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Abstract 
The mercury cycle describes the flow of mercury through the atmosphere, 

hydrosphere, geosphere, and biosphere. Mercury is a highly toxic heavy metal with 
bioaccumulation potential; therefore, a complete description of how the mercury cycle 
interacts with a change of conditions is crucial. Therefore, this paper set out to illuminate 
the effects that decreasing marine ice cover will have on the dynamics of the mercury cycle. 
Based on the simple model described in this paper, warming temperatures causes marine 
ice retreat; both ice sheet retreat and a warmer water column will have dramatic effects on 
the mercury fluxes in the arctic regions. 

  



1. Introduction 

Mercury is a long-term, volatile heavy metal with known bioaccumulation and toxic 

properties. Although existing only in trace amounts throughout the hydrosphere, its potential for 

bioaccumulation and buildup, especially in marine ecological food webs, is great. Existing in 

several significant forms and compounds within nature, mercury is most biologically relevant as 

methyl mercury (MeHg) due to its adverse neurological effects (Mozaffarian and Rimm, 2006). 

Additional forms of mercury include dimethyl mercury (diMeHg), elemental mercury (Hg0), and 

a variety of soluble, oxidized complexes of Hg(II): HgS, Hg(OH)2, HgClx, etc. (Morel et al., 

1998). Unlike many inorganic ‘trace’ metals, Hg0 has saturated the upper water column owing to 

its high volatility (Barkay et al., 2007). This saturation has direct impacts on the atmospheric 

cycling and exchange. 

 A multitude of studies have exhaustively analyzed the biological implicates of mercury 

upon the ecosystem. For apparent reasons a majority of the research and scope of these analyses 

look at the contemporary including the immediate past and future of mercury while otherwise 

remaining silent on the history of mercury in deep time. This paper will review the implications 

and applications of mercury studies with regard to global climate change. In particular, the effect 

of sea ice on the mercury cycle as well as the correlation between glaciation and measurable 

effects on the mercury cycle will be explored. 

 While multiple species of mercury will be considered, MeHg is of prime importance for 

its biologic role. Whereas inorganic forms of mercury are poorly integrated into an organism 

upon ingestion, organic MeHg is readily absorbed (Mozaffarian and Rimm, 2006). It is with 

absorption that the multiple health effects stem, and therefore MeHg is of interest to human 

populations and health.  

 



2. Sample and Methods 

2.1 Mercury Cycle 

 The primary source of data for the mercury cycle is obtained directly from mercury 

concentration and isotope measurements. In order to measure the various species of mercury 

present in the water column, a sample of water is taken. Then through a filtering process, the 

mercury can be selectively removed from the water (Tseng et al., 2004). A variety of procedures 

can then be used to determine Hg0, MeHg, Hg(II) speciation proportions. Net transport levels and 

fluxes are of interest in understanding the net transfer of mercury between primary reservoirs. For 

example, atmospheric-marine Hg flux can be estimated by correlating atmospheric wind patterns 

and pHg0 measurements (Tseng et al., 2003). These data provide the raw input necessary to 

understand the global mercury cycle. 

2.2 Glaciation Record 

 The rock record provides numerous opportunities to measure and observe past glacial 

events in deep time. Mean ocean temperatures, which are usually primary to the record, can then 

be used to estimate and infer the glacial extent during that particular interval of time. A technique 

used extensively for this purpose is the measurment of δ18O values within foraminifera sediments 

(Waelbroeck et al., 2002). This value correlates highly to the mean sea temperature in which the 

foraminifera lived. The foraminifera rock record stretches back more than 50 Ma, but resolution 

is restricted to 800 years in optimal conditions (Waelbroeck et al., 2002). This lack of resolution 

limits the rock record’s usefulness when studying glacial patterns. 

 To gain greater resolution to study glaciation on a yearly or decadal basis, another 

technique must be utilized. Although limited in time span to within the last 750,000 years, ice 

cores provide extremely precise recordings of atmospheric conditions (Riebeek, 2005; Li et al., 

2009). From these cores, atmospheric conditions, especially CO2 concentrations, can be directly 



measured. From these concentrations, the mean surface temperature can then be estimated 

(Takahashi et al., 2002). This leads to the same possible observations as with foraminifera 

sediment but with much higher annual resolution. 

3. Results 

 Through data on the concentration for the different species of mercury within the water 

column, the basic outline of the mercury cycle is currently well understood. Figure 1 presents a 

basic model of the marine mercury cycle based on a three reservoir system with primary mercury 

fluxes indicated. The speciation is provided as a percentage of total mercury within that reservoir. 

Non-cyclic features within figure 2 demonstrate the multitude of pathways present within the 

mercury cycle. With the exception of the atmospheric reservoir, many pathways exist between 

each of the mercury species and therefore a ‘primary’ or ‘main’ pathway cannot always be 

indicated. 

3.1 Overview of Mercury 

Although mercury is primarily found in trace concentrations of less than 10 pM except in 

high flux, low transport environments such as lagoons and bays, the mercury cycle is a highly 

intricate and complex system involving both biological and abiotic pathways (Fitzgerald et al., 

2007). The global mercury cycle consists of three primary reservoirs: the atmosphere, marine 

environment, and sediments (Fig. 1). Already it is evident that the global mercury cycle 

encompasses a variety of processes including tectonics, weathering, and marine metabolisms. 



	  

Figure 1. Marine Mercury Cycle (Yin et al., 2010) 

3.2 Mercury Cycle 

3.2.1 Atmosphere 
 The atmosphere can logically be seen as the first stage of the mercury cycle. Since Hg0 is 

highly volatile in the natural environment (Mukherjee et al., 2008), the atmosphere plays a key 

role as a reservoir and transporter of mercury. The primary sink of Hg0 in the atmosphere is by 

oxidation followed by precipitation of Hg(II) species (Barkey et al., 2003; Bonzongo and Donkor, 

2003). This is the primary pathway for mercury to enter the marine environment. In turn sources 

to the atmosphere include both direct volatilization from typical weathering of continental crust 

and anthropogenic sources. Re-volatilization of marine mercury is the most significant sink of 

mercury in the oceans (Blum, 2011). In addition, volcanic sources represent a comparatively 

small but important source. Hg0 is virtually the only species of mercury present in the 

atmosphere. Transport is primarily performed through atmospheric processes. 



3.2.2 Marine  
 As the only significant contributor of mercury into the biosphere, the marine environment 

is a keystone to understanding the biotic interactions of the mercury cycle. The majority of 

mercury enters the oceans as Hg(II) from the atmosphere. Once incorporated, several pathways 

mediated by biologic and abiotic pathways are possible. While the processes involved in mercury 

processing are understood for surface, euphotic waters; the processes are less clear for deep water 

where concentrations involved are quite low and imprecision high. Overall the processes which 

take place in deep marine and anoxic waters are speculative yet in agreement with available data 

and theoretical arguments. In general, low concentration levels and difficult acquisition 

techniques hinder mercury measurements. 

 Hg(II) is the single largest fraction of speciation of mercury in surface waters. Typically 

making up around 80% of total mercury, Hg(II) can be photoreduced back into Hg0 or enter a 

biologic pathway (Fitzgerald et al., 2007).  Hg0 is typically supersaturated and constitutes about 

15% of total mercury composition (Tseng et al., 2003). Bacteria with a gene known as MerA can 

reduce Hg(II) to Hg0 which in a water column supersaturated in Hg0 is quickly outgassed to the 

atmosphere (Kritee et al., 2009). The other possible pathway involves a sinking of Hg(II) to depth 

where anoxic microbes can process the mercury. 

 As already described above the processes and mechanisms of mercury conversion are 

either unknown or highly speculative. It is believed that both Hg0 and Hg(II) sink in the water 

column and represent approximately 20% and 50% of the mercury species at depth, respectively. 

Furthermore there is mechanistic evidence to suggest that Hg(II) is processed by Sulfate-

Reducing Bacteria (SRB) to MeHg and possibly also diMeHg (Barkay et al., 2003). This is the 

primary source of MeHg in the marine environment. SRB also generate the MeHg in anoxic muds 

and represent a source of coastal MeHg. Once produced, MeHg can be upwelled to surface 

waters, typically in coastal waters. 



 MeHg, along with diMeHg, constitute the most biologically potent form of mercury. 

Although existing in extremely minute concentrations of around 0.05 to 0.4 pM in coastal areas 

and below the detection limit of 0.05 pM in the open ocean (Fitzgerald et al., 2007), MeHg 

related illness has grabbed headlines the world over. The danger of mercury poisoning stems not 

from trace-level exposer through sea water, but instead by its bioaccumulation potential. 

Although beyond the purview of this report, it is important that bioaccumulation can lead to 

concentrations of up to 1 µg/g wet weight of some fish (Morel et al., 1998; Fitzgerald et al., 

2007). This is a massive accrual of MeHg over open water levels. Once reincorporated into the 

surface layer, MeHg can either be directly photoreduced into  Hg0 (same pathway as for Hg(II)) 

or biologically processed into Hg0. Bacteria with the MerB gene can reduce MeHg and diMeHg 

into Hg(II) (Kritee et al., 2008). Hg(II) can then further reduced through the direction of the MerA 

gene. 

3.2.3 Sedimentation 
 Sedimentation within the marine environment also leads to low levels of mercury burial. 

Burial principally affects Hg(II) and MeHg species. Overall burial rates are low and lithification 

of mercury species pose volatility issues leading to a relatively unimportant sink of mercury 

within the marine environment (Fitzgerald et al., 2007). Therefore only hydro-atmospheric 

processes will be analyzed. 

3.3 Glaciation 

3.3.1 Glaciation Cycles 
 Thought to be caused by a number of factors including tectonics, astrodynamics, and  

biogenic processes, Glaciation events have regularly been recorded in rock and ice core records 

(see section 2.2). Having been exhaustively researched, CO2 and other atmospheric gases provide 

a marker that correlates well with both mean temperature and glaciation. Cycles of mean 

temperature between periods of glacial minima and maxima have been well described in other 

works. 



3.3.2 Effects on Mercury Cycle by Glaciation 
 Since photoreduction contributes an important link between oxidized forms of mercury 

and reduced forms, the mercury cycle is highly dependent on solar flux to maintain present 

conditions (Bonzongo and Donkor, 2003). 

Under glaciation conditions, where the extent of 

sea ice increases significantly, the mercury 

cycle must compensate through appropriate 

changes in new mercury fluxes.  

 Since photoreduction of MeHg to Hg0 

is suppressed by the presence of marine ice, the 

biologically mediated pathway must 

accommodate a corresponding increase in 

MeHg flux when assuming reservoir stability. If the size of the reservoir is static; then through 

mass balance, equation 1 must be true. With the simple model provided above (Fig. 2), Equation 

1 simplifies to Equation 2.  

𝜕𝐻𝑔
𝜕𝑡

= 0    
!"#$%&

     𝑓𝑙𝑢𝑥!" =    𝑓𝑙𝑢𝑥!"# (1) 

Therefore; 

𝑓(𝑀𝑒𝐻𝑔!") = 𝑓𝑙𝑢𝑥 𝐻𝑔!!!!"! + 𝑓𝑙𝑢𝑥 𝐻𝑔!!"#  (2) 

 Thought the physical measurement of these fluxes pose many complex and difficult 

logistical issues, in principle these fluxes can be measured through the application of stable 

isotope geochemistry. Mercury exists as four stable isotopes, and though the end product of either 

mercury reduction pathways is the same (Hg0), each applies a distinct isotopic fractionation. 

While the photoreduction of MeHg results in δ202Hg0 of +1.3‰ to +1.7‰, the biotic pathway 

Figure	  2.	  Stable	  MeHg	  Reservoir 



results in δ202Hg0 values of +1.7‰ to +2.4‰ (Yin et al., 2010). This small, but measurable, 

fractionation differential provides information regarding the relative fluxes of mercury reduction 

of MeHg → Hg0 given a sample affect by fractionation from both sources. In a simple two-box 

model (Figure 3), the ratio of mercury reduced through photoreduction compared to total mercury 

reduction can be estimated with Equation 3. Similar formulas can be generated for the simple 

model put forward in Figure 1. With more degrees of freedom, the amount of information 

required to constrain the model increases proportionally, therefore estimates are much more 

variable when accounting for all relations outlined in figure 1. 

