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X-Ray Absorption Fine Structure Spectroscopy (XAFS) uses high energy X-rays from a synchrotron source 
to identify species based on their scattering pattern(5,6). While this technique can give detailed information 
about oxidation states and compound structures, it is limited in usefulness as the total mercury concentration 
in a sample must be greater than 100 μg/g(4,5).  Additionally, the mercury model compound database does not 
include all of the possible species of mercury, potentially resulting in the detection of unknown species(4,5). In 
an independent experiment, Bloom and Christopher S. Kim compared results of the SSE procedure (see next 
section) to XAFS for the reference materials provided by SGC (see Reference Materials section). The HgS and 
HgSe species identified by XAFS agreed well with the fraction recovered in Fraction 5 of the SSE procedure(4).  
However, the more soluble mercury species such as HgO, as identified by XAFS, were recovered partially or 
fully in Fraction 4 of the SSE, rather than in Fraction 2, as the SSE model projected(4). This could be due to the 
mercury-containing particles being encapsulated within larger particles or could be spectral misidentification 
from XAFS(4).

X-Ray Absorption Fine Structure Spectroscopy (XAFS)

Thermal volatilization, or thermodesorption, coupled to an atomic absorption detector (TDAAS) is a technique 
that has been employed for the determination of mercury species. TDAAS works by heating a sample at 
a specific rate and temperature. As the sample is heated, the different mercury compounds are released 
at different temperature ranges(6,12). As the mercury is released, it is swept into an atomic absorption 
spectrophotometer and the absorbance is recorded on a chromatogram. The species of mercury is determined 
by comparing the thermodesorption profile to that of a known, pure source(6,12). This technique may produce 
peaks that do not fit well with any of the known models due to the complex interactions and oxidation states of 
mercury compounds(6). Though it is a good method for determining elemental mercury and gaining information 
about mercury oxidation states, thermal volatilization does not provide much information about mercury mobility 
and bioavailability(12).
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Mercury is often considered an environmental pollutant of interest because of its potential toxic effects 
on humans and the environment(1). Mercury contamination can occur through a variety of natural and 
anthropogenic processes. The fate and transport of mercury in the environment (Figure 1) can vary greatly 
depending on the environmental substrates to which it is complexed or its chemical speciation(2–6). Though 
total mercury analysis is now commonplace, it is often useful to determine the dominant form of mercury 
in order to successfully remediate or better characterize 
the environmental hazards of a specific site(7). In soils 
and sediments, often only a very small portion of the total 
mercury is bioavailable(2,3). Though there is no universally-
accepted method for measuring mercury lability in the 
environment, a variety of methods exist in the literature 
to determine operationally-defined mercury fractions in a 
sample(1–4,6,8,9). This analysis is particularly useful for 
contaminated mine wastes that may contain high levels of 
mercury, but have low bioavailability because the mercury is 
primarily in a stable form such as mercury sulfide(1–4,6,10). 
A fraction refers to a group of compounds that have similar 
characteristics, such as bioavailability or environmental 
mobility, but cannot be distinguished from one another 
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Fate & Transport of Anthropogenic MercuryFigure 1: Fate & Transport of Mercury in the Environment

The SSE procedure was developed specifically for mercury and its known unique physical and chemical 
properties(2). It separates total mercury into five different fractions based on behavioral classes(2). The sum of 
fractions 1-3 is considered to be total bioavailable mercury(2,3). Fractions 4 and 5 represent the semi-mobile and 
non-mobile fractions respectively. The SSE sample preparation procedure consists of leaching a pre-weighed 
aliquot of sediment with a series of continuously stronger 
reagents (Figure 2). The supernatants from each leaching 
step are analyzed for total mercury concentration by 
stannous chloride reduction, nitrogen purging onto a 
gold sand trap, and thermal desorption into a cold vapor 
atomic fluorescence detector following the protocol 
described in EPA Method 1631 Appendix(7).

