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Abstract: Despite Australia’s high reliance on coal for electricity generation, no study has 47 

addressed the extent to which mercury (Hg) deposition has increased since the 48 

commissioning of coal-fired power plants. We present stratigraphic data from lake sediments 49 

in the Hunter Valley (New South Wales) and Latrobe Valley (Victoria), where a significant 50 

proportion of Australia’s electricity is generated via coal combustion. Mercury deposition in 51 

lake sediments increased in the 1970s with the commissioning of coal-fired power plants, by 52 

a factor of 2.9-times in sediments of Lake Glenbawn (Hunter Valley) and 14-times in 53 

Traralgon Reservoir (Latrobe Valley). Sediments deposited after the commissioning of power 54 

plants have distinct Hg isotope compositions, similar to  those of combusted coals. Mercury 55 

emission, estimated using an atmospheric model (CALPUFF), was higher in the Latrobe 56 

Valley than in the Hunter Valley. This is a result of higher Hg concentrations in lignite coal, 57 

lax regulation and older pollution-control technologies adopted by power-plants in the 58 

Latrobe Valley. Near-source deposition of Hg in Australia is significantly higher than North 59 

America and Europe, where better emission controls (e.g. wet flue gas desulfurization) have 60 

been in effect for decades. The challenge for Australia in  years to come will be to ratify the 61 

Minamata Convention and develop better regulation policies to reduce Hg emissions. 62 

 63 

■ INTRODUCTION 64 

Mercury (Hg) is a neurotoxic heavy metal found ubiquitously in the atmosphere and on the 65 

Earth's surface (Selin, 2009). Mercury has an atmospheric residence time of ~1 yr, allowing it 66 

to be globally distributed (Gustin et al., 2015; Selin, 2009) and eventually deposited on 67 

terrestrial or water surfaces. As a result, measurements from natural archives such as lake 68 

sediments are useful tools to understand anthropogenic inputs of Hg to the atmosphere and 69 

consequent deposition in the environment (Biester et al., 2007; Engstrom et al., 2014) 70 

Human activities such as gold mining and biomass/fossil fuel combustion have led to an 71 

increase in Hg emissions compared to pre-industrial times (Selin, 2009). Although Hg is 72 

commonly present at trace levels in coal (Sun et al., 2016a), the large quantity of coal used in 73 

the energy and industrial sectors have made coal combustion the dominant Hg emission 74 

source globally. Coal combustion alone is responsible for more than 20% of the estimated 75 

global Hg emissions (UNEP, 2019). The main factors affecting Hg emissions and fate in the 76 
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environment during coal combustion include the Hg content of the coal, the type and 77 

efficiency of control devices used to reduce gaseous and particulate emissions, and the total 78 

amount of coal combusted (Dabrowski et al., 2008; Pavlish et al., 2003). 79 

In Australia, coal accounted for 62% of total electricity generated in 2016-2017 (DEE, 2018), 80 

with the largest coal-fired power plants located in the Hunter Valley (NSW) and in the 81 

Latrobe Valley (VIC) (Schneider et al., 2020). The Upper Hunter Valley has two major 82 

power plants (Liddell and Bayswater) fed by bituminous coal (NSW Planning and 83 

Environment, 2019) generating 35% of the electricity needs of the state of New South Wales 84 

(NSW). In the Latrobe Valley, electricity is produced from the combustion of predominantly 85 

brown coal (lignite) and the valley produces approximately 85% of the  electricity for the 86 

state of Victoria (VIC) (Weller et al., 2011).  87 

Coal-fired power plants in Australia are characterised by ageing facilities and lack modern 88 

devices to control pollution emission (Sinclair and Schneider, 2019). By 2030, around half of 89 

the 24 coal-fired power plants in Australia will be over 40 years old, with some plants having 90 

operated for nearly 60 years (Stock, 2014). The emission control devices used in these power 91 

plants are filter bags in NSW, and electrostatic precipitators in VIC, with neither Hg-specific 92 

controls nor acid gas control devices in use. This difference in emission control devices has a 93 

significant impact on Hg emissions from coal-fired power stations in NSW compared to VIC. 94 

The performance of emission control devices varies according to the operational conditions 95 

of the power station. However in general, Hg removal efficiency of bag filters is higher 96 

(approximately 80% removal) than that of electrostatic precipitators (approximately 20% 97 

removal) (Wang et al., 2008). 98 

Mercury stable isotope geochemistry has been used to determine  Hg sources and to track the 99 

processes and fate of Hg in the environment by utilising the variation of seven Hg stable 100 

isotopes (196Hg, 198Hg, 199Hg, 200Hg, 201Hg, 202Hg and 204Hg) (Sun et al., 2016a). These  isotopes 101 

exhibit both mass-dependent fractionation (MDF) and mass-independent fractionation (MIF) 102 

(Jackson and Muir, 2012), revealing valuable information about sources and biogeochemical 103 

cycling of Hg (Bergquist and Blum, 2007). Previous Hg isotopic studies show that coal deposits 104 

from different regions, coal-forming periods and maturation ranks are characterized by distinct 105 

Hg isotope compositions (Sun et al., 2016a), in which MIF are unaltered by coal combustion 106 

processes in coal-fired boilers (Sun et al., 2016b, 2014). 107 
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Little is known about Hg emissions and accumulation in different environmental compartments 108 

in Australia (Dutt et al., 2009; Howard et al., 2017; Nelson, 2007; Nelson et al., 2012; 109 

Schneider et al., 2020) and to the best of our knowledge, no Hg isotopic measurements have 110 

been published for the Australian environment. Quantitative assessment of Hg sources, 111 

deposition and emission from coal-fired plants in Australia is of substantial interest to both 112 

environmental scientists and decision-makers. This is particularly the case in Australia where 113 

negotiations to ratify the Minamata Convention are still ongoing (Sinclair and Schneider, 114 

2019).  115 

We studied historical variations in Hg concentrations, Hg deposition fluxes and the isotopic 116 

composition of Hg in sediment cores from lakes adjacent to coal-fired power plants in the 117 

