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ABSTRACT
The behavior of technetium at ultra-trace (<10¡10 mol l¡1) concentrations in bioreducing sediment
column experiments was investigated using 99mTc g-camera imaging. Four flowing sediment columns
were biostimulated for varying periods of time, using acetate as an electron donor, such that on the day of
imaging they represented oxic, early metal-reducing, Fe(III)-reducing and sulfate-reducing conditions.
Prior to imaging, columns were spiked with 9.6 MBq of 99mTc(VII)O4

¡, which is relevant to the 99Tc mass
concentrations observed at nuclear facilities, run under site relevant flow conditions, and imaged using
g-camera imaging at 20 min intervals over 12h. In the oxic column 99mTc behaved as a conservative tracer
and did not interact significantly with the sediment. In all of the biostimulated columns 99mTc associated
with the sediment although the spike was least mobile in the order sulfate < Fe(III)-reducing < early
metal-reducing columns, confirming higher reactivity for 99mTc under increasingly reducing conditions.
Columns were destructively sampled after 99mTc decay (5 days storage), and 0.5 N HCl extractable Fe as Fe
(II) was measured at 2 cm intervals along the column length. The Fe(II) measured in all electron donor
amended columns was present in stoichiometric excess to the 99mTc. Geochemical modelling and
aqueous geochemical data from the different biostimulation treatments suggested that the elevated pH
observed in the more reduced columns lead to increased sorbed and mineral associated Fe(II), both
stronger reductants for Tc(VII) than aqueous Fe(II). In the sulfate reduction column the presence of FeS
lead to the fastest rates of 99mTc immobilization. The results are the first to show the variable but
significant retention of 99mTc at ultra-trace levels relevant to conditions at many nuclear sites in a range of
biostimulated sediment columns and present a positive outlook for the treatment of 99Tc contaminated
groundwater through in-situ biostimulation.
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Introduction

Technetium-99 contaminated groundwater is present at many
nuclear sites including the Sellafield nuclear facility, UK (Beals
and Hayes 1995; Serne and Rapko 2014; Stamper et al. 2014).
Due to its long half-life (2.1 £ 105 years) 99Tc is a key risk-driv-
ing radionuclide in many safety case scenarios and the behavior
of 99Tc in subsurface environments is of interest from both a
radioactively contaminated land and radioactive waste manage-
ment perspective. At the Sellafield nuclear facility historical
releases of radionuclides to groundwater have resulted in an
immediate and ongoing need to understand 99Tc transport in
the subsurface and, if possible, investigate techniques that can
be used to retard the spread of contaminant plumes.

Stimulation of the subsurface to promote metal reduction
has been proposed for the treatment of 99Tc contaminated
groundwater, and soluble Tc(VII) has been shown to be immo-
bilised as poorly soluble Tc(IV) under Fe(III)-reducing condi-
tions (Icenhower et al. 2010; Lloyd et al. 2000; Newsome et al.

2014; Prakash et al. 2013). During bioreduction, the addition of
an electron donor, for example acetate, promotes microbial res-
piration and a cascade of terminal electron accepting process
develop as the bacteria couple the oxidation of the electron
donor to the reduction of available electron acceptors in the
subsurface in the order oxygen > nitrate > manganese > iron
> sulfate >methane. The behavior of 99Tc during bioreduction
has been well studied in sediment microcosms (Burke et al.
2010; Eagling et al. 2012; Fredrickson et al. 2004; Law et al.
2010), microbial cultures (Liu et al. 2002; Lloyd et al. 2000) and
pure biomineral systems (McBeth et al. 2011; Morris et al.
2008; Peretyazhko et al. 2012; Thorpe et al. 2014).

Although reduction of Tc(VII) to Tc(VI) can occur enzy-
matically via the hydrogenase enzyme in some metal-reducing
bacteria (Lloyd et al. 2000; Marshall et al. 2008) it is generally
accepted that, in typical environmental systems, abiotic reduc-
tion by Fe(II)-bearing minerals and sorbed Fe(II) dominates
(Lloyd et al. 2000; Plymale et al. 2011). The rate of Tc(VII)

CONTACT Katherine Morris Email: katherine.morris@manchester.ac.uk Research Centre for Radwaste Disposal and Williamson Research Centre for Molecular
Environmental Science, School of Earth, Atmospheric and Environmental Sciences, The University of Manchester, Manchester, M13 9PL, United Kingdom.
Color versions for one or more of the figures in the article can be found online at www.tandfonline.com/ugmb.
© 2016 Clare L. Thorpe, Jonathan R. Lloyd, Gareth T. W. Law, Heather A. Williams, Nick Atherton, Julian H. Cruickshank, and Katherine Morris.
Published with license by Taylor and Francis
This is an open-access article distributed under the terms of the Creative Commons Attribution License http://creativecommons.org/licenses/by/3.0/, which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been asserted.