Some of the advantages of the SSE are the low detection 
limits, which allow potentially contaminated sites to 
be compared to background values. Additionally, SSE 
provides the ability to determine with some confidence 
the potential contribution from elemental mercury(2). The 
SSE method was developed by a renowned mercury 
researcher and verified by a number of labs with a history 
of mercury analysis but is not an accepted EPA method.

5-Step Selective Sequential Extraction (SSE) Procedure

add 400 mg sample to centrifuge tube

add deionized water, 
agitate, centrifuge, and �lter

analyze 
�ltrate
for F1

analyze
�ltrate 
for F2

analyze
supernatant
for F3

analyze
supernatant
for F4

add acetic and hydrochloric acid, 
agitate, centrifuge, and �lter

add potassium hydroxide, 
agitate, centrifuge, and decant

add nitric acid, 
agitate, centrifuge, and decant

add aqua regia and 
analyze remaining
sample for F5

Figure 2: Overview of 5-Step SSE Procedure

Table 1 compares some of the advantages and 
disadvantages of the SSE procedure and Method 
3200. They are both operationally defined procedures 
that provide information on the distribution of mercury 
into different fractions that can help determine 
what remediation methods may be the most useful. 
Depending on what the requirements are for a certain 
project, one method may be more applicable than the 
other. 

Table 2 shows the relative similarities in fractionation 
between Method 3200 and the SSE procedure. 
Fractions 1 and 2 of the SSE procedure are expected 
to be roughly equivalent to the extractable inorganic 
mercury portion of Method 3200. Fraction 3 of the 
SSE is equivalent to the extractable organic portion of 
Method 3200 except Hg2Cl2 is recovered in Fraction 3 
for the SSE compared to being recovered in the semi-
mobile and non-mobile fractions for 3200. Fraction 4 
of the SSE is expected to be equivalent to the semi-
mobile fraction. Fraction 5 of the SSE is expected to be 
equivalent to non-mobile for Method 3200. 

Comparison of 5-Step SSE and EPA Method 3200

5 Step SSE EPA Method 3200
sequential sample preparation semi-sequential sample 

preparation
straightforward reagents that 
make sense biogeochemically

multiple reagents and steps that 
are pH dependent

does not require specialized 
equipment

requires Sulphydryl Cotton Fiber, 
solid phase extraction system, 
and sonication heating source or 
laboratory microwave

can provide information on the 
presence of elemental mercury

does not distinguish elemental 
mercury from other species

published in peer-reviewed 
journals and validated by labs in 
a round robin study

EPA method

Table 1
EPA 3200
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SSE
Fractions

F1 – water soluble

F2 – weak acid soluble

F3 – organo complexed

F4 – strong complexed

F5 – mineral bound

mercury species
HgCl2
HgSO4

HgO
Hg(OH)2

Hg(NO3)2

Hg-humics
CH3HgCl

CH3CH2HgCl
Hg2Cl2

Hg0

Hg2+ complexes
HgS
HgSe
HgAu

Table 2

EPA Method 3200

Method 3200 is an accepted EPA method for the 
determination of mercury fractions. As with the 
SSE, it is an operationally-defined procedure 
and does not provide specific mercury species 
information but rather provides informational 
values for a group of species. For Method 3200, 
there is an initial preparation procedure that 
yields a supernatant and a pellet (Figure 3). 
The supernatant then is further separated into 
extractable organic and extractable inorganic 
fractions. The pellet is further separated into 
semi-mobile and non-mobile fractions(11).

add 150 mg sample, hydrochloric acid,
ethanol to centrifuge tube, 
vortex, sonicate, centrifuge, decant

SCF

Non-extractable Mercury
(pellet)

Extractable Mercury
(supernatant)

SCF

Organic Mercury
(eluent)

Inorganic Mercury
(SCF)

Semi-mobile Mercury
(supernatant)

Non-mobile mercury
(pellet)

solid-phase extraction,
elute with hydrochloric 

acid add nitric acid, vortex,
heat, centrifuge, decant

Figure 3: Overview of EPA Method 3200

No certified reference materials are commercially available for the mercury fractionation methods. However, 
SSE reference materials were developed by Nicolas S. Bloom, formerly of Studio Geochimica (SGC), for the 
purpose of method validation. These reference materials (for Hg0, HgS, and HgCl2) were made by dispersing 
pure Hg compounds in kaolin clay(2). These reference materials, along with some real world samples prepared 
by SGC, were distributed to eight labs who participated in a round robin study in 2005 to validate different 
analytical methods for the speciation of mercury in solid samples. The results were presented by Bloom at 
the International Conference on Mercury as a Global Pollutant in Madison, Wisconsin, in 2006. Though these 
reference materials are not officially certified for any analyte, SGC provided expected concentrations for each 
fraction of the SSE procedure, as well as for total mercury. National Institute of Standards and Technology 
(NIST) Standard Reference Material 2710 is Montana Soil that has a total mercury concentration of 32.6 mg/kg. 

NIST 2710 and the SGC reference materials (Hg0, HgS, and HgCl2) were prepared by EPA Method 3200 and by 
the 5-Step SSE.

Figure 4 shows the result of each fraction of the SSE procedure as a percentage of the sum of the mercury 
fractions. The sum of all fractions then shows the recovery of the reference material as a percentage of the 
certified or reference value. 

Figure 5 shows the result of each fraction of the Method 3200 procedure as a percentage of the sum of the 
mercury fractions. The sum of all fractions then shows the recovery of the reference material as a percentage of 
the certified or reference value. 

Figure 6 shows the percent of each reference material 
that would be considered bioavailable by each method. 
For the SSE, fractions 1-3 were summed. For Method 
3200, the Extractable Inorganic and Extractable Organic 
fractions were summed (there was no contribution from 
the extractable organic mercury fraction in this case).

Figure 7 compares the Semi-mobile fraction from 
Method 3200 to Fraction 4 of the SSE. Figure 8 
compares the Non-mobile fraction from Method 3200 to 
Fraction 5 of the SSE.

The semi-mobile and non-mobile fractions generally do 
not compare well with fractions 4 and 5 from the SSE. 
According to the method, elemental mercury should 
be extracted in the semi-mobile fraction, but when 
the SGC reference material for Hg0, a material made 
by dispersing elemental mercury in kaolin clay, was 
analyzed, a significant portion (49%) was extracted in 
the non-mobile fraction. For the SSE procedure, 85% 
of mercury in the SGC Hg0 reference material was 
extracted in Fraction 4, as would be expected(2,11). 
Similarly, for the SGC HgS reference material, only 53% 
was recovered in the non-mobile fraction for Method 
3200, while 76% was recovered in Fraction 4 for SSE. 
HgS is primarily expected to be recovered in the non-
mobile fraction, though there may be some more mobile 
forms(11).

For both the SSE procedure and Method 3200 
analyses, analyzing total mercury in the sample 
provides an important quality assurance check. This 
allows for a comparison of the sum of the fractions to 
the total mercury concentration. In this way, sample 
loss, contamination, or other errors can be assessed 
if the sum of fractions is significantly different from the 
total mercury concentrations(2). It also allows for a 
more appropriate interpretation of the data: because 
the fractions are operationally-defined, having a known 
concentration of a certain fraction is not very meaningful 
by itself, rather it needs to be taken in the context of the 
sample as a whole(2,11).

Reference Materials

Figure 4: SSE Recoveries of Reference Materials
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Figure 5: Method 3200 Recoveries of Reference Materials
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Figure 6: Bioavailable Mercury in Reference Materials

0

10

20

30

40

50

60

70

80

90

SGC Hg0 SGC HgCl2 SGC HgS NIST 2710

Pe
rc

en
t R

ec
ov

er
y

3200

SSE

Figure 7: Semi-mobile Mercury in Reference Materials
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Figure 8: Non-mobile Mercury in Reference Materials
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