Hunter and Latrobe Valleys. Mercury isotope records and spheroidal carbonaceous particles 118 

(SCPs, a component of fly-ash only derived from the high combustion temperature of coal and 119 

oil fuels (Rose, 2001), are used to identify the sources and cycling of Hg in lake sediments. 120 

Mercury atmospheric deposition was calculated in these two areas using a detailed long-range 121 

atmospheric dispersion model — CALPUFF (Scire et al., 2000). Finally, we assessed the 122 

efficiency of retrofitting these power plants with bag filters and discuss the implications of 123 

regulatory decisions on Hg emissions in these two areas.  124 

 125 

 126 

■ MATERIALS AND METHODS 127 

This study was undertaken within areas of major coal deposits in Australia that host the largest 128 

coal-fired power plants in the country: the Hunter Valley in NSW and the Latrobe Valley in 129 

VIC (Figure 1). These two sites are distinct in coal formation, with the Hunter Valley producing 130 

bituminous coals from the Permian (about 250 million years old), with varying volatile matter 131 

and ash content (NSW Planning and Environment, 2019), and the Latrobe Valley producing 132 

lignite brown coal from the Early-Middle Cenozoic (about 15–50 million years old) with high 133 

water content (Australia Government Regional Assessment Program, 2019; Nelson, 2007). The 134 

coal mined from both sites supply nearby coal-fired power plants. More information is 135 

presented in the Supplementary Material. Coal-fired power plants located in both Hunter and 136 

Latrobe Valleys and respective coal types are listed in Table 1.  137 

 138 

Sediment, soil and coal collection 139 
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Lake Glenbawn, Hunter Valley 140 

We selected dams that are proximal to coal-fired power plants in these two valleys to study the 141 

temporal trends in Hg deposition and their relationship with the establishment and operations 142 

of coal-fired power plants (Figure 1). Lake Glenbawn in NSW (32.0940° S, 150.9891° E, 280 143 

m a.s.l.) is approximately 30 km northwest of Liddell and Bayswater coal-fired power plants 144 

(Figure 1). No coal-mining activities exist within the Lake Glenbawn catchment area. The 145 

sediment core collection was completed in May 2018 using a gravity corer fitted with a 146 

polycarbonate tube that penetrated the sediment 30 m below the water surface. Disturbance of 147 

the water-sediment interface was minimal and maximum penetration in the sediment was 32 148 

cm. The sediment core was sliced every 1 cm in the field and stored in Ziplock bags in the 149 

Australian National University Palaeoworks Lab cold room at 4º C. More details about 150 

sediment collection and regional climate are presented in the Supplementary Material. 151 

In addition, samples representing the two main Hg sources in the catchment (coal and 152 

catchment soils) were obtained. Three bituminous coal samples were obtained from Newstan 153 

mine, part of the Newcastle coalfield. This mine is part of the five coal fields that make up the 154 

Sydney-Gunnedah coal basin, which is the largest resource of bituminous coal in Australia 155 

(Pinetown et al., 2008). Coal mined in this mine is used both domestically and for export. 156 

Soil samples were obtained from two sites on the south side of the Lake Glenbawn catchment 157 

Samples were collected by digging approximately 30 g of soil from the 2-4 cm depth layer with 158 

a stainless-steel trowel to remove the influence of possible top layer contamination. They were 159 

stored in Ziploc bags and stored in the same way as the sediment samples. 160 

 161 

Traralgon Railway Reservoir, Victoria 162 

Traralgon Railway Reservoir is located in the Traralgon Conservation Reserve (38°12'35.35"S, 163 

146°31'47.32"E, 64 m a.s.l.), in Victoria (Figure 1). Coal-fired power plants located in the 164 

Latrobe Valley include Hazelwood Power Station (decommissioned in 2017), Loy Yang Power 165 

Stations A & B, Yallourn Power Station and Yallourn Power Station (Table 1, Figure 1). 166 

Traralgon Railway Reservoir is located 16 km from Hazelwood, 18 km from Yallourn and 8 167 

km from Loy Yang A & B power stations.   168 

As for Lake Glenbawn, Traralgon Railway Reservoir has no coal-mining activities within its 169 

catchment. A sediment core was taken in April 2018 using a piston corer fitted with a 170 

polypropylene tube and a 43 cm core was retrieved at 3 m depth from the water surface. The 171 
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core was sliced every 1 cm in the field and stored in Ziplock bags in the Palaeoworks Lab cold 172 

room at 4º C at the Australian National University. More details on this reservoir and regional 173 

climate are provided in Supplementary Material.  174 

Soil samples were collected and stored from five sites in the west and east side of Traralgon 175 

Reservoir catchment as described for Lake Glenbawn. Samples of lignite coal were obtained 176 

from Yallourn open-cut mine, next to Yallourn Power Plant and stored in zip-lock bags at 4º C 177 

until processed. 178 

Prior to all laboratory analyses, all samples from Lake Glenbawn and Traralgon Railway 179 

Reserve were freeze-dried for 72 hours using a Christ Alpha 1–2 LDplus lyophilizer (John 180 

Morris Scientific, Sydney, Australia). Grain size and organic matter analyses are presented in 181 

Supplementary Material. 182 

 183 

Spheroidal carbonaceous particles (SCPs) 184 

Sediment samples were analysed for SCPs using sequential treatments of nitric, hydrofluoric 185 

and hydrochloric acids to remove organic, siliceous and carbonate fractions respectively (Rose, 186 

1994). A known fraction of the final suspension in water was then evaporated onto a coverslip, 187 

mounted onto a glass slide, and the number of SCPs counted using a light microscope at 400 188 

times magnification. Standard criteria for SCP identification followed Rose (2008) and 189 

concentrations were calculated as the number of particles per gram dry mass of sediment (gDM-190 

1). SCP fluxes were calculated as the product of SCP concentration and bulk dry sediment mass 191 

accumulation rate (number of particles cm-2 yr-1). Analytical blanks and SCP reference material 192 