GEOMICROBIOLOGY JOURNAL
2016, VOL. 33, NOS. 3–4, 199–205
http://dx.doi.org/10.1080/01490451.2015.1067656

D
ow

nl
oa

de
d 

by
 [

R
oy

al
 H

al
la

m
sh

ir
e 

H
os

pi
ta

l]
 a

t 0
7:

51
 2

2 
M

ar
ch

 2
01

6 

http://www.tandfonline.com/ugmb
http://dx.doi.org/10.1080/01490451.2015.1067656


reduction by Fe(II) is dependent on Fe(II) speciation with Fe
(II) sorbed to Fe(III) oxides and Fe(II)-bearing minerals mag-
netite, green rust and iron sulfides yielding greater 99Tc(VII)
reduction rates than siderite and vivianite (Bishop et al. 2012;
Burke et al. 2010; Fredrickson et al. 2004; Liu et al. 2008; Liu et
al. 2012; Livens et al. 2004; Peretyazhko et al. 2012; Pepper et
al. 2003) and with aqueous Fe(II) being the least effective 99Tc
(VII) reductant (Lloyd et al. 2000; Zachara et al. 2007).

These studies have identified pH as a key control on the spe-
ciation of Fe(II), with higher pH promoting Fe(II)-bearing
mineral precipitation and sorption of Fe(II) to mineral surfaces
and thus favouring elevated Tc(VII)-reduction rates (Pere-
tyazhko et al. 2012). Although Fe(III)-reduction has been iden-
tified as a key biogeochemical process in controlling 99Tc
mobility, sediment studies have reported higher removal rates
and partition coefficients (Kd) for 99Tc in sufidic sediments
when compared to Fe(III)-reducing sediments without sulfides
present (Burke et al. 2010; Lee et al. 2014). Pure mineral studies
confirmed that amorphous iron sulfide rapidly reduced TcO4

¡

at circumneutral pH with the reaction rates increasing with
lower pH and higher ionic strength (Liu et al. 2008).

In the majority of studies, the concentration of 99Tc used was
typically > 10¡6 M in order to allow the use analytical techni-
ques such as liquid scintillation counting and X-ray spectros-
copy. The medical radiotracer 99mTc (half-life 6 h), allows high
resolution imaging of sediments containing ultra-trace concen-
trations of 99mTc (typically< 5£ 10¡10 mol l¡1) making it pos-
sible to conduct studies at technetium concentrations typical of
far field contamination at nuclear sites down gradient of the con-
taminant plume source (Burke et al. 2010; Corkhill et al. 2013;
Lear et al. 2010; Vandehey et al. 2012), and below the theoretical
solubility limit of hydrous TcO2 (»10¡8 mol l¡1; Hess et al.
2004). At these environmentally relevant concentrations of con-
taminant, bioavailable Fe will be in stoichiometric excess in typi-
cal bioreduced sediments and the rate of Tc(VII) reduction, and
the mobility of 99Tc will be controlled by the Fe(II) speciation
(Burke et al. 2010; Peretyazhko et al. 2012; Wildung et al. 2004).

Imaging experiments using 99mTc(VII) have been con-
ducted in sediment microcosms under variable geochemical
conditions demonstrating that 99mTc is retained on Fe(III)-
reducing sediments at ultra-trace concentrations and propos-
ing reduction to Tc(IV) and sorption to biomineral surfaces
as the retention mechanism (Burke et al. 2010; Lear et al.
2010; Vandehey et al. 2012). Under flow conditions in oxic
column, experiments focussed on radioactive waste disposal
demonstrated that 99mTc(VII) sorption was weak and that
under oxic conditions 99mTc acted as a conservative tracer
(Corkhill et al. 2013).

In contrast, in experiments designed to explore the impact of
biogeochemical processes on 99mTc behavior, 99mTc became
strongly associated with reduced, Fe(II)-bearing sediments con-
centrated at the Fe(II)/Fe(III) redox boundary (Lear et al. 2010).
Here, g-camera imaging of 99mTc provided a noninvasive
method to track the behavior of Tc at ultra-trace (<10¡10 mol
l¡1) concentrations alongside the related reactivity of Fe(II) and
extant microbial ecology. Columns were established under a flow
regime representative of proposed biostimulation at the Sellafield
nuclear facility and, for the first time, were tested for 99mTc(VII)
reactivity across a range of biogeochemical conditions.

Methods

Sediment

Sediments representative of the Quaternary unconsolidated
alluvial flood-plain deposits that underlie the UK Sellafield
reprocessing site were collected from the Calder Valley, Cum-
bria, from a well characterised field site (Law et al. 2010; Thorpe
et al. 2012). Sediments were transferred directly into sterile
containers, sealed, and stored at 4 �C prior to use.

Column design and setup

Four Perspex columns (20 cm £ 4 cm i.d.), total volume 250
cm3, were each packed with » 225 g (volume 210 cm3) of moist
sediment. The base of each column consisted of a » 1 cm plug
of glass fiber wool and »1 cm quartz sand, and at the top a
»1 cm plug of glass fiber wool terminated the column. An
array of columns using synthetic regional groundwater (Wil-
kins et al. 2007) amended with 1 mM nitrate was set up with an
upflow configuration, and a flow rate of 4.3 ml hr¡1 (using a
Watson–Marlow peristaltic pump) with experiments main-
tained at room temperature in the dark.

The pH of influent groundwater was 6.9–7.1 throughout the
experiment and it was pumped into each column from sepa-
rate, sterile reservoirs, which were changed every 6 days. In
these experiments, the temporal variations in biostimulation
and biomineralization were explored. The effective pore vol-
ume, expressed as a percentage of the total volume of the col-
umns at the start of the experiment, was determined by the
addition of 6 £ 10¡5 M Br¡ as a conservative tracer and analy-
sis of the Br¡ breakthrough curve.

Sampling and geochemical analysis

The column influent and effluent were monitored periodi-
cally with pH, Eh, and concentrations of acetate, SO4

2¡,
NO2

¡, NO3
¡, Fe(II), Fe, Mn, Al, Si and Mg used to track

the progress of sediment bioreduction. Key geochemical
indicators such as the appearance of NO2

-, Mn(aq) and
Fe(aq), Fe(II), and the disappearance of SO4

2- and NO3
¡ in

the effluent were used to track the progress of terminal
electron accepting processes and the onset of nitrate, man-
ganese, iron and sulfate reduction. Porewater NO2

¡ Mn
and Fe(II) were measured by spectrophotometric methods
(Goto et al. 1997; Harris and Mortimer 2002; Lovley and
Philips 1987; Viollier et al. 2000).

Groundwater cation concentrations (Mg, Al, Fe, Mn, Sr
and Ca) were measured by ICP-AES with good agreement
between Fe(II) and Mn measured by spectroscopic meth-
ods. Acetate, SO4

2¡, NO2
¡, NO3

¡ were measured by ion
chromatography. Aqueous manganese concentrations are
reported as total Mn(aq) and under these experimental con-
ditions Mn(aq) is expected to be speciated as Mn(II). Simi-
larly Fe(aq) values are reported as Fe(total)(aq) as measured
by ICP-AES. Simultaneous ferrozine measurements on a
subset of samples confirmed that > 95% of Fe(aq) was pres-
ent as Fe(II) and thus Fe(total)aq data were dominated by
Fe(II)(aq). Eh and pH were measured using calibrated elec-
trodes (Denver-Basic).
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Following 99mTc imaging, columns were allowed to radiologi-
cally decay (at 4�C for 5 days) and then sampled at 2 cm intervals
along the core to allow measurement of solid phase 0.5 N HCl
extractable Fe(II) and Fetotal as a proxy for Fe(III)-reduction.
Here, sediments were digested in 0.5 N HCl for 1 h followed by
ferrozine analysis. The first sample from each column was taken
at 2 cm at the interface between the quartz sand and the sediment.
Sediment chemical composition was measured by X-ray fluores-
cence (Thermo ARL 9400 XRF) and total organic and inorganic
carbon wasmeasured using a Shimadzu TOC-L analyzer.

Gamma camera imaging and analysis

Column experiments were prepared with variable incuba-
tion times so that each column was at a different stage of
bioreduction (targeting oxic, early metal-reducing, Fe(III)-
reducing and sulfate-reducing conditions) at the point at
which the g-camera imaging occurred. At this point, col-
umns were transported to the Nuclear Medicine Center at
the Manchester Royal Infirmary, where 99mTc(VII)O4

¡ was
introduced to the base of each column as a 1-ml spike of
»9.61 MBq 99mTc (5 £ 10¡10 mol l¡1). Techetium-99m is a
metastable nuclear isomer of 99Tc with a short half-life (6
h) and decays to 99Tc by gamma emission (140 keV). Imag-
ing of the gamma rays emitted from the columns took place
with a Siemens Symbia T6 dual-headed gamma camera
(2 mm holes, estimated § 2 mm accuracy). The flow rate
of 4.3 ml h¡1 allowed for »1.4 column pore volumes to
pass through each column over the 12 hour experiment and
representing an approximate dilution factor for the spike of
70£ over the 12-h period (from 5 £ 10¡10 mol l¡1 to a
final concentration in the order of 7 £ 10¡12 mol l¡1

assuming ideal dilution. After injection, g-camera images of
all four column experiments were taken at 20 min intervals
with a total of 36 images per column collected.

Data analysis for 99mTc activities and images from g-camera
data acquisition were conducted using GE Xeleris medical
imaging software (GE Medical Systems, USA). Data for 99mTc
at time points taken at 20-min intervals were background sub-
tracted and decay corrected to the initial timeframe. Errors
reported on 99mTc activities refer to g-camera counting accu-
racy as repeat analyses were not possible.

Results and discussion

Column geochemistry

The microbially available Fe(III)-content of the sediment prior
to bioreduction, as estimated by a 1 h 0.5 N HCl digestion on 5
replicates of 0.1 g of sediment, was 7.2 § 0.5 mmol Kg¡1. The

total iron content of the sediment was 3.2 § 0.1 wt% Fe
(57 mmol g¡1) and therefore 12.6 § 0.9% of the Fe(III) was
“bioavailable” at the start of the experiment. Total organic
carbon in the sediment was 0.44 § 0.04%.

In four columns, saturated flow was established for 5, 21, 35
and 100 days such that on the day of g-camera imaging the col-
umns represented “oxic,” “early metal-reducing,” “Fe(III)-
reducing” and “sulfate-reducing” conditions, respectively. In
the oxic control column, acetate was not added to influent
groundwater and no changes occured in effluent nitrate, Fe or
sulfate over the 5 days of saturated flow prior to g-camera
imaging and the effluent pH was 5.2.

In the early metal-reducing column nitrate, present at 1 mM
in the influent groundwater, and nitrite, a by-product of nitrate
reduction, were depleted in the effluent within 7 days indicating
that a robust nitrate-reducing community was present and that
denitrification was occurring (data not shown). The pH of the
effluent also increased over the 21 days from 5.2 to 6.4 and this
was attributed to the ongoing denitrification and subsequent
release of OH¡ and HCO3

¡ into solution (Law et al. 2010;
Thorpe et al. 2012). At 21 days Mn(aq) (17 mM) and minor
Fe(aq) (23 mM) were detected in the effluent indicating the
establishment of early metal-reducing conditions (Table 1;
Figure 1). The appearance of Fe in effluent water most likely
occurred a few days after the onset of Fe(III) reduction which is
often observed in sediment Fe(II)/Fetotal ratios prior to
ingrowth of Fe(II)aq to porewaters (Burke et al. 2005; Islam et
al. 2004).”

In the Fe(III)-reducing column, nitrate was depleted within
7 days and the pH increased over 35 days from 5.1 to 7.2, again
presumably due to ongoing reduction of the influent nitrate.
Following nitrate depletion, aqueous Mn and Fe were also
detected in the column effluent, increasing to 1.25 mM and
0.23 mM respectively after 35 days (Table 1; Figure 1).

In the sulfate-reducing column terminal electron accepting
processes proceeded at a similar rate to the early metal-reduc-
ing, and Fe(III)-reducing columns and the pH stabilized at 7.2
during the 100-day incubation. Here, total aqueous Fe in the
effluent was at a maximum of 0.25 mM between 35 and
40 days and decreased to <10 mM by 100 days. A fall in the
concentration of aqueous Fe in the effluents did not signify the
end of Fe(III) reduction, but rather that Fe was likely being
retained within the column. This was presumably due to the
increased pH causing Fