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Abstract 

The following thesis investigates the biogeochemical cycling of dissolved iron (Fe) 

and manganese (Mn) in mangrove systems. Two distinct studies were conducted to complete 

this research and the research outcomes are presented as two chapters. The first chapter 

investigates manganese and iron fluxes across four latitudinal gradients to quantify the 

potential contribution that mangroves ecosystems provide to global oceanic budgets.  

 Mangroves ecosystems are efficient at cycling essential trace metals such as 

iron and manganese at the sediment-water interface. Mangrove porewater is often highly 

enriched in dissolved manganese and iron. As a result, porewater exchange may release these 

dissolved metals to surface waters. This study assessed the dissolved Fe and Mn exchange 

with the coastal ocean in four mangroves ecosystems, and whether porewater exchange 

represents a major driver of the oceanic exchange. I quantified the total surface water exports 

of Mn using tidal time series observations and the contribution of porewater exchange along a 

latitudinal gradient in Australia (from 28°S to 12°S). Average concentrations of Mn in 

porewater were approximately an order of magnitude greater than surface waters at all sites, 

resulting in average porewater-derived fluxes of 441,000 mol km-2 year-1 at the four sites. 

Time series surface water observations indicate that average Mn concentrations decrease at 

lower latitudes. The average dissolved Mn export rates from the four mangrove systems to 

the coastal ocean were 88,000 mol km-2 y-1. Upscaling these fluxes to the global mangrove 

area (140,000 km2) implies that mangroves deliver 12 Gmol/y-1 of dissolved Mn to the 

coastal ocean. These fluxes are greater than estimated flux from global riverine (5.4 Gmol y-

1) and atmospheric (11 Gmol y-1) sources, demonstrating that mangroves may be a major 

player in the oceanic cycle of manganese. 

In the second chapter, I have combined field and laboratory observations to gain 

insight into the role of photochemical and microbial reduction processes in modulating iron 

speciation in surface and porewaters. Iron is often a limiting factor in primary production in 

coastal systems. The bioavailability of iron is strongly influenced by its redox state, but the 

kinetics of iron cycling in mangrove wetlands is poorly defined. Through a 24hr time series 

experiment, porewater endmember characterisation and laboratory studies, we have 

quantified total dissolved iron concentrations (tFe), ferrous iron [Fe (II)] concentrations and 

the pseudo-first order rate constant for microbial and photochemical production of Fe(II). 
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Average concentrations of total dissolved iron and Fe(II) are notably higher in porewaters 

(tFe 90.6µM, Fe(II) 31.7µM) than surface waters (tFe 1.4µM, Fe(II) 0.6µM) potentially due 

to redox conditions, organic ligand complexation and/or microbial activity. In porewater, 

Fe(II) accounted for a large percent of the total dissolved iron (up to 89% ). Total dissolved 

iron and Fe(II)in surface waters were not tidally bound, likely due to the influence of 

estuarine mixing processes. In surface waters, pseudo-first order rate constant indicate that 

photochemical production of Fe(II) (~0 – 6 x10-2 s-1) is over two magnitudes greater than 

microbial (-2.2 x10-2- 2.1 x10-5 s-1) and thermal (-1.3 x10-2 - 9.4 x10-6 s-1) production of 

Fe(II). This data has shown that the physiochemical characteristics of porewaters favour the 

persistence of Fe(II), while highlighting the kinetics of iron redox cycling in the 

biogeochemical cycling of iron in a mangrove wetland.  
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General Background 

Mangrove forests are intertidal ecosystems occupying nearly 75% of the world’s 

subtropical and tropical coastline (~140000 km2) (Giri et al., 2011). Mangrove ecosystems 

cover only 0.01% of the continental area but is credited as being one of the most productive 

ecosystems on a global scale (Dittmar et al., 2006). These intertidal ecotones are 

characterised by high rates of net primary production (estimated at 149 mol C m-2y-1) and 

provide valuable ecological services to the coastal environment (Alongi, 2014). Despite their 

importance, mangrove forests are threatened by anthropogenic development and pollution, 

climate change and hydrological modifications, with an estimated 30-50% decline in global 

mangrove coverage over the last half century (Donato et al., 2011). 

In recent years mangrove ecosystems have been under greater scrutiny by scientific 

researchers, but they remain understudied relative to other coastal systems such as coral reefs 

(Durate et al 2008). Of the available literature on mangrove ecosystems, most tend to focus 

on life history characteristics , habitat use (Abrantes et al., 2015), climate change and carbon 

stocks (Alongi et al., 2001; Dittmar et al., 2006), sedimentary chemistry (Harbison, 1986; 

Zhou et al., 2011) and the effects of contaminant dispersion (Lewis et al., 2011). Particular 

attention has been given to the degradation of mangroves by anthropogenic expansion and 

pollution from toxic containments such as heavy metals (Bayen, 2012; Gurumurthy et al., 

2014; Lewis et al., 2011). However, little attention has been paid to the dynamics of 

important trace metals such as iron (Fe) and manganese (Mn) play within these systems, 

especially undisturbed mangroves (Hatje et al., 2003; Lewis et al., 2011). Most of the 

available research on dissolved trace metal concentrations has been conducted in highly 

impacted mangroves systems or major river systems of the world (Gurumurthy et al., 2014). 

This selectivity can potentially lead to misrepresentation of trace metal concentrations, 

speciation and cycling, as well as misunderstanding of the import (or export) potentials of 

mangrove systems (Gurumurthy et al., 2014). 

The role of mangrove ecosystems in dissolved Fe and Mn cycling in coastal zones is 

poorly defined. However, based on the available literature, two hypotheses can be put 

forward: (1) mangroves ecosystems have the potential to be long-term sinks for dissolved Fe 

and Mn, by immobilising them in sediments; and (2) deposited metals may be remobilised by 

biological uptake, biogeochemical and hydrological processes. Both hypotheses are well 

established for numerous metals and nutrient cycling in mangrove and salt marsh systems, 
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and both processes can take place simultaneously. However, site specific environmental 

characteristics, as well the type and speciation of the metal often determine the rates at which 

the aforementioned processes occur. 

Dissolved trace metals in mangrove ecosystems can be derived from either natural or 

anthropogenic sources. The biogeochemical and hydrological dynamics within mangroves 

systems control the solubility, bioavailability and the fate of trace metals through their flux to 

the coastal oceans. Biogeochemical processes include organic/inorganic complexation, 

precipitation, biological uptake, redox reactions and flocculation (Lewis et al., 2011). 

Hydrological processes such as tidal pumping and porewater discharge underpin 

biogeochemical processes and ultimately determine the behaviour of metals and their 

residence and flux regimes. An understanding of the biogeochemical characteristic that 

facilitate trace metal dynamics in understudied coastal systems is paramount to understanding 

geochemical mass balance and the potential contribution of trace metals to the global oceans. 

For example, studies in Australia, have shown that a small intertidal mixed 

wetland/mangrove estuary is capable of exporting 50,000 mol Fe to the ocean per year 

(Sanders et al., 2015). This is 650-fold greater than the average global river input to the ocean 

on a catchment area basis (Sanders et al., 2015).  

Trace metals, iron and manganese play important roles in the biogeochemical cycling 

of numerous elements such as nitrogen, carbon, phosphorus, sulphur, other trace metals and 

compounds such as organic matter in mangrove ecosystems (Jones et al., 2011). Iron is 

considered a vital biological requirement to all marine organisms (Rose & Waite, 2003) and 

is often the limiting factor for primary production in mangrove and coastal  

ecosystems (Sanders et al., 2012). Dissolved Fe and Mn formed in the sediments can be 

released to surface waters and have the potential to regulate primary productivity in coastal 

and oceanic ecosystems (Roy et al., 2013). However, there is limited information on the 

distribution and behaviour of dissolved Fe and Mn in mangrove ecosystems and their 

contribution to global ocean budgets. 

In order to adequately examine trace metals in mangrove systems it is important to 

also consider their speciation. The environmental behaviour, bioaccumulation and 

bioavailability can only be understood by knowing the actual molecular form of the metal. 

Iron is a highly important element in the marine environment and is present in two states: 

soluble ferrous iron [Fe(II)] and insoluble ferric iron [Fe(III)]. Most of the iron in seawater is 
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present as Fe(III), which is thermodynamically stable at the pH of seawater (~ 8.1) under 

oxygenated conditions. Combined with the relatively insolubility of Fe(III), this results in 

iron being a limiting nutrient in many parts of the global ocean. Ferrous iron on the other 

hand is highly soluble but is rapidly transformed via oxidation to Fe(III) by O2. Fe(II) is the 

preferred form of iron for biological uptake due to its greater solubility (Rose and Waite, 

2003a). 

In the marine environment, Fe(II) is formed from the reduction of Fe(III) by processes 

such as photochemical, microbial and thermal reduction (Moffett, 2001; Waite, 2001).Due to 

rapid re-oxidation, Fe(II) is transformed back to Fe(III) and is, therefore, a transient species 

within a redox system such as coastal waters (Figure 1). Three key physiochemical 

components are central to Fe speciation kinetics: pH, dissolved oxygen and organic 

loading/composition. 

The rate at which Fe cycles between the two oxidative states is critical for 

determining the potential productivity of a system. Despite the importance of bioavailable 

Fe(II) especially in regards to coastal 

and oceanic primary productivity (Rose 

& Waite, 2003), little information is 

available on Fe(II):Fe(III) ratios and 

rate of Fe (II) production in mangrove 

ecosystems. It has been suggested that 

to minimise the knowledge gaps in the 

development of global oceanic 

productivity models it is vital to 

quantify ferrous iron production rates in estuarine systems (Hopwood et al., 2014) 

Figure 1. Iron cycle indicating chemical and microbial redox reactions in relation to physio-chemical 

states these processes occur. Red indicates oxidation and green reduction reactions. Source: 

wwww.geo.uni.tuebingen.de 

In summary, there is limited knowledge of the behaviour of dissolved trace metals in 

mangrove ecosystems, with previous studies primarily focusing on human impacted systems 

and the sediment record. This study aims to investigate trace metals in porewater and surface 

water in non-impacted mangrove creeks, with a particular focus on iron redox speciation in 

one of the most southern mangrove ecosystems in the world. This study employed a 

combination of field investigations in conjunction with laboratory experiments to determine 
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trace metal concentrations, speciation and the hydrological processes underpinning trace 

metal kinetics. The first chapter reports investigations of dissolved Mn flux rates in mangrove 

ecosystems across four latitudinal gradients and whether porewater contributions of Mn are 

significant to global ocean budgets. The second chapter compares microbial and 

photochemical reduction rates of ferrous iron in a temperate mangrove system and reports the 

ratio of iron present as Fe(II) in this system. 
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Chapter 1 
 

Porewater derived fluxes of manganese from mangroves: A 

significant component of global oceanic budgets? 

 

Introduction 

Manganese is an essential micronutrient for marine organisms and is central 

component in photosynthetic processors. Iron is considered a vital biological requirement to 

all marine organisms (Rose and Waite, 2003b). Manganese along with iron can be the 

limiting factor in ocean primary productivity, especially in high nutrient low chlorophyll 

zones.(Charette and Sholkovitz, 2006; Lewis et al., 2011; Nath et al., 2013; Pakhomova et al., 

2007; Roy et al., 2013; Roy et al., 2010). Exports of dissolved Fe and Mn from mangroves 

may play an important role in oceanic trace metal budgets, but these fluxes remain largely 

unknown (Sanders et al., 2012).  

Mangroves systems can be efficient sinks of essential trace metals (Bayen, 2012; 

Lewis et al., 2011; Machado et al., 2002; Nath et al., 2013). Biogeochemical processes such 

as absorption, oxidation, reduction and precipitation often determine whether mangrove 

systems are a net sink or source of dissolved trace metals (Bayen, 2012; Hatje et al., 2003b; 

Machado et al., 2002). Due to biogeochemical and hydrological processes, these coastal 

systems have the potential to release accumulated Fe and Mn into adjacent surface waters 

(Alongi et al., 2001; Bayen, 2012; Lewis et al., 2011; Sanders et al., 2012). For example, 

studies in Malaysia, have shown that a mangrove estuary is capable of exporting over 600 

mol m-2 yr-1 of Mn to the surrounding surface waters (Alongi et al., 1998) 

Iron and manganese are important redox reactive elements at the sediment-water 

interface of mangroves. In the upper oxic region, Mn is normally present as solid phase 

oxides and oxyhydroxides. In anoxic regions, Mn can be reduced to a soluble form by 

electron transfer from organic matter. Rapid reoxidization can occur during hydrological 

transport and re-exposure to oxidants (Atkinson et al., 2007; Martynova, 2013). Manganese 

cycling in estuarine and coastal waters is complicated due to the interconnectivity of 

numerous biogeochemical, hydrological and physiochemical processes that determine its 
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behaviour (Feng et al., 2015). The redox conditions are often connected to the quality and 

quantity of the organic matter deposited at the sediment-water interface and its decomposition 

rate (Marchand et al., 2011b; Martynova, 2014). In estuarine and coastal systems, trace 

metals present at the sediment-water interface may be cycled/released to the overlying 

surface waters via molecular diffusion, porewater exchange and submarine groundwater 

discharge (Charette and Sholkovitz, 2006).  

Submarine groundwater discharge (SGD) and porewater exchange may be 

underestimated sources of trace metals to the coastal ocean (Windom et al., 2006). However, 

SGD was considered the major source of dissolved Fe into South Atlantic coastal waters 

(Windom et al., 2006). In the German Wadden Sea, tidally driven SGD was found to be a 

significant source of Mn to surface waters (Moore, 2006). Mn and Fe in mangrove 

groundwater can be highly dynamic and SGD fluxes of these metals may be 2-3 orders of 

magnitude greater than local river inputs as estimated for a mangrove system in Brazil 

(Sanders et al., 2012).  

Most previous research on dissolved trace metals dynamics in mangroves has 

focussed on highly impacted systems or major rivers (Gurumurthy et al., 2014). Generally, 

these studies indicate that metal exchange is controlled by freshwater discharge and the 

biogeochemical processes affecting their concentration such as redox reactions and pH 

mediated adsorption / desorption reactions (Klinkhammer and McManus, 2001; Machado et 

al., 2002; Shynu et al., 2012). The lack of studies in pristine mangroves may lead to a 

misinterpretation of Fe and Mn exchange from mangrove systems (Gurumurthy et al., 2014). 

This study quantifies dissolved Fe and Mn exchange with the coastal ocean in four 

mangroves ecosystems, and assesses whether porewater exchange represents a major driver 

of the oceanic exchange along a latitudinal gradient from 28°S to 12°S (Figure 2). We 

hypothesise that the mobilisation of Fe and Mn from mangrove sediments is driven by tidal 

pumping and biogeochemical conditions (i.e., oxygen content, pH, organic matter, and 

salinity) of porewater and surface water. We quantify the total surface water exports of Fe 

and Mn via detailed time series observations, and the relative contribution of porewater 

exchange using radon (222Rn) as a porewater tracer. From this data we present a first order 

estimate of global Mn exports from mangroves to the global ocean. Because most Fe samples 

were undetectable, this paper focuses on Mn while reporting the limited Fe dataset.   
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Material and methods  

Study sites 

Four mangrove creeks were selected across a latitudinal gradient in Australia (Figure 

2). All sites had (1) low-lying surrounding topography to ensure surface drainage in the area 

is minimal; (2) limited or no freshwater inputs to prevent estuarine processes from masking 

processes taking place within the mangroves; and (3) minimal anthropogenic disturbance to 

gain insight into how pristine mangroves may compare to the more widely studied impacted 

mangroves. The field sites chosen were: (1) Jacobs Well, Moreton Bay Queensland; (2) 

Tom’s Creek, Seventeen Seventy, Queensland; (3) Coral Creek, Hinchinbrook Island, 

Queensland; and (4) Sadgroves Creek, Darwin, Northern Territory. Specific site 

characteristics are summarised in Table 1. 

Figure 2. Site map, indicating the four study sites in Australia (A) Darwin (B) Hinchinbrook (C) 

Seventeen Seventy (D) Jacobs Well. 

The Moreton Bay site has previously been studied in a porewater exchange and 

carbon cycle context (Maher et al., 2013). The creek is both vertically and horizontally 

mixed and receives no upstream freshwater inputs. Moreton Bay is a subtropical estuary 

characterised by a semi diurnal tidal regime with spring and neap tidal ranges between 1 and 

2 m. The prominent mangroves species within the system were Avicennia marina, Aegiceras 

corniculatum, Bruguiera gymnorrhiza, Rhizophora stylosa, Ceriops australis, Excoecaria 

agallocha, and Lumnitzera racemos.  

The Seventeen Seventy site (Tom’s Creek) is a tidal mangrove creek, located in 

southeast Queensland. The region has a sub-tropical, maritime climate influenced by the 

southeast trade winds. Most rainfall occurs in the summer, with an annual average annual 
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rainfall of 1156 mm (BOM, 2015).The tidal regime is semidiurnal with minimal variation 

between spring and neap tide ranges (3 to 3.5 m). The mangroves at Tom’s Creek exhibit 

distinct banding from seaward to land, with relatively small areas of salt flats inland. 

Common mangroves species included Avicennia marina and Rhizophora stylosa 

The Hinchinbrook Island site (Coral Creek) is a tidal creek located in Missionary Bay 

on the western side of the Island, North Queensland. The area is dominated by densely 

vegetated mangrove swamps in pristine condition. Coral Creek is a relatively flat bottom 

creek with steep banks reaching depths of 4 to 6 m (Wolanski et al., 1980). A previous 

investigation at this site revealed significant porewater exchange rates (Stieglitz et al., 2013). 

At the time of this study the mangroves on the western bank of Coral Creek were recovering 

from a tropical cyclone that occurred two years prior. Rhizophora stylosa was the dominant 

mangrove species noted at this study site. The creek mouth is protected from the ocean by 

northern tip of Hinchinbrook Island and by sand dunes at its up-stream end. The study site 

was approximately 4.6 km from the mouth of the creek. 
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Table 1. Location and general characteristics of the four study site. 

 

  

Site ID Creek name Coordinates 

Total 

creek 

length 

(km) 

Catchment 

area 

(m2) 

Tidal range 

(m) 

Climate type 

 

Average 

annual 

temperature 

(C°) 

 

Annual rainfall 

(mm) 

Southern Moreton Bay 

Queensland 

Un-named -27.780 153.807 

 

0.8 400,000 

 

0.3 - 1.9 Temperate 

 

21.1 

 

887 

Seventeen Seventy 

Queensland 

Toms Creek -24.19 151.878 3.5 1,701,411 0.8 - 2.6 Sub-tropical 

 

22.6 

 

1067 

Hinchinbrook Island 

Queensland 

Coral Creek -18.256 146.263 6.0 3,579,551 3.8 - 5.7 Mild- 

tropical 

 

25.4 

 

1864 

Darwin Harbour Northern 

Territory 

Sadgroves 

Creek 

(right arm) 

12.446 130.8557 2.7 729,715 2.6 - 6.8 Tropical 

 

27.2 

 

1681 
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The Darwin site (Sadgroves Creek) is macro-tidal creek that forms part of the Darwin 

harbour catchment. The tidal regime of Sadgroves Creek is semi diurnal with major spring 

neap fluctuation. The tidal range is up to 7.8 meters and at low tides the creek almost entirely 

drains exposing mudflats. The banks of Sadgroves creek support large stands of mangrove 

forest with species including Avicennia marina, Aegiceras corniculatum, Bruguiera 

gymnorrhiza, Rhizophora stylosa and Ceriops australis. A monsoonal climate dominates the 

area. The region can experience numerous tropical cyclones per year. The study site was 

approximately 1.85 km upstream from the mouth of the creek. 

Experimental approach 

The experimental approach consisted of: (1) time series observations in the tidal creek 

surface waters to estimate net fluxes to and from the mangrove system; (2) sampling 

groundwater to characterise the endmember trace metal concentrations entering surface 

waters. A total of 25 to 28 hourly surface water samples were collected in each study site to 

cover a diel and two tidal cycles. Samples were syringe filtered through 0.45µm cellulose 

acetate membranes into 10 ml vials and kept in a cool dark container prior to transporting to 

the laboratory. Filters and vials were thoroughly rinsed with the sample. Samples were 

acidified to a pH < 2 using ultrapure HNO3 prior to laboratory analysis. 

Salinity, temperature (ºC) and dissolved oxygen (DO %) were logged using a 

calibrated multi parameter sonde (Hydrolab DS5X) at hourly intervals that correspond to 

discrete sample times for trace metal. Currents were monitored (at 15-minute intervals) using 

a Sontek Argonaught acoustic doppler current profiler (ADCP). Temperature and salinity 

were also measured using a CTD Diver (Van Essen Instruments) in surface waters. CDOM 

concentrations were measured by a fluorescence sensor (WET Lab Inc ECO3-Triplet) and 

used as a proxy for dissolved organic matter (DOM) in these systems. 

Porewater sampling was carried out in the intertidal zone at each site. Bore holes were 

dug to approximately 1 m at each site. A total of four porewater samples were collected in 

Moreton Bay, seven in Seventeen Seventy, and twelve in Hinchinbrook Island and Darwin. 

Bore holes were dug with a post-hole digger or hand auger, wells were purged at least three 

times with a peristaltic pump and allowed to completely recharge before sampling from the 

bottom of the bore. This approach integrates the concentration of dissolved metals in the 

upper 1 m of soils. While this cannot resolve fine scale vertical distributions required to 
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interpret metal geochemistry in porewaters, it offers an integrated value that is more likely to 

represent the porewater endmember exchanging with surface waters.  

Radon (222Rn) was used as a natural groundwater tracer. Radon is often 2-4 orders of 

magnitude more abundant in groundwater than in surface waters making it an effective tracer 

for groundwater input into surface waters (Burnett et al., 2010), and has been used to quantify 

groundwater fluxes in mangrove systems previously (Call et al., 2015; Gleeson et al., 2013; 

Maher et al., 2013; Stieglitz et al., 2013). To determine 222Rn concentrations in porewaters, 

water samples were collected using a peristaltic pump into gas tight bottles for analysis using 

a RAD7 (Durridge Co.) (Lee and Kim, 2006). Radon concentrations in the surface waters 

were measured through the time-series using an automated radon-in-air analyser coupled with 

a shower head air-water exchanger (Burnett et al., 2010). The 222Rn results and a mass 

balance model used to calculate porewater fluxes are reported in detail in a companion paper 

(Tait et al., In submission). 

Inductively coupled plasma mass spectrometry (ICP-MS) (Element II, Thermo-

Fisher) was used to quantify dissolved trace metal concentrations of Fe and Mn. 56Fe and 

55Mn were measured in medium resolution (4500) and 89Y was used as an internal standard. 

Precision of the measurements was better than 3%, and the Fe and Mn detection limits were 

89 nM and 36 nM respectively. Accuracy was checked by several spiked seawater reference 

materials (CASS-5 and NASS-5, NASS-6, NRC Canada) and was better than 5%. 

Concentrations of unspiked seawater reference materials were close or below the detection 

limit and had an error of up to 50%. Where Fe and Mn concentrations in the samples were 

below the detection limits, that limit was used as the concentration value in the plots.  

To determine creek flow, a tidal prism model was applied as described in Maher et al., 

(2013). The volume of water at one-hour intervals was calculated using a digital elevation 

model (DEM) of the creek (10 m grid size, elevation accuracy ±0.2 m). The combination of 

ArcMap Hydrology and measured water levels were used to determine the intertidal area of 

the creek. The difference in creek volume at each time step was multiplied by the specific 

dissolved Mn concentration to obtain fluxes of Mn in and out of the mangrove creek. When 

integrated over a full tidal cycle (import of Mn at flood tide, export of Mn at ebb tide), these 

Mn fluxes were assumed to represent the net mangrove exchange. To estimate the porewater 

derived dissolved metal fluxes, we simply multiplied the 222Rn-derived porewater exchange 
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rates by the average dissolved trace metal concentration in porewaters minus the average 

surface water Mn concentration. 

Results 

Physio-chemical parameters during time series observations 

There was a marked temporal variation of all physio-chemical parameters during the 

time series of surface waters at all sites (Figure 3). At the four sites, no rainfall was recorded 

14 days prior, or during the surface water observations. Salinity, dissolved oxygen, CDOM 

and 222Rn all followed tidal cycles. At Moreton Bay, Seventeen Seventy and Darwin salinity, 

222Rn concentrations, and CDOM were at their lowest during high tides, while dissolved 

oxygen and pH reached their highest at high tide (Figure 3). The high salinities observed at 

low tide demonstrate these systems behave as an inverse estuary and lack significant 

upstream freshwater inputs. Salinity trends at Hinchinbrook Island were the opposite (i.e., 

slightly lower salinities at low tide), indicating some minor upstream freshwater inputs likely 

related to the accumulation of freshwater in the intertidal flats from 101.8 mm of rain 30 to 

40 days prior to our surface water time series observations. However, all other variables at 

Hinchinbrook Island follow trends similar to the three other sites. 

Tidal ranges increased from the southern to northern sites, with the broadest range in 

Darwin (4.3 m) and lower ranges in Moreton Bay (1.7 m). The narrow tidal range 

corresponded to higher dissolved oxygen fluctuation especially at Moreton Bay where at high 

tide dissolved oxygen was two-fold greater than low tide (38.9 and 109.2 % saturation, 

respectively). Dissolved oxygen at Seventeen Seventy, Hinchinbrook Island and Darwin 

presented relatively similar trends with approximately 20% variation in the times series 

observations (ranging from 90 to 114% saturation). Spatial variation of CDOM 

concentrations was evident with maximum CDOM concentrations seen at lower latitudes. 

CDOM at Seventeen Seventy and Hinchinbrook was two-fold higher than maximum 

concentrations at Darwin while the maximum CDOM concentration at Moreton Bay was 

more than two-fold greater than Seventeen Seventy and Hinchinbrook. At Moreton Bay, the 

maximum 222Rn concentration was over two-fold greater than maximum concentrations at 

Hinchinbrook Island and Darwin. Further, at Moreton Bay the overall range in 222Rn was 

larger than the other sites (Table 2). 
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Figure 3. Time series observations at the four study sites, Moreton Bay, Seventeen Seventy, Hinchinbrook 

Island and Darwin. The Y-axes scales are variable to highlight chemical gradients. Shaded areas 

represent night time observations (6pm-6am).  
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Table 2. Average (± 99% CI) concentrations of selected variables during time series studies at the four 

sample sites. Italicised concentrations indicate the minimum and maximum values at each site. 

 

 

Dissolved Mn and Fe in surface waters  

Concentrations of Mn and Fe followed a tidal trend (Figure 3). Many of the Fe 

samples were below detection limits of 89 nM, therefore, a minimum detectable value of 89 

nM was assigned when plotting Fe time series data. Even though many Fe samples were 

below detection limits, the general trends at Moreton Bay, Seventeen Seventy and Darwin 

were similar to Mn with peak concentrations usually observed at low tide. During the time 

series observations, average Mn concentrations were highest at the most southern site 

Moreton Bay (468 nM) and decreased at lower latitudes (Darwin 152 nM) (Figure 4). 

 Moreton Bay 

QLD 

Seventeen Seventy 

QLD 

Hinchinbrook Island 

QLD 

Darwin 

NT 

Depth 

(m) 

0.96 ± 0.3 

(0.3 , 1.9) 

1.4 ± 0.3 

(0.8 , 2.6) 

4.8 ± 0.3 

(3.8 , 5.7) 

4.7 ± 0.8 

(2.6 ,6.8) 

Salinity 37 ± 0.6 

(35.5 , 39.1) 

37.6 ± 0.7 

(35.7 , 39.3) 

35 ± 0.04 

(35.3 , 35.6) 

35 ± 0.1 

(34.8 , 35.5) 

²²²Rn 

(dpm m-3) 

6400 ± 2500 

(751 , 16734) 

4247 ± 1575 

(651 , 9597) 

4621 ± 323 

(3400 , 5500) 

3765 ± 503 

(2473 , 5572) 

Dissolved oxygen 

(% saturation) 

73 ± 11.9 

(38.1 , 109.2) 

103.5 ± 3.5 

(89.9, 112.4) 

89.4 ± 2.7 

(83.1 , 98.3) 

106.2 ± 2.7 

(99.1 , 113.9) 

pH 7.6 ± 0.15 

(7.1 , 7.9) 

7.9 ± 0.09 

(7.7 , 8.1) 

7.4 ± 0.06 

(7.2 , 7.6) 

7.8 ± 0.03 

(7.7 , 7.9) 

CDOM 

(ppb) 

18.3 ± 5.5 

(3.3 , 34) 

8.3 ± 2.5 

(0.3 , 14.8) 

12.4 ± 1.0 

(8.7 , 14.6) 

4.2 ± 0.7 

(3.6 , 4.8) 

Mn 

(nM) 

468 ± 204 

(45 , 1209) 

310 ± 103 

(81 , 648) 

284 ± 21 

(182 , 345) 

113 ± 77 

(54 , 728) 
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Figure 4. Average Fe and Mn concentration in porewater (PW) and surface water (SW) at the four sites- 

Moreton Bay, Seventeen Seventy, Hinchinbrook Island and Darwin. Error bars are based on 99% 

confidence interval. 

A strong negative linear relationship between pH and Mn was evident with r2 values 

above 0.80 at Moreton Bay, Seventeen Seventy and Hinchinbrook (Figure 5). At Darwin, a 

weaker relationship between Mn and pH was apparent (r2 0.62). At Moreton Bay, Seventeen 

Seventy and Darwin, salinity and Mn concentrations increased concurrently, however, only at 

Seventeen Seventy was the correlation was linear. The correlation between dissolved oxygen 

and Mn was inverse at all sites, while both CDOM and 222Rn had a positive correlation with 

Mn; this relationship was clearly linear at Moreton Bay and Seventeen Seventy (r2 > 0.50). 

The obvious outliers present in the correlations between 222 Rn and Mn concentrations were 

removed when calculating r2 values (based on the values greater than three standard 

deviations). Due to the undetectable concentrations of Fe in surface waters, this study will 

focus on Mn fluxes. 
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Figure 5. Correlations of Mn plotted against depth(m), salinity, 222Rn (dpm m-3, DO (%), pH, CDOM 

(ppb) and Fe (nM) at the four study sites. Corelations are considered significant at r2 > 0.5 and p < 0.01.  
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Porewater observations 

Porewater concentrations of Mn were over an order of magnitude higher than surface 

waters (Figure 4). Average porewater concentrations were highest in Moreton Bay (8785nM) 

and decreased towards the northern sites (Darwin 5660 nM). Average Fe concentrations in 

porewater did not follow a latitudinal trend. Fe concentrations were highest at Moreton Bay 

(347392 nM) and decreased as latitude decreased down to Hinchinbrook (540 nM) before 

increasing at Darwin (20764 nM) (Table 3) 

Table 3. Average concentrations of selected variables (± 99% CI) in porewater bores at the four sample 

sites. Bracketed values indicate minimum and maximum values at each site. 

 
Moreton Bay 

QLD 

Seventeen Seventy 

QLD 

Hinchinbrook 

QLD 

Darwin 

NT 

Depth (m) 
3.6 ± 2.9 

(2.4 , 4.7) 

0.8 ± 0.3 

(0.5 , 1.0) 

1.0 ± 0.1 

(0.9 , 1.2) 

1.2 ± 0.2 

(1.0 , 1.4) 

Salinity 
29.6 ± 5.0 

(28.1 , 31.5) 

60.2 ± 22.7 

(35.2 , 84.0) 

40.1 ± 1.3 

(36.1 , 41.6) 

46.1± 4.8 

(37.7, 51.2) 

²²²Rn (dpm/m3 ) 
46000 ± 61000 

(34000 , 55000) 

98000 ± 91000 

(27000, 213000) 

30000 ± 33000 

(10000 , 123000) 

27000 ± 19000 

(5000 , 60000) 

Dissolved oxygen 

(% saturation) 

14.6 ± 12 

(10.3 , 20.1) 
N/A 

51.6 ± 29 

(7.6 , 96) 

17.4 ± 21.3 

(2.2 , 66.7) 

pH 
6.6 ± 0.3 

(6.6 , 6.8) 

7.3 ± 1.1 

(6.2 , 8.1) 

7.3 ± 0.3 

(6.7, 7.7) 

6.7 ± 0.2 

(6.1 , 6.8) 

Mn (nM) 
8785 ± 7033 

(5409 , 10996) 

7093 ± 4856 

(2648 , 13411) 

6841 ± 7324 

(1184 , 22033) 

5660 ± 2309 

(490 , 8810) 

Fe (nM) 
347392 ± 572436 

(126575 , 604015) 

42416.72 ± 38844 

(215 , 73131) 

540 ± 818 

(28 , 2806) 

17384 ± 33906 

(363 , 111081) 
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Discussion 

Dissolved iron and manganese dynamics in surface waters 

Comprehensive studies have been carried out on Mn concentrations in porewater and 

sediments in estuaries (Charette and Sholkovitz, 2006; Kalnejais et al., 2015; Machado et al., 

2002; Martin et al., 2014; Pakhomova et al., 2007; Warnken et al., 2001) including mangrove 

ecosystems (Alongi et al., 1998; Sanders et al., 2012; Sanders et al., 2008). These studies 

indicate that Mn concentrations vary spatially, temporally and seasonally due to speciation, 

biological activity, sediment profile, hydrology, redox and physiochemical characteristics. This 

study builds on the literature by focusing on dissolved Mn fluxes in surface waters and 

porewaters of mangrove systems along a latitudinal gradient.  

The average dissolved Mn concentrations in surface waters decreased from high to low 

latitude, from 486nM at Moreton Bay to 153nM at Darwin (Figure 4). The results indicate that 

the Mn concentrations are influenced by site specific characteristics such as interactions 

between pH, DO, hydrology and porewater contributions within the undisturbed nature of these 

mangrove systems. At all sites Mn showed an inverse relationship with pH (Figure 5), this is 

consistent with the suggestion that the behaviour of dissolved manganese is linked with pH 

dependant redox processes (Dittmar and Lara, 2001; Marchand et al., 2011b). Numerous 

studies in fresh and saline waters demonstrate that pH influences Mn speciation and 

concentrations (Colbert and McManus, 2005; Hatje et al., 2003a; Klinkhammer et al., 1997; 

Marchand et al., 2011b). High pH (> 6) is known to reduce the solubility of Mn, resulting in 

the formation of manganese oxides and hydroxides (Atkinson et al., 2007; Hatje et al., 2003b) 

A study in Lake Macquarie, Australia found that greater fluxes of Mn from sediments occur at 

lower pH (5.5) and DO(Atkinson et al., 2007). While at higher pH (>8) and DO, Mn is rapidly 

oxidised, resulting in lower concentrations of Mn in surface waters (Atkinson et al., 2007). The 

formation of manganese oxides and hydroxides can potentially lead to the absorption of Mn 

with suspended, particulate or dissolved matter that can result in precipitation, flocculation, 

deposition and cycling at the sediment-water interface, therefore lowering Mn concentrations 

in the water column (Martynova, 2013, 2014). 

In surface waters, CDOM was measured as a proxy for dissolved organic matter 

(DOM). The significance of DOM in marine aquatic ecosystems is well documented, 

including the role it plays in nutrients, carbon and trace metal cycling (Belzile et al., 2006; 

Jaffé et al., 2004; Klinkhammer et al., 1997; Yang et al., 2013). There was a strong 
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correlation between CDOM and dissolved Mn concentrations at all sites (r2 > 0.72) (Figure 

5). Numerous studies have discussed the coupling between CDOM and trace metals due to 

the formation of organic complexes that drive the movement and avalibility of Mn in surface 

waters (Dang et al., 2015). DOM is a well-known indicator of input from mangrove 

dominated mudflats, as porewaters are greatly enriched with this material. In this study, 

CDOM was well correlated with 222Rn (p < 0.05) at all sites suggesting that porewater is the 

driving force behind CDOM enrichments at low tide.  

Across the latitudinal gradient of this study dissolved Mn concentrations were higher 

at ebb tide and lower during the flood tide (Figure 3). At high tide, Mn concentrations in 

intertidal mangroves creeks can be low due to dilution by seawater (Santos et al., 2008). In this 

study the correlation between tidal height and Mn concentrations at Darwin (r2 0.5) suggest that 

tide height is not as significant as at the other sites (Figure 5).  

The greater tidal amplitude at Darwin may be responsible for increased mangrove 

mudflat intertidal interactions, which leads to the mobilization of dissolved Mn. Tidal 

amplitude is an important regulatory factor in regards to the efficiency of sediment-water 

exchange processors (Alongi, 2013; Stieglitz et al., 2013). Studies of carbon, nitrogen and 

phosphorus exports in Darwin Harbour found that the greater the tidal range the greater the 

amount of nutrients exported to the surrounding ecosystems (Alongi, 2013). While we have 

only one time series at each site, Mn concentrations seemed to be higher at sites with narrower 

tidal ranges. In the Wadden Sea where the tidal ranges is ̴ 3m, studies found that at ebb tides 

higher amounts of Mn was released from the sediments and exchange rates varied across the 

sites due to catchment area, porewater/estuary water ratio and sedimentological properties 

(Kowalski et al., 2012). 

Surface water export rates 

The flux of Mn to the ocean form intertidal mangrove systems reflects the 

multifaceted interaction between hydrological and biochemical processes in the catchment. 

The results presented in Table 4 and 5 represent the estimated flux of Mn from mangroves 

along a latitudinal gradient. Of the four climatically distinct study sites, the surface water Mn 

export rates at Moreton Bay were over two-fold greater than the other sites (Table 4). 

Moreton Bay has the smallest catchment of the four sites (~400000 m2), the highest Mn 

export rate (552 µmol m-2 day-1) and the second greatest porewater flux rate (1292 µmol m-2 

day-1). By dividing the total Mn flux in surface water st the Moreton Bay site by the 
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porewater flux rates, we can determine that 43% of dissolved Mn exported from porewater is 

cycling in the water column. At the sediment water interface Mn is cycled between a soluble 

forms in sub-anoxic sediments to a solid oxyhydroxide in oxic surface waters. In surface 

waters rapid re-oxidization of soluble Mn can occur during hydrological transport and re-

exposure to oxidants (Atkinson et al., 2007; Martynova, 2013). At Moreton Bay, the 

percentage of Mn cycling in surface waters from porewater fluxes appears to be low, 

however, in comparison to the Darwin and Seventeen Seventy, there was a 2-5 fold greater 

flux of Mn at the Moreton bay site. The high concentrations of Mn in the porewater at 

Moreton Bay which is potentially available to surface waters via tidal pumping and porewater 

advection processors (as indicated by high 222Rn concentrations), coupled with high CDOM 

concentrations may explain the higher concentration of Mn in surface waters. 

Table 4. A comparison of global total surface water Mn flux (µmol m2 yr-1) from mangroves ecosystems, 

salt marsh, estuaries and coastal bays. 

Study Site Latitude 
Total SW Mn flux 

(µmol m2 day-1) 

Catchment area 

(m2) 
Reference 

Yaquina Estuary USA 

 
45° N 100 - 400 6.5 x108 Callawy et al., 1988 ^ 

Tillamook Bay Estuary, 

USA 
46° N 30 - 50 3.4 x 107 

Colbert and 

MacManus, 2005 

Scheldt Estuary, France 

 
51° N 200 2.9 x1010 Duinker et al., 1979^ 

Chesapeake Bay, USA 

 
37° N 36 - 40 1.7 x1010 Hunt et al., 1983^ 

Moreton Bay, Australia 

 
28° S  552 4.0 x106 This study 

Seventeen Seventy, 

Australia 

 

24° S  124 1.7 x106 
This study 

 

Hinchinbrook Island, 

Australia 

 

18° S  53 3.6 x106 
This study 

 

Darwin, Australia 12° S  233 7.3 x106 
This study 

 

Note ^ Modified from Colbert and MacManus, 2005 

On a global perspective, the flux rates assessed in this study are novel due to the use 

of a latitudinal gradient and high resolution sampling to account for tidal variability. The 

model use to estimate surface water exchange was previously used and has proven to be a 

more accurate method for determining flux rates from estuarine systems (Maher et al., 2013). 

The estimates revealed from this study are within the same order of magnitude as studies in 

the Yaquina, Tillamook Bay (USA) and the Scheldt (France) estuaries (Table 4).  
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Porewater inputs 

The fate of porewater-derived Mn inputs into mangrove surface waters is directly 

dependant on speciation, pH, redox conditions and ionic composition. Tidally influenced 

redox cycles readily transforms Mn between Mn (IV) and Mn (II) states at circum-neutral pH 

and mildly oxidising or reducing redox environments that are typical of mangrove 

environments. Porewater concentrations varied across the four sites. Average Mn 

concentrations were between 5660nM and 8785nM (Table 3) which was over an order of 

magnitude greater than surface water concentrations. There is a limited amount of literature 

available on dissolved Mn in porewater of undisturbed mangrove ecosystems. However, in 

comparison to porewaters in wetlands, disturbed mangrove systems and estuarine ecosystems 

10.7 - 4464nM (Sanders et al., 2015), 5.0 - 56,900nM (Sanders et al., 2012) and 11300 - 

282,000nM (Warnken et al., 2001) , Mn concentrations in this study were only greater than 

concentrations of Mn in an sub-tropical Australian wetland (Sanders et al., 2015). The lower 

concentrations of Mn in this study could potentially be related to the undisturbed nature and 

the lack of fluvial or anthropogenic inputs at the systems studied. 

Mn release from mangrove sediments may be facilitated by high microbial activity, 

burrowing animals and complex roots systems (Stieglitz et al., 2013). Mangroves present a 

more complex sediment-water interface when compared to non-mangrove estuarine mudflats 

(Marchand et al., 2011b). While root density and tidal inundation affect sediment chemistry 

and potentially trace metal precipitation/dissolution cycles, the oxygen pumped by mangrove 

roots and bioturbation prompt redox reactions and modify the carrier phase of metals (Alongi 

et al., 2001; Marchand et al., 2011b). Avicennia forest are known to have higher 

concentrations of dissolved trace metals than Rhizophora forests due to the cable root system 

and the position on the intertidal zone (Alongi et al., 1998; Marchand et al., 2011a). The 

mangrove forest characteristics and Mn concentrations in this study seem to support this 

suggestion. Mn concentrations at Hinchinbrook Island (6841 ± 7324nM) are similar to those 

at Seventeen Seventy (7093 ± 4856nM) where Avicennia species are dominant. 

Porewater fluxes were calculated by Tait et al., (In submission) using a 222Rn mass 

balance model that relied on at least four days of uninterrupted time series observations 

during the same time Mn observations were made. Porewater derived Mn fluxes in this study 

showed considerable variability between sites (Table 5). Mn fluxes in porewaters range from 

195 µmol m-2 day-1 at seventeen seventy to 1860µmol m-2 day-1 at Hinchinbrook. 
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Hinchinbrook Island has the largest porewater flux rate of 1860µmol m-2 day-1 which almost 

10 times greater than the flux rates at Seventeen Seventy 195µmol m-2 day-1. The variability 

found in this study was also observed in studies at a Malaysian mangrove reserve where 

diffusive fluxes at the sediment-water interface were within similar ranges (Alongi et al., 

1998). Studies of porewater flux rates conducted in coastal bays that receive significant 

freshwater inputs from rivers found comparable fluxes of Mn to this study (Blasco et al., 

2000; Warnken et al., 2001) (Table 5).  

Table 5. A comparison of porewater derived Mn Flux (µmol m2 day-1) from mangroves ecosystems, salt 

marsh, estuaries and coastal bays. 

Study Site Latitude 

Porewater derived 

Mn Flux  

(µmol m2 day-1) 

Approach Reference 

Matang Mangrove Forest 

Reserve, Malaysia 

 

4° N 240 In situ diffusive benthic 

chambers 

Alongi et al., 1998  

 

Matang Mangrove Forest 

Reserve, Malaysia 

 

4° N 1200 

 

In situ diffusive benthic 

chambers 

Alongi et al., 1998  

 

Odiel River Salt Marsh, 

Spain 

 

37° N 366.8 

 

Fick’s Law/vertical 

profiles 

Blasco et al., 2000 

 

Barbate River Salt Marsh, 

Spain 

 

36° N 6.17 - 29.5 

 

Fick’s Law/vertical 

profiles 

Blasco et al., 2000 

 

The Bay of Cadiz, Spain 

 

36° N 193.1 

 

Fick’s Law/vertical 

profiles 

Blasco et al., 2000 

 

Long Island Sound, USA 

 

41° N 752 
 

In situ diffusive benthic 

chambers 

Aller ,1994 

 

Galveston Bay, Texas 

 

 

30° N 1200 
 

In situ diffusive benthic 

chambers 

Warnken et al., 2001 

Moreton Bay, Australia 

 

28° S 1223 
 

Radon-derived advective 

fluxes 

This study 

 

Seventeen Seventy, 

Australia 

 

24° S 195 

 

Radon-derived advective 

fluxes This study 

 

Hinchinbrook Island, 

Australia 

 

18° S 1860 
 

Radon-derived advective 

fluxes This study 

 

Darwin, Australia 

 

12° S 1363 

 

Radon-derived advective 

fluxes 

This study 

 

 

The catchment area and porewater-derived Mn fluxes showed an inverse correlation (-

0.77) (Table 6). This is evident in the largest intertidal area, Hinchinbrook Island where 

surface waters retained only 4% of the available Mn via porewater fluxes. It is difficult to 

determine exactly why these systems flux rates vary, as numerous components interact to 
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determine dissolved Mn concentrations as well as site specific hydrological differences. At 

Seventeen Seventy where a real porewater exchange rates (ie cm m-2 day-1) were the lowest 

of all sites TAIT REF),>60% of the catchment area was saltpan and largely devoid of 

crabholes. This likely limited the surface water/sediment interaction and led to low Mn flux 

estimates. This would therefore, potentially falsely infer a high retention of porewater fluxed 

Mn in the total export rates in surface waters (81%). 

Table 6. Statistical correlation of Mn flux rates (M m2 year-1) in surface water (SW) and porewater (PW) 

in relation to catchment area (m2) 

  

SW Mn             

(mol m-2 year-1) 

PW Flux           

(mol m-2 year-1)-1 

Catchment 

area (m2) 

SW Flux  

(mol m-2 year-1) 1   

PW Flux       

(mol m-2 year-1) 0.06 1  

Catchment 

area (m2) -0.77 0.30 1 

 

To estimate the concentration of Mn in porewaters based on Mn in surface waters we 

used the linear equation describing 222Rn concentrations and Mn concentrations in surface 

waters. In doing this, we highlight the potential to over or under estimate porewater metal 

concentrations when applying modelling strategies to surface water concentrations. Average 

predicted pore water concentrations were in some instances 2-3 fold higher than actual 

observations (Table 7). Seventeen Seventy differed from the other sites as predicted, and 

actual porewater Mn concentrations were similar to the modelled concentration. This infers 

that Mn advection into surface waters at this site behaved in a similar manner to 222Rn and 

regression analysis indicates a conservative relationship (r2 =0.91). In the Wadden Sea, sand 

flats facilitate advective pore-water transport, allowing for fast release of trace metals into the 

water column (Chipman et al., 2010). While mudflats have higher metal concentrations, the 

porewater advective flux of redox sensitive species can be retarded due to porosity and redox 

characteristics (Beck et al., 2008). The influence of redox cycling, organic matter and 

bioturbation at the sediment-water interface implies can lead to higher Mn retention in 

porewaters and sediments (Beck et al., 2008; Nath et al., 2013), e. g, reducing environments 

favour dissolution of Mn-oxides/hydroxides and increase in pore water concentration of Mn. 

(Nath et al., 2013).  
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Table 7. Projected Mn concentrations in porewater from 222Rn concentrations in surface waters at 

Moreton Bay, Seventeen Seventy, Hinchinbrook and Darwin sites. 

 ²²² Rn (dpm/m-3) 

in PW 

Standard 

error 

Mn in PW 

(nM) 

Standard 

error 

Projected Mn in PW 

(nM) 

Moreton Bay      

      

Average 46281 6105 8785 1204 2924 

plus error 52386  9989  3301 

minus error 40176  7581  541 

      

Seventeen Seventy      

      

Average 97733 24499 6462 1204 6388 

plus error 122233  7665  7963 

minus error 73234  5258  4813 

      

Hinchinbrook      

      

Average 29761 10463 6251 2159 1521 

plus error 40224  8410  2035 

minus error 19298  4092  1006 

      

Darwin      

      

Average 26645 5993 5072 659 1490 

plus error 32638  5731  1845 

minus error 20652  4414  1134 

 

Up to 90% of dissolved trace metal from estuarine fluxes are retained or recycled within 

estuaries (Mason, 2013). Dissolved trace metals often diffuse from sediments to the water 

column potentially acting as a source of trace metals to the surrounding ecosystems. But as is 

apparent in this and other studies, trace metals released from sediments can be rapidly removed 

from the water column (Colbert and McManus, 2005; Warnken et al., 2001). Investigations of 

sediment- water interface reactions and sediment loading dynamics within the water column 

were not quantified in this study. Further studies are needed to determine the removal rates, 

redox gradients speciation and characteristics of dissolved Mn present and fluxes from the 

sediment –water interface in mangrove ecosystems. 

Global implications 

Our study indicated that undisturbed mangrove creeks are a source of dissolved Mn to 

the coastal ocean. The dissolved Mn export rates from surface waters to the nearby coastal 

ocean at four systems investigated were on average 88,000 mol km-2 year-1. While direct 

comparisons with other studies are limited by different approaches, our results fall in similar 
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range as dissolved Mn flux rates found in a Malaysian mangrove reserve (Alongi et al., 1998) 

salt marshes (Blasco et al., 2000), and bay and estuarine ecosystems (Colbert and McManus, 

2005) (Table 4 & 5). 

As a first order estimate of the importance of mangrove system contribution of Mn on 

a global scale, we extrapolated the results of the four systems and multiplied this by the global 

area of mangroves (140,000 km2) (Giri et al., 2011). The resulting Mn exports from mangroves 

equates to 12 Gmol y-1. This value is comparable to estimated global flux rates from rivers (5.4 

Gmol y-1), atmospheric deposition (11 Gmol y-.) and hydrothermal vents (25 Gmol year) 

(Mason, 2013) (Table 8). Therefore, in spite of covering only 0.1% of the continental area, 

mangroves seem to play a disproportionately large role in the oceanic cycle of manganese and 

potentially other trace metals. By calculating this global estimate we assume that our four sites 

are a reasonable representation of undisturbed mangrove ecosystems worldwide. Because we 

have not included degraded mangroves where export rates are most likely to be higher, it is 

possible that our estimate is conservative. 

Table 8. Sources of dissolved Mn to the global ocean budget. 

Source Gmol y-1 Reference 

Mangroves 12 This study 

Rivers 5.4 Gaillared et al 2014 

Atmospheric deposition 11 Mason 2013 

Hydrothermal vents 23 Mason 2013 

Continental shelf sediments 2-116 Pakhomova et al., 2007 

Conclusion  

Porewater exchange can release large amounts of dissolved Mn to mangrove creeks. 

Much of this manganese is subsequently exported to the nearby ocean surface water 

observations revealed that average Mn concentrations decrease at lower latitudes and were a 

function of intertidal area size. As expected at all sites, Mn concentrations are greater in 

porewaters ( by over one order of magnitude) than surface waters and as such even low rates 

of porewater exchange can lead to high concentrations of Mn in surfacewaters. Mangrove 

ecosystems are often understudied, especially in their contribution to the oceanic cycling of 

trace metals such as manganese. The average dissolved Mn export rates from the four 

mangrove systems to the coastal ocean were 88,000 mol km-2 year-1. Upscaling these fluxes 

to the global mangrove area implies that mangroves deliver 12 Gmol y-1 of dissolved Mn to 
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the coastal ocean. In comparison to the primary pathways for Mn transport to the global 

ocean, fluxes from mangroves systems are greater than both riverine (5.4 Gmol y-1) and 

atmospheric (11 Gmol y-1) sources. These findings suggest that mangrove ecosystems may be 

a substantial constituent in the oceanic cycle of manganese. 
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Chapter two 
 

The kinetics of microbial and photochemical production of 

Fe(II) in a temperate mangrove wetland. 

Introduction 

Iron transforms between ferric [Fe (III)] and ferrous [Fe (II)] redox states in 

circumneutral-pH, redox stratified environments. Ferrous iron is reported to account for a 

significant proportion of total dissolved iron in marine and freshwater environments and is 

biologically significant due to its high solubility (Hopwood et al., 2014; Rose and Waite, 

2006; Roy et al., 2008). In oxic coastal waters, Fe(II) is a transient species that is rapidly 

oxidised (within minutes) by O2 to Fe(III). The subsequently formed insoluble Fe(III) is 

normally the dominant iron species in these environments (Hopwood et al., 2014). However, 

Fe(II) can be regenerated by reduction of Fe(III) via multiple pathways, and therefore 

dissolved iron is continuously cycled between the two oxidation states. In coastal marine 

sediments, it estimated that individual iron atoms are cycled 100-300 times before complete 

sedimentation (Canfield et al., 1993). The cyclical transformations of iron are governed by 

redox reactions, dissolution, precipitation, desorption, adsorption and complexation by 

inorganic and organic ligands, which are facilitated by a range of microbial, thermal and 

photochemical processes (Hopwood et al., 2015).  

Iron readily undergoes reduction or oxidation under conditions typical of natural 

surface and porewaters, mediated by photochemical and microbiological metabolic pathways 

(Hopwood et al., 2015; Rose and Waite, 2003b; Ussher et al., 2007). Photoreduction of 

dissolved Fe(III) is an important process affecting the speciation and subsequent mobilization 

of dissolved iron in coastal systems (Helms et al., 2013; Miller et al., 1995; Okada et al., 

2005; Ussher et al., 2007), and Fe(II) in coastal surface waters is thought to be principally 

derived from photochemical reduction of Fe(III) (Roy et al., 2008). At relatively low pH, the 

production of Fe(II) by photoreduction is enhanced because of the suppression of microbial 

and hydroxyl radical mediated re-oxidation of Fe(II) (Hatje et al., 2003b; Miller et al., 1995). 

Conversely when pH is typically higher, microbial reduction of Fe(III) is a significant 

contributor to ferrous iron production (Hatje et al., 2003b; Rose and Waite, 2006). Even 
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under low oxygen conditions, such as in porewater, microbial reduction and oxidation of iron 

may occur (Kappler and Straub, 2005). 

There is limited knowledge of Fe(II) concentrations in pore and surface waters of 

mangrove ecosystems, and the fraction of total dissolved Fe present as Fe(II) in these systems 

is yet to be quantified. The available data on Fe redox speciation in marine systems, which is 

generally from studies in coastal and oceanic waters in the northern hemisphere, indicates 

that total concentration of Fe(II) and the fraction of Fe(II) varies greatly due to site specific 

characteristics (Bowie et al., 2002; Boye et al., 2003; Hansard et al., 2009; Sarthou et al., 

2011; Ussher et al., 2007). The fraction of Fe(II) in shelf and coastal waters is typically 

greater than the open ocean (Hopwood et al., 2015), which can potentially be attributed to 

porewater contributions, terrestrial inputs, rain events and high organic loading (Elrod et al., 

2004). The fraction of Fe(II) varies between 11% and 80% in coastal waters and between 5% 

and 65% in the open ocean (modified from Hopwood et al., 2015) (Bowie et al., 2002; Boye 

et al., 2003; Hansard et al., 2009; Sarthou et al., 2011; Ussher et al., 2007). 

Organic matter is a significant modifier of iron speciation in seawater due to organic 

complexation (Waite, 2001). Investigations of iron in seawater have found that a substantial 

proportion of Fe(III) is bound to organic matter. In the Northern pacific, 99.9% of dissolved 

Fe(III) is chelated by naturally occurring organic ligands (Rue and Bruland 1995). 

Furthermore, organic matter can control the rate of Fe(II) oxidation and at the pH typically 

found in seawater Fe(II) oxidation can be accelerated (Rose and Waite, 2003b).  

In this study, we have combined field and laboratory observations with laboratory 

process studies to gain insight into: (1) the ratio of Fe (III) to Fe (II) in surface and porewater 

of a temperate mangrove system and; (2) the role of photochemical and microbial reduction 

processes in modulating iron speciation in this system. We also provide the first 

comprehensive observations of dissolved ferrous iron concentrations in an Australian 

temperate mangrove ecosystem. This study specifically contributes to the available literature 

on the dynamics of iron speciation in coastal waters and to our knowledge it is the first of its 

kind to quantify rates of photochemical and microbial iron reduction in a mangrove system.
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Approach and methodology  

Site selection 

Field investigations were performed in ~2 km long intertidal mangrove creek in the 

Barwon River estuary (38.26384 S, 144.4968 E) Barwon Heads, Victoria, Australia (Figure 

6). Barwon River is an open estuary system supporting areas of coastal salt marsh and 

mangroves stands of Avicenna marina (Kefford et al., 2003). The study site was 

approximately 3 km upstream of the mouth of the river. Barwon River is a temperate estuary 

characterised by a semidiurnal tidal regime with spring and neap tidal ranges between 1 and 2 

m. Regional rainfall is winter-dominated, with an average annual rainfall of 465 mm (Bureau 

of Meteorology, 2010). In the three weeks preceding this investigation 26.6 mm of rain was 

recorded, and a total of 17 mm rain occurred during porewater sampling. 

 

Experimental approach 

The approach that was used for this study, consisted of: (1) time series observations in 

the tidal creek surface waters to evaluate total Fe (tFe) and iron speciation; (2) quantifying 

microbial and photochemical Fe(II) production rates in surface waters and porewaters; and 

(3) sampling porewaters to characterise the endmember concentrations and species of iron 

potentially entering surface waters through this pathway (Figure 7)

Figure 6. Site map of Barwon River 

estuary, Australia. 
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Figure 7. Summary of the experimental approach applied in this study 

EXPERIMENT DESIGN 

 

               

        12 Porewater and 25 Surface water samples 
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Field observations of tFe & Fe(II) over 

a tidal and diel cycle 

 

 

Microbial production of 

Fe(II)  

  

 

Photochemical production 

of Fe(II) 

 

Filtered samples  Unfiltered samples   Filtered samples  

 Amended  Natural Light  Dark 

 

  



Surface water sampling 

A total of 25 surface water samples were collected at the study site over one full diel 

and two tidal cycles in November 2014. All sampling apparatus, vials and containers used for 

sampling and analysis of Fe speciation and concentration were rinsed with 3 M HCl (reagent 

grade) and then fully submerged in an acid bath (3 M HCl) for 96 hours, rinsed three times in 

ultrapure water (Milli-Q 18 MΩ.cm resistivity) and then stored in sealed plastic bags (that 

had undergone similar treatment) until required. 

Samples for determining total Fe (II) concentration were syringe filtered through a 

0.45 µm pore size cellulose acetate membrane at the sampling site into 10 mL vials 

containing 100 µL of a combined reagent containing 20 mM ferrozine (FZ) and 1 M acetate 

buffer at pH 4.5, and mixed by shaking. Fe(II) concentrations were determined using 

ferrozine reagent in accordance with theories explained in detail by Stookey (1970) and 

Vollier et al. (2000). Breifly, ferrozine reacts rapidly with Fe(II) at pH between 4 and 9, 

forming a magenta coloured complex formed with maximum absorbance at 562 nm and a 

molar absorption coefficient = 27,000 L mol−1 cm−1 (Rose and Waite, 2006; Stookey, 1970; 

Viollier et al., 2000). While ferrozine is a widely accepted as a colourimetric reagent for 

Fe(II) analysis, in some instances its use can potentially lead to inaccurate estimations of 

Fe(II) concentrations due to the continued reduction of Fe(III) after reagent addition (Bowie 

et al., 2002; Hopwood et al., 2014; Hopwood et al., 2015; Pullin and Cabaniss, 2003; Ussher 

et al., 2004) . All possible measures should be applied to limit further Fe (III) reduction and 

Fe (II) oxidation post sampling (Hopwood et al., 2015; Viollier et al., 2000). A pH buffer 

(acetate at pH 4.5) was used to limit the further reduction of Fe(III) to Fe(II) after the sample 

was added to the prepared vials containing the ferrozine reagent. 

Samples used to determine photochemical Fe(II) production rates were filtered into 

100 mL foil-wrapped acid washed HDPE containers using a syringe fitted with a 0.22 µm 

pore size polyethersulfone (PES) in line filter. Two unfiltered samples were also collected for 

determination of microbial Fe(III) reduction rates. The first sample was syringed into a 10 

mL acid washed polypropylene vial containing 200 μL of saturated HgCl2 (8%) solution and 

inverted numerous times to ensure rapid mixing of the reagent. Mercuric chloride was used to 

kill all microorganisms in the sample. The second sample was syringed unfiltered into a 10 

mL acid washed polypropylene vial without further amendment. Where possible filters and 

vials were thoroughly rinsed with the sample prior to sampling. To minimise unwanted Fe 
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reduction and oxidation, all samples were stored wrapped in foil in a dark container for 

transportation and refrigerated below 4°C in the laboratory (Hopwood et al., 2014). 

Porewater sampling 

To determine endmember concentration and speciation of iron in porewaters, 

sampling was carried out at intertidal sites from the low tide to the high tide mark. Porewater 

boreholes were dug to approximately 1 m. A total of 12 porewater samples were collected at 

the Barwon Heads. Bore holes were dug with a post-hole digger or hand auger, purged three 

times with a peristaltic pump and allowed to recharge completely before sampling from the 

bottom of the bore. After extraction, 10 mL of porewater for Fe speciation experiments was 

immediately transferred into pre-prepared vials containing 100 µL of mixed reagent 

containing 20 mM FZ and 1 M acetate buffer at pH 4.5 to minimise any sample oxidation. 

Porewater samples were stored and transported as per surface water experiments. To 

determine the role of porewater exchange, 222Rn was measured as described in Chapter 1. 

 

Physico-chemical characteristics of surface waters and porewater 

In situ surface water salinity, temperature (ºC) and dissolved oxygen (DO %) was 

logged using a calibrated multi-parameter sonde (Hydrolab DS5X) at hourly intervals 

corresponding to the discrete collection times for trace metal samples. Currents were 

monitored (at 15-minute intervals) using a Starflow ultrasonic data logger. Temperatures and 

salinities were also monitored using a CTD Diver (Van Essen Instruments) in surface waters. 

CDOM concentrations were measured as a proxy for dissolved organic matter (DOM) in 

these systems. CDOM concentrations were measured by a fluorescence sensor (WET Labs, 

Inc ECO3-Triplet) that was attached to water quality sondes face down in-situ at each site.  

Porewater physio-chemical characteristics were determined in situ at each bore hole. For 

dissolved oxygen, temperature and salinity a handheld YSI probe was inserted into each bore 

hole. The redox potential for each porewater sample was quantified in a using a handheld 

oxidation/reduction probe (TPS ORP). 

 

Total ferrous iron concentration determination 

A microplate reader (CLARIOstar BMG LABTECH) was used to determine 

concentrations of total ferrous iron by quanitifying the absorbance of the ferrous–ferrozine 

(Fe(II)(FZ)3) complex at 562 nm (the wavelength at which the Fe(II)(FZ)3 complex absorbs 
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most strongly) and 700 nm (a reference wavelength at which the Fe(II)(FZ)3 complex absorbs 

negligibly). Measurements of absorbance were taken every 2 min over an analysis period of 

118 min to examine the possibility of ongoing Fe(III) reduction induced by FZ. In these and 

all experiments involving Fe determination described in the following paragraphs (i.e. 

investigating photochemical and microbial reduction), the absorbance due to Fe(II)(FZ)3 at 

562 nm was corrected for baseline drift by subtracting the absorbance at 700 nm. An identical 

measurement was also conducted on samples that did not contain FZ, in order to determine 

the magnitude of any absorbance not due to Fe(II)(FZ)3. The absorbance at 562 nm (baseline 

corrected for absorbance at 700 nm) in the samples without FZ was then subtracted from the 

baseline-corrected absorbance at 562 nm in the samples that did contain FZ to obtain the final 

corrected absorbance value at 562 nm due to Fe(II)(FZ)3. This corrected absorbance at 562nm 

was then divided by the molar absorptivity of the Fe(II)(FZ)3 complex of 27,000 

L.mol−1.cm−1(Stookey, 1970) to determine the Fe(II) concentrations. Duplicates of each 

sample were measured in the microplate and replicate runs were done on consecutive days. 

The average of all replicates was used to quantify concentrations of ferrous iron. 

 

Photochemical reduction of dissolved ferric iron  

To investigate the potential for photoreduction of dissolved ferric iron in the estuary, 

25µL of 20 mM FZ was added to 2.5 mL of sample in a 1 cm optical path length quartz 

cuvette. The cuvette was then irradiated with a continuous beam of simulated sunlight from a 

lamp solar simulator system (Newport Oriel 150 W Xe) equipped with an AM1 spectral 

correction filter. The solar simulator (with AM1 filter) emits radiation that is similar in 

intensity and spectral quality to sunlight when the sun is directly over the Earth’s surface. At 

5 min intervals over a 25 min period, duplicates of 300 µL of sample was removed for Fe(II) 

analysis in the microplate reader as described earlier. Control samples that were left wrapped 

in foil were allowed to reach a similar ambient temperature as the irradiated samples, then 

analysed in the microplate reader concurrently with the irradiated samples. Milli-Q water 

(18.2 MΩ.cm resistivity) was used as a blank. Replicates of this process were undertaken 

within a 24 hr period to minimise variation and the average of the replicates were used in the 

analysis of rates constants. Fe(II) concentrations at each time point were determined as 

described above, and Fe(II) production rates were determined as the slope from linear 

regression of Fe(II) concentration against time. Pseudo-first order rate constants for 

photoreduction were then determined by normalising the measured rates to the Fe(III) 



30 

 

concentration in each sample. In order to compare the relative importance of photoreduction 

and microbial reduction at different times throughout the diel cycle, photoreduction rate 

constants were further multiplied by an idealised solar intensity function representing the 

relative intensity of sunlight at each time of day compared to maximum intensity. This 

weighting function assumed a sinusoidal variation in solar intensity over a 12-hour cycle 

between 6 am (sunrise) and 6 pm (sunset). 