(Rose, 2008) were included with all sample digestions. The detection limit for the technique is 193 

typically less than 100 gDM-1 and calculated concentrations generally have an accuracy of c. ± 45 194 

gDM-1.  195 

 196 

Total mercury analyses 197 

Mercury analyses were conducted using a Milestone Direct Mercury Analyzer (DMA-80 Tri-198 

Cell; Milestone, Bergamo, Italy), following the USEPA method 7473(USEPA, 1998a). 199 

Approximately 100 mg of dry sediment, soil or coal was weighed into nickel boats. Two blanks 200 

and two Standard Reference Materials (SRMs) were analysed for every 36 samples and a 201 

replicate was analysed for every fifth sample. When replicate recovery exceeded a variance of 202 
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10% compared to the original sample, a second replicate was run. Certified sediment reference 203 

materials NIST-2711a (Montana River Sediment) and SECCC WQB-1 (Lake Ontario) were 204 

analysed, and results were in agreement with certified values (7.42 ± 0.18 and 1.06  ±  0.5 205 

mg/kg respectively – more details in Supplementary Table 1). 206 

Total Hg concentrations in trapping sample solutions used for Hg isotope ratio analysis (see 207 

below) were also measured at the Tianjin University, China, using a Tekran 2600 cold vapour 208 

atomic fluorescence spectrometer (CV-AFS) according to USEPA method 1631E (USEPA, 209 

2002). 210 

 211 

Mercury deposition flux: 212 

Mercury flux (µg m-2 yr-1) was calculated as Eq. 1: 213 

 214 

𝐻𝑔𝑓𝑙𝑢𝑥 = (𝑆𝑅 × 10−6) × (𝐷𝐵𝐷 × 10−2) × (𝐻𝑔 × 10−3)  (1) 215 

 216 

Where SR = sedimentation rate (cm yr-1); DBD = dry bulk density (g cm-3); Hg = Hg 217 

concentration (ng g-1). We define Hg flux, in this study, as the ratio of deposition (Hg 218 

concentration in ng g-1) to the accumulation rate (sedimentation rate in cm yr-1). 219 

 220 

Mercury isotope analyses 221 

Before Hg isotope ratio analysis, all samples were pre-concentrated for Hg by the combustion-222 

trapping method (details in Supplementary Material). The recoveries of samples and CRMs 223 

were typically in the range of 85-110%. The trapping solutions were diluted at least two times, 224 

and measured for Hg isotope ratios by coupling a customized cold vapour generation system 225 

to the multi-collector inductively coupled plasma mass spectrometry (MC-ICPMS, Nu Plasma 226 

3D at Tianjin University, China). The instrumental mass bias was corrected by both an internal 227 

NIST 997 Tl standard solution and a bracketed NIST 3133 Hg standard. The bracketed NIST 228 

3133 solutions were matched to the sample solutions to within 10% in both the acid matrix and 229 

Hg concentrations. Detailed measurement protocols have been published elsewhere (Sun et al., 230 

2020).  231 
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The measured Hg isotope ratio is expressed as δxxxHg (‰, xxx = 199, 200, 201, 202, 232 

204): 233 

( ) ( ) ( )198 198

sample NIST 3133
δ Hg Hg / Hg Hg / Hg 1 1000xxx xxx xxx = − 

  
‰   (1) 234 

MIF is expressed as ΔxxxHg notation: 235 

( ) 202Hg δ Hg δ Hgxxx xxx xxx  = − ‰    (2)  236 

The mass dependent scaling factor xxxβ is 0.2520 for 199Hg, 0.5024 for 200Hg, 0.7520 for 201Hg 237 

and 1.4930 for 204Hg. 238 

Mercury isotope ratios of the long-term secondary standard NIST 3177 solution analysed 239 

during different analytical sessions between 2018-2019 were -0.52 ± 0.07‰ (2 standard 240 

deviation: SD) for δ202Hg, 0.00 ± 0.04‰ (2SD) for Δ199Hg, 0.01 ± 0.03‰ (2SD) for Δ200Hg, 241 

and -0.02 ± 0.04‰ (2SD) for Δ201Hg. The NIST 3177 and procedural CRMs (NIST1632e-coal; 242 

GSS-5 soil (GBW07405) had Hg isotope ratios in agreement with those reported in previous 243 

studies (Sun et al., 2020; Zheng et al., 2020) (Supplementary Table 2). The typical 2σ analytical 244 

uncertainties of coal and sediment/soil were estimated as the larger 2SD uncertainties of Hg 245 

isotope ratios between NIST 3177 and NIST1632e (i.e., 0.13‰ for δ202Hg, 0.04‰ for Δ199Hg, 246 

0.04‰ for Δ200Hg, and 0.05‰ for Δ201Hg) and between NIST 3177 and GSS-5 i.e., 0.07‰ for 247 

δ202Hg, 0.04‰ for Δ199Hg, 0.06‰ for Δ200Hg, and 0.05‰ for Δ201Hg), respectively. The 2SE 248 

uncertainties of Hg isotope ratios associated with the sample replicate analyses were applied 249 

as the 2σ analytical uncertainties only when they were larger than the typical 2σ analytical 250 

uncertainties. 251 

 252 

Sediment chronologies 253 

Samples for lead-210 (210Pb) dating were processed at the Australian Nuclear Science and 254 

Technology Organisation (ANSTO) by alpha particle spectrometry, following methods 255 

described by Harrison et al. (2003). The age-depth models used in this study were obtained by 256 

the Plum model (Aquino-López et al., 2018) and have already been published elsewhere 257 

(Schneider et al., 2020). Influxes of Hg and SCPs (mass sedimentation rate × THg or SCPs) 258 

were calculated to account for the differences in sedimentation rate in each of the sediment 259 

cores. Details on the dating and age-depth methods are presented in Supplementary Material.  260 
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 261 

 262 

Atmospheric model 263 

 264 

Atmospheric transport and deposition of Hg from the two power plants was calculated using 265 

version 7 (June 2015) of the CALPUFF modelling system, by the Federal Land Managers’ 266 