𝛿! = 𝛿! ∙ 𝑓!!!"!𝛿!!!"! + 𝑓!"#𝛿!"#         with        𝛿! = 1000 ∙ (𝜀! − 1) (3) 

	  

Figure 3. Two Box Model 

 Another useful and perhaps more general method to determining the relative flux of 

mercury through a biologically mediated pathway over an abiotic pathway is to look at mass-

independent fractionation (MIF) levels. Since there is virtually no MIF of mercury isotopes by the 

Mer mediated MeHg reduction (Kritee et al., 2008), a purely biological pathway is expected to 

exhibit mass-dependent fractionation (MDF) exclusively. MIF effects are typically generated 

through abiotic processes. The abiotic, photoreduction of MeHg stands in stark contrast to Mer 

through its significant MIF signal. Photoreduced MeHg showed Δ201Hg and Δ199Hg levels of up to 

and great than +2.0‰ (Bergquist and Bloom, 2007). Although it is left to be shown, MIF and 



MDF analyses may provide a direct metric to gauge the relative mercury flux through competing 

biologic and abiotic pathways in other regions of the Mercury Cycle as well. 

 Through the effects of climate change, ocean current and shifts in marine dynamics will 

have important consequences in the mercury cycle. As marine ice-sheets retreat with a warmer 

climate, ocean upwelling and circulation will increase. This will have the compound effect of 

hastening mercury exchange between the surface and deep water layers, as well as raising 

nutrient levels for microbes (Stern et al., 2012). While the net effect of this changing dynamic is 

unknown, the effect is likely to increase exposer to MeHg in coastal regions as MeHg from the 

deep sea is quickly cycled upwards (Stern et al., 2012). Other climate change dynamics may 

affect change in the mercury cycle through other, unforeseen pathways. 

4. Discussion 
 Under marine ice sheets, UV and visible light is shielded and thereby reduces the amount 

of MeHg that can be photoreduced. Therefore under conditions of high glaciation, MeHg 

concentrations, especially in arctic piscivorous fish, should be significantly augmented 

(Fitzgerald et al., 2007). Likewise, under conditions of minimal glaciation, the MeHg 

concentrations should be drastically reduced due to increased photoreduction in the photic zone. 

While perhaps not as significant a factor on MeHg concentrations as anthropogenic input, the 

current retreat of many of the world’s ice sheets will tend to lower MeHg in the marine water 

column as a whole. Coastal MeHg concentrations may increase due to the enhanced upwelling in 

arctic regions no longer supporting ice sheets. 

 In order to further illuminate and understand the intricate workings of the mercury cycle 

having a complete record of mercury concentrations over the past glacial maximum would be 

invaluable. Currently, all the detailed mercury analyses have focused on contemporary changes 

due to the immediate and pressing concerns of public health. Consequently, there has been little 



work exploring historical trends or connections involving mercury beyond the past couple of 

centuries. 

 This paper did not set out to fully illuminate and analyze the complex and multifaceted 

interactions within the global mercury cycle. Much of this work has yet to be pioneered for many 

links in the chain, such as the precise deep-sea concentrations of mercury species, still pose 

technical and monetary challenges. The mercury cycle is also a non-driving member of countless 

global dynamics and as such a change in global temperature, for example, will impact the 

mercury cycle through both direct means (increased photoreduction) and indirect means 

(microbes, currents, wind patterns, fluvial flux, anthropogenics, etc). Many of these changes have 

unknown or poorly characterized effects upon the global mercury cycle. 

 Many of the current issues with studies focusing on the glacial connection to the mercury 

cycle can be solved with technological processes. As technology advances, the accuracy and 

sample requirements necessary for measurements will improve, leading to more accurate models 

and better understanding of the complex causal relations between the mercury cycle and other 

global dynamics. 
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