 

Microbial reduction of dissolved ferric iron 

To investigate the role of microbial reduction in the generation of Fe(II), duplicates of 

300µL unfiltered samples (both unamended and amended with HgCl2) were transferred to a 

view plate (Packard 96) for quantification in the microplate reader (CLARIOstar BMG 

LABTECH). Each well was injected with 25 µL of 20 mM FZ at the start of analysis, then 

shaken for 10 s while in the microplate reader (CLARIOstar BMG LABTECH). The 

absorbance in each well at 562 nm and 700 nm was recorded every 4 minutes over a 200 min 

total duration. Fe(II) concentrations at each time point were determined as described above, 

and Fe(II) production rates were determined as the slope from linear regression of Fe(II) 

concentration against time. Pseudo-first order rate constants were then determined by 

normalising the measured rates to the Fe(III) concentration in each sample. 

 

Total iron concentration determination 

To determine the total iron concentrations in surface waters and porewaters, samples 

were treated in accordance with methods outlined in detail by Tohidi-Farid et al., (in prep). 

Breifly, 40 µL of 12 M HCl was added to 5 mL of each sample to adjust the pH to 1. Samples 

were then left acidified at for 10 days in order to allow complete dissociation of Fe(III)L 

complexes. A Na2SO3 solution was then added at a final concentration of 2 mM and left for 

15 mins to completely reduce Fe(III) to Fe(II). Finally, 640 µL of FZ (at a final concentration 

of 200 µM) was added to the sample and left for 24 hrs to allow complete development of 

Fe(II)FZ3 complex. The total iron concentration was then determined by quantifying the 

Fe(II)(FZ)3 complex at a wavelength of 562 nm using the CLARIOstar microplate reader in 

an identical manner to that described for Fe(II) determination. Accuracy was determined by 

correlation. Calibration curves were linear with correlation coefficients (r2) of over 0.89. 

Calculating the total dissolved Fe also allowed for the quantification of the Fe(III):Fe(II)ratio, 
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where Fe(III) was calculated from the difference between total dissolved Fe and total 

dissolved Fe(II). 

 Inductively coupled plasma mass spectrometry (ICP-MS) (Perkin Elmer NexION 

300D) was used to independently quantify total dissolved Fe concentrations. Samples were 

again acidified to pH 1 using 12 M HCl and left for 10 days, as described above. Fe-56 was 

measured and Sc-45 used as an internal standard. Interferences were removed using Kinetic 

Energy Discrimination (KED). Standards were matrix matched in a 3% NaCl solution and 

certified reference materials (NASS 6 and CASS 5) were analysed with the batch. 
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Results and Discussion 

Total average dissolved Fe and Fe(II) 

abundance 

The intertidal mangrove creek time series 

observations indicate that total Fe (tFe) and Fe(II) 

concentrations did not appear to correlate with tide 

regimes (Figure 8). Total iron concentrations in 

surface waters ranged between 0.2 and 7µM while 

Fe(II) concentrations were between 0.1 and 16µM. 

The concentrations of Fe(II) measured in this study 

are 3-4 orders of magnitude greater than Fe(II) 

concentrations found in the surface waters of the 

Pacific Ocean (45-264 pM), the South Atlantic and 

Southern Ocean(0-45 pM)(Bowie et al., 2002; 

Hansard et al., 2009), but around an order of 

magnitude less than those found in the River 

Beaulieu (Hampshire, UK) (2.9-14.0µM) 

(Hopwood et al., 2014). Steady-state Fe(II) 

concentrations are a function of three factors: (1) 

Total Fe concentration, which is greater in riverine 

and coastal waters, than the open ocean; (2) Fe(II) 

oxidation rates, which decrease at lower pH (this is 

probably a major reason for higher Fe(II) in the 

River Beaulieu water than marine water, since 

ocean pH is ~8.1 whereas the study in the River 

Beaulieu recorded a of pH 6); and (3) Fe(III) 

reduction rates, which are likely to be higher in 

more productive river and coastal waters than the 

open ocean because of organic loading 

characteristics. 
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Figure 8. Times series observations in a temperate mangrove system in 

the Barwon Estuary, Victoria, Australia 
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To calculate the proportion of total iron that was present as Fe(II) we divided the 

concentration of ferrous iron by the total iron at each time interval, which provides an 

indication of the importance of Fe(II)-reducing processes relative to oxidative processes. 

 All physiochemical processes revealed a general tidal trend during time series 

observations. At high tide there was high DO saturation, pH and salinity. Consideration of 

possible pathways for Fe(II) production is crucial for understanding the cycling of Fe(II) 

within this system. Fe(II) can potentially result from microbial reduction of Fe(III), 

photochemical Fe(III) reduction, non-microbial non-photochemical Fe(III) reduction or 

tidally driven transport of Fe(II). Radon has been used in this study as a proxy for porewater 

(Santos et al., 2008). Radon concentrations in mangrove creeks have been shown to be tidally 

driven in mangrove creeks (Maher et al., 2013). This is a contrast to the findings presented 

here. Concentrations of 222Rn do not appear to be tidally driven during this time series 

experiment, suggesting that porewater movement is not the primary carrier of ferrous or total 

iron to the surface waters.  

Due to the lack of tidal trends in tFe and Fe(II) abundance, we calculated average 

concentrations during the 24hr period (Figure 9). This allows for a single value that can be 

used to compare to average porewater concentrations. Similar to surface waters, an average 

was calculated on the pooled data from all porewater samples. 
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Figure 9. Concentration of total dissolved Fe and Fe(II) in surface waters and porewaters, determined via 

different analytical methods. Error bars indicate the standard deviation. 
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In all instances, porewater Fe(II) concentrations were over a magnitude greater than 

surface water concentrations (Figure 9). The anoxic and humic-rich nature of porewaters can 

act as a trap for dissolved Fe and Fe(II) through formation of insoluble iron sulphide and 

metal-rich organic complexes (Luther et al., 1996; Roy et al., 2013; Sanders et al., 2012; 

Zhou et al., 2011). If the surface waters in this study were similarly as anoxic as porewaters, 

ferrous iron could potentially be mobilized from sediments and diffuse more readily into the 

water column. However, tidal flushing regimes mean that re-oxygenated surface waters 

regularly inundate the creek and render the creek oxic.  

Two laboratory analytical methods were used to quantify average Fe concentrations: 

the Ferrozine method (Tohidi-Farid et al., in prep) and ICP-MS. Both methods revealed 

concentrations of similar magnitude. However, in surface and porewater observations ICP-

MS results were greater than the FZ method. Based on averages, Fe(II) in surface waters 

accounted for approximately 79% via the FZ method and 46% for ICP-MS results of the total 

dissolved Fe (Figure 9). Taking into consideration the standard deviation, this suggests that 

Fe(II) concentrations could be equal or greater than the total Fe results determined by the FZ 

method.  

Due to the oxic nature of surface waters, the average results suggested by the FZ 

method may not be a completely reliable estimate (Figure 9). Studies have reported varying 

ratios of Fe(II) to Fe(III) in seawater. While Fe(III) is generally the thermodynamically 

dominant species (Barbeau, 2006), Fe(II) has been found to account for between 5 and 80 % 

of total dissolved Fe (Bowie et al., 2002; Boye et al., 2003; Hansard et al., 2009; Hopwood et 

al., 2015; Sarthou et al., 2011; Ussher et al., 2007), which is comparable to the findings from 

this study.  

Porewater observations of tFe and Fe(II) concentrations also varied between 

analytical techniques, with tFe measured by ICP-MS being much greater than results 

determined by the Fz method. This may possibly be due to the high concentrations measured 

being above the upper limit that could be detected using the Fz method. Although, it is not 

unreasonable to assume that due to the suboxic nature of porewater that all Fe in these 

environments could be present as Fe(II). The ORP values and low DO in the porewater 

(Table 9) imply reducing conditions, so it is quite reasonable to expect most (if not all) Fe to 

be present as Fe(II) in the porewaters. A study in Poona Estuary, Australia, found that 
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groundwaters were abundant in dissolved iron that was primarily present as Fe(II) due to the 

presence of Fe(III) reducing bacteria (Lin et al., 2012).  

Microbial production of Fe(II) 

Average microbial production of Fe(II) was higher in unamended natural surface 

water and porewater samples (surface waters 8.3 x 10-6 s-1, porewaters 2.2 x 10-5 s-1) than 

HgCl2-amended samples(surface waters 4.0 x 10-6 s-1, porewaters 1.1 x10-5 s-1) (Figure 10). 

Addition of HgCl2 provides a “killed control”, such that Fe(II) production rates in the 

amended samples should represent non-biological production, whereas the unamended 

samples represent the sum of biological 

and non-biological production. Microbial 

reduction rates in porewater were greater 

than in surface waters. This can be 

explained by the physiochemical 

characteristics of porewater are more 

favourable for iron reduction: i.e low pH, 

DO and in some instances salinity (Table 

10); and aslo the potential for complexation 

of strong organic ligands in the porewater 

samples. The results presented here are a 

first order estimate of rates of microbial reduction of iron 

in the oxic water column of a mangrove ecosystem and 

provide a valuable baseline for microbial production 

rates in a mangrove wetlands system. 

In seawater the rate constant of microbial reduction of iron (2.67 x 10-7 s-1) is less than 

the rate constant of surface waters (8.3 x 10-6) and porewaters (2.2 x 10-5) at Barwon Heads 

(Santana-Casiano et al., 2014). I speculate that the reduction rates in porewaters observed in 

thi study could be faster due to organic complexation of Fe resulting from high 

concentrations of organic substances and microbial exudates (Hopwood et al., 2014; 

Hopwood et al., 2015; Rose and Waite, 2003a). The lower concentrations of organic 

substances and microbial exudates in estuarine surface and oceanic waters likely drive lower 

reduction rates.  
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Figure 10. Average microbial rate constant 

production of Fe(II) in surface waters (n=24) 

and porewaters (n=12). Error bars indicate 

the standard error of the mean. 
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There was much variatibility in microbial production of Fe(II) in the porewater samples 

(Figure 11). Microbial Fe(II) production in natural porewater samples 1 and 12 was more 

than two orders of magnitude greater than amended samples and is generally inconsistent 

with the results revealed in the other porewater samples. While these results may be highly 

variable, they may reflect the dynamic nature of mangrove porewaters. The large negative 

value for site 3 is indicative of a decreasing absorbance in the sample duing analaysis, which 

may have been due to settling of small particulate matter in the sample (Figure 11). 

 

Figure 11. Pseudo- first order rate constant of microbial production of Fe(II) in porewaters. Error 

represents the standard error of the mean. 

Photochemical production of Fe(II) 

The photochemical production of Fe(II) at Barwon Heads varied greatly between 

irriadiated samples and dark treatments.  The average photochemical production of Fe(II) in 

irriadiated samples was almost 3 orders of magnitude greater than dark treated samples, 2.6 x 

10-3 s-1and 4.5 x 10-6 s-1 (Figure 12). The surface water samples in this study were normalised 

to typical day-light exposure to allow for comparison of Fe(II) production rates that would be 

expected to occcur from different processes insitu. 
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Figure 12. Average rate constant for 

photochemical production of Fe(II) in 

surface waters (n=24). Error bars represents 

the standard deviation of samples. 

A study using synthetic oceanic 

and coastal water samples revealed that 

photoreduction of ferric iron is limited 

to the upper surface waters, and is 

influenced by diel cycles, seasonal 

changes, rain and wind (Barbeau et al., 1996). At the pH of seawater, hydrolysed inorganic 

species of iron are less reactive than organic iron species to light induced transformations and 

potentially any reduction of Fe(II) results from light absorption by organic chromophores 

(Waite, 2001). In this study, to ensure that any reduction of Fe that was occurring was not 

masked by biological processes, surface and porewater samples were amended by the 

addition of mercuric chloride. In surface waters in the Gulf of Maine, irradiated samples were 

amended to destroy organic compounds, which resulted in lower photochemical reduction 

rates (Wells and Mayer, 1991). From our results, photochemical Fe(II) production rates were 

more than two orders of magnitude greater than Fe(II) production rates in non-irradiated 

samples (Figure 12). 

The photoreduction rates of Fe(II) observed in this study were greater than previous 

reduction estimates  found in other marine surface waters (Table 9). The variation  in these 

rates is most likely a reflection of the differing experimental protocols, sampled water, 

environmental conditions, length of irradiation and possible influence from strong chelators 

such as ferrozine employed during analysis (Moffett, 2001; Pullin and Cabaniss, 2003). In 

parrticular, photoreduction is primarily driven by absorption of sunlight by CDOM. The 

CDOM concentrations observed in this study are likely to be several orders of magnitude 

greater than in the other studies, which were conducted in open ocean waters. In addition, the 

rates reported in this study are total Fe(II) production rates, whereas, those reported in other 

studies are the net results of Fe(III) photoreduction and Fe(II) oxidation. Photochemical iron 

reduction rates of iron, will not represent the net production rate of Fe(II), because in most 

instances oxidation of Fe(II) is greater than Fe(II) reduction (Rijkenberg et al., 2006; Waite, 

2001). Studies in the Marsdiep and Scheldt estuary determined that concentrations of Fe(II) 

formed during irradiation are very low, due to rapid re-oxidation (Rijkenberg et al., 2006).  
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Table 9. Photo reduction of ferric iron in marine surface water under simulated noon sun conditions. 

Modified from Moffett, 2001. 

Source k (s-1) Reference 

Equatorial Pacific surface 

waters 
2.33 x 10-4 (Johnson et al., 1994) 

Synthetic seawater 8.33 x 10-5 (Hudson et al., 1992) 

Natural Seawater 5.00 x 10-6 (Wells and Mayer, 1991) 

Synthetic solution 1.39 x 10-6 (Barbeau et al., 1996) 

Mangrove creek 

surface waters 

2.49 x 10-3 

 
This study 

 

Comparison of photochemical and microbial reduction 

Time series observations indicated that there was no obvious tidal or diurnal influence 

on Fe cycling (Figure 13). This contrasts with numerous studies that have highlighted diurnal 

trends in Fe reduction, especially when driven by photochemical reduction (Johnson et al., 

1994; Miller et al., 1995; Rijkenberg et al., 2005). However, the River Beaulieu, there was a 

lack of diurnal photochemical Fe(II) cycling that was attributed to shallow light penetration 

and continuous mixing of surface waters (Hopwood et al., 2014). Given the tidal nature of the 

Barwon Heads Creek, such a scenario is also likely.   
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Figure 13. Comparison of photochemical and microbial reduction rates constant in surface waters during 

the time series observations. The shaded area indicates night time (6am-6pm). 

Time series experiments indicate that photochemical Fe(III) reduction rates are more 

than two magnitudes greater than microbial reduction rates (Figure 13). In Figure 13, R-

amended microbial results also represent dark data. Microbial reduction at hourly time steps 

was generally higher in natural than amended samples.  

The absence of a diurnal trend in microbial iron reduction rates suggests, microbial 

iron reducing activity at Barwon Heads is not light dependent. A laboratory study using 

freshwater at pH 8, proposed that the kinetics of thermal reduction may explain the night time 

reduction of iron by underpinning the iron speciation on which photochemical and microbial 

processes act (Pullin and Cabaniss, 2003). The surface water amended samples in this study 

represent thermal reduction and the results presented in Figure 13 suggests that thermal 

reduction is an active component in the formation of Fe(II) in this coastal system. 

Porewater total dissolved iron and Fe(II) 

Concentrations of Fe(II) in porewaters varied from 2.6-50.9 µM (Table 10). This 

range is lower than Fe(II) concentrations found in the River Beaulieu (727±292µM) but 

similar to Fe(II) concentrations in porewater entering Waquoit Bay (40-50 µM) (Hopwood et 

al., 2014).There is limited data on porewater Fe(II) concentrations in coastal estuaries, and 

we believe the data set presented here to be the one of the first of its kind.  

Table 10 presents the porewater physiochemical characteristics and the percent of tFe 

present in the form of Fe(II). Both ICP-MS and the Fz method tFe concentrations are 
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compared in this table, and the results are not only variable from site to site but also highly 

variable in analytical techniques. While we recognise the robustness of the Fz method, we 

discredit the Fz method results in porewaters for this study, as we believe that the 

concentrations were above detection limits for the analytical equipment, and/or organic 

matter was masking total concentrations.  

Our findings indicate that > 50% of the total dissolved Fe is present as Fe(II) at seven 

of the twelve sites (Table 10). In Waquoit Bay, Fe(II) comprised approximately 95% of total 

dissolved iron (Charette and Sholkovitz, 2002). These findings suggest that the sub-oxic-

anoxic conditions typically found in porewaters are possibly aiding in the stabilization of 

ferrous iron by: (1) Organic ligands inhibiting oxidation (2) slow Fe(II) oxidation kinetics 

due to low oxygen; and (3) as pH in porewater is relatively low compared to the surface 

waters, which also results in slower Fe(II) oxidation kinetics. Numerous studies have 

indicated that organic matter has the potential to slow Fe(II) oxidation in the marine 

environment (Croot et al., 2008; Croot et al., 2007; Moffett, 2001). Iron speciation is clearly 

affected by the suboxic-anoxic nature of porewaters, to the point where conditions are so 

reducing that iron can be completely reduced to Fe(II). Research in the North Pacific found 

that the in the suboxic zone of this ocean, iron is not fully reduced to Fe(II) and that iron does 

not accumulate in this zone (Hopkinson and Barbeau, 2007). However, the opposite can 

occur in porewaters of estuaries. In the Poona Estuary high concentrations of dissolved Fe 

was found to be cycling between oxidative states within the porewaters potentially due to the 

iron curtain effect at the saline/fresh interface (Lin et al., 2012). 
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Table 10. Porewater physiochemical characteristics, total dissolved Fe and Fe(II) concentrations. The 

percentage of Fe present as Fe(II) was determined for both the FZ method and ICP-MS total dissolved Fe 

concentrations. 

Site 

 

pH 

 

Salinity 

 

Temp 

(c°) 

DO 

(%) 

222Rn 

(dpm/m3) 

 

Redox 

(ORP) 

tFe 

FZ 

method 

(µM) 

 

tFe 

ICP-

MS 

(µM) 

 

Fe(II) 

(µM) 

 

%Fe(II) 

of tFe 

FZs 

method 

(%) 

%Fe(II) of 

tFe 

ICP-MS 

(%) 

PW 1 6.6 38.51 17.2 37.3 80600 72.3 0.6 5.6 2.6 433.0 47.0 

PW 2 7.1 34.18 15.4 6.5 108000 -69.2 11.5 14.2 12.5 108.0 87.8 

PW 3 7.1 29.80 16.8 2.2 97000 -14.0 20.9 34.6 27.1 130.1 78.4 

PW 4 7.3 26.79 16.6 39.7 85000 -145.3 8.2 61.9 37.8 458.7 61.1 

PW 5 6.9 33.19 15.4 1.8 103000 -129 63.5 316.1 50.9 80.1 16.1 

PW 6 6.8 41.37 15 3.1 137000 -121.2 6.4 35.9 32.1 498.5 89.3 

PW 7 7.0 41.07 16.6 2.2 106000 -127 n/d 215.0 31.9 0.0 14.8 

PW 8 7.1 39.30 16.3 6.5 37000 -105.5 16.7 59.9 39.1 233.9 65.3 

PW 9 7.4 36.36 15.2 3.0 113000 -9.9 29.4 175.3 48.1 163.4 27.4 

PW10 7.5 33.29 15.6 15.7 57000 -165.9 18.3 22.4 24.6 134.4 110.1 

PW11 7.5 33.37 15.3 5.1 215000 -30.3 14.0 69.7 35.6 253.3 46.5 

PW12 7.2 16.82 15.4 2.3 47000 -7.1 0.7 0.1 37.7 5214.9 54.0 

 

The variation of tFe in porewater samples in this study is consistent with results from 

other subterranean estuary studies (Charette and Sholkovitz, 2006; Lin et al., 2012; Rouxel et 

al., 2008; Roy et al., 2013). Studies in Waquiot Bay suggest that the geochemistry of 

porewater sites plays a major role in iron speciation (Roy et al., 2013). In subterranean 

estuaries dissolved Fe precipitates as Fe-oxide onto sediments and organic matter. This is due 

to the modification of redox conditions caused by the mixing of anoxic porewaters with oxic 

surface waters (Charette et al., 2005). In this study, redox state was quantified but we found 

no direct link with dissolved Fe or Fe(II) abundance. It is well documented that redox is a 

significant modifier in Fe(II) concentrations in subterranean estuaries and porewaters 

(Charette and Sholkovitz, 2006; Dang et al., 2015; Roy et al., 2013). This variation may be 

due to dynamic redox cycling occurring and that, kinetics rather than thermodynamics may 

be governing the redox state of Fe. 
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Conclusion 

We combined field and laboratory observations to gain insight into the role of 

photochemical and microbial reduction processes in modulating iron speciation in surface 

and porewaters from a temperate mangrove creek. In surface waters the photochemical 

production of Fe(II) was over two orders of magnitude greater than microbial and thermal 

Fe(II) production, and Fe cycling in surface waters did not follow tidal regimes.  

Total dissolved iron concentrations in porewaters were two magnitudes greater than in 

surface water. Results also indicated that in porewaters of mangrove wetlands, potentially up 

to 89% of total dissolved iron is present as Fe(II). Rates of both microbial and thermal 

production of Fe(II) in porewaters were an order of magnitude higher than in surface waters. 

These findings suggest that porewater can potentially play a significant role in cycling 

bioavailable Fe(II) to coastal systems and therefore should be considered when assessing the 

influence of dissolved Fe on primary productivity budgets.  
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