

Amphistegina lessonii 
[A. lessonii: shallow water; 

tropical, and subtropical] 

Mn, Ni, 

Cd 

This study KD
Mn = 1.3±0.2 

KD
Ni = 0.3±0.04 

KD
Cd = 2.6±0.3 

 Amphisorus hemprichii 
 

Table 1 Partitioning coefficient of trace metal (KD
Me) obtained from laboratory culture experiments using 

foraminifera 

 

 In this study, we use the reef-dwelling cosmopolitan large benthic foraminifera (LBF),  

for our culture experiments aimed to quantify the intake of some heavy metals (Mn, Ni, Cd, 

and Pb) in their tests under three experimental settings. Amphisorus hemprichii was chosen for 
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our culture experiments because these miliolids are plentiful along the coasts of Western 

Australia and are commonly found along other Indian Ocean coastlines. Moreover, its close 

relative, Marginopora sp. is abundant in the tropical and subtropical near-shore marine waters 

of the Western Pacific Ocean. We describe here the laboratory settings and analytical results 

obtained from our culture experiments using Amphisorus hemprichii; 1) multi-element 

partitioning from seawater at varying temperatures but uniform light intensity, 2) multi-element 

partitioning from a multi-element spiked solution at uniform temperature but varying light 

intensities, and 3, multi-element partitioning from multi-element spiked culture solutions at a 

uniform temperature and light intensity. We report the partitioning coefficients for Mn, Ni, and 

Cd obtained from calibration equations based on the incorporation of these metals into the tests 

of cultured Amphisorus hemprichii specimens from the artificially enriched seawater. This 

study further demonstrates the utility of benthic foraminiferal recorder as a quantitative method 

to monitor heavy metal pollution in coastal environments.  

3.3 Materials and methods 

3.3.1 Sampling and culturing foraminifera 

 Specimens of the shallow-water dwelling, Amphisorus hemprichii, were collected from 

the sub-tropical waters of Parker Point in Rottnest Island (Figure 1a), located ~20 km offshore 

Perth, Western Australia. Live juvenile A. hemprichii were picked from the blades of seagrass 

Posidonia australis and placed in culture flasks and zip-lock plastic bags pre-cleaned with acid. 

The culture flasks were pre-filled with recently filtered seawater, and the plastic bags contained 

fresh seawater. The seawater was filtered at the site using 0.2 µm Polytetrafluoroethylene 

syringe filters from Merck Millipore attached with 60 ml syringes from Henke-Sass Wolf 

GmbH. All collected specimens were acclimatized for 30 days by housing them in 100-liter 

water tanks in the University of Western Australia (UWA) seawater culturing facility at 

Watermans. These tanks were supplied with fresh seawater pumped continuously from 

offshore. Culture experiments were then performed in the temperature-controlled laboratory at 

UWA’s Indian Ocean Marine Research Centre (IOMRC) at the Crawley campus using 

seawater batches transferred from Watermans. Three different culture studies were carried out 

on specimens of the LBF Amphisorus hemprichii: 1) Experiments with uniform light intensity 

but varying temperatures in undoped seawater, 2) Multi-element enrichment culture 

experiments with one spike-solution, same temperature, but four varying light intensities. 3) 

Multi-element enrichment culture experiments with varying heavy-metal concentrations under 

constant temperature and uniform light intensity. In these experiments, randomly picked 
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juvenile A. hemprichii specimens showing active pseudopodial activity under a binocular were 

used. 

 

 

Figure 1 (a) Map of Rottnest Island showing Parker Point, the sampling location. The inset shows the map of 

Western Australia, and the white spot represents Rottnest Island. (b) Scanning electron microscope (SEM) 

image of a portion of Amphisorus hemprichii showing pre-ablated laser track for cleaning surface contaminants.  

(c) High-resolution SEM image showing a laser burned spot (100x30 µm). SEM images were obtained using 

instrument TESCAN VEGA3 

 

3.3.1.1 Culture studies 1: Temperature experiments 

 These studies were carried out under three different temperature settings; 23 °C, 25 °C, 

and 27 °C±0.3 °C in three separate 25-liter glass aquariums; AQ1, AQ2, and AQ3, respectively. 

A filtration system and a water pump were fitted in each aquarium for better circulation of the 

culture water. The temperature in the aquariums was monitored and controlled by using 

temperature sensors and water heaters connected to an online APEX water control system. The 
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pH of the culture water in each aquarium was monitored by using a pH sensor connected to the 

APEX system. In these experiments, 20 live juvenile Amphisorus hemprichii specimens were 

placed in each aquarium, which was filled with fresh, unfiltered, and non-spiked seawater. The 

temperature of the aquariums was gradually increased at an increment of 0.2 °C per 3 days to 

help acclimatize the Amphisorus hemprichii specimens. The initial temperature of the 

aquariums was 20 °C±0.5 °C. Once the final desired temperature condition was obtained, the 

culture studies were carried out over an eight-week period. The culture water was exchanged 

weekly with freshly collected seawater to limit algal and bacterial build-up. Before changing 

the seawater, the inner walls of the glass aquariums were wiped clean to remove algal growth. 

This experiment was conducted with uniform light intensity in all aquariums with the peak 

value reaching 177 µmol photons m-2 s-1 PAR at noon and with 12 hours on and 12 hours off 

cycle mimicking the light intensity of the sample collection site (Ross et al., 2015). The A. 

hemprichii foraminifera in these experiments had to find their own food from the culture 

medium as they normally do in the natural environment (Goldstein, 2003). 

3.3.1.2 Culture studies 2: Light intensity experiments 

 These experiments were conducted on Amphisorus hemprichii specimens with four 

different light intensity settings; 22, 55, 299, and 483 µmol photons m-2 s-1  PAR at noon with 

12 hours on and 12 hours off cycle. Each light intensity experiment was tested with 26 juvenile 

A. hemprichii specimens showing active pseudopodial activity; 18 specimens were kept in Petri 

dishes and the rest in breathable Corning culture bottles. These light experiments were 

conducted in an otherwise dark temperature-controlled room, which was set at 23 ± 0.5°C. The 

Petri dishes and the culture bottles containing the specimens were placed in a tub filled with 

circulating water to prevent the increase of temperature from the light intensities. All four sets 

of light intensity experiments were kept in individual barriers so that the light intensity from 

one set of experiment did not interfere with the others. Only one multi-element spike solution 

having the same concentration as spike experiment ‘S3’ (Table 2) was used as the culture 

medium during the eight-week duration of these experiments. The spiked culture solution was 

changed every week to limit the algal and bacterial build-up in the specimen holders. The spike 

solution was prepared with filtered seawater, which was obtained using a filtration unit from 

Sartorius; model SM 16510, using 0.2 µm hydrophilic nylon membrane filter paper from 

Merck Millipore. The foraminifera were supplied with food that consisted of a mixture of two 

microalgae (Tetraselmis sp., and Nannochloropsis sp.,) and a diatom (Phaeodactylum), once a 

week two hours before replacing the culture solution. These algae were cultivated at the Algae 
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R&D Centre of Murdoch University (Ishika et al., 2018; 2019) under optimized growth 

conditions of temperature and salinity. 

3.3.1.3 Culture studies 3: Multi-element experiments 

 The multi-element and multi-spiking culture studies were conducted for 16 weeks using 

the collected Amphisorus hemprichii specimens in two batches (Batch 1 and 2). Batch 1 

comprised five experiments named S1, S2, S3, S4, and S5. Batch 2 included three experiments 

named A1, A2, and A3. Batch 1 was spiked with relatively high metal concentrations, whereas 

Batch 2 was spiked within environmental ranges (Table 2). For example, based on the 

guidelines developed for toxicants (ANZECC, ARMCANZ, 2000) in marine waters around 

Australia and New Zealand, the concentration of Cd should be below 5.5, 14, and 36 µg/L to 

protect 95, 90, and 80% of species, respectively. In our Batch 2 experiments, we cultured 

Amphisorus hemprichii specimens with Cd concentrations ranging from 4.2 to 16.8 µg/L, 

which were within the above-mentioned trigger range. Whereas experiments in Batch 1 were 

cultured with Cd concentrations ranging from 24.4 to 195.0 µg/L (Table 2).  All the 

experiments were cultured using filtered seawater spiked with multi-element metal 

concentrations except S1, the control experiment, which was carried out using non-spiked 

filtered seawater. In Batch 1, the concentration of heavy metals for experiment S5 was used as 

the stock solution, and serial dilutions were made to prepare the spike concentrations for 

experiments S2, S3, and S4. Every experiment in Batch 1 (S1, S2, S3, S4, and S5) contained 

six 100 ml Corning culture flasks, and each flask housed 10 live juvenile specimens of 

Amphisorus hemprichii. The culture medium for experiments in Batch 2 were prepared by 

serial dilutions from a stock solution; A0 (Table 2). All the three experiments in Batch 2 (A1, 

A2, and A3) had two Corning culture flasks, and each housed 10 live and juvenile Amphisorus 

hemprichii specimens. The spiked stock solutions (S5 and A0) were prepared by mixing metal 

chlorides; MnCl2, NiCl2, CdCl2, and PbCl2 (Sigma Aldrich) in filtered seawater to minimize 

suspended particles and bacterial content. The culture solution for all experiments was replaced 

once a week to prevent bacterial build-up in the culture flasks. These multi-element spiking 

culture experiments were conducted under controlled light intensity with a peak value of 177 

µmol photons m-2 s-1 photosynthetically active radiation (PAR) at noon and with 12 hours on 

and 12 hours off cycle. The temperature of the culture laboratory was kept similar to the 

seawater temperature of the sample collection site, which was 20 °C ± 0.5 °C. 
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 The KD
Me was calculated for each individual experiment of Batch 2 (experiments A1, 

A2, and A3) and then averaged to obtain the final KD
Me. The results of multi-enrichment 

spiking culture experiments in Batch 1 were not included in calculating the KD
Me. For more 

details, see section 3.4.3.    

3.4 Results 

3.4.1 Effects of temperature on metal incorporation into the tests of Amphisorus 

hemprichii 

 Incorporation of Cd, Mn, Ni, and Pb in the tests of juvenile Amphisorus hemprichii 

cultured in aquariums was evaluated over a range of temperatures (23, 25, and 27 °C±0.3 °C). 

The temperature experiments were conducted using non-filtered and non-doped seawater 

(section 3.3.1.1) as the culture medium. Four tests from each aquarium were laser fired (12 

spots on each test) to observe the partitioning of above mentioned heavy metals in the tests of 

Amphisorus hemprichii. The Cd to Ca ratios (Cd/Ca) in the tests of A. hemprichii specimens 

increased from 0.0003±0.0001 mmol/mol at 23 °C to 0.001±0.0002 mmol/mol at 25 °C. 

However, with further increase in temperature to 27 °C, the Cd/Ca ratios remained the same at 

0.001±0.0002 mmol/mol (Figure 2a). Although the Pearson correlation coefficient (r) value 

reveals a positive relationship (r = 0.8) between the Cd concentration in the A. hemprichii tests 

and temperature, it is statistically insignificant (p > 0.05). In contrast, the mean concentration 

of Mn/Ca in the tests of A. hemprichii increased linearly from around 0.008±0.0006 mmol/mol 

at 23 °C to 0.009±0.001 mmol/mol at 27 °C (Figure 2a), but the populations are not 

distinguishable within one standard error of analytical uncertainties. The concentration of 

Ni/Ca in the tests increased from 0.003±0.0003 mmol/mol at 23 °C to 0.005±0.0006 mmol/mol 

at 25 °C. However, an additional 2 °C increase in the aquarium temperature resulted in a 

negligible increase in Ni concentration (Figure 2b). Thus, while the incorporation of Ni in the 

tests suggests a strong positive correlation (r = 0.9) with the increase in temperature, it is 

statistically insignificant (p > 0.05) relative to experimental uncertainties. Pb/Ca ratios also 

increased marginally from 0.0015±0.0001 mmol/mol at 23 °C to 0.0024±0.0002 mmol/mol at 

25 °C. With a further increase in the aquarium temperature to 27 °C, the incorporation of Pb/Ca 

in the tests of A. hemprichii foraminifera decreased to 0.0019±0.0001 mmol/mol (Figure 2b). 

The overall correlation between the incorporation of Pb in the tests and their corresponding 

aquarium temperatures is thus also weak and insignificant (r = 0.4, p > 0.05). 
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Figure 2 Effect of temperature on the partitioning of heavy metals from the culture medium (zero spike seawater) 

into the tests of Amphisorus hemprichii specimens with increasing temperature conditions from 23 to 27 °C; (a) 

Mn/Ca and Cd/Ca, (b) Ni/Ca and Pb/Ca. Error bars represent one standard error of the mean 

 

3.4.2 Effects of light intensity on metal incorporation into the tests of Amphisorus 

hemprichii 

 The light intensity experiments focused on the amount of incorporation of Cd, Mn, Ni, 

and Pb in the tests of live Amphisorus hemprichii foraminifera from the culture solution in four 

different light intensity settings (22, 55, 299, and 483 µmol photons m-2 s-1  PAR at noon; 

hereafter read as LI1, LI2, LI3, and LI4 respectively). In these experiments, the multi-element 

spike concentration, S3 (Table 2), was used as the culture medium. The metals, Cd and Mn, 

follow nearly the same trend of partitioning with varying light intensities (Figure 3a). A weak 

positive correlation, r = 0.3 and 0.2, is observed between the light intensities and the 

incorporation of Cd and Mn, respectively. Ni partitioning in the tests shows a strong positive 

association (r = 0.9) though statistically insignificant (p > 0.05) with increasing light intensities 

(Figure 3b). The maximum amount of Ni incorporation, 0.8±0.04 mmol/mol, is observed at 
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LI3, and it is similar (0.8±0.3 mmol/mol) at LI4. The concentration of Pb in the tests of 

Amphisorus hemprichii increased steeply from 0.08 mmol/mol at LI1 to 0.2±0.01 mmol/mol 

at LI2. It was observed that the incorporation of Pb was nearly the same (around 0.2 mmol/mol) 

with further increase in light intensities; LI3 and LI4 (Figure 3b). Our Pb data in the tests of 

Amphisorus hemprichii foraminifera showed a positive association (r = 0.6) with the increase 

in light intensities (Figure 3b), but is statistically not significant (p > 0.05). 

 

Figure 3 Effect of varying light intensities on the partitioning of heavy metals from multi-element spiked culture 

solution (S3) into A. hemprichii tests; (a) Mn/Ca and Cd/Ca, (b) Ni/Ca and Pb/Ca. Error bars represent one 

standard error of the mean 

 

3.4.3 Incorporation of metals in the tests of cultured Amphisorus hemprichii and their 

Principal Component Analysis 

 The amount of incorporation of various metals used in this study (Mn, Ni, and Cd) in 

the tests of cultured LBF Amphisorus hemprichii from the multi-element spike solutions are 

shown in Figure 4. The plots show results obtained from six spiking-culture experiments A1, 
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A2, and A3 (Batch 2), and S2, S3, and S4 (Batch 1). The results from spiking-culture 

experiments S5 are not included in this study because the foraminifera A. hemprichii specimens 

from this experiment were stressed due to Pb-toxicity, which resulted in minimal calcification 

with only one or two new septa formed over the 16-week culture duration (Sagar et al., 2021). 

The concentration of Mn in the above-mentioned six multi-element-spiked-seawater solutions 

ranged from 9.3 µg/L in experiment A1 to 880.0 µg/L in experiment S4 (Table 2). Linear 

incorporation ( r = 0.96) of Mn/Ca ratios in the tests was observed with the increase in seawater 

Mn-spike concentrations from 9.3 µg/L (experiment A1) to 440 µg/L (experiment S3); five 

experiments (A1, A2, A3, S2, S3) with increasing Mn-concentration in the cultured seawater. 

The highest Mn/Ca ratios of 3.1 mmol/mol in the A. hemprichii tests were observed in 

experiment S3 (Figure 4a), which had 440 µg/L of Mn (Table 2). However, we noticed that 

with a further increase in Mn-spike concentration to 880 µg/L (experiment S4), the amount of 

Mn/Ca ratios in the tests decreased to 2.4 mmol/mol (Figure 4a). Another heavy metal, Ni, was 

spiked in the culture solutions ranging from 22.5 µg/L (experiment A1) to 851.5 µg/L 

(experiment S4). We observed a linear increase of Ni/Ca ratios in the tests of Amphisorus 

hemprichii specimens with an increase in seawater Ni-concentrations (r = 0.996) from 22.5 

µg/L (experiment A1) to 425.8 µg/L (in experiment S3) (Figure 4b). However, it was noted 

that with further increase in Ni concentrations in the seawater (851.5 µg/L in experiment S4), 

there was no rise in the Mn/Ca ratios in the tests (Figure 4b). The Cd concentrations in our 

spiked-seawater culture experiments varied from 4.2 µg/L in experiment A1 to 97.5 µg/L in 

experiment S4 (Table 2). The LBF Amphisorus hemprichii specimens linearly incorporated Cd 

from the Cd-spiked seawater solutions (r = 0.9) ranging from 4.2 µg/L in experiment A1 to 

48.8 µg/L in experiment S3 (Figure 4c). However, the Amphisorus hemprichii specimens in 

experiment S4 (seawater containing 97.5 µg/L of Cd) incorporate a similar amount of Cd to 

experiment S3 having 48.8 µg/L of Cd but has a higher standard error (Figure 4c).  

 The Me/Ca data; Mn/Ca, Ni/Ca, Cd/Ca (this study), and Pb/Ca (Sagar et al., 2021) 

obtained from the outer septum of the Amphisorus hemprichii specimens, which formed in the 

laboratory with the spiked-culture solutions (from Batch 1 and 2) were analyzed using PCA. 

The Me/Ca (Mn/Ca, Ni/Ca, Cd/Ca, and Pb/Ca) data were treated as individual variables. The 

variable correlation plots for Batch 1 and 2 are shown in supplementary Figure 1. For Batch 1 

(experiments S2, S3, S4), the first two principal components (PCs) accounted for 95.6% of the 

variance in the data sets and PC1 alone with 89.8%. In Batch 2 (experiments A1, A2, and A3), 

the first two PCs accounted for 94.3% of the total variance in the data, and PC1 alone with 
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86.8%. In Batch 1, all the variables are grouped together; variables Ni/Ca, Mn/Ca, and Cd/Ca 

are grouped much closer (supplementary Figure 1a). Similarly, all the variables are also 

grouped together in Batch 2 (supplementary Figure 1b). Ni/Ca, and Cd/Ca appear to fall on the 

same line indicating a strong positive correlation. It is also observed that in both Batches 1, and 

2, all the variables are well away from the origin and positioned close to the circumference of 

the correlation circle (supplementary Figure 1), indicating they all are equally important.  

 

Figure 4 Metal/Ca ratios in new calcite obtained from culture experiments A1, A2, A3 (Batch 2), and S2, S3, 

S4 (Batch 1) for the heavy metals, Mn, Ni, and Cd (a, b, c, respectively). Error bars represent one standard error 

of the mean. Figures d, e, f are the zoomed-in region for experiments A1, A2, and A3; marked as pink rectangles 
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in Figures a, b, and c, respectively. The slope of the linear regressions represents the partition coefficient of the 

heavy metals Mn (d), Ni (e), and Cd (f) 

 

3.5 Discussion 

3.5.1 Influence of temperature on the incorporation of metals in foraminifera 

 Culture experiments with foraminifera Amphisorus hemprichii were conducted under 

different temperature settings (23 °C, 25 °C, and 27 °C) to determine whether seasonal 

variability in seawater temperature might affect the incorporation of Mn, Ni, Cd, and Pb. Of 

the heavy metals that are the focus of this experiment, only Cd/Ca ratios in the tests of benthic 

foraminifera (in different temperature settings) has been most widely studied and is a well-

established proxy for seawater paleo-nutrient concentrations (Marchitto, 2004 and references 

therein), however, laboratory culture experiments are limited. In laboratory culture 

experiments at 28-30 °C using planktonic foraminifera Globigerinoides sacculifer, Orbulina 

universa, and Globigerinoides ruber, Delaney (1989) found a wider Cd distribution coefficient, 

ranging between 2 to 4, indicative of species dependent partitioning. Another culture 

experiment with planktonic foraminifera Globigerina bulloides at 22 °C by Mashiotta et al. 

(1997) obtained Kd
Cd of 1.9±0.2. Estimates from in-situ collections by Boyle (1992), showed 

that the partitioning of Cd into the tests of benthic foraminifera (Uvigerina sp., Cibicidoides 

kullenbergi, Cibicidiodes wuellerstorfi, Cibicidoides pachyderma, and Nutallides umbonifera) 

also varied with depth. Here Kd
Cd ranged between 1.3 for benthic foraminifera collected from 

<1150 m (water temperatures of 6.8 and 10.8 °C) and 2.9 for the ones beyond >3000 m (water 

temperature around 3.6 °C). Boyle (1992) concluded that the depth-dependency of Cd 

partitioning was probably related to pressure or other depth-correlated properties than to 

temperature. Additionally, Hester and Boyle (1982) analyzed Cd/Ca ratios in benthic 

foraminifera Uvigerina sp., and C. kullenbergi in sediment core tops from cold deep waters 

(water temperature around 3 °C) of the Atlantic, Pacific, and the Mediterranean Sea, and, 

assuming present-day Cd seawater concentrations, inferred a Kd
Cd of 2.0±0.4. A study by 

Rickaby and Elderfield (1999) using foraminifera Globigerina bulloides from core tops in the 

North Atlantic found an exponential increase of Kd
Cd  (1.5 to 6.8) with a rise in temperature 

(from 8 °C to 15 °C). A similar study was undertaken by Marchitto et al. (2004) using seven 

taxa of benthic foraminifera (Cibicidoides kullenbergi, C. pachyderma, C. wuellerstorfi, 

Hoeglundina elegans, Planulina ariminensis, P. foveolata, and Uvigerina sp.) picked from 14 

core tops and two grab samples. The water temperature of these sites ranged from 4.2 °C to 
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17.7 °C with Kd
Cd values close to those predicted by Boyle (1992) and Boyle et al. (1995). They 

did not find any indication of the influence of temperature on the partitioning of Cd from the 

seawater to the tests of benthic foraminifera species. From our temperature experiments, the 

increase of Cd/Ca ratios by 0.0007 mmol/mol from 23 °C to 25 °C, falls within the uncertainty 

(one SE) of Cd/Ca measurements for the new calcite formed in the laboratory in spiked-

solution (Culture studies 1), implying a non-significant increase in Cd/Ca ratios with the 

increase in temperature. For the other studied metals, Mn/Ca, Ni/Ca, and Pb/Ca, the increase 

of 0.001, 0.002, and 0.0009 mmol/mol, respectively, fall within the uncertainty of our laser 

measurements for the respective metals. Hence, our studies suggested that there was no 

significant increase in metal incorporation into the tests of LBF Amphisorus hemprichii 

specimens with the increase in temperature.  

3.5.2 Influence of light intensity on the incorporation of metals in foraminifera 

 Live juvenile specimens of Amphisorus hemprichii were also grown in the laboratory 

under different light intensity settings to measure the effect of symbiont photosynthetic activity 

on the incorporation of metals (Mn, Ni, Cd, and Pb) from the multi-element spike-solution ‘S3’ 

(Table 2), which was used as the culture medium. The different light intensity settings were 

22, 55, 299, and 483 µmol photons m-2 s-1  PAR at noon (section 3.3.1.2). These foraminifera 

host dinoflagellates as symbiont-partners (Lee et al., 1991) who provide them with substantial 

energy and take their metabolites (Hallock, 2003). It was shown experimentally that 

photosynthetically active symbionts are necessary for the existence of the host foraminifera 

(Lee et al., 1991). The symbiotic algae hosted by Amphisorus hemprichii use natural sunlight 

for their photosynthetic activity. Hence, it is important that these foraminifera get adequate 

sunlight for their own survival, growth, and reproduction (Lee, 1995). Light also helps for 

enhanced growth, as was observed in increased calcification in three soritid species from the 

Caribean: Archaias angtulatus, Cyclorbiculina compressa, and Sorites marginalis (Duguay, 

1983). It was also found that the intensity of light influenced the behavior of the symbiont-

bearing foraminifera; they moved away from both strong light sources and dim light sources 

to optimal light conditions (Lee et al., 1980; Sinutok et al., 2013). Interestingly, it was observed 

that Amphisorus hemprichii foraminifera even sacrificed their feeding territories and moved 

towards optimal light conditions for their algal symbionts (Lee et al., 1980). This 

photoprotection is mediated by the hosts and is not symbiont driven, according to Petrou et al., 

(2017). Based on culture experiments with foraminifera Marginopora vertebralis, Petrou et al., 

(2017) found that the host foraminifera relocates the symbionts deeper within its calcium 
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carbonate tests upon receiving a photo-stress-signal from its symbionts. Though there are a few 

studies on the importance of the symbiotic relationship of LBF and its symbionts in varying 

light conditions, there are no studies on the amount of incorporation (or variation) of toxic 

metals in the tests of foraminifera with increasing light intensities. From our laboratory culture 

experiments, Cd/Ca and Mn/Ca ratios in the tests of cultured Amphisorus hemprichii specimens 

do not show any strong positive correlation with varying light intensities. Both Ni/Ca and 

Pb/Ca ratios increased in the tests of cultured specimens when the light intensities increased 

from 27 to 55 µmol photons m-2 s-1
. The Pb/Ca ratios remained nearly constant from 55 to 483 

µmol photons m-2 s-1, which suggested that the best light intensity of Pb partitioning was above 

55 and below 299 µmol photons m-2 s-1 as beyond that the Pb/Ca ratios decreased, though very 

small. For Ni partitioning, we observed, the light intensity around 299 µmol photons m-2 s-1 

was the ideal one. Overall, based on our results, we find that the partitioning of metals with 

varying light intensities is insignificant. Similar results were also found by Uthicke and 

Alternath (2010) in their water quality experiments. They observed that light was not an 

important factor in growth regulation of two symbiont bearing benthic foraminiferal species 

(Amphistegina radiata, and Heterostegina depressa). 

3.5.3 Principal component analysis and partition coefficients 

 The PCA of Me/Ca ratios; Mn/Ca, Ni/Ca, Cd/Ca (this study), and Pb/Ca (Sagar et al., 

2021), obtained from the outer septum of the cultured Amphisorus hemprichii foraminifera 

specimens in multi-element spiked solutions showed 89.8 % and 86.8 % variance for Batch 1, 

and 2, respectively, which was explained by the first PC alone (Supplementary Figure 1). This 

was expected as the Me/Ca ratios in the outer septum of the cultured foraminifera specimens 

were a direct result of our laboratory spiking with multi-element spike solutions of Batch 1 and 

2 (Table 2). All of the four original variables (Me/Ca) are well represented and equally 

important, which is evident from the variable correlation plots (as the vector of the variables 

nearly touches the circumference of the correlation circle). In both Batches, the variables are 

clustered together, indicating a high correlation between them. The maximum angle between 

the variables in both batches is around 45° indicating that all of the four variables (Me/Ca) are 

positively correlated and follow nearly the same systematic process of incorporation from the 

spiked solutions into the calcite lattice of Amphisorus hemprichii foraminifera. 

 Partition coefficients (KD) for metals; Mn, Ni, and Cd were deduced from molar 

foraminiferal test ratios and their corresponding seawater (multi-element culture solution) 
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values. Based on the geochemical results from our culture experiments, we observed that the 

concentration of spiked metals in the tests of Amphisorus hemprichii specimens in experiments 

S4 were similar to S3 or even lower (Figures 4a,b,c). As discussed, the concentration of the 

spiked solution in experiment S4 was 2x higher than experiment S3 (Table 2). The similar or 

lower concentrations of metals (Me/Ca) in the A. hemprichii tests of experiments S4 compared 

to S3 possibly indicates metal saturation in the calcite tests. Similar observations of decrease 

in Zn incorporation with increasing concentration of Zn-spiked solution (at 10 mg/L) were 

found by Nardelli et al., (2016) in their culture studies with benthic foraminifera 

Pseudotriloculina rotunda. These authors suggested that this could be partially due to the 

precipitation of Zn in the form of Zinc oxides/hydroxides. Munsel et al. (2010) also reported 

similar observations of decreased Ni concentrations in the tests of benthic foraminifera 

Ammonia tepida at higher Ni-spiked seawater (20-fold higher than natural seawater). They 

suggested that higher Ni concentrations could have had toxic effects on foraminiferal cells, 

which inhibited calcification. Reduced calcification with increased Zn-toxicity was also 

observed in culture studies using Pseudotriloculina rotunda by Nardelli et al. (2013). Despite 

the above-mentioned biological and chemical controls in foraminifera, we observed linear 

incorporation of Mn, Ni, and Cd in the calcite tests of cultured LBF Amphisorus hemprichii 

specimens for a wide range of seawater concentrations (see section 3.4.3). 

The KD
Me for the studied heavy metals (Mn, Ni, and Cd) were calculated by using the following 

formula (Figures 4d,e,f): 

KD
Me = [Me/Ca]test / [Me/Ca]seawater  

 We report the KD
Me obtained from the multi-element spiked culture Batch 2 

(experiments A1, A2, and A3) because 1) The concentration of metals in the spike-solution in 

these experiments were near to environmental range, and 2) The SE of the new calcite (Me/Ca) 

incorporated in this batch were lower compared to the experiments in Batch 1 (experiments S2, 

S3, S4). The KD
Mn, KD

Ni, and KD
Cd obtained from our culture studies with Amphisorus 

hemprichii specimens are 1.3±0.2, 0.3±0.04, and 2.6±0.3, respectively (Figures 4d,e,f). Munsel 

et al. (2010), from their laboratory culture experiments with benthic foraminifera Ammonia 

tepida, estimated KD
Mn to be at least 2.4, based on the scatter of Mn concentrations in their 

culture solutions. They suggested that the wide scatter of Mn concentrations was possibly due 

to the formation of Mn-oxides and hydroxides under oxic conditions, a feature that was not 

observed in our experiments. The KD
Ni obtained from our studies (0.3±0.04) is markedly lower 
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than the KD
Ni of 1.0±0.5 determined by Munsel et al. (2010). In contrast, the partition 

coefficient of Cadmium (KD
Cd) for A. hemprichii tests in our study; 2.6±0.3, falls within the 

range of KD
Cd values (ranging from 1.0±0.1 to 2.8±0.6) obtained by Maréchal-Abram et al. 

(2004), based on their culture experiments with Ammonia beccarii. Another laboratory culture 

study aimed at determining the KD
Cd using a planktonic and non-symbiont bearing 

foraminifera, G. bulloides (Mashiotta et al., 1997) reported KD
Cd value of 1.9±0.2, which is 

slightly lower compared to the KD
Cd obtained from our culture experiments with Amphisorus 

hemprichii. 

3.6 Conclusions 

 This study presents the results of cultured LBF Amphisorus hemprichii to determine: 

1) the effects of temperature and light intensities on the partitioning of Mn, Ni, Cd, and Pb, and 

2) the partitioning coefficients (KD) of the heavy metals; Mn, Ni, and Cd, which are typically 

associated with environmental coastal-pollution. We find that: 

1. Over the temperature range from 23 to 27±0.3 °C, uptake of Cd, Ni, and Pb by 

Amphisorus hemprichii is insensitive to temperature (p > 0.05). For incorporation of 

Mn, there is a marginally positive relationship (r = 0.997, p < 0.05), but the increased 

Mn/Ca values were within one standard error of the mean. 

2. The results from the light intensity experiments (22, 55, 299, and 483 µmol photons m-

2 s-1  PAR at  noon) also showed a non-significant increase of Mn, Ni, Cd, and Pb 

concentrations in the tests of A. hemprichii foraminifera with the increase in light 

intensities (p > 0.05 for all studied metals).  

3. Based on our high-resolution geochemical analysis, we observed that under acute 

pollution, the concentration of Mn, Ni, and Cd in the tests of Amphisorus hemprichii 

specimens reached saturation levels, possibly due to vital effects. However, we observe 

a strong linear association (r > 0.9) between incorporation of these metals and the 

doped-seawater concentrations in our culture experiments for a non-lethal range of 

seawater pollution; Mn: 9.3 to 440 µg/L, Ni: 22.5 to 425.8 µg/L, and Cd: 4.2 to 48.8 

µg/L.  

4. The results from the principal component analysis show that the spiked metals; Mn, Ni, 

Cd, and Pb are positively correlated and also well represented in the variable correlation 

plots, which indicated that all the four variables (Mn/Ca, Ni/Ca, Cd/Ca, and Pb/Ca in 
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this study) were equally important. The first principal component alone was found to 

explain 89.8 % and 86.8 % variance for experimental Batch 1 and 2, respectively. 

5. The KD of Mn, Ni, and Cd determined from our multi-element, and multi-concentration 

culture studies of Batch 2 with Amphisorus hemprichii foraminifera specimens are 

1.3±0.2, 0.3±0.04, and 2.6±0.3, respectively. 

 The quantitative results on the partitioning of heavy metals; Mn, Ni, and Cd (this study), 

and Pb (Sagar et al., 2021), obtained from a wide range of multi-element enrichment culture 

experiments into the calcite shells of Amphisorus hemprichii demonstrates the robustness of 

the LBF Amphisorus hemprichii. These specimens can be used for monitoring heavy metal 

contamination in the coastal environments, especially in the reefs where these LBF are 

abundant.   
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4.1 Abstract 

 Near-shore marine environments are prone to heavy metal (HM) contamination from 

increasing intensity and often prolonged periods of coastal developments. This is of increasing 

concern since because of their toxicity, persistence and bio-accumulative characteristics 

elevated concentrations of HMs in the water column pose serious threats to marine biota in the 

marine ecosystem. In this study HM contamination was determined in the Cockburn Sound 

industrial area using the chemistry of foraminifera carbonate skeletons. Based on the calibrated 

partition coefficients for Pb, Mn, Ni, and Cd for large benthic foraminifera Amphisorus 

hemprichii, we have calculated the seawater concentrations from 2150 BC to the industrial area 

using fossil A. hemprichii specimens recovered from a sediment core from Mangles Bay, SW 

Perth, Australia. Our geochemical data revealed increased ‘natural’ baseline concentrations of 

seawater Pb, Mn, Ni, Cd, Cu, and Zn over the last millennium and in particular over the last 

century coinciding with developmental activities in this area. 

4.2 Introduction 

 Near-shore marine environments are susceptible to metal contamination due to globally 

increasing levels of urbanization and economic development. Coastal developmental activities 

such as establishment of industries and commercial ports introduce anthropogenic heavy metals 

in the coastal waters. Inland activities such as agriculture and mining of natural resources are 

also responsible for the transfer of heavy metals to coastal waters. This poses a direct risk to 

the aquatic and marine life in coastal ecosystems because of the toxicity and persistence of 

heavy metals (DeForest et al., 2007; Fu and Wang, 2011). Though some metals e.g., copper 

(Cu), iron (Fe), molybdenum (Mo), zinc (Zn) serve as essential nutrients for various 

biochemical and physiological functions (WHO/FAO/IAEA 1996), at elevated levels, they can 

be toxic and have hazardous effect on the marine biota (Stankovic et al., 2014). Heavy metals 

such as lead (Pb) and cadmium (Cd) may accumulate in the trophic food chain leading to higher 

concentrations than those in the ambient seawater because of their bio-accumulative 

characteristics (DeForest et al., 2007; Zhou et al., 2008; Hosono et al., 2011). Higher 

concentrations of some other heavy metals, such as manganese (Mn), and nickel (Ni) in the 

environment, from anthropogenic sources, mainly from municipal waste water discharges and 

mineral processing, respectively (WHO, 2004), are also known to have adverse effects on 

marine biota (Röllin, 2011; Cempel and Nikel, 2006). Given the complex and often prolonged 
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history of coastal developments, it is imperative to monitor not only present-day levels of heavy 

metal concentrations but also the longer term temporal changes in near-shore marine 

environments. Knowledge of longer-term changes are needed for example to identify changing 

patterns of human-induced heavy metal usage as well as remobilisation into coastal waters of 

redox sensitive compounds from activities such as dredging and port construction. Additionally 

there may be variations from ‘natural sources’ such as river runoff and changes associated with 

tectonic activity and climate change. Additionally such studies are important to understand 

possible changes in baseline concentrations of heavy metals and most importantly the impact 

of anthropogenic activities in the near-shore marine environments. Such information is also 

crucial for science-based policy formulation for mitigation of impacts as well as preservation 

of our coastal environments.   

 Heavy metals incorporation in the calcite skeletal parts (tests) of foraminifera is an 

emerging tool for monitoring anthropogenic footprints in near-shore marine environments 

(Maréchal-Abram et al., 2004; Herut et al., 2007; De Nooijer et al., 2007; Frontalini et al., 

2009; Madkour and Ali 2009; Munsel et al., 2010; Nardelli et al., 2013, 2016; Youssef 2015; 

van Dijk et al., 2017; Titelboim et al., 2018, 2021; Boehnert et al., 2020; Smith et al., 2020; 

Sagar et al., 2021a, 2021b). These unicellular protists incorporate minor and trace elements, 

present in the seawater, in their crystal lattice during the process of test-building by substituting 

for calcium (Ca) or carbonate ion (Katz et al., 2010). Their high abundance in marginal seas 

and coastal areas (Murray, 2006; Schönfeld et al., 2012) and widespread occurrence diversity 

(Sen Gupta, 2003) make them excellent candidates for monitoring of heavy metals. They are 

also relatively easier to culture in the laboratory under a range of environmental and acute 

seawater conditions (Sagar et al., 2021a, 2021b and references therein), essential to determine 

the partition coefficients (KDs) of the studied metals, and hence quantify test/water partitioning 

(KDs). Furthermore, as their calcite tests are often well preserved in the fossil record (McGann, 

2008; Xiang et al., 2008), they provide the opportunity to assess past environmental conditions, 

and specifically determine heavy metal concentrations in the past seawater based on the KDs 

obtained through laboratory culture studies.  

 In this study, we demonstrate the potential of using large benthic foraminifera (LBF) 

Amphisorus hemprichii as a potential bio-archive and effective tool for reconstructing paleo 

near-shore seawater heavy metal concentrations in the water column. The foundation of this 

work are recently determined KDs enabling quantification of the incorporation of Pb, Mn, Ni, 

and Cd in the calcitic tests of laboratory cultured A. hemprichii specimens from a range of 
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multi-element spiked seawater solutions (Sagar et al., 2021a; 2021b). Here we describe 

geochemical investigations, undertaken using LA-ICP-MS, in the calcite tests of A. hemprichii, 

recovered from a sediment core, extracted from the Cockburn Sound area of Western Australia. 

This area is one of the highly developed coastal areas in Western Australia that houses 

industries, port facilities, and dense human settlements. The coastal marine environment 

around this area are reported to be anthropogenically contaminated with heavy metals; based 

on studies with marine sediments, epiphytes, and seagrasses (Chegwidden, 1979; Plaskett and 

Potter, 1979; Talbot and Chegwidden, 1982, 1983; Fraser and Kendrick, 2017; Cockburn 

Sound Management Council, 2019; Serrano et al., 2020). However, there are no studies 

available on the concentration of HMs in the water column (present and past) that is/was 

bioavailable to the marine organisms living in the coastal environments of Cockburn Sound 

Industrial Area. Our proxy studies aimed at reconstructing (present and past) seawater HM 

concentrations, reveal increased heavy metal contamination, in the water column, over the last 

millennium; in particular over the last century. These findings demonstrates the utility of fossil 

Amphisorus hemprichii foraminifera as a natural bioarchive to monitor anthropogenic 

footprints on past environmental systems. 

4.3 Materials and methods 

4.3.1 Sampling of Amphisorus hemprichii and study site 

 Well-preserved fossilised calcite tests of LBF Amphisorus hemprichii were picked from 

a 1.5 m long sediment core retrieved in 2 m water depth from a Posidonia sinuosa meadow 

(Serrano et al., 2020) in the Mangles Bay at Cockburn Sound (Figure 1). Around 5-6 

Amphisorus hemprichii specimens were picked from 29 selected levels in the core 

encompassing the last 4,850 calendar years BP (Figure 2), with a temporal resolution of 3-27 

yr/cm. The chronology of this core was built upon 210Pb and 14C dating of sediments and pooled 

Amphisorus hemprichii shells, respectively (Serrano et al., 2020). The sediment core was 

manually sampled in the year 2014 using a 75 mm (internal diameter) PVC pipe by Serrano et 

al. (2020), in a relatively sheltered and depositional area (Steedman and Craig, 1983). This 

study site in south Perth is one of the highly developed coastal areas in Western Australia, and 

is a vibrant place with activities such as fishing, port facilities, tourism, in addition to human 

settlements and the presence of a naval base. The first European colony settlement in this region 

dates back to 1830 and during late 1890s two more settlements were established (Brearley, 

2005). Increased agricultural activities in 1930, during the great depression, led to clearance of 
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land and increased nutrient run-off (Cambridge and McComb, 1984; Brearley, 2005). In the 

1950s, this area was designated as an industrial harbour with the establishment of fertilizer and 

refinery plants, heavy metal industries, nickel processing plant, as part of developmental 

activities of the state of Western Australia. A waste water treatment plant was commissioned 

in 1960s, which discharged waste water in the north-eastern end of the Cockburn Sound 

(Cambridge and McComb, 1984; Kendrick et al., 2002).  

 

Figure 1 Location of the coring site (red star) in Mangles Bay, SW Perth, Western Australia. Also shown are the 

locations of human settlements, oil refinery, fertilizer plant, and sewage outfall (modified from Serrano et al., 

2020). Inset shows map of Western Australia and the study area (white box) 
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Figure 2 Chronology for the Posidonia sinuosa core based on 210Pb (for last century) and 14C (for previous 

centuries to millennia) dating (after Serrano et al., 2020). Error bars represent one sigma of the mean. The total 
210Pb concentration decreased from the surface to a depth of 16cm and remained constant thereafter. Soils for the 

top 12 cm (period 1979-2014) accumulated at a much faster rate (0.354 ± 0.043 cm/yr) than between 12 and 16 

cm (period 1907-1979), which was 0.050 ± 0.010 cm/yr. The millennial scale sediment accumulation rate 

determined using 14C results was estimated at 0.032 ± 0.010 cm/yr (Serrano et al., 2020) 

 

4.3.2 Chemical cleaning of Amphisorus hemprichii tests 

 Fossil Amphisorus hemprichii specimens recovered from the sediment core were 

thoroughly cleaned before geochemical analyses to remove contaminant phases such as clay 

and organic matter. To remove clay particles A. hemprichii were soaked individually in ultra-

pure 18.2 Ω Milli Q deionised water (MW) for 30 min in a glass petri dish, and then rinsed x3 

using fresh MW. These samples were then subjected to high-energy ultra sonication pulses 

(Sonics Vibracell) for 10 sec each to remove any contaminant particles that may be still 

adhering to their tests. The ultra-sonicated specimens were again rinsed x2 with MW and 

chemically cleaned using an oxidative chemical reagent (OCR) to remove organic matter. The 

OCR prepared in the laboratory was a mixture of 0.1 M NaOH (Rowe Scientific) and 10% 

H2O2 (Chem-Supply). The chemical cleaning method used in our study were partially modified 

from the chemical cleaning steps for foraminifera designed by Barker et al., (2003) and Gray 

et al., (2014). First, Amphisorus hemprichii specimens were soaked for 10 min in a vial 

containing the OCR, which was followed by low energy ultra sonication (along with the vial 

containing OCR and specimen) for 20 min. The specimens were then rinsed 2 times in MW 

and ultra sonicated with MW for 10 min. The chemically cleaned A. hemprichii tests were 
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oven-dried at 40 °C for 15 hr, and later mounted on glass-slides using double-sided adhesive 

carbon tapes for heavy metal analysis using laser ablation methods. 

4.3.3 LA-ICP-MS analyses 

 In-situ analysis of 208Pb, 55Mn, 60Ni, 111Cd, 27Al, 57Fe, 63Cu, and 66Zn were conducted in the tests 

of chemically cleaned Amphisorus hemprichii specimens using Laser Ablation-Inductively Coupled 

Plasma-Mass Spectrometry (LA-ICP-MS). A Sector field ICP-MS (Thermo, Element XR) used in 

combination with a G2 Analyte (Teledyne) laser ablation system housed in the Advanced Geochemical 

Facility for Indian Ocean Research at UWA was used to generate the metal-to-calcium ratios (Me/Ca) 

from the A. hemprichii specimens. Laser pulse repetition rate was set at 6 Hz with an energy density at 

the surface of 3.44 J/cm2. The Me/Ca data was generated by spot (100x30 µm) measurements, which 

were carefully marked on the septa (terminology from Hottinger, 2006) of the fossil A. hemprichii 

specimens. Prior to actual measurements, each laser track was pre-ablated to remove surface 

contaminants including overgrowths, if any, (Sadekov et al., 2008). During the real measurements, the 

ablated material was continually transported to the plasma of the ICP-MS, which was operated in 

medium resolution and was tuned for Th oxide production of less than 0.5% and U/Th ratio of ~1. The 

US National Institute of Standards and Technology (NIST) glass 614 was used as the primary reference 

material for calibration of Me/Ca contents. Repeat standards of NIST glass 612 were used as the 

secondary reference material and run every half hour throughout the analytical sessions for monitoring 

instrument drift. The reproducibility of Pb/Ca, Mn/Ca, Ni/Ca, Cd/Ca, Al/Ca, Fe/Ca, Cu/Ca, and Zn/Ca 

in NIST 612 over duration on 4 sessions of 4 days long are provided in Table 1. A total of 87 (3 

foraminifera x 29 depth-levels) Amphisorus hemprichii specimens were successfully analysed. Twelve 

laser spots fired on each foraminifera generated 1,044 spots (87 foraminifera x 12 spots). Each spot was 

depth-profiled and 27 measurements were taken from each spot. Finally, the laser spot analysis and 

depth profiling generated 28,188 (1,044x27) laser data points. The Me/Ca data generated using LA-

ICP-MS was processed using Igor Pro software (version 6.37). 

 

Runs Pb/Ca Mn/Ca Ni/Ca Cd/Ca Al/Ca Fe/Ca Cu/Ca Zn/Ca 

1 2.20 0.64 1.30 2.10 0.50 1.20 1.50 1.00 

2 2.20 0.53 0.81 1.60 0.59 1.10 0.71 1.90 

3 1.90 0.45 1.10 1.30 0.35 1.00 0.70 0.96 

4 1.20 0.49 0.61 0.98 0.41 1.10 0.60 1.30 

Average 1.88 0.53 0.96 1.50 0.46 1.10 0.88 1.29 

 

Table 1 Reproducibility of Me/Ca in NIST glass 612; secondary reference material (2SE in %) 
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4.4 Results 

4.4.1 Chemical signature of Amphisorus hemprichii tests 

 The Me/Ca ratios obtained after processing the LA-ICP-MS data was checked for clay 

contamination using Al/Ca ratios, probably a more useful indicator of clay (Johnstone et al., 

2016). In this study, all data where Al/Ca was ≥ 0.5 mmol/mol were rejected (Lea et al., 2005). 

For most of the Me/Ca ratios generated in our studies, we observed a distinct long-term natural 

baseline period (from 140 cm to ~ 40 cm) marked by lower and relatively same concentrations, 

and the other with increased Me/Ca ratios (highlighted bands in Figure 3). Pb/Ca ratios 

increased from 0.0003 mmol/mol in the natural baseline to nearly 0.002 mmol/mol in the 

surficial sediments (Figure 3a). The average Mn/Ca ratios for the depth interval 140 to 40 cm 

was 0.02±0.002 mmol/mol, and the highest ratios of 0.06±0.01 mmol/mol was observed at 7 

cm depth (Figure 3b). The average concentration of Ni/Ca for the natural baseline period is 

0.003 mmol/mol. A gradual increase in the Ni/Ca ratios in the A. hemprichii tests was observed 

from 20 cm: 0.002 mmol/mol to the surface: ~ 0.2 mmol/mol (Figure 3c). The highest Cd/Ca 

ratios of 0.00016 mmol/mol was observed at 14 cm depth levels (Figure 3d), and the average 

Cd/Ca ratio for the baseline period averaged 0.0001 mmol/mol. The Cu/Ca ratios of 0.0006 

mmol/mol is almost same for all measurements in the natural baseline period. Cu/Ca ratios 

showed highest value of 0.005 mmol/mol at 2 cm depth from the surface (Figure 3e). The 

average Zn/Ca ratios in the natural baseline period is 0.03 mmol/mol and it varied between 

0.02 and 0.03 mmol/mol (Figure 3f). From 20 cm to the surface, Zn/Ca ratios showed a gradual 

increase from 0.005 mmol/mol to 0.05 mmol/mol. For all studied heavy metals, except Zn, we 

observed an order of increase in the Me/Ca ratios from the natural baseline period to the recent 

times. We also observed a spike (of varying degree) at 35 cm depth level corresponding to 

1000 AD for all Me/Ca ratios. We believe that the samples from this level maybe a result of: 

1) bioturbation because there were no human settlements in this area around 1000 AD, 2)  

during the time of picking the fossil Amphisorus hemprichii specimens, we had noted that the 

samples in this particular level were smaller in diameter compared to its adjoining levels. 

Hence, results from this level was removed in discussion. In Cd/Ca profile, we observe a small 

increase at 25cm depth (Figure 3d), however, this increase was not observed in the profile of 

other HMs. Hence, this data point was also removed from further discussion. For all Me/Ca 

ratios, except Cd/Ca, we observed intense increase in metal concentrations from ~ 20 cm to the 

surface, which represents the last century (Figure 3). 
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Figure 3 Me/Ca ratios (mmol/mol) obtained from LA-ICP-MS analysis on fossil tests of foraminifera Amphisorus 

hemprichii recovered from the sediment core is plotted with depth (cm) and their corresponding age. The 

highlighted bands shows increased Me/Ca ratios over the last millennium; in particular over the last century (since 

1900). (a) Pb/Ca, (b) Mn/Ca, (c) Ni/Ca, (d) Cd/Ca, (e) Cu/Ca, (f) Zn/Ca. For details see text section 4.4.1 

 

 

4.4.2 Reconstruction of heavy metals in seawater using Amphisorus hemprichii 

 Partition coefficients (KDs) of Pb (Sagar et al., 2021a), Mn, Ni, and Cd (Sagar et al., 

2021b) were determined for LBF Amphisorus hemprichii through laboratory culture 

experiments and subsequent chemical analysis of the new calcite formed in the laboratory by 

using LA-ICP-MS. The calculated KDs were obtained by linear regressions of the Me/Ca ratio 

in the new calcite and the corresponding concentration of the spiked seawater in the culture 

mediums. The KD for Pb, Mn, Ni, and Cd for LBF Amphisorus hemprichii specimens were 

8.37±0.3, 1.3±0.2, 0.3±0.04, 2.6±0.3, respectively (Sagar et. al., 2021a; Sagar et al., 2021b). 
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These KD values were used in this study to reconstruct the seawater concentrations since ~2150 

BC until recent time, using the following equation: 

Me/CaSW (mmol/mol) = [Me/CaTM (mmol/mol) / KDMe]     (1) 

(SW: Seawater and TM: Amphisorus hemprichii tests measured) 

The concentrations of Pb, Mn, Ni, and Cd in the seawater remained relatively constant from 

4,000 until 1,000 cal yr BP (Figure 4), which we term as the ‘natural’ baseline period. The 

baseline seawater concentrations for Pb increased from 0.08 µg/L to 0.4 µg/L in the recent 

sediments (Figure 4a). The average Pb concentration in the study site for the last century was 

0.3 µg/L, which is nearly x4 increase from the natural baseline values. Seawater Mn 

concentration at our study site doubled from 7 µg/L, in the baseline region, to 14 µg/L for the 

last century (Figure 4b). Seawater Ni concentration also followed the same trend as Mn, and 

increased from 6 µg/L (2150 BC to 1000 AD) to 14 µg/L in the last century (Figure 4c). The 

concentration of Cd in the seawater has remained fairly constant and fluctuated between 0.03 

and 0.04 µg/L since 2150 BC. However, the seawater Cd concentration increased to 0.07 µg/L 

during the beginning of the last century (Figure 4d).  We were unable to reconstruct seawater 

Cu and Zn concentrations due to their unknown KDs for foraminifera Amphisorus hemprichii. 

However, the trend of geochemical data (obtained with LA-ICP-MS) for Cu/Ca and Zn/Ca is 

worth mentioning here. The baseline periods covering from 2150 BC to 1000 AD were almost 

flat and lower in concentrations for both Cu and Zn (Figures 3e, f). However, in the last century, 

Cu/Ca and Zn/Ca ratios increased compared to the baseline values (Figures 3e, f). 
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Figure 4 Reconstructed seawater (SW) Pb (a), Mn (b) Ni (c), Cd (d) concentrations (µg/L) using respective 

partition coefficients obtained from culturing experiments with foraminifera Amphisorus hemprichii (Sagar et al., 

2021a, Sagar et al., 2021b). The vertical axes denotes depth (cm) and their corresponding age (calendar years). 

The green shaded region marks the long-term natural baseline period from 2150 BC to 1000 AD (140 to ~ 40 cm). 

The red arrows indicates the increase in heavy metal concentrations during the early 20th century 

 

4.4.3 Comparison of Amphisorus hemprichii test chemistry with bulk sediments 

 Heavy metal concentrations obtained from bulk sediments in the same core (Serrano et. 

al., 2020) using ICP-MS (Agilent, model 7500ce) was compared with the reconstructed 

seawater concentrations for Pb, Mn, Ni, and Cd (Figure 5) from fossil Amphisorus hemprichii 

test chemistry. The initial rise in bulk sediment Pb levels and seawater Pb was observed at 

~1900 AD (Figure 5a). Both the records follow nearly the same pattern, however, the Pb 

concentrations calculated from A. hemprichii test chemistry appears more pronounced and 
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prominent. The strong and elevated Pb concentration observed at 15 cm depth in the test 

chemistry is missing in the bulk sediment record.  

 

Figure 5 Comparison of metal concentrations in seawater calculated from Amphisorus hemprichii tests (red line) 

with metal contents in the bulk sediments (blue line) from the same depths; (a) Pb, (b) Mn, (c) Ni, (d) Cd. The 

vertical axis on the right indicates calendar years. The spike at 35 cm depth (~1200 AD) is shaded red (see text 

section 4.4.1) 
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The bulk sediment derived Mn record shows uniform concentrations since 1000 AD (Figure 

5b). Near-uniform Mn concentrations in the seawater was also observed from Amphisorus 

hemprichii tests, but with increased Mn concentrations at two places, ~7 and ~12 cm depths 

(Figure 5b), which are absent in the bulk sediment record. The Ni concentration in seawater 

gradually increased from around 1950 AD (15 cm depth) as observed from A. hemprichii test 

chemistry (Figure 5c). However, the bulk sediment record showed increased Ni concentrations 

much earlier from around 20 cm depth (~1700 AD). The Cd concentrations of seawater 

calculated form Amphisorus hemprichii tests and the Cd concentration in the bulk sediment 

record follows a nearly similar path (Figure 5d). The Cd concentration in the seawater has 

remained fairly constant since 1000 AD except for the period 1900-1990 AD. Elevated 

concentrations of Pb, Mn, Ni, and Cd at 35 cm depth (~1200 AD) observed in the A. hemprichii 

tests are completely absent in the bulk sediment record, which strengthens our belief that the 

specimens present in these level are: 1) possibly reworked sediments from bioturbation, 2) 

possible mixing of surficial samples in this level. Hence, the data from this level are not 

included in discussion. 

 

4.5 Discussion 

 

4.5.1 Anthropogenic increase of heavy metals in water column recorded in Amphisorus 

hemprichii tests 

 During calcification process in foraminifera, heavy metals present in the surrounding 

seawater have been demonstrated through laboratory culture experiments to be proportionately 

incorporated into the foraminiferal tests (e.g., Cd: Mashiotta et al., 1997; Havach et al., 2001; 

Maréchal-Abram et al., 2004; Sagar et al., 2021b; Cu: De Nooijer et al., 2007; Munsel et al., 

2010; Mn: Munsel et al., 2010; Sagar et al., 2021b; Ni: Munsel et al., 2010; Sagar et al., 2021b; 

Zn: Nardelli et al., 2016; Titelboim et al., 2021; Pb: Titelboim et al., 2021; Sagar et al., 2021a), 

irrespective of biological controls (Munsel et al., 2010; Nardellli et al., 2013). Recently, using 

foraminifera Amphisorus hemprichii in laboratory culture experiments, Sagar et al., have 

demonstrated proportional increase of Pb (2021a), Mn, Ni, and Cd (2021b) in the tests of A. 

hemprichii over a wide range of spiked seawater concentrations. The Me/Ca ratios obtained 

from the tests of fossil Amphisorus hemprichii specimens in this study revealed increased 

concentrations over the last millennium and in particular over the last century; since 1900 AD 

(Figure 3). This increased concentrations of Pb, Ni, Cd, Cu, Zn (mainly anthropogenic origins), 

and Mn (also geogenic origin) were probably related with local farming, industrial activities 
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and increasing human settlements in this area (Linge, 1979; Cambridge and McComb, 1984; 

Kendrick et al., 2002; Brearley et al., 2005).  

 

 The calculated concentrations of Pb, Mn, and Ni in the seawater, using Amphisorus 

hemprichii test chemistry showed increased average concentrations in the last century 

compared to the natural baseline period (2150 BC to 1000 AD) of our study. Average seawater 

Pb, Mn, and Ni concentrations for the last century increased x4, x2, and x2 respectively 

(Figures 4a, b, c). However, the Cd concentrations in the seawater remained nearly uniform 

since 2150 BC, but increased during the early years of last century, for a short period of time 

(Figure 4d). It was observed that the average concentration of Pb and Cd in the seawater, 0.3 

µg/L and 0.05 µg/L respectively, for the last century, were below the trigger values 

recommended to protect 99% of species in the marine waters around Australia and New 

Zealand (ANZ) (ANZECC, ARMCANZ 2000). The seawater Ni concentration for the last 

century, 14 µg/L, is x2 more and x10 less than the prescribed values for protecting 99% and 

90% species, respectively, in the marine waters around ANZ  (ANZECC, ARMCANZ 2000). 

The calculated Mn concentrations of seawater for the last century in this area is around x70 

higher compared to reported seawater Mn concentrations in the western Indian Ocean (0.1 - 

0.2 µg/L: Saager et al., 1989) and the western North Atlantic, and the northeast Pacific (0.1 

µg/L: Bender et al., 1977). In contrast to this study site, measured (HR-ICP-MS, Thermo 

Element XR) seawater Mn concentrations from Watermans Bay, situated ~40 km north of this 

location, had only 0.4 µg/L of Mn (Table 2: Sagar et al., 2021b). Our current studies also 

showed increased concentrations of Cu and Zn in the A. hemprichii tests from the sediment 

core (Figures 3e, f), for the last century, but we were unable to calculate the seawater Cu and 

Zn concentrations because of a lack of partitioning coefficient of these metals for Amphisorus 

hemprichii foraminifera. Finally, we show that our foraminiferal-test results compares well 

with the bulk-sediment records (Serrano et al., 2020) of the same core (Figure 5). As the 

foraminifera Amphisorus hemprichii is normally found attached to seagrass (Posidonia) blades 

(Sagar et al., 2021a), the test chemistry of LBF Amphisorus hemprichii can be suitably used to 

precisely calculate past heavy metal (Pb, Mn, Ni and Cd) concentrations in the water column 

of the near-shore marine environments (coastal areas), which are one of the focussed 

environmental concerns due to increasing coastal developments (Qian et. al., 2015). 
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4.5.2 Monitoring anthropogenic heavy metal contamination in near-shore marine 

environments using marine sediments and foraminiferal test chemistry 

 Marine sediments have been analysed since the last seven decades as a natural archive 

to track anthropogenic metal contamination in the marine environments, since pre-industrial 

times to recent. For example: The earliest known published marine sediment records of Mullin 

and Rilley (1956) studied Cd concentrations in the sediments from Irish Sea, N. Atlantic, S. 

Atlantic, N. Pacific, and S. Pacific. Certain heavy metals, e.g., Cd, Cu, Fe, Mn, Pb, and Zn 

were investigated in sediment cores collected along the coastline in the Port Phillip Bay, 

Victoria, Australia to understand the impact of industrial discharges (Talbot et al., 1976). 

Sediment samples collected from the Gulf of Thermaikos (suspected of metal pollution) and 

the Gulf of Pagassitikos (free from trace metal pollution), in Greece, were analysed for metal 

contamination from the overlying waters (Chester and Voutsinou, 1981). Impact of urban 

effluents of Mytilene (Lesvos Island, Greece) on the coastal marine environment was evaluated 

by examining the heavy metals in the marine sediments (Angelidis, 1995). Contamination 

status of trace metals in the East China Sea, one of the largest marginal seas, were studied using 

marine sediment cores from various depths (Fang et al., 2009).  Heavy metal contamination in 

the sediments of Makadi Bay (Egypt) were assessed from surface samples (Youssef et al., 

2020). Perumal et al. (2021) found moderate level of heavy metal contamination in the surface 

sediments from Thondi coast (Tamil Nadu, India). Heavy metal contamination studies in the 

Cockburn Sound Industrial area have been carried out using marine sediments (Chegwidden, 

1979; Talbot and Chegwidden, 1983; Fraser and Kendrick, 2017; Cockburn Sound 

Management Council, 2019; Serrano et al., 2020). Interestingly, the study by Fraser and 

Kendrick (2017) show that concentrations of heavy metals in modern surface sediments appear 

to have largely decreased compared to similar measurements undertaken in the late 

1970s.  However, these studies do not directly address the important question of whether the 

concentration of heavy metals in the water column (present and past) that is/was available for 

uptake by marine organisms has also declined? The use of marine sediments for monitoring 

anthropogenic impacts of heavy metal contamination over both recent and past periods, thus 

has a number of limitations (Phillips, 1977). Specifically, whether the concentration of metal 

deposited in sediments are; 1) time averaged concentrations, 2) dependent on the organic 

content of the sediment, and 3) thus provides little or no data on the amount of metal available 

to biota in the overlying water column and hence impact on planktonic organisms living in the 

coastal environments of the Cockburn Sound Industrial Area. 
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 Over the last two decades, foraminiferal test chemistry has increasingly been used to 

assess anthropogenic heavy metal contamination. For example: Elevated metal concentrations 

in the porcelaneous tests of milliolid foraminifera from the Santa Gilla lagoon in Italy were 

reported by Frontalini et al., (2009). Madkour and Ali (2009) found significantly higher 

concentrations of Cd, Pb, and Cu in the tests of seven genera and species of benthic 

foraminifera (5 porcelaneous: Spiroloculina, Quinqueloculina, Borelis schlumbergeri, 

Peneroplis plantus, Sorites and 2 hyaline: Elphidium and Ammonia beccarii) from the coastal 

lagoons of Red Sea, Egypt. Another geochemical study using the tests of two benthic 

foraminifera; Sorites marginalis and Peneroplis planatus from the coastal area of Red Sea, 

Saudi Arabia, found high concentrations of Fe, Mn, Pb and Cu (Youssef, 2015). A recent study 

by Titelboim et al., (2018) used single chamber records from two benthic foraminifera species; 

Pararotalia calciformata and Lachlanella sp. to track short-term anthropogenic activity, and 

found elevated concentrations of heavy metals Cu, Zn and Pb in the tests of these foraminifera 

collected from an area adjacent to industrial activities in Hadera, Israel. Most of these studies 

using foraminiferal test chemistry are used to monitor and assess current metal contamination 

in seawater. However, there are no published studies on the reconstruction of past-seawater 

metal contaminations and changes in natural baseline concentrations from pre-industrial times 

and earlier to recent. Boehnert et al., (2020) found increased concentrations of Pb and Cd in 

the tests of benthic foraminifera Elphidium excavatum and Ammonia tepida from the southern 

North Sea since the early 20th century. However, they could not calculate the change in 

seawater metal concentrations because of a lack of KD values for Pb and Cd for E. excavatum 

and A. tepida. The KD for the heavy metals Pb, Mn, Ni and Cd obtained from laboratory culture 

experiments with Amphisorus hemprichii (Sagar et. al., 2021a; 2021b) enabled us to calculate 

the concentration of Pb, Mn, Ni and Cd in the seawater since 2150 BC (Figure 4). Our findings 

render fossil Amphisorus hemprichii specimens as a natural bio-archive useful for 

fingerprinting anthropogenic heavy metal contamination through time in their calcite tests 

(Figures 3, 4). 

 

4.6 Conclusions 

 This study presents the geochemical results of fossil LBF Amphisorus hemprichii 

specimens extracted from a sediment core from Mangles Bay in Cockburn Sound industrial 

area, a highly developed coastal region in SW Perth, Western Australia. Geochemical analyses 

were carried out on the septa of the chemically cleaned A. hemprichii specimens using LA-
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ICP-MS methods. Partition coefficients for the metals Pb, Mn, Ni and Cd in Amphisorus 

hemprichii foraminifera (Sagar et. al., 2021a; 2021b) were used to calculate the seawater Pb, 

Mn, Ni and Cd concentrations since 2150 BC. We find that: 

1. All studied metal-to-calcium ratios had nearly similar concentrations from 2150 BC to 

around 1000 AD, representing ‘natural’ baseline concentrations of pre-anthropogenic 

period, which was free from human induced metal contamination. 

2. Except Cd/Ca ratios, all other studied Me/Ca ratios (Pb/Ca, Mn/Ca, Ni/Ca, Cu/Ca, and 

Zn/Ca) revealed intense increase in metal concentrations in the last century, from 1900 

AD to the recent. 

3. The natural baseline seawater concentrations for Pb increased from 0.08 µg/L to 0.5 µg/L 

in the recent times. Seawater Mn concentration doubled from 7 µg/L, in the pre-

anthropogenic period, to 14 µg/L for the last century. Ni concentration in the seawater 

also followed the same trend as Mn, and increased from 6 µg/L (2150 BC to 1000 AD) 

to 14 µg/L in the last century. The concentration of Cd in the seawater remained fairly 

constant and fluctuated between 0.01 and 0.02 µg/L since 2150 BC. However, the 

seawater Cd concentration increased to 0.05 µg/L during the beginning of the last century 

for a short period. We were unable to reconstruct seawater Cu and Zn concentrations due 

to their unknown KDs for foraminifera Amphisorus hemprichii. However, instrumental 

Cu/Ca and Zn/Ca ratios showed increased concentrations in the last century compared to 

lower and uniform concentrations from 2150 BC to 1000 AD. This intense increase in 

heavy metal concentrations in the last century coincides with increasing human 

settlements; especially the establishment of industries in this area as part of 

developmental activities.  

4.  The Pb and Cd concentrations derived from bulk sediments and Amphisorus hemprichii 

test chemistry follows nearly the same trend, however the foraminiferal test chemistry 

appears to pick some increased metal concentration signals, which are absent in the bulk 

sediment record, possibly because sediment samples represent time averaged 

concentrations. 

 

 The application of KDs for Pb, Mn, Ni, and Cd for LBF Amphisorus hemprichii to a 

sediment core in this study to calculate past seawater metal concentrations (and shift in baseline 

concentrations from pre-industrial periods) now enable A. hemprichii to be utilised as a 
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naturally occurring bio-archive to quantitatively monitor anthropogenic pollution of Pb, Mn, 

Ni and Cd in present as well as past near-shore marine waters.    
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Chapter 5 

 
Conclusions and future research 

 
 

 

 

5.1 Summary of the research work 

 The primary objective of this thesis was to develop a proxy to quantitatively monitor 

heavy metal concentrations in the water column of near-shore marine environments, which are 

prone to metal contamination resulting from intensification of anthropogenic activities (e.g., 

industries, mining, pharmaceutical, agriculture, and urbanization). The motivation for this 

study arises from the fact that elevated concentrations of heavy metals in coastal waters can 

cause a serious threat to living organisms, human health and natural ecosystems because of 

their persistence, toxicity, and bioaccumulation characteristics. To meet the objectives, 

laboratory culture experiments were performed with live juvenile specimens of large benthic 

foraminifera (LBF) Amphisorus hemprichii collected from the Rottnest Island, located ~20 km 

offshore Perth, Western Australia (WA). The reef dwelling cosmopolitan LBF A. hemprichii 

was chosen because it is highly abundant in their habitat, and are commonly found along the 

WA and other Indian Ocean coastlines. For the culture experiments, a wide range of multi-

element concentrations of lead (Pb), manganese (Mn), nickel (Ni), and cadmium (Cd) were 

spiked in the natural seawater and used as culture solutions. Heavy metal Pb was chosen in this 

study because though highly toxic (Tchounwou et al., 2012), there was no published study on 

Pb partitioning in foraminiferal tests through laboratory culture experiments. Secondly, there 

was no other published literature on the partitioning of Mn and Ni other than Munsel et al. 

(2010). Cd, being another toxic heavy metal with bio accumulative characteristics caught the 

attention of this project. Temperature and light sensitivity experiments were also carried out to 

understand the partitioning of studied heavy metals under different temperature and light 

intensity settings. New calcite formed during culture experiments and old calcite formed in 
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natural environment (Rottnest Island) were geochemically analysed using the micro-analytical 

technique laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) 

methods. Seawater concentrations were analysed in high-resolution (HR)-ICP-MS facilities. 

Partition coefficients of Pb, Mn, Ni, and Cd for the LBF A. hemprichii were calculated based 

on regression equations of the amount of uptake of heavy metals into the newly formed 

foraminiferal chambers from the laboratory culture solutions. The partition coefficients 

obtained from the culture experiments for the heavy metals; Pb, Mn, Ni and Cd, were applied 

to fossil Amphisorus hemprichii specimens picked from a sediment core collected from the 

Mangles Bay, in Cockburn Sound, a highly developed and industrial coastal region located in 

South West (SW) Perth. Concentrations of Pb, Mn, Ni, and Cd in paleo seawater (since 2150 

BC) of Mangles Bay were determined using fossil A. hemprichii tests. The key elements and 

findings of this research are summarised below. 

5.2 Retrieving spiked signals from cultured A. hemprichii tests  

 The LBF Amphisorus hemprichii specimens generally have a flat shape indicating 

lateral addition of new chambers, which gives rise to a discoidal appearance at any point of 

time during its life span. For heavy metal quantification studies in this research, live juvenile 

A. hemprichii specimens were cultured in a temperature controlled laboratory for 16 weeks in 

7 different multi-element doped solutions and one control batch (Table 1: Sagar et al., 2021a; 

Table 2: Sagar et al., 2021b). Geochemical data for Me/Ca ratios in the A. hemprichii tests were 

obtained using LA-ICP-MS, and metal concentrations in the culture solutions were determined 

using HR-ICP-MS facilities. Based on the discoidal shape of the cultured A. hemprichii tests, 

it was initially assumed to observe a sharp demarcation in the geochemical data between the 

chambers formed in the natural seawater of Rottnest Island and the new chambers formed in 

the laboratory with the heavy metals spiked seawater solutions. However, this was not as 

simple as initially thought. Following the traditional methods of line analysis or continuous 

measurements as normally done in other marine calcifiers such as corals and molluscs, 

continuous line measurements were carried out on the A. hemprichii tests. Prior to actual 

measurements, each laser line-scan track was pre-ablated to remove surface contaminants. 

Based on the Me/Ca ratios obtained from the line-scans, it was observed that new chambers in 

the outer layers of A. hemprichii specimens, which formed during laboratory culture, 

proportionately incorporated the doped signatures in their calcite tests from the multi-element 

enriched seawater solutions. This was a big finding; however, in addition to the spiked signals 

from the outermost layers, we also observed elevated concentrations of heavy metals in some 
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of the chambers that formed in the Rottnest waters or prior to our laboratory culture 

experiments. These patchy regions showing elevated concentrations of heavy metals, in the 

initial chambers, varied in concentrations among different specimens, implying complex test 

forming process and/or overgrowths for LBF Amphisorus hemprichii. To understand the 

abnormal and patchy signatures of elevated concentrations in the old-chambers, spot 

measurements and depth profiling was undertaken on some previous line scans. It was observed 

that the spot measurements showed lower baseline values and were free from overgrowth 

complexities when compared with line analysis on the same transects. The depth profiling of 

the outermost chambers that formed in the laboratory in spiked solutions showed uniform 

concentrations from the surface to ~27 µm depth. However, some of the chambers that formed 

prior to our laboratory culture experiments showed increased concentrations of heavy metals 

in the surface of the tests and lower concentrations in the deeper parts, implying minute 

overgrowths in the laboratory using the doped culture solutions. Results from staining 

experiments, conducted separately also confirmed patchy overgrowths on the initial chambers. 

A new biomineralisation model was proposed for LBF Amphisorus hemprichii based on the 

test geochemistry and results from staining experiments. We find that: 

a) Continuous laser ablation line-scan measurements for retrieving signals (as is normally 

done with other marine calcifiers such as corals, and molluscs) are not suitable for 

Amphisorus hemprichii specimens because of patchy and non-uniform minute 

overgrowths on the surface of the initial chambers. 

b) Laser spot analysis aided with depth profiling is the most reliable way to retrieve 

temporal changes in seawater concentrations. 

5.3 Thresholds and partition coefficients for Pb, Mn, Ni, and Cd in 

Amphisorus hemprichii 

 To determine the partition coefficients (KDs) for Pb, Mn, Ni, and Cd in LBF 

Amphisorus hemprichii specimens, seven multi-element spiked culture experiments were 

performed in the laboratory under controlled settings. The heavy metals in the culture solutions 

ranged from environmental levels to acute level of concentrations (in µg/L); Pb: 3.5 to 80.4, 

Mn: 9.3 to 1760.0, Ni: 22.5 to 1703.0, Cd: 4.2 to 195.0. Increased Me/Ca ratios were observed 

in the new calcite of the Amphisorus hemprichii specimens grown in the laboratory with multi-

element spiked solutions for a wide range of concentrations, which differed for every spiked 

heavy metal. For Pb, linear incorporation (R = 0.995) in the new calcite was observed in culture 
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solutions with increasing Pb concentrations from 3.5 µg/L to 40.2 µg/L; six experiments. The 

notable exception, however, was for the Pb/Ca ratios of the newly built skeletal structures of 

the specimens in the highest Pb concentrations (80.4 µg/L of Pb). The new calcite of this 

experiment showed similar Pb/Ca ratios as observed in the experiment with 40.2 µg/L of Pb in 

the culture solution. The geochemical data from the tests of the highest Pb-spiked solution also 

showed minimal calcification of A. hemprichii specimens with only one or two chambers 

formed over 16 weeks duration of culture experiments. Previous studies have also documented 

decrease in shell growth with increase in heavy metal concentrations in the culture seawater 

(e.g., Munsel et. al., 2010; Ben-Eliahu et al., 2020). Linear incorporation (R = 0.96) of Mn/Ca 

ratios in the tests was observed with the increase in Mn-spiked seawater concentrations from 

9.3 µg/L to 440 µg/L; five experiments. Decrease in Mn/Ca ratios in the new calcite of A. 

hemprichii specimens was observed in culture solutions having Mn/Ca ratios 880 µg/L. Linear 

incorporation of Ni/Ca ratios (R = 0.996) in the tests of Amphisorus hemprichii specimens was 

observed with an increase in seawater Ni concentrations from 22.5 µg/L to 425.8 µg/L; five 

experiments. However, it was noted that with further increase in Ni concentrations in the 

culture seawater there was no rise in the Ni/Ca ratios in the A. hemprichii tests. The LBF 

Amphisorus hemprichii specimens linearly incorporated Cd from the Cd-spiked seawater 

solutions (R = 0.9) ranging from 4.2 µg/L to 48.8 µg/L. With increase in Cd concentrations in 

the culture seawater there was no increase of Cd/Ca ratios in the cultured Amphisorus 

hemprichii tests. In addition, two separate culture experiments aimed to understand the role of 

temperature and light intensities on the partitioning of Pb, Mn, Ni and Cd from the culture 

solution to the Amphisorus hemprichii tests showed no significant increase in Mn, Ni, Cd, and 

Pb with increasing temperature and light intensities. We find that: 

a) Under acute pollution levels, the concentrations of Pb, Mn, Ni, and Cd in the tests of 

Amphisorus hemprichii specimens reached saturation limits, possibly due to vital 

effects. However, strong linear association (R ≥ 0.9) between incorporation of these 

metals and the doped seawater concentrations was observed in the culture experiments 

for a non-lethal range of seawater pollution; Pb: 3.5 to 40.2 µg/L, Mn: 9.3 to 440 µg/L, 

Ni: 22.5 to 425.8 µg/L, and Cd: 4.2 to 48.8 µg/L.  

b)  The KD of Pb, Mn, Ni, and Cd determined from multi-element and multi-concentration 

culture studies with Amphisorus hemprichii foraminifera specimens are 8.37±0.3, 

1.3±0.2, 0.3±0.04, and 2.6±0.3, respectively.  
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5.4 Reconstructing paleo seawater concentrations using fossil Amphisorus 

hemprichii specimens 

 Based on the calibrated partition coefficients for Pb, Mn, Ni, and Cd for large benthic 

foraminifera Amphisorus hemprichii, obtained from culture experiments (described in section 

5.2), seawater Pb, Mn, Ni and Cd concentrations from 2150 BC to recent times were 

determined using fossil A. hemprichii specimens recovered from a sediment core from Mangles 

Bay in Cockburn Sound. This study site in SW Perth is one of the highly developed coastal 

areas in Western Australia that houses industries, a naval base, port facilities, dense human 

settlements, and provides coastal recreation facilities. The first European colony settlement in 

this region dates back to 1830 and during late 1890s two more settlements were established 

(Brearley, 2005). Well preserved fossil A. hemprichii specimens were chemically cleaned and 

analysed using LA-ICP-MS for Me/Ca ratios. We find that: 

a) All studied individual Me/Ca ratios had nearly similar concentrations from 2150 BC to 

around 1000 AD, representing long ‘natural’ baseline concentrations of pre-

anthropogenic period, which was free from human induced metal contamination. 

b) Except Cd/Ca ratios, all other studied Me/Ca ratios (Pb/Ca, Mn/Ca, Ni/Ca, Cu/Ca, and 

Zn/Ca) revealed increase in metal concentrations in the last century, from 1900 AD to 

the recent. 

c) The ‘natural’ seawater baseline concentrations for Pb increased from 0.08 µg/L to 0.5 

µg/L in the recent times. Seawater Mn concentration doubled from 7 µg/L in the pre-

anthropogenic period to 14 µg/L for the last century. Ni concentration in the seawater 

also followed the same trend as Mn, and increased from 6 µg/L (2150 BC to 1000 AD) 

to 14 µg/L in the last century. The concentration of Cd in the seawater remained fairly 

constant and fluctuated between 0.01 and 0.02 µg/L since 2150 BC. However, the 

seawater Cd concentration increased to 0.05 µg/L during the beginning of the last 

century for a short period. 

d) The Pb and Cd concentrations derived from bulk sediments (Serrano et al., 2020) and 

fossil Amphisorus hemprichii test chemistry follows nearly the same trend, however the 

foraminiferal test chemistry appears to pick some increased metal concentration 

signals, which are absent in the bulk sediment record, possibly because sediment 

samples represent time averaged concentrations. 
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5.5 Directions for future research 

 The new methodology developed in this thesis to extract temporal signals using spot 

analysis from LBF Amphisorus hemprichii tests, and the quantitative results on the partitioning 

of heavy metals; Pb (Sagar et al., 2021a), Mn, Ni, and Cd (Sagar et al., 2021b) obtained from 

a wide range of multi-element enrichment culture experiments into the calcite shells of 

Amphisorus hemprichii makes them invaluable bio-archives.  This species of foraminifera can 

now be used based on the novel approach mentioned in this thesis to monitor heavy metal 

contamination in the coastal environments, especially in the reefs where these LBF are 

abundant. In addition, the application of KDs for Pb, Mn, Ni, and Cd for LBF Amphisorus 

hemprichii to calculate past seawater metal concentrations now enable A. hemprichii to be 

utilised as a naturally occurring biogeochemical archive to quantitatively reconstruct the 

evolution of pollutants in iconic locations around ocean rims with tropical and warm-temperate 

climate.    

 Future studies should aim to study the rates of incorporation of other heavy metals 

commonly associated with anthropogenic pollution such as arsenic, chromium, copper, 

mercury, silver, tin, zinc into the calcite lattice of LBF Amphisorus hemprichii through culture 

experiments. These results will help in monitoring a large suite of anthropogenic pollutants in 

the water column of near-shore marine environments. Genetic studies should also be carried 

out on the off springs of the spiked Amphisorus hemprichii specimens to check differences, if 

any, to their parents. The health of algal symbionts in Amphisorus hemprichii with increase in 

heavy metal concentrations should be studied to understand their role in aiding calcification 

for their hosts Amphisorus hemprichii foraminifera. Most importantly, future studies should be 

carried out in industrialised and/or developed coastal zones to facilitate a science-based 

implementation of government regulations (specific to states, countries) in combating heavy 

metal pollution in the near-shore marine environments. Studies should also be extended to 

regions/countries known for early human settlements to reveal the evolution of anthropogenic 

contamination with time, in those regions.   
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 Appendix 3: Summary of data sets 

 

Chapter 2; Data Summary 

 

Figure 4 Results from chemical cleaning experiments 2, and 3 

Cleaning experiment 2 Cleaning experiment 3 

 Septum 3 Septum 4 Septum 5 Septum 6  Septum 3 Septum 4 Septum 5 Septum 6 

N 48 48 48 48 N 22 22 22 22 

mean 0.238 0.143 0.132 0.108 mean 0.233 0.079 0.086 0.042 

SD 0.051 0.035 0.033 0.029 SD 0.027 0.005 0.011 0.004 

N = number of measurements, SD = standard deviation 

Figure 6 Pb/Ca ratios in new calcite for culture studies batch 1(experiments S1 to S5), and 

culture studies batch 2 (experiments A1 to A3) 

Culture Experiments No. of data Mean (mmol/mol) SE (mmol/mol) 

S1 (Control) 840 0.00054 0.00004 

S2 (Spike) 396 0.039 0.015 

S3 (Spike) 208 0.081 0.026 

S4 (Spike) 230 0.158 0.031 

S5 (Spike) 108 0.164 0.064 

A1 (Spike) 100 0.016 0.002 

A2 (Spike) 120 0.031 0.003 

A3 (Spike) 109 0.073 0.006 

 

Supplementary Figure 1 Pb/Ca ratios in old calcite of culture studies batch 1 (experiments S1 

to S5), and culture studies batch 2 (experiments A1 to A3) 

Culture Experiments No. of data Mean (mmol/mol) SE (mmol/mol) 

S1 (Control) 927 0.00050 0.00009 

S2 (Spike) 513 0.00458 0.00085 

S3 (Spike) 277 0.01003 0.00323 

S4 (Spike) 305 0.03425 0.00461 

S5 (Spike) 114 0.00468 0.00209 

A1 (Spike) 100 0.00204 0.00100 

A2 (Spike) 120 0.00567 0.00148 

A3 (Spike) 105 0.00899 0.00203 
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Chapter 3; Data Summary 

 

Figure 2 Effect of temperature on the partitioning of heavy metals from the culture medium 

(zero spike water) into the tests of Amphisorus hemprichii specimens with increasing 

temperature conditions from 23 to 27 °C (SE = standard error) 

Culture 

experiments 

Mn/Ca Mn/Ca 

(SE) 

Cd/Ca Cd/Ca 

(SE) 

Ni/Ca Ni/Ca 

(SE) 

Pb/Ca Pb/Ca 

(SE) 

mmol/mol mmol/mol mmol/mol mmol/mol 

AQ1 0.0079 0.0006 0.00035 0.0001 0.0029 0.0003 0.0015 0.0001 

AQ2 0.0086 0.0005 0.00115 0.0002 0.0052 0.0006 0.0024 0.0002 

AQ3 0.0094 0.0011 0.00116 0.0002 0.0055 0.0006 0.0019 0.0001 

 

Culture 

experiments 
Mn/Ca Ni/Ca Cd/Ca Pb/Ca 

AQ1 (N) 122 56 102 122 

AQ2 (N) 115 71 100 115 

AQ3 (N) 117 85 113 118 

N = number of data points 

 

Figure 3 Effect of varying light intensities on the partitioning of heavy metals from multi-

element spiked culture solution (S3) into A. hemprichii tests (SE = standard error) 

Culture 

experiments 

Mn/Ca Mn/Ca 

(SE) 

Cd/Ca Cd/Ca 

(SE) 

Ni/Ca Ni/Ca 

(SE) 

Pb/Ca Pb/Ca 

(SE) 

mmol/mol mmol/mol mmol/mol mmol/mol 

LI1 8.6 0.5 0.50 0.03 0.32 0.01 0.08 0.01 

LI2 8.1 0.6 0.54 0.04 0.46 0.03 0.17 0.01 

LI3 6.3 0.8 0.43 0.04 0.79 0.04 0.18 0.01 

LI4 9.7 0.6 0.62 0.03 0.77 0.03 0.17 0.01 

 

Culture 

experiments 
Mn/Ca Ni/Ca Cd/Ca Pb/Ca 

LI1 (N) 106 144 95 150 

LI2 (N) 106 103 114 148 

LI3 (N) 74 67 52 53 

LI4 (N) 94 117 115 119 

N = number of data points 
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Figure 4 Metal/Ca ratios in new calcite obtained from culture experiments A1, A2, A3 (Batch 

2), and S2, S3, S4 (Batch 1) for the heavy metals, Mn, Ni, and Cd (a, b, c). Figures d, e, f are 

the zoomed-in region for experiments A1, A2, and A3 (SE = standard error) 

Spike 

experiments 

Mn/Ca Mn/Ca (SE)  Ni/Ca Ni/Ca (SE) Cd/Ca Cd/Ca (SE) 

mmol/mol mmol/mol mmol/mol 

A1 0.04 0.004 0.019 0.003 0.015 0.003 

A2 0.05 0.003 0.016 0.001 0.015 0.003 

A3 0.08 0.012 0.037 0.008 0.050 0.016 

S2 0.68 0.292 0.129 0.070 0.132 0.065 

S3 3.10 1.695 0.276 0.109 0.298 0.130 

S4 2.37 0.886 0.325 0.175 0.352 0.185 

 

Spike 

experiments 
Mn/Ca Ni/Ca Cd/Ca 

A1 (N) 120 120 120 

A2 (N) 120 120 120 

A3 (N) 120 120 120 

S2 (N) 249 184 244 

S3 (N) 119 141 183 

S4 (N) 408 207 318 

N = number of data points 

 

Supplementary Figure 1 Variable correlation plots of Me/Ca (Mn/Ca, Ni/Ca, Cd/Ca, and 

Pb/Ca) ratios obtained from the outer septum formed in laboratory during our multi-element 

culture experiments from Batches 1 (a) and 2 (b) 

 

Spike 

experiments 
Mn/Ca Ni/Ca Cd/Ca Pb/Ca 

Batch 1 (N) 1180 1180 1180 1180 

Batch 2 (N) 358 358 358 358 

N = number of data points 
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Chapter 4; Data Summary 

 

Figure 3 Me/Ca ratios (mmol/mol) obtained from LA-ICP-MS analysis on fossil tests of 

foraminifera Amphisorus hemprichii recovered from the sediment core is plotted with depth 

(cm) and their corresponding age 

Levels 
Depth 

(cm) 

Cal yr 

(BP) 

Mn/Ca 

mmol/mol 

Ni/Ca 

mmol/mol 

Cu/Ca 

mmol/mol 

Zn/Ca 

mmol/mol 

Cd/Ca 

mmol/mol 

Pb/Ca 

mmol/mol 

1 1 2 0.029384 0.002077 0.000566 0.018600 0.000086 0.000575 

2 2 5 0.032754 0.013435 0.004864 0.052128 0.000077 0.001430 

3 4 7 0.026446 0.014064 0.002662 0.048611 0.000075 0.001201 

4 5 10 0.031744 0.003915 0.000694 0.020814 0.000089 0.000839 

5 6 13 0.026208 0.015170 0.001308 0.030310 0.000070 0.001492 

6 7 17 0.060680 0.004656 0.000887 0.026223 0.000085 0.001198 

7 8 20 0.021541 0.008296 0.001392 0.016880 0.000093 0.000939 

8 10 24 0.026439 0.006674 0.001262 0.040825 0.000123 0.001163 

9 11 31 0.039010 0.006533 0.002812 0.036379 0.000078 0.001277 

10 12 41 0.060639 0.004229 0.001143 0.027157 0.000144 0.001354 

11 13 50 0.018697 0.003300 0.000755 0.017268 0.000131 0.001222 

12 14 60 0.025379 0.002843 0.001244 0.021379 0.000161 0.001005 

13 15 83 0.018622 0.004557 0.000812 0.016151 0.000102 0.001669 

14 17 125 0.012902 0.002118 0.000637 0.008047 0.000086 0.001391 

15 18 167 0.017459 0.001615 0.000473 0.006298 0.000091 0.000789 

16 19 210 0.017054 0.002012 0.000565 0.005398 0.000097 0.000387 

17 20 253 0.016323 0.002396 0.000726 0.007556 0.000095 0.000712 

18 21 302 0.014567 0.002868 0.000742 0.011011 0.000096 0.000662 

19 23 351 0.017062 0.001919 0.000811 0.002509 0.000080 0.000311 

20 24 400 0.020516 0.004332 0.000811 0.012805 0.000092 0.000386 

21 25 449 0.014259 0.002421 0.000606 0.002849 0.000129 0.000403 

22 27 500 0.021112 0.004475 0.000798 0.017486 0.000096 0.000565 

23 30 644 0.017583 0.004342 0.000913 0.019576 0.000098 0.000358 

24 32 764 0.017620 0.003375 0.001093 0.021849 0.000093 0.000410 

25 35 887 0.032182 0.018013 0.001732 0.043903 0.000139 0.001175 

26 37 1010 0.016879 0.002539 0.000636 0.014206 0.000091 0.000357 

27 71 2352 0.013381 0.003485 0.000585 0.024370 0.000114 0.000300 

28 107 3193 0.017662 0.004167 0.000620 0.026205 0.000101 0.000345 

29 142 4167 0.015919 0.002843 0.000378 0.015130 0.000119 0.000240 
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Figure 3 Me/Ca ratios-SE (mmol/mol) obtained from LA-ICP-MS analysis on fossil tests of 

foraminifera Amphisorus hemprichii recovered from the sediment core is plotted with depth 

(cm) and their corresponding age (SE = standard error) 

 

 

Depth 

(cm) 

Cal yr 

(BP) 

Mn/Ca 

(SE) 

mmol/mol 

Ni/Ca 

(SE) 

mmol/mol 

Cu/Ca 

(SE) 

mmol/mol 

Zn/Ca 

(SE) 

mmol/mol 

Cd/Ca 

(SE) 

mmol/mol 

Pb/Ca (SE) 

mmol/mol 

1 2 0.001416 0.000078 0.000017 0.000536 0.000006 0.000029 

2 5 0.000792 0.000266 0.000271 0.002688 0.000007 0.000061 

4 7 0.000982 0.000885 0.000103 0.001803 0.000006 0.000067 

5 10 0.000411 0.000183 0.000029 0.000495 0.000006 0.000017 

6 13 0.001242 0.000584 0.000041 0.001357 0.000006 0.000069 

7 17 0.001147 0.000093 0.000020 0.000491 0.000008 0.000030 

8 20 0.000986 0.000123 0.000022 0.000434 0.000008 0.000016 

10 24 0.000779 0.000208 0.000037 0.001427 0.000017 0.000048 

11 31 0.000767 0.000310 0.000100 0.000879 0.000007 0.000050 

12 41 0.001927 0.000091 0.000021 0.000455 0.000008 0.000024 

13 50 0.000340 0.000070 0.000015 0.000510 0.000009 0.000023 

14 60 0.000568 0.000057 0.000026 0.000499 0.000010 0.000022 

15 83 0.000242 0.000110 0.000017 0.000632 0.000005 0.000033 

17 125 0.000216 0.000051 0.000014 0.000239 0.000005 0.000035 

18 167 0.000396 0.000056 0.000015 0.000200 0.000005 0.000025 

19 210 0.000222 0.000043 0.000011 0.000216 0.000004 0.000009 

20 253 0.000246 0.000063 0.000019 0.000276 0.000005 0.000024 

21 302 0.000247 0.000062 0.000014 0.000317 0.000006 0.000030 

23 351 0.000265 0.000054 0.000018 0.000103 0.000005 0.000009 

24 400 0.000362 0.000113 0.000020 0.000397 0.000007 0.000011 

25 449 0.000258 0.000065 0.000015 0.000078 0.000013 0.000012 

27 500 0.000585 0.000112 0.000022 0.000447 0.000007 0.000025 

30 644 0.000265 0.000088 0.000018 0.000591 0.000008 0.000009 

32 764 0.000220 0.000069 0.000020 0.000575 0.000006 0.000009 

35 887 0.002133 0.001172 0.000078 0.001319 0.000014 0.000036 

37 1010 0.000233 0.000060 0.000014 0.001040 0.000007 0.000009 

71 2352 0.000225 0.000099 0.000024 0.000888 0.000010 0.000012 

107 3193 0.000229 0.000139 0.000026 0.000846 0.000008 0.000012 

142 4167 0.000243 0.000073 0.000017 0.000882 0.000011 0.000006 
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Figure 4 Reconstructed seawater (SW) Pb, Mn, Ni, Cd concentrations (µg/L) using respective 

partition coefficients obtained from culturing experiments with foraminifera Amphisorus 

hemprichii (Sagar et al., 2021a,; Sagar et al., 2021b) 

Levels Depth (cm) Cal yr (BP) Mn (SW) Ni (SW) Cd (SW) Pb (SW) 

L1 1 2 12.42 4.06 0.04 0.14 

L2 2 5 13.84 26.28 0.03 0.35 

L3 4 7 11.18 27.51 0.03 0.30 

L4 5 10 13.42 7.66 0.04 0.21 

L5 6 13 11.08 29.68 0.03 0.37 

L6 7 17 25.64 9.11 0.04 0.30 

L7 8 20 9.10 16.23 0.04 0.23 

L8 10 24 11.17 13.06 0.05 0.29 

L9 11 31 16.49 12.78 0.03 0.32 

L10 12 41 25.63 8.27 0.06 0.34 

L11 13 50 7.90 6.46 0.06 0.30 

L12 14 60 10.73 5.56 0.07 0.25 

L13 15 83 7.87 8.91 0.04 0.41 

L14 17 125 5.45 4.14 0.04 0.34 

L15 18 167 7.38 3.16 0.04 0.20 

L16 19 210 7.21 3.94 0.04 0.10 

L17 20 253 6.90 4.69 0.04 0.18 

L18 21 302 6.16 5.61 0.04 0.16 

L19 23 351 7.21 3.75 0.03 0.08 

L20 24 400 8.67 8.48 0.04 0.10 

L21 25 449 6.03 4.74 0.06 0.10 

L22 27 500 8.92 8.75 0.04 0.14 

L23 30 644 7.43 8.50 0.04 0.09 

L24 32 764 7.45 6.60 0.04 0.10 

L25 35 887 13.60 35.24 0.06 0.29 

L26 37 1010 7.13 4.97 0.04 0.09 

L27 71 2352 5.66 6.82 0.05 0.07 

L28 107 3193 7.46 8.15 0.04 0.09 

L29 142 4167 6.73 5.56 0.05 0.06 
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Figure 5 Comparison of metal concentrations in seawater calculated from Amphisorus 

hemprichii tests with metal contents in the bulk sediments from the same depths 

Levels 
Depth 

(cm) 

Cal yr 

(BP) 

Pb (BS) 

(mg/Kg) 

Pb 

(SW) 

(µg/L) 

Mn 

(BS) 

(mg/Kg) 

Mn 

(SW) 

(µg/L) 

Ni (BS) 

(mg/Kg) 

Ni 

(SW) 

(µg/L) 

Cd (BS) 

(mg/Kg) 

Cd 

(SW) 

(µg/L) 

L1 1 2 9.13 0.14 21.63 12.42 2.42 4.06 0.14 0.02 

L2 2 5 3.32 0.35 22.77 13.84 2.12 26.28 0.19 0.01 

L3 4 7 3.37 0.56 24.95 13.20 2.19 29.88 0.17 0.01 

L4 5 10 3.88 0.18 23.90 8.14 2.55 5.39 0.18 0.01 

L5 6 13 3.90 0.37 23.27 11.08 2.47 29.68 0.17 0.01 

L6 7 17 3.40 0.30 19.48 25.64 2.09 9.11 0.15 0.02 

L7 8 20 3.46 0.23 20.28 9.10 2.60 16.23 0.17 0.02 

L8 10 24 3.94 0.29 22.72 11.17 2.80 13.06 0.19 0.02 

L9 11 31 3.58 0.32 19.93 16.49 2.73 12.78 0.24 0.01 

L10 12 41 4.73 0.34 24.05 25.63 3.69 8.27 0.36 0.05 

L11 13 50 4.28 0.30 20.96 7.90 3.08 6.46 0.29 0.03 

L12 14 60 4.20 0.25 19.69 10.73 3.49 5.56 0.33 0.05 

L13 15 83 3.47 0.41 23.84 7.87 2.44 8.91 0.23 0.02 

L14 17 125 3.24 0.34 26.25 5.45 2.67 4.14 0.24 0.01 

L15 18 167 2.48 0.20 22.42 7.38 1.62 3.16 0.15 0.01 

L16 19 210 2.15 0.10 21.34 7.21 1.71 3.94 0.13 0.02 

L17 20 253 2.57 0.18 25.36 6.90 1.95 4.69 0.16 0.01 

L18 21 302 1.82 0.16 21.76 6.16 1.41 5.61 0.12 0.01 

L19 23 351 1.49 0.08 23.02 7.21 1.15 3.75 0.12 0.01 

L20 24 400 1.27 0.10 18.75 8.67 0.88 8.48 0.11 0.01 

L21 25 449 1.35 0.10 19.99 6.03 0.97 4.74 0.11 0.02 

L22 27 500 1.07 0.14 19.23 8.92 0.78 8.75 0.10 0.01 

L23 30 644 1.22 0.09 18.53 7.43 0.62 8.50 0.08 0.01 

L24 32 764 1.17 0.10 18.19 7.45 0.71 6.60 0.08 0.01 

L25 35 887 1.18 0.09 18.91 7.29 0.78 5.78 0.09 0.01 

L26 37 1010 1.25 0.09 20.41 7.13 0.80 4.97 0.09 0.01 

BS: bulk sediments 

SW = seawater 
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Appendix 4: Analytical procedures and methods 

 

 

Outline 

1. Stable temperature laboratory, metal-free clean laboratory, and instrumentation facility 

centre 

2. Cleaning of laboratory plastic ware 

3. Chemical cleaning of cultured foraminifera in stable temperature laboratory 

4. LA-ICP-MS instrumentation facilities, interference, and calibration 

 

1. Stable temperature laboratory, metal free clean laboratory, and instrumentation 

facility centre 

 

 To obtain the objectives of my PhD studies, culture experiments were carried out in the 

stable temperature laboratory in the Indian Ocean Marine Research Centre (IOMRC) at the 

University of Western Australia (UWA). During the course of the experiments, the laboratory 

had access to few persons to maintain stable temperature and keep the room clean. The prepared 

stock solutions for the spiking-culture experiments were stored in the UWA cold room, located 

near to the stable temperature laboratory in the same floor. Seawater for the culture experiments 

(used to dilute the stock solutions) was brought weekly (on the day of water change) from the 

Watermans Bay seawater research facility (a part of IOMRC, UWA). In the stable temperature 

laboratory, the seawater was filtered, which was used in the multi-metal spiking-culture and 

light intensity experiments. 

 

 The metal-free clean laboratory and the instrumentation facility centre known as 

Advanced Geochemical Facility for Indian Ocean Research (AGFIOR) are housed in the 

basement of the Geology department, at the UWA. The clean laboratory was used to rigorously 

clean the plastic wares (details mentioned below) in hot-acid bath. Cultured foraminifera 

samples were analysed using the laser ablation inductively coupled plasma mass spectrometry 

(LA-ICP-MS) facility in AGFIOR. Seawater samples were measured using the high resolution 

HR–ICP-MS (Element XR) at AGFIOR.   
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2. Cleaning of laboratory plastic ware 

 

The plastic ware used in the culture experiments were: 

a) 2x25L water carry-can cube used for transporting seawater from Watermans culturing 

facility to IOMRC 

b) 1x15L Nalgene carboy for storing filtered seawater 

c) 2x10L Nalgene carboy for storing stock solutions 

d) 5ml vials with caps 

e) Sample racks for vials 

f) Plastic boxes to fit the sample racks 

g) Tweezers 

h) Pipette tips 

i) Corning rectangular canted neck cell culture flasks with plug seal cap 

j) Ziplock plastic bags 

k) Vacuum filtration unit from Sartorius, model SM16510 

 

 All the plastic wares mentioned above were initially thoroughly rinsed x4 with 

deionised water (DI) and then x3 with MilliQ water.  Items numbered ‘a’ to ‘h’ were then 

rigorously cleaned in hot acid bath using 10% HNO3 (prepared from high purity double 

distilled HNO3, obtained by sub-boiling distillation - Savillex) on hot plates at 90 °C for one 

week. The corning culture flasks, ziplock plastic bags, and the vacuum filtration unit were 

rinsed x3 with 10% HNO3. After the hot acid bath (for items ‘a’ to ‘h’ and acid rinse for items 

‘I’ to ‘k’, the plastic wares were rinsed x3 in MilliQ water and dried in a drying hood for two 

days (or as required). The corning culture flasks were rinsed x5 in fresh filtered seawater before 

starting the culture experiments. The ziplock pastic bags were rinsed x5 with fresh seawater 

before transporting the live Amphisorus hemprichii specimens to the Watermans culture 

facility. The disposable latex powder free gloves (and sometimes polyethylene) were hand 

washed first with DI water and then with MilliQ before starting any work in the metal-free 

clean laboratory. 

 

 In the control experiment S1 (with zero-spike), the Pb/Ca ratios obtained from the 

calcite formed in the laboratory during our culture experiments (0.54±0.05 µmol/mol) and the 

Pb/Ca ratios obtained from the calcite formed in the natural environment (0.50±0.04 µmol/mol) 

are within the same analytical uncertainty. This is consistent with the relative proximity of 
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UWA culturing facility to Rottnest Island and therefore we observe similar natural Pb 

background values in seawater. It also confirms that our culturing experiments did not lead to 

an increase in Pb background due to specimen handling, feeding and using plastic flasks (See 

section 2.4.3.2). 

 

3. Chemical cleaning of cultured foraminifera in stable temperature laboratory 

 

 After completion of the culture experiments, representative foraminifera samples were 

subjected to oxidative chemical cleaning, to remove the organic matter, using an alkali buffered 

oxidative reagent prepared in the laboratory (0.1M NaOH and 10% H2O2). Cleaning steps 

were improvised until we achieved reproducible numbers from the septa that were formed in 

the natural environment (zero spike) and from the calcite that formed in the laboratory in spiked 

solutions. We observe that cleaning methodology 3, where the specimens of Amphisorus 

hemprichii were initially subjected to high-energy ultra-sonication pulses and then chemically 

cleaned using the oxidative cleaning reagent, produced reproducible numbers (Chapter 2; 

Figure 4). 

 

4. LA-ICP-MS instrumentation facilities, Interference, and Calibration 

 

 Geochemical analysis were carried out using an excimer Laser (Teledyne CETAC G2) 

coupled with sector-field ICP-MS (Thermo Element XR) housed at AGFIOR, UWA. The 

isotopes Pb208, Mn55, Ni60, Cd111, Cu63, Zn66 isotopes were measured in the shells against US 

National Institute of Standards and Technology (NIST) glass standard 614 (Titelboim et al., 

2021). NIST glass 612 and an in-house carbonate standard (UWAC) used as the secondary 

reference material (Titelboim et al., 2021) to quantify external reproducibility. The secondary 

reference materials were bracketed in between 15 samples such that they repeated in 30 min 

sequence. The UWAC is a sclerosponge skeleton cut parallel to the lamination (or 

perpendicular to the growth axis). To improve stability of the laser energy and the mass 

spectrometer the instruments were conditioned with UWAC for one hour. Peak scans were 

performed manually to find the shoulder of the trapezoidal peaks. Though the Element XR is 

designed to avoid interferences, isobaric interferences were avoided where possible. The ICP-

MS was operated in medium mass resolution (4000) and was tuned for Th oxide production of 

less than <0.5% and U/Th ratio of ~1. At medium resolution the peaks for 55Mn and 60Ni were 
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separated from the other interference elements. As we do not have osmium in our samples, the 

peaks for 111Cd and 208Pb were assumed to be due to Cd and Pb respectively.  

 

Limitation: The instrument was calibrated with NIST glass standard 614 because of lower 

concentrations of trace metals compared to NIST glass standard 612. Due to the unavailability 

of a homogeneous carbonate standard, NIST synthetic glasses were used in our studies. It is 

well known that NIST synthetic glasses contain many trace metals, of which most are 

homogeneously distributed (Eggins and Shelley, 2002; Hollocher and Ruiz, 2007). 

 

The uncertainties of analysed metal/Ca ratios of the secondary reference materials used in our 

experiments are mentioned below:  

Multi-element spiking culture experiments; Batch 1 

Outlier Rejection: 2SD, and Uncertainty; 2SE (in %) 

Secondary 

standards 

Number of 

standards 

208Pb/43Ca 55Mn/43Ca 60Ni/43Ca 111Cd/43Ca 

NIST 

Glass 612 

14 1.60 1.00 2.70 2.50 

NIST 

Glass 614 

60 1.80 1.70 21.00 6.00 

UWAC 36 8.50 15.00 22.00 51.00 

 

Multi-element spiking culture experiments; Batch 2 

Outlier Rejection: 2SD, and Uncertainty; 2SE (in %) 

Secondary 

standards 

Number of 

standards 

208Pb/43Ca 55Mn/43Ca 60Ni/43Ca 111Cd/43Ca 

NIST 

Glass 612 

16 0.77 0.97 1.60 1.50 

NIST 

Glass 614 

44 2.10 9.90 4.10 8.20 

eYel 64 21.00 8.70 1.90 370 
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Mangles Bay sediment core; Run 1 

Outlier Rejection: 2SD, and Uncertainty; 2SE (in %) 

Secondary 

standards 

No. of 

standards 

208Pb/43Ca 55Mn/43Ca 60Ni/43Ca 111Cd/43Ca 63Cu/43Ca 66Zn/43Ca 

NIST glass 

612 

10 2.00 1.20 1.70 1.50 2.20 1.50 

NIST Glass 

614 

28 1.40 0.83 2.60 3.30 1.50 1.60 

UWAC 27 7.70 8.10 9.90 33.00 7.40 19.00 

eYel 40 46.00 4.40 2.10 24.00 4.10 4.80 
 

Mangles Bay sediment core; Run 2 

Outlier Rejection: 2SD, and Uncertainty; 2SE (in %) 

Secondary 

standards 

No. of 

standards 

208Pb/43Ca 55Mn/43Ca 60Ni/43Ca 111Cd/43Ca 63Cu/43Ca 66Zn/43Ca 

NIST glass 

612 

19 2.30 0.45 0.83 1.30 1.30 0.83 

NIST Glass 

614 

44 1.00 0.55 1.90 3.00 1.20 1.30 

UWAC 27 5.50 12.00 14.00 34.00 6.90 15.00 

eYel 27 77.00 5.10 2.90 60.00 6.20 6.20 
 

Mangles Bay sediment core; Run 3 

Outlier Rejection: 2SD, and Uncertainty; 2SE (in %) 

Secondary 

standards 

No. of 

standards 

208Pb/43Ca 55Mn/43Ca 60Ni/43Ca 111Cd/43Ca 63Cu/43Ca 66Zn/43Ca 

NIST glass 

612 

25 2.10 0.45 0.66 1.30 0.65 0.92 

NIST Glass 

614 

72 0.86 0.56 1.40 1.90 0.85 1.00 

UWAC 37 7.00 8.1 9.9 34.00 7.00 15.00 

eYel 36 55.00 2.50 1.60 46.00 4.20 4.30 
 

Mangles Bay sediment core; Run 4 

Outlier Rejection: 2SD, and Uncertainty; 2SE (in %) 

Secondary 

standards 

No. of 

standards 

208Pb/43Ca 55Mn/43Ca 60Ni/43Ca 111Cd/43Ca 63Cu/43Ca 66Zn/43Ca 

NIST glass 

612 

30 1.50 0.31 0.63 1.10 0.52 1.20 

NIST Glass 

614 

82 0.98 0.46 1.50 2.1 0.69 0.99 

UWAC 43 6.40 9.40 8.90 40.0 4.80 13.00 

eYel 42 89.00 3.70 1.90 35.00 3.60 3.90 
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The uncertainty of our secondary reference standard NIST glass 612 is ≤ 2.7% (2SE) for 

all metal/Ca ratios in all the LA-ICP-MS analysis. The uncertainty (2SE %) of in-house 

carbonate standard UWAC is: 

≤ 8.5 for 208Pb/43Ca 

≤ 15 for 55Mn/43Ca 

≤ 22 for 60Ni/43Ca 

33-51 for 111Cd/43Ca  

 

Pb-blanks in the ICP-MS system 

MS system Carrier gas/ solution Instrument Runs 208Pb 

LA-ICP-MS Carrier gas; Helium (He) Spike culture experiments; Batch 1 0.4 ppb 

LA-ICP-MS Carrier gas, Helium (He) Spike culture experiments; Batch 2 1.4 ppb 

ICP-MS 2%HNO3  Seawater measurements 0.1 ppt 

 

Detection limits of trace metals with various spot sizes 

(Analytical runs with samples from spiking culture experiments) 

Analyte Line 

analysis 

200x100 µm 

Spot analysis  

(3 foram each) 

30x30 µm 

Spot analysis 

(Batch 1) 

100x30 µm 

Spot analysis 

(Batch 2) 

100x30 µm 

Lead  35.58 ppb 26.33 ppb 3.45 ppb 6.57 ppb 

Manganese 31.61 ppb 193.23 ppb 106.07 ppb 1553 ppb 

Nickel 136.05 ppb 1250 ppb 1000 ppb 232.3 ppb 

Cadmium 182.37 ppb 27.5 ppb 16.78 ppb 1.39 ppb 

 

Concentration of trace elements in NIST Glasses used in this study 

Constituents NIST SRM 614 

(mg/kg or ppm) 

NIST SRM 614 

(µg/L or ppb) 

Lead (Certified Mass Fraction Value) 2.32 ± 0.04 2320 

Cadmium (Information Value) 0.55 550 

Nickel (Information Value) 0.95 950 

Manganese (Kurosawa et al., 2001) 1.38 ± 0.03 µg/g 1380 

Copper (Hollocher and Ruiz, 1995) 1.3 ± 0.1 µg/g 1300 

Zinc (Hollocher and Ruiz, 1995) 2.2 ± 0.3 µg/g 2200 

 

Constituents NIST SRM 612 

(mg/kg or ppm) 

NIST SRM 612 

(µg/L or ppb) 

Lead (Certified Mass Fraction Value) 38.57 ± 0.2 38570 

Cadmium (Certified Mass Fraction Value) 29.9 ± 4.2 29900 

Nickel (Certified Mass Fraction Value) 38.8 ± 0.2 38800 

Manganese (Certified Mass Fraction Value) 37.7 ± 3.8 37700 

Copper (Reference Value) 37.7 ± 0.9 37700 

Zinc (Hollocher and Ruiz, 1995) 34.1 ± 0.1 34100 
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 Pre-ablations in the cultured foraminifera were carried out to remove secondary 

surficial overgrowths formed in the laboratory on the primary chambers that initially formed 

in the natural environment of Rottnest Island. Pre-ablation, spot analysis on the septa and their 

depth profiles are helpful to track/differentiate the secondary overgrowths on the Amphisorus 

hemprichii shells (Chapter 2; representative Figures 5a, b, c, d).  
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Appendix 5: Response to the examiners questions and comments 

 

Comments of Examiner 1 

 

Black – Examiners’ comments 

Blue – Response 

 

I enjoyed reading this very well written thesis and learning so much about what amazing 

animals forams are and how useful they can be as environmental proxys, including for paleo 

work. 

 

Chapter 1 is a good introduction to forams, their potential for use as environmental 

geochemical proxies and the planned approach for the thesis study. You could possibly have 

mentioned the wider use of forams as environmental proxies, for example the use of forams in 

climate change work e.g. Sven Ulthicke’s papers from the Great Barrier Reef 

>> As suggested, the wider use of foraminifera as environmental proxies are mentioned in the 

revised thesis. References were provided to show that foraminifera have been widely used as 

bio-indicators to monitor water quality and anthropogenic contamination in polluted coastal 

environments based on their assemblage studies, ultrastructure alteration, morphological 

changes and physiological response in addition to test chemistry. As suggested, Sven Uthicke’s 

research work from the Great Barrier Reef is now added (Page 26, Lines 22-28) in the revised 

thesis.   

 

Chapter 2 provides a very detailed analysis of the growth dynamics of forams and how this is 

relevant, and in some cases problematic, for the measurement of Pb uptake. This detailed 

understanding of the growth process provides a robust basis for evaluating the suitability and 

reliability of forams as environmental proxies. Having established the best way to measure 

skeletal pb/Ca ratios in forams, the study was able to show a tight relationship between uptake 

of Pb and its concentration in seawater justifying the conclusion that forams can be used as an 

environmental sentinels for environmental lead pollution. I am not an expert in the geochemical 

methods used however the experiments appear to be well designed and the analyses 

competently caried out. 

The work in this chapter has been published already. 

>> No corrections here 

 

Chapter 3 extends the detailed work on Pb uptake in chapter 2 to show that forams can also 

be used as environmental proxies for Mn, Cd and Ni and further that for these metals and Pb 

that variability in light and temperature levels have no significant effect on uptake rates to the 

extent that would 
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diminish their use as environmental indicators of pollution meaning that forams can be used as 

reliable proxies across a range of environmental settings. However, the range of temperatures 

used was quite narrow (23-27 degrees C) and the weak correlations were suggestive of a 

relationship although this was shown to be not significant. A wider selection of temperatures 

especially at the lower end would have been interesting to examine especially as the method is 

advocated for use in environments off WA where winter sea temperatures where the forams 

exist regularly goes below 18 degrees C. Similarly, for the light experiments Pb and Ni data 

was suggestive of an effect of light intensity on metal uptake although the effect was not 

significant. 

 

The data is suggestive a physiological response to temperature and light as might be expected. 

Its likely that if the experiments had been conducted over the ranges of light and temperature 

that might physiologically challenge the forams that a significant effect on metal uptake might 

have been detected (especially for light, as photoinhibition of the algal symbionts can be 

expected). Nevertheless, the differences in absolute measurements at the different light and 

temperature levels are small relative to the potential range of metal pollution levels and the 

conclusion made 

about the use of forams as environmental proxies across a range of environmental settings is 

likely to be valid. 

 

The work in this chapter has been published already. 

>> Reasons for not carrying out temperature experiments at temperatures lower than 23 °C. 

Based on the seasonal temperature variability of seawater at Rottnest Island (18 to 25 °C, Ross 

et al., 2015), we had initially planned and designed our culture experiments for that range. 

Foraminifera Amphisorus hemprichii samples were collected on 16th April 2018 (Rottnest SW 

temperature was 20.5°C±0.5°C). Samples were brought to and stored at Watermans Bay Indian 

Ocean Marine Research Centre (IOMRC) seawater culturing facility in 100-L tanks for four 

weeks with running seawater pumped from the ocean, to acclimatize them in the new 

environment. 

Heavy metals (HMs) spiking culture experiments with live juvenile Amphisorus hemprichii 

started on 21st May 2018 in 4 culture tanks (of ~54-L each) with temp 16, 20, 24, and 28 °C to 

cover the seasonal changes in water temperature at Rottnest Island. Chillers were used to reduce 

the temperature (and maintain) in two tanks set at 16, and 20 °C. In addition to the culture-

experiment tanks, we had a stock tank with hundreds of live A. hemprichii foraminifera (in 

fresh running SW temperature 20.5°C±0.5°C). 

Suddenly, and unfortunately, on 22nd June 2018 the Watermans Bay culturing facility was shut 

down for safety reasons after a colleague experienced mild electric shock in the culture 

facilities of her experiments. With permission from the Facility managers, we transferred the 

Amphisorus hemprichii samples from the stock tank at Watermans Bay and moved them to 

IOMRC temperature controlled laboratory (in Crawley), and stored them in 25-L water tanks 

as stock. New HM-spiking-experiments (16-week long) was started with uniform temperature 

20.5°C±0.5°C in Corning culture flasks. From our initial goal of observing HM partitioning 

from multi-element spike solutions, at different temperatures, we changed the plan to one 
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temperature, as it was difficult to fit chillers  due to lack of running seawater arrangements in 

the temperature control laboratory at IOMRC Crawley.  

This was also the reason why the separate temperature partitioning experiments could 

not be carried out at lower temperatures to 23 °C, and instead we performed at 23, 25 

and 27 °C (higher end of seasonal temperatures in Rottnest Island). However, in previous 

published studies on culture experiments with foraminifera with different temperatures, 

researchers have reported no (significant) influence of temperature on the partitioning of metals 

Zn, Pb, Cu, and Cd. 

 Titelboim et al., (2021): Foram Culture exp with HMs Zn, and Pb at 25°C and 30°C  

 (Samples from Israeli Mediterranean coast) Results: No effect of temperature. 

 De Nooijer et al., (2007): Foram Culture exp with HM Cu at 10°C and 20°C 

 (Samples from Dutch Wadden Sea) Results: no significant effect of temperature or 

 salinity. 

 Marchitto (2004): 7 taxa of benthic foraminifera, from core tops. Site temperature range 

4.2°C to 17.7°C. (Samples from Little and Great Bahama Banks (Offshore Florida) 

 Result: No indication on the influence of temperature on the partitioning of Cd from 

 SW to  Foram tests.  

 

Light Experiments (8 weeks duration) 

The light intensity at sampling site (~1.5 m water depth) on 16 April 2018 was 177 PAR 

µmol/m2s. The seasonal range of light intensity measured at Rottnest Island is 115 PAR 

µmol/m2s in July 2014 to 555 PAR µmol/m2s in Feb 2013, and were ~80% of the surface values 

at ~1.5 m depth (Ross et al., 2015). Hence, we performed our light experiments at 22, 55, 299, 

483 PAR µmol/m2s to cover the broad seasonal range. From our experiments, we did not find 

any significant increase in heavy metal concentrations with varying light intensities. Similar 

results were also found by Uthicke and Altenrath (2010) in their water quality experiments. 

They found that light was not an important factor in growth regulation of two symbiont bearing 

benthic foraminiferal species (Amphistegina radiata, Heterostegina depressa). They found that 

the water quality had an effect on growth of the benthic foraminifera. The findings of Uthicke 

and Alternath (2010) are added in the revised thesis (Page 90, Lines 13-16).  

 

Chapter 4 demonstrated the utility of forams as paleo indicator proxies of historical heavy 

metal pollution in Cockburn Sound. The study demonstrates they are a useful addition to the 

range of other proxies which record the historical changes resulting from anthropogenic 

impacts. In particular it was interesting that levels of temporal variability measured using 

forams was less than that of metals in bulk sediment. Perhaps indicating the forams are better 

at time averaging or integration of the effects of pollution over time. I thought this chapter was 

very good and look forward to seeing it published. The brief summary of the background of 

history of industrial development and environmental degradation in Cockburn Sound was 

useful although I thought the discussion could have made use of a range of environmental 

studies which measured heavy metal contamination in Cockburn Sound between the 1970s and 

90s. The Cockburn Sound Management Council has monitored heavy metals in sediment and 

mussels for 30+ years and this information should be readily available. I also wondered whether 

the method would work for tin? Tribytyl tin pollution in Cockburn Sound led to sterility 
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through causing imposex in gastropods in Cockburn Sound causing reproductive failure of the 

population of Thais orbita. This work is well documented. 

>> In the revised thesis, HM concentration studies using sediments, biota, and epiphytes in the 

Cockburn Sound Industrial area are now incorporated (Page 102, Lines 4-12) and discussed 

(Page 113, Lines 19-33). In our study, we have carried out one to one comparison of heavy 

metal concentrations with the data only from Serrano et al. (2020) as it is from the same 

sediment core, which was used to obtain fossil Amphisorus hemprichii samples used in this 

study. This chapter will be submitted for review/publication by end of April 2022. 

Amounts of Tin (Sn) concentrations in the fossil Amphisorus hemprichii foraminifera were not 

measured during our analysis. However, Sn measurements in the shells of Amphisorus 

hemprichii can be done as the NIST SRM standards report reference values for Sn. NIIST 614 

has 1.52 µg/g of Tin (Kurosawa et al., 2001). 

Minor correction 

Abstract, early in second paragraph there is a word missing. Maybe “adult and juvenile” ? 

>> Deleted the word ‘adult’. We collected live juvenile ones so that they have more life span 

for our laboratory culture experiments. 

Possible questions for Viva Voce 

What impact do you think that the seasonal cycle of ambient temperature will have on metal 

uptake rates? and what are the implications for use of this method where mean annual sea 

temperatures are lower than used in your experiments? 

What advice would you give to researchers who want to apply your techniques on other species 

of forams in other parts of the world? Please see the response below. 

 

What impact do you think that the seasonal cycle of ambient temperature will have on 

metal uptake rates? 

The seasonal SST variability at Rottnest Island is around 18 to 25 °C. From our temperature 

partitioning experiments that were conducted from 23 to 27 °C, we observed minute increase 

in incorporation of Mn, Cd, and Ni, but these were not significant changes and were within one 

SE of the mean. For Pb, we note higher incorporation at 25 °C, but it decreases at 27 °C. It 

seems that the seasonal cycle (thermodynamics) plays a role, but the kinetic (biological) factors 

are also combined, which is possibly the reason the data is not significant.  

This can possibly be resolved by looking at larger size (adult) live Amphisorus hemprichii 

specimens (collected from natural environment) that have more than 30 annular rings, 

assuming that the growth conditions were normal (with no anthropogenic contamination for 

the last year) and they precipitated new chambers every bi-weekly (typical sample ~5-6 mm in 

radius). We did not find such large sized Amphisorus hemprichii specimens during our field 

studies at Rottnest Island.  

Based on the results from three previous published studies on the role of temperature and 

incorporation of HMs, and our results, we concluded non-significant influence of temperature 
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on the partitioning of heavy metals (Pb, Zn, Cu, Cd) from the culture seawater to the calcite 

tests. 

What are the implications for use of this method where mean annual sea temperatures 

are lower than used in your experiments? 

Foraminifera Amphisorus hemprichii and its other species (Amphisorus saurensis found in 

Lizard Island, GBR and its close relative (Marginopora sp.), belonging to the same family 

Soritidae normally live in tropical to warm-temperate coastal waters. Hence, we expect our 

methodology can be successfully applied to Amphisorus sp. and its close relative foraminifera, 

even if the mean annual sea surface temperatures are lower compared to our studies 

(Marginopora sp. are reported from Esperance, Western Australia). The reason is the 

partitioning of studied heavy metals is observed to be non-significant with temperature 

variations, and the morphology of Soritid family foraminifera are nearly the same.  

What advice would you give to researchers who want to apply your techniques on other 

species of forams in other parts of the world? 

Until recently, published literature on heavy metal partitioning laboratory culture experiments 

are available from only 14 published studies (including two from our culture experiments). The 

first laboratory culture was done in 1985 to observe the partitioning of Li, Sr, Mg, and Na. In 

our studies, attempts were made to choose the best representative foraminifera that can be 

easily found in other places of the world so that researchers can use the partition coefficients 

directly for their interpretation studies on the anthropogenic contamination of HMs in the water 

column. 

We expect that methods and technique developed with the foraminifera Amphisorus hemprichii 

to be applicable over most parts of the globe. The reason we chose this species of foraminifera 

for our culture experiments is because: 1) they are highly abundant in their environment, 2) 

commonly found along the Western Australian Coast and other Indian Ocean coastlines in 

tropical to warm-temperate climate. We also expect our work on foraminifera Amphisorus 

hemprichii to be applicable from tropical to sub-tropical regions. Although confirmation is 

needed, the partition coefficients from our study may also be applicable to other Amphisorus 

sp. of foraminifera (Amphisorus saurensis) as well as from other foraminifera in Soritid family. 

 

Comments of Examiner 2 

Black – Examiners’ comments 

Blue – Response 

 

Report on PhD thesis submission by Mr N Sagar 

 

The current trend towards PhD ‘thesis by publication’ — which is of course to be commended 

— necessarily provides a somewhat more challenging task for examiners since the majority of 

the thesis will already have been through one or more rounds of peer review. As such it is often 

difficult to identify any major shortcomings – even if originally present. 
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This is certainly the case here – the first two (published) papers are of a high standard and 

address an important knowledge gap in the search for widely applicable proxies for inshore 

environmental contamination. They provide experimental culture data for a widely applicable 

monitor species, Amphisorus hemprichii, with very encouraging results. In addition, partition 

coefficient data are established for a number of elements — often for the first time — and 

valuable insights provided into the most appropriate strategies for the analysis of such samples 

ie. in terms of cleaning protocols and preferring targeted spot analyses over the more usually 

employed line transects. 

 

The third, as yet unsubmitted (?), manuscript appears to be slightly less well-polished – 

certainly grammatically so but also in terms of some of the interpretation but this is to be 

expected since this text has yet to proceed to peer-review. Nevertheless, it represents an 

important ‘proof of concept’ test in the applicability of the aforementioned benthic foraminifera 

species as a useful palaeo-proxy in the construction of time series records of environmental 

pollution. 

 

As a result, I see no reason why the thesis cannot proceed to viva voce as a ‘pass subject 

to minor revision’. 

I have a few comments which could form the basis for discussion at the viva but should 

certainly be considered as potential minor modifications to the thesis.  

 

1) I am a little surprise that the raw analytical results, which form the basis of the thesis, are 

not presented anywhere – at least as far as I can see? A few summary tables are provided 

showing concentrations in the culture medium and representative analytical results are shown 

in a relatively small number of figures, but the raw analytical data are not provided or 

referenced. Provision of such data is of course essential to enable any future researchers to 

reproduce or interrogate the findings of these studies but are also increasingly required by 

publishers and funding bodies. Maybe these are provided in Supplementary documents that I 

do not have access to, but no links are provided to these or any online data repository. This 

seems like significant omission – but one which could be relatively easily remedied? Obviously 

it is not easy to tabulate tens of thousands of LA analyses – but summary tables could at least 

be provided (n, mean, st dev etc) with links to an appropriate data repository. 

 

>> As suggested, the analytical data summary of the figures for all chapters are provided in the 

revised thesis as Appendix 3 (Pages 132-138). The detailed analytical data sets used in this 

thesis is stored in UWA Institutional Research Data Storage (IRDS) facility (OGS-S-002). 

Chapter 2 (Summary data for the following) 

 Figure 4: Results for chemical cleaning experiments 2, and 3 

 Figure 6: Pb/Ca ratios in new calcite 

 Supplementary Figure 1: Pb/Ca ratios in old calcite 

Chapter 3 (Summary data for the following) 

 Figure 2: Effect of temperature on the partitioning of heavy metals from culture medium 

 Figure 3: Effect of light intensities on the partitioning of heavy metals from culture 

 medium 

 Figure 4: Me/Ca ratios in new calcite obtained from culture experiments  

 Supplementary Figure 1: Variable correlation plots (PCA) 

Chapter 4 (Summary data for the following) 

 Figure 3: Me/Ca ratios of fossil A. hemprichii 
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 Figure 4: Reconstructed seawater Pb, Mn, Ni, and Cd concentrations 

 Figure 5: Bulk sediment data (Serrano et al., 2020) 

 

2) I also found very little discussion of analytical matters in the thesis. The three different 

cleaning protocols are described but there is very little information on the LA-ICPMS 

methodologies. This is of course a well-established technique but the concentration levels 

under consideration here – in the low ppb range – can be challenging, especially so for elements 

such as Pb where background environmental concentrations can be far higher than those found 

in the analytes. In similar theses 

that I have examined previously it is typical to have an entire Chapter or at least a 

Supplementary section devoted to analytical matters. In this case that could include discussion 

of such issues as: 

 

>> As suggested, Appendix 4 (Pages 139-145) dedicated to analytical matters (including 

discussion questions) has been added in the revised thesis.  

 

• How can we be sure that the pre-cleaning methodologies, involving leaching with ‘oxidative 

cleaning reagent’ or sonification with ultrapure water, do not leach metals from the foram 

calcite structure?  

 

>> After completion of the culture experiments, representative foraminifera samples were 

subjected to oxidative chemical cleaning, to remove the organic matter, using an alkali buffered 

oxidative reagent prepared in the laboratory (0.1M NaOH and 10% H2O2). Cleaning steps were 

improvised until we achieved reproducible numbers from the septa that were formed in the 

natural environment (zero spike) and from the calcite that formed in the laboratory in spiked 

solutions. We observe that cleaning methodology 3, where the specimens of Amphisorus 

hemprichii were initially subjected to high-energy ultra-sonication pulses and then chemically 

cleaned using the oxidative cleaning reagent, produced reproducible numbers (Chapter 2; 

Figure 4). 

 

The cleaning solutions were discarded after the cleaning process and were not stored. We admit 

that storing and analysing these solutions could have been used to address the extent of 

leaching. At the same time, I would like to say that this is the first work with Amphisorus 

hemprichii foraminifera as archives for HM contamination studies. This may (hopefully) 

generate interest in other researchers (also us if funding is available) to work upon and modify 

(improve) methodologies for better results building upon the foundation of our work on 

Amphisorus hemprichii foraminifera showing that they can be used for monitoring heavy metal 

contamination in water column of near-shore marine environments.  

 

• How efficient is the pre-ablation for removing surficial contamination derived from sample 

processing (especially important for Pb)? This could be demonstrated by analysing the sample 

during each pre-ablation – we might expect to see levels of Pb decrease with each pre-ablation 

transect. What are the Pb blanks e.g. in the leaching solutions but also in the ICPMS system? 

 

>> Characteristics of the genus Amphisorus: It is characterized by having a large test that is 

discoidal and biconcave with thickened rims (a coin shape with middle compressed). The tests 

of Amphisorus hemprichii has a series of annular concentric rings of chambers surrounding the 

embryonic apparatus. 
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The Amphisorus hemprichii foraminifera samples from our culture experiments are free from 

any sediment contamination. In their natural environment at Rottnest Island, they remained 

attached to seagrass blades. In the laboratory they were cultured with heavy-metals spiked 

filtered seawater. The problem that we noticed from this Amphisorus hemprichii specimens are 

they precipitated minute (would say very minute) overgrowths (secondary growths) on the 

surface of the pre-formed chambers in Rottnest Island (possibly due to various biological 

reasons) from the high-spike culture medium. Pre-ablation in the cultured foraminifera were 

carried out to remove the secondary surficial overgrowths. The amount of secondary 

overgrowths is not uniform nor is it the same on all the pre-formed chambers. However, pre-

ablation, and then spot analysis on the septa and their depth profiles were helpful to demarcate 

the secondary overgrowths on the Amphisorus hemprichii shells (Chapter 2; representative 

Figures 5a, b, c, d).  

 

The Pb blanks in the LA-ICP-MS system for the spike culture experiments (Batches 1, 2) are 

added in the revised thesis (Appendix 4). As mentioned earlier the oxidative chemical cleaning 

solutions were discarded, however, the blanks for the ICP-MS system during SW analysis are 

provided in the revised thesis (Appendix 4). 

 

• The calibration strategy is not explained in any detail – the use of a NIST glass as primary 

calibrant is perhaps inevitable given the lack of any certified carbonate reference materials 

(except perhaps MACS?) but the primary calibrant (NIST 614) still has several orders of 

magnitude greater concentrations that the analytes under consideration and, even more 

surprising, the secondary standard employed (NIST 612) would have concentrations many 

orders of magnitude higher. This seems like an unusual choice. Brief mention is made of an ‘in 

house’ aragonite secondary standard (UWAC) but no information is provided on its elemental 

concentrations (ie. how well they match the forams) and what levels of accuracy are obtained 

using it. 

 

>> The mass spectrometer (Element XR, Thermo) was calibrated with glass standard; NIST 

614, because of the unavailability of alternate homogeneous carbonate reference material for 

the elements being analysed. We also did not have access to MACS, which is a pressed 

carbonate pellet. It is well known that NIST synthetic glasses contain many trace metals, of 

which most are homogeneously distributed (Eggins and Shelley, 2002). It is also reported that 

calibrating calcites against glasses is possible because of the relatively matrix independent 

ablation provided by the Excimer laser (Mason and Kraan, 2002 in de Nooijer et al. 2007) 

combined with relatively large concentration ranges in our study.  

 

Limitation: Due to the unavailability of a homogeneous carbonate standard, we used NIST 

glass 614 for our calibration studies.  

 

Synthetic glass standard NIST 612 and an in-house carbonate standard (UWAC) were used as 

the secondary reference material (Titelboim et al., 2021) to quantify external reproducibility. 

The UWAC is a sclerosponge skeleton cut parallel to the lamination (or perpendicular to the 

growth axis). In some batches, another secondary in-house reference material was used called 

eYel (e-Yellow), which is a high-magnesium carbonate. To improve stability of the laser 

energy and the mass spectrometer the instruments were conditioned with UWAC for one hour. 

Peak scans were performed manually to find the shoulder of the trapezoidal peaks.  

 

I should mention here that I had little knowledge in mass-spectrometry prior to the 

commencement of my thesis and hence was heavily depended on the lab technician and lab 
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supervisor (Pete Scott and Aleksey Sadekov, respectively) for method development for 

Amphisorus hemprichii and data generation. 

 

Elemental concentration of UWAC: 

 

Spot analysis (Batch 1) 

100x30 µm 

Concentrations in mmol/mol 
208Pb 55Mn 60Ni 111Cd 

UWAC average N=36 

0.00022 

N=37 

0.0001 

N=37 

0.0021 

N=36 

0.000026 

A. hemprichii (from zero spike batch) 0.00094 0.01 0.0036 0.000051 

 

The uncertainty of glass standard NIST 612 is ≤ 2.7% (2SE) for all metal/Ca ratios in all the 

LA-ICP-MS analysis. The uncertainty (2SE %) of the in-house carbonate standard UWAC is: 

≤ 8.5 for 208Pb/43Ca 

≤ 15 for 55Mn/43Ca 

≤ 22 for 60Ni/43Ca 

33-51 for 111Cd/43Ca  

 

I think there is room here for a Supplementary section of the thesis detailing levels of precision 

and accuracy and documenting the limitations of the currently used primary and secondary 

reference materials. Also what are the detection limits for the instrument using the typical spots 

size employed? 

 

>> As suggested, Appendix 4 dedicated to analytical matters (including discussion questions) 

has been added in the revised thesis (pages 138-144).  

 

Detection limits of trace metals (in culture experiments) with varying spot sizes: 

 

Analyte Line analysis 

200x100 µm 

Spot analysis 

30x30 µm 

Spot 

analysis 

100x30 µm 
208Pb 35.58 ppb 26.33 ppb 3.45 ppb 
55Mn 31.61 ppb 193.23 ppb 106.07 ppb 
60Ni 136.05 ppb 1250 ppb 1000 ppb 
111Cd 182.37 ppb 27.5 ppb 16.78 ppb 

 

• Which analytical masses were used on the ICPMS and are there any spectral interferences of 

concern? Quite a few I would have though - especially for Ni, Mn and Cd. 

 

>> The isotopes Pb208, Mn55, Ni60, Cd111 were measured in the shells of cultured Amphisorus 

hemprichii foraminifera against US National Institute of Standards and Technology (NIST) 

glass standard 614 (Titelboim et al., 2021). NIST glass 612 and an in-house carbonate standard 

(UWAC) were used as the secondary reference material (Titelboim et al., 2021) to quantify 

external reproducibility. The secondary reference materials were bracketed between 15 

samples such that they repeated in 30 min sequence.  

 

To improve stability of the laser energy and the mass spectrometer the instruments were 

conditioned with UWAC for one hour. Peak scans were performed manually to find the 

shoulder of the trapezoidal peaks. Though the Element XR is designed to avoid interferences, 
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isobaric interferences were avoided where possible. The ICP-MS was operated in medium mass 

resolution (4000) and was tuned for Th oxide production of less than <0.5% and U/Th ratio of 

~1. At medium resolution the peaks for 55Mn and 60Ni were separated from the other 

interference elements. As we do not have osmium in our samples, the peaks for 111Cd and 208Pb 

were assumed to be due to Cd and Pb respectively. 

 

3) I am still a little confused by the spike in concentrations in the sediment data at 35cm and 

15cm depths. If this is due to bioturbation then why is the spike not seen in the bulk sediment 

data from that depth (surely that too must be bioturbated?). This seems to be the case with the 

spikes at both 35 and 15cm depth ie. present in the forams but not in the bulk. Strange. It would 

be usual in such circumstances to repeat the experiment – ie go back, resample the forams from 

this level and then reanalyse just to check that this is not an analytical artefact. How many 

forams were analysed from these two depths and do they all show this feature? 

 

>> The elemental spikes in our fossil Amphisorus hemprichii specimens at 15 cm, and 35 cm 

depth levels, corresponds to ages 1931 AD, and 1127 AD, respectively. The first European 

colony settlement in this region dates back to 1830 and during late 1890s two more settlements 

were established. Increased agricultural activities in 1930, during the great depression, led to 

clearance of land and increased nutrient run-off. This increase in anthropogenic activities might 

have triggered the HMs spike at 15cm. This is also observed in the bulk sediments record. 

However, the spike seen around 1100 AD is not observed in the bulk sediments record. We 

suspect that this might be because of: 1) bioturbation, or 2) mixing of samples from surficial 

levels. Three forams from each level were analysed. Yes, all the three forams showed higher 

values, so this wasn’t due to random contamination. 

 

As advised, we have picked fossil Amphisorus hemprichii specimens from adjoining levels and 

also this level and prepared the samples for laser ablation studies. We were unable to analyse 

these samples during the last two and half months as the instrument has as technical (focusing) 

problem. However, we hope that the instrument should be ready in the next couple of months 

and we will add the new data to the manuscript from this chapter.  
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