Air Quality Related Values Workgroup (FLAG) (Exponent, 2020; USEPA, 1998b). The 267 

CALPUFF input model performs a detailed simulation of the rise of the plume from the 268 

power plant’s stack, through which the emissions are discharged. The United States 269 

Environmental Protection Agency (USEPA) standard default model settings were used 270 

throughout. Deposition parameters for Hg, for which there is no default in CALPUFF, were 271 

based on USEPA (USEPA, 1997). Details on the model parameters are given in 272 

Supplementary Material.  273 

Mercury emissions fed into the CALPUFF model were estimated by multiplying the 274 

concentration in coal from the Hunter and Latrobe Valleys (analysed in this study) by the 275 

annual consumption of coal per power station. The coal consumption was obtained from the 276 

power stations websites for the year 2017 (AGL Energy, 2017a, 2017b; Alinta Energy, 2017; 277 

Energy Australia, 2017) and are presented in Supplementary Table 6.  278 

The CALPUFF simulation covered the calendar year 2017. The simulation timestep was one 279 

hour. Divalent, elemental and particle-bound Hg were modelled as separate, inert species 280 

with different dry and wet deposition characteristics. CALPUFF does not model the chemical 281 

transformations of Hg species. However, this is not likely to affect our predicted deposition 282 

of Hg in Lake Glenbawn and Traralgon Railway Reservoir due to the short travel time 283 

between the emission sources and these reservoirs.  284 

 285 

Data analyses 286 

All data analyses were performed using the R Statistical Software (R Development Core Team, 287 

2008). The calculation of catchment area was conducted using the R package OpenSTARS 288 

(Kattwinkel and Szocs, 2018), which derives stream networks based on a Digital Elevation 289 

Model (DEM) . The sediment age-depth models were obtained using the rplum package 290 

(Blaauw et al., 2020). Stratiplots with metal profiles plotted against age were produced using 291 

the R package analogue (Simpson, 2007).  292 

 293 
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 294 

■ RESULTS AND DISCUSSION 295 

 296 

Age depth models and sedimentation rates 297 

The age-depth models for Lake Glenbawn and Traralgon Railway Reservoir are provided in 298 

Supplementary Material (Supplementary Figures S1 and S2). The Lake Glenbawn reservoir 299 

was created in 1957 when the Hunter River was dammed and so an age-depth model was 300 

constructed down to this date (28 cm) (Supplementary Figure S1). Following impoundment, 301 

the mean sedimentation rate was 0.1 g cm2 yr-1, with no major sedimentary changes occurring. 302 

The low sedimentation rate is a result of extensive operations by the NSW Soil Conservation 303 

Service that resulted in a stable catchment with minimal soil erosion (Erskine and Bell, 1982). 304 

As a result, erosion and catchment inputs are unlikely to have overridden the historical 305 

signatures of atmospheric Hg deposition in this lake. 306 

Unsupported 210Pb activities in the Traralgon Reservoir sediment core decreased with depth 307 

between 0 and 20 cm and, between 20 and 40 cm depth, the total 210Pb activities were 308 

constant (Supplementary Figure S2). Supported 210Pb was estimated from the concentrations 309 

of 226Ra (Supplementary Figure S2). The sedimentation rate in this core was around 0.2 g cm-310 

2 yr-1 above 31 cm and 0.1 g cm-2 yr-1 below 31cm (Supplementary Table 3). The low 311 

sedimentation rates  indicate that major erosion events in the catchment are unlikely to have 312 

occurred, as this dam has a small catchment size (1.5 km2) and water in the reservoir 313 

originates from a gully ~500 m away.  314 

The concentrations of cobalt, copper, zinc, arsenic, selenium, lead, magnesium and 315 

aluminium from both sediment cores were published previously (Schneider et al., 2020). The 316 

sediment profiles of these elements indicated that no major erosion has occurred in either 317 

catchment. This is further supported by the reasonably constant grain-size of the sediment 318 

(illustrated as specific surface area in m2 g-1) and constant percentage of organic matter 319 

within core (Figure 2A-B). 320 

 321 

Mercury historical deposition 322 

 323 

Lake Glenbawn 324 

Mercury concentrations in the three bituminous coal samples from Newstan mine were 325 

measured as 43.0, 46.5 and 40.3 ng g-1. For Lake Glenbawn, Hg concentrations and 326 
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deposition fluxes increased from 20 to 74 ng g-1 and from 25 to 84 µg m-2 yr-1, respectively 327 

(Supplementary Table 3). This increase began ~ 1971, at the time when Liddell Power Plant 328 

was commissioned. Both Hg concentrations and fluxes reached a peak at around 1989, just 329 

before Liddell was retrofitted with bag filters, in 1990 (Figure 2A). From 1990, although coal 330 

consumption was still increasing, Hg concentrations and fluxes approximately halved (Hg 331 

concentrations decreased from 74 to 37 ng g-1; Hg fluxes decreased from 84 to 40 µg m-2 yr-1, 332 

Figure 2A), suggesting that the introduction of bag filters was an effective measure taken to 333 

control Hg emissions.  334 

Although Bayswater, commissioned in 1986, has a higher electricity production capacity 335 

(2,640 MW) than Liddell (2,000 MW). There was minimal increase in Hg deposition to Lake 336 

Glenbawn from 1986 and 1990 (Figure 2A). This is likely a result of Bayswater being 337 

commissioned with bag filters in place, a more efficient technology to control metal 338 

emissions (Yi et al., 2008) than the original electrostatic precipitation technology at Liddell. 339 

From 2010 onwards, Hg deposition in Lake Glenbawn remained stable, likely a reflection of 340 

the decrease in demand for coal power generation, demonstrated by the data on coal 341 

consumption in New South Wales  (Figure 2A).  342 

The increase in Hg as a result of the commissioning of the Liddell Power Plant is paralleled 343 

by the start of the spheroidal carbonaceous particle (SCP) record in the sediment in the 1970s, 344 

(Figure 2A). Although SCP concentrations and fluxes are low, overall, they increase in the 345 

sediments of Lake Glenbawn. A decline in SCP concentrations in 1990 corresponds to the 346 

time when Liddell was retrofitted with bag filters (Figure 2A). Thereafter, as for Hg, SCP 347 

concentration and flux fluctuate with changes in demand for electricity generation although 348 

the low concentrations and fluxes exaggerate these patterns (Figure 2A). This is in agreement 349 

with previous publications demonstrating correlations between SCP fluxes and other metals 350 

emitted by coal-fired power plants (Bindler et al., 2001; Rose et al., 2012; Schneider et al., 351 

2020). 352 

 353 

Traralgon Railway Reservoir 354 

The mercury concentration in lignite coal from Yallourn open-cut mine was measured as 70 355 

ng g-1. Mercury concentrations and deposition fluxes in the sediments of Traralgon Railway 356 

Reservoir began to increase in the 1970s, when Hazelwood Power Plant was commissioned 357 

(Figure 2B, Supplementary Table 3). Concentrations and fluxes further increased gradually as 358 
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Yallourn, Loy Yang A and Loy Yang B were commissioned in the Latrobe Valley (Table 1, 359 

Figure 2B). In contrast to Lake Glenbawn, Hg deposition in Traralgon increases throughout 360 

the core, likely due to a failure to upgrade these power plants with better pollution controls. 361 

The only pollution control technology installed in the Latrobe Valley power plants are 362 

electrostatic precipitators.  363 

The first appearance of SCP in Traralgon sediments is concurrent with the commissioning of 364 

the Hazelwood Power Plant. SCP concentrations increase as other power plants were 365 

commissioned (Figure 2B). The most abrupt increase in both Hg and SCP deposition 366 

occurred at ~ 2006 and 2014. This increase is unlikely to be a result of an increase in 367 

electricity demand, given coal consumption is relatively stable during this period (Figure 2B). 368 

Possible causes are fires in the open-cut coal mines in the area in 2006 and 2014. The fire of 369 

2006, at the Hazelwood open cut mine, was exacerbated by strong winds that caused the fire 370 

to spread over 2 km of the open cut mine (Catford et al., 2014). The 2014 incident was even 371 

more catastrophic, with fire reaching 1,100 hectares of the Hazelwood mine, with a perimeter 372 

of 18 kilometres (Asher and Whittaker, 2020; Catford et al., 2014). Although the increase in 373 

Hg and SCP are concurrent with the time of the fire, more studies, including air sample filters 374 

and soils are required to confirm these as potential sources. 375 

 376 

 377 
Hunter Valley vs. Latrobe Valley 378 

 379 

Overall, sediments from Lake Glenbawn and Traralgon Railway Reservoir have similar 380 

background (related to the time before power stations were commissioned) Hg deposition 381 

fluxes (x̄ = 20.5 ± 2.9 µg m-2 yr-1 for Lake Glenbawn and x̄ = 24.0 ± 2.5 µg m-2 yr-1 for 382 

Traralgon Railway Reservoir, Supplementary Table 4). While Hg deposition fluxes have 383 

increased in sediments of Lake Glenbawn by a factor of 2.9 above background following the 384 

commissioning of the coal-fired power plants, those at Traralgon have increased by 14-times. 385 

This is due to a combination  of several factors: (1) Traralgon Reservoir is located just a short 386 

distance and within the prevailing wind direction of coal-fired power plants in the Latrobe 387 

Valley (Figure 1 A-B); (2) lignite coal has higher Hg concentrations than bituminous coal (70 388 

and 40 ng g-1 respectively, Supplementary table 4) and (3) coal-fired power plants from 389 

Latrobe Valley (VIC) are less regulated and have less efficient devices to control Hg 390 

emissions than power plants in the Hunter Valley (NSW) (Supplementary Material).  391 
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 392 

Mercury isotope variation  393 

Δ199Hg  vs δ202Hg and Δ199Hg vs Δ201Hg values for all samples analysed in this study are 394 

plotted in Figure 3. While significant MDF (δ202Hg) and MIF of the odd-mass number 395 

isotopes (Δ199Hg and Δ201Hg) were observed for these samples (Supplementary Table 4, 396 

Figure 3A), the MIF of even-mass number isotopes (Δ200Hg and Δ204Hg) are insignificant 397 

within analytical uncertainty (Supplementary Table 4), and will not be discussed further. The 398 

Δ199Hg vs δ202Hg plot (Figure 3A) reveals a clear separation between lignite and bituminous 399 

coal, illustrating the distinct isotope ratios of these two coal sources used for power 400 

generation. 401 

 402 

Hunter Valley 403 

 404 

The bituminous coals combusted in Hunter Valley power plants have a mean δ202Hg and 405 

Δ199Hg value of -1.98 ± 0.06 ‰ and 0.04 ± 0.01‰ (2SD, n=3), respectively (Figure 4A). They 406 

are isotopically distinct from Lake Glenbawn catchment soils, which have more positive δ202Hg 407 

(-0.90 ± 0.37 ‰) and more negative Δ199Hg (-0.37 ± 0.10 ‰) (2SD, n=2).  408 

Subsamples from the sediment core have intermediate δ202Hg (-1.12 ± 0.66‰ 2SD) and Δ199Hg 409 

(-0.28 ± 0.19 ‰) values. The sediment at 30-31 cm and 32-33 cm depths, before power plant 410 

commissioning, had a very similar Hg isotope composition (δ202Hg = -0.91 ± 0.07 ‰; Δ199Hg= 411 

-0.43 ± 0.04 ‰, 2SD) to the catchment soils (δ202Hg = -0.90 ± 0.37; Δ199Hg= -0.37 ± 0.10‰, 412 

2 SD), but shifted to more negative δ202Hg and more positive Δ199Hg towards the top of the 413 

core (Figure 4A).  414 

The difference in δ202Hg values between Lake Glenbawn catchment soils (-0.91 ± 0.42‰ 2SD) 415 

and bituminous coal (-1.98 ± 0.13‰, 2SD) is large (Figure 4A). The more negative δ202Hg 416 

value in sediment samples deposited in Lake Glenbawn after the onset of coal-fired power 417 

plants, compared to background sediment, suggests an increase in Hg deposition from 418 

combusted coal (Figure 4A). A slight positive δ202Hg shift in the stack gas is occurring at 12 419 

cm. This could be a result of the installation of bag filters at Liddell and Bayswater in 1986 and 420 

1990. The increase in δ202Hg value at the top of the sediment core is likely a result of the 421 

decrease in electricity production and coal burning over the last decade (DEE, 2018) (Figure 422 

4A).  423 
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The difference in Δ199Hg values pre- and post-power plant commissioning  (-0.41 ± 0.08 ‰ vs 424 

-0.23 ± 0.08 ‰, 2SD) (Figure 4A) also suggests a change in Hg sources, with coal-fired power 425 

plant emissions and deposition resulting in more positive Δ199Hg values in sediments deposited 426 

after the commissioning of coal-fired power plants.  427 

 428 

Latrobe Valley 429 
 430 

The lignite sample from the Yallourn open-cut mine has a δ202Hg and Δ199Hg value of -1.95‰ 431 

and -0.39‰ (2SD), respectively. When compared to catchment soils (δ202Hg = -1.73 ± 0.42‰; 432 

Δ199Hg= -0.52 ± 0.05‰, 2SD, n=5), the lignite is similar in δ202Hg but differs considerably in 433 

Δ199Hg. Although sediment samples generally have more positive δ202Hg values than both 434 

catchment soils and coal, their Δ199Hg values are within the range of catchment soils and lignite 435 

coal (Figure 4B, Supplementary Table 4). The sediment deposited prior to power plant 436 

construction (pre-1971) has a more positive δ202Hg value (-1.15 ‰) than post-power plant 437 

sediments (-1.52 ± 0.14‰ 2SD) and more negative Δ199Hg (-0.54 ‰) than post-power plant 438 

sediments (-0.44 ± 0.5‰ 2SD ‰, n=5). In addition, Δ199Hg differs considerably from 439 

catchment soils and the sediment prior to power plants. The Δ199Hg signal in the catchment 440 

soils is similar to that of the reservoir sediments deposited prior to power plant construction. 441 

This indicates that changes in Δ199Hg in the sediment core are likely a result of Hg deposition 442 

from the coal-fired power stations.  443 

For both lakes, older sediments prior to the commissioning of power plants have more negative 444 

Δ199Hg values likely because catchment soils had a greater contribution to these older 445 

sediments (Figure 4B). Previous studies have also shown that older sediments in lake cores are 446 

usually characterised by more negative Δ199Hg values (Biswas et al., 2008; Feng et al., 2010; 447 

Yin et al., 2016). 448 

The isotopic data for coals in this study are consistent with isotopic data for coals worldwide 449 

in which bituminous coals have higher Δ199Hg values than lignite (Sun et al., 2016a). The 450 

Australian bituminous coal analysed in this study (δ202Hg = -1.98 ± 0.06 ‰; Δ199Hg 0.04 ± 451 

0.01‰, 2SD) had Hg isotope compositions comparable to Indian bituminous coals (δ202Hg = 452 

-1.87‰; Δ199Hg=0.04‰) reported by Sun et al. (Sun et al., 2016a). The bituminous coals in 453 

India and Australia were both formed in the Late Permian, and at that time India and 454 

Australia were connected on the Gondwana supercontinent (Powell et al., 1993), where they 455 
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may have had similar coal-depositional environments. In contrast, the studied lignite was 456 

formed later, in the Cenozoic (Holdgate et al., 2000), when Australia had moved to near its 457 

current position (Sutherland, 1995). 458 

 459 

Mercury isotope fractionation and source contribution estimation 460 

Mercury isotopic compositions in both Glenbawn Dam and Traralgon Railway Reservoir are 461 

within those defined by two primary Hg sources (catchment soils and coal), except δ202Hg 462 

values in the sediment core samples from the Traralgon Railway Reservoir (Figure 4B). This 463 

suggests that MDF likely occurred during coal combustion (Sun et al., 2014, 2013) and/or Hg 464 

deposition into sediments. Furthermore, aqueous Hg sorption onto organic matter and minerals, 465 

and biotic and abiotic Hg reduction during and after Hg deposition into sediments can also 466 

cause large MDF (Blum et al., 2014; Sun et al., 2019). 467 

In contrast to MDF, large, odd MIF (Δ199Hg) mainly occurs during photochemical processes. 468 

Coal combustion and non-photochemical processes do not induce MIF (Sun et al., 2014). The 469 

odd MIF signatures of sediments in this study define a linear regression slope of ~1 (Figure 470 

3B), with coal and catchment soils plotted against the regression line. This suggests that the 471 

odd-MIF in all our samples are derived from Hg that had undergone photochemical reduction. 472 

Overall, compared to δ202Hg, Δ199Hg is a more robust indicator to discriminate Hg sources in 473 

the Hunter and Latrobe Valley.  474 

Based on these arguments, we used Δ199Hg as a conservative tracer to build a binary mixing 475 

model (Sun et al., 2020) to quantify Hg contributions from different sources. For both lakes, 476 

the fraction contribution of Hg from soil catchment to lake sediments was higher and more 477 

certain at the bottom of the core (93% for Glenbawn and 87% for Traralgon, Supplementary 478 

Table 5). For sediment deposited after the commissioning of coal-fired power plants, the binary 479 

mixing model estimated that 34% and 66% of Hg in Lake Glenbawn and 61% and 39% of Hg 480 

in Traralgon Reservoir was derived from the soil catchment and coal-fired power plants, 481 

respectively. This calculation suggests that whilst soil is most likely the main source of Hg for 482 

the bottom of the core (pre-power plant), coal contributes significantly to the anthropogenic 483 

Hg deposited after the power plants were commissioned.  484 

 485 

Mercury atmospheric model 486 
 487 
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By simulating the power plants using CALPUFF, 3-dimensional air concentration fields of 488 

each Hg species were obtained (Supplementary Table 6). Atmospheric mercury (Hg) is 489 

categorised into elemental Hg (Hg0), reactive gaseous or oxidized Hg (RGM) and particulate 490 

Hg (HgP) (Elgazali et al., 2018). For the Hunter Valley, approximately 176 kg of Hg0, 191 kg 491 

of RGM and 1.4 kg of HgP is estimated to be emitted per year (Supplementary Table 6). For 492 

the Latrobe Valley, 1752 kg of Hg0, 1898 kg of RGM and 13 kg of HgP is estimated to be 493 

emitted per year (Supplementary Table 6). 494 

The estimates of total Hg emissions indicates that power stations in the Latrobe Valley emit 495 

10 X more Hg (3664 kg yr-1) than power stations in the Hunter Valley (369 kg yr-1) 496 

(Supplementary Table 6). This result can be explained by the type of coal burnt in the 497 

Latrobe Valley, as lignite coal has a higher Hg content than bituminous coal used by power 498 

stations in the Hunter Valley (Supplementary Table 6). Furthermore, the power plants in the 499 

Latrobe Valley use less efficient pollution control device (electrostatic precipitator) than 500 

power stations in the Hunter Valley. 501 

The spatial annual total mercury deposition (µg m-2 yr-1 ) in the two areas  (5A-B), and the 502 

total mercury deposition (µg m-2 yr-1 ) by distance (km) from power plants (5C-D) are shown 503 

in Figure 5 and Supplementary Table 6. The results of Hg deposition obtained from the 504 

atmospheric model are similar to the Hg deposition fluxes recorded in sediments of Lake 505 

Glenbawn (~50 µg m-2 yr-1) and Traralgon Railway Reservoir (~200 µg m-2 yr-1) (Figure 2A-506 

B, Figure 5A-D, Supplementary Tables 3 and 6). For both Valleys, 50% of the Hg emitted is 507 

deposited within 50 km from the source (Supplementary Table 6). 508 

Previous study in the Latrobe Valley (Emmerson et al., 2015) simulated Hg deposition from 509 

the same power plants included in our work. The monthly maximum local deposition rate 510 

according to Emmerson et al. (2015) is 0.5 ug m-2 mth-1 in March 2005, 5-10 km from the 511 

power plants. They used a model with 3-km horizontal resolution. To make our result 512 

comparable, we calculated maximum deposition rates averaged over 3km x 3 km areas from 513 

our results, yielding a predicted maximum deposition rate in March, using 2017 514 

meteorological data, of 27 ug m-2 mth-1 .  515 

Our annual modelled Hg emission rate was 52 times higher than Emmerson et al (2015) 516 

result. The main difference between our work and that of Emmerson et al (2015) is the input 517 

data into the model. We used measured Hg content in coal, and reported coal consumption 518 

data by the power plants while Emmerson et al (2015) used the Nelson et al. (2012) 519 
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atmospheric Hg emission inventory. Our model total mercury emissions rates estimate of 520 

3660 kg yr-1 is 35 times higher than 101 kg yr-1 used by Emmerson et al (2015).  521 

The emission rates of RGM in our study are 47 times higher than Emmerson (2015). We 522 

modelled 1900 kg yr-1 while Emmerson et al. (2015) modelled 40 kg yr-1. The difference in 523 

THg and RGM emission rates between our model and Emmerson (2015) is consistent (52 524 

times higher for THg and 47 times higher for RGM). 525 

Schofield et al (2021) measured ground-level air concentrations of Hg at a location 5 km to 526 

the south of Hazelwood power station, and 14 and 18 km from the two other power stations, 527 

finding averages of 1.2–1.3 ng m-3 during daytime and 1.6–1.8 ng m-3 during night time in 528 

June 2013. Concentrations predicted by our modelling at their sampling location in June are 529 

0.06 ng m-3. This represents a small fraction of the ground-level air concentrations (which is 530 

the sum of the soil re-emissions and the emissions from the stack). This supports the authors' 531 

conclusion that most airborne mercury at the ground level is associated with re-emission from 532 

soils, rather than direct emissions from power plant stacks. 533 

 534 

Regulatory implications 535 

The sediment analyses and atmospheric model in this study show much higher Hg emission 536 

and deposition in the Latrobe Valley than in the Hunter Valley. This pattern is consistent with 537 

the different regulatory approaches adopted in Victoria and NSW, with coal-fired power 538 

plants in the former not required to limit Hg emissions and also not required (until very 539 

recently) to specifically limit Hg emissions.  Victoria also does not require the adoption of 540 

bag filters to reduce Hg emissions (details of regulatory framework for both states are given 541 

in Supplementary Material). In particular, the results of this study reveal that retrofitting the 542 

Liddell power plant in the Hunter Valley with bag filters coincided with a two-fold decrease 543 

in Hg deposition in Lake Glenbawn (Figure 2A). This result suggests there is a significant 544 

impact from installing more effective pollution control technology to limit Hg emissions and 545 

deposition in the environment. If coal-fired power plants in Australia were to adopt 546 

international best practice (e.g., wet flue gas desulfurization) in emissions control technology, 547 

it is expected that Hg emissions and deposition would decrease even further.  548 

Furthermore, Australia has signed but not ratified the Minamata Convention on Mercury 549 

(Sinclair and Schneider, 2019), an international treaty to reduce Hg use and emissions. If and 550 

when Australia ratifies the Convention, it will be legally bound to take steps to reduce Hg 551 
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emissions, including those from coal-fired power plants. While the Convention allows for a 552 

phased approach to Hg reduction plans, it will focus attention on how, and to what extent, 553 

state jurisdictions in Australia address Hg emissions. Historically, coal-fired power plants in 554 

Victoria have not been required to limit Hg emissions. On 5 March 2021, Environment 555 

Protection Authority Victoria announced the introduction of limits for mercury, fine particles 556 

(PM2.5) and coarse particles (PM10) for coal fired power stations in Victoria (EPA VIC, 557 

2021). The power station will also be required to continuously monitor air emissions, and 558 

report on these publicly. However, they will not be required to install fabric (bag) filters as 559 

has been required in NSW. The results of this study suggest basic pollution control 560 

technologies are linked to tangible reductions in Hg emissions from coal power plants, and 561 

that even though retrofitting and installing new technologies is costly (Australian Energy 562 

Council, 2019), doing so can lead to substantial reductions in Hg emission.  563 

 564 

Future directions 565 

The Hg isotope data presented in this study are the first published for the Australian 566 

environment and represent an important first step towards tracing sources of Hg emissions. 567 

Isotopic analyses of more coal samples are needed in order to develop the use of Hg isotope 568 

data and mixing models to determine the coal contributing to Hg deposited in the 569 

environment. This method can be applied to identify sources of Hg in the environment across 570 

Australia.  571 

While we argue that coal-fired power plant emissions are the dominant source of “new” Hg 572 

deposited in these two lakes, this statement comes with the caveat that there are a limited 573 

number of coal measurements. More samples are needed to better define the isotopic 574 

signature of the Australian coal. Coals from other states should also be considered, 575 

particularly in Queensland and South Australia which are also significant producers of 576 

electricity from coal combustion (Hardisty et al., 2012).  Mercury isotopic signatures from 577 

other industrial activities and processes in Australia should also be studied (e.g. metal 578 

smelting, cement production and even bushfires) to allow a better discernment of Hg sources 579 

in the country. 580 
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 817 

Figure and Table Captions: 818 

Table 1 – Power Plant, location, commissioning date, electrical capacity (MW), coal type used 819 
and pollution control devices in coal-fired power plants of the Latrobe and Hunter Valleys. 820 

Power Plant Location Commissioned 

Electrical 

capacity 

(MW) 

Feed coal 

Pollution 

Control 

Device 
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Bayswater 
Hunter 

Valley 
1985 2,640 bituminous Bag filter 

Liddell 
Hunter 

Valley 
1971 2,000 bituminous Bag filter 

Loy Yang A 
Latrobe 

Valley 
1984 2,210 lignite 

Electrostatic 

precipitator 

Loy Yang B 
Latrobe 

Valley 
1993 1,070 lignite 

Electrostatic 

precipitator 

Yallourn 
Latrobe 

Valley 
1975 1,480 lignite 

Electrostatic 

precipitator  

Hazelwood 
Latrobe 

Valley 
1961 - 2017 1200 lignite 

Electrostatic 

precipitator 

 821 

 822 

Figure 1 - Map of Australia showing the locations of Traralgon Railway Reservoir (Latrobe 823 
Valley) in Victoria and Lake Glenbawn (Hunter Valley) in New South Wales. Sediment 824 
sampling sites in Traralgon Railway Reservoir and Lake Glenbawn are indicated by brown 825 

circles within lakes. The distance from power plants in relation to the lakes are indicated by 826 
brown arrows. Red “Xs” indicate the location of catchment soil samples. Wind roses show the 827 
frequency of occurrence of wind speed and direction for 9 am and 3 pm annually at A) Scone 828 
Airport (annual average between 1991 and 2010, 14 km west of Lake Glenbawn and B) Latrobe 829 
Valley airport (annual average between 1984 and 2019), 5 km west of Traralgon Railway 830 

Reservoir. The percentage of calm conditions is represented by the size of the centre circle - 831 
the bigger the circle, the higher the frequency of calm conditions. The length of each segment 832 
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within a branch is proportional to the frequency of winds blowing within the corresponding 833 

range of speeds from that direction. From: Australian Bureau of Meteorology (BOM, 2019). 834 
 835 

 836 
 837 
Figure 2 – Lake Glenbawn (A) sediment data: mercury (Hg) concentration (ng g-1), Hg flux 838 

(µg m-2 yr-1), spheroidal carbonaceous particles (SCP) concentration (g DM-1), SCP flux (nº 839 
cm-2 yr-1), black coal consumption in New South Wales (kt) (source: Australian Energy 840 
Statistics, Table P (DEE, 2018)), Specific Surface Area (m2 g-1) and organic matter (OM, %), 841 
(B) Traralgon Railway Reservoir sediment data: mercury concentration (ng g-1), Hg flux (µg 842 
m-2 yr-1), spheroidal carbonaceous particles (SCP) concentration (g DM-1), SCP flux (nº cm-2 843 

yr-1), brown coal consumption in Australia (kt) ) (source: Australian Energy Statistics, Table 844 
P (DEE, 2018)), specific surface area (m2 g-1) and organic matter (OM, %). 845 
 846 
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 847 
 848 
Figure 3 – Mercury isotope plots of catchment soil, lake sediment and coal samples: A) 849 
Δ199Hg  vs δ202Hg. Samples are grouped by sample types in the form of shaded areas; B) 850 

Δ199Hg vs Δ201Hg. LG stands for Lake Glenbawn and TR stands for Traralgon Railway 851 
Reservoir.  852 
 853 
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854 
Figure 4 - Isotopic data for δ202Hg and Δ199Hg in sediments deposited before and after 855 
commissioning of coal-fired power plants in: A) Lake Glenbawn, Hunter Valley, New South 856 

Wales and B) Traralgon Railway Reservoir, Latrobe Valley, Victoria. The range of isotopic 857 
values from coal are indicated as a grey vertical bar, and from catchment soil as a yellow 858 
vertical bar. The isotopic range was calculated as the mean isotopic values ± 2SD. As only 859 

one lignite coal sample was analysed, the typically analytic 2σ uncertainty was used to 860 

calculate the isotopic range plotted in this figure. 861 
 862 
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 863 
Figure 5 - Annual total mercury deposition (µg m-2 yr-1) from coal-fired power plants in the 864 

Hunter Valley (New South Wales) and Latrobe Valley (Victoria). The X and Y axis in A and 865 

B denotes the Universal Transverse Mercator (UTM) coordinates. Note that C and D 866 
deposition rates were calculated starting at 1 km distance from sources, defined for each cell 867 
as the distance to the nearest power station.   868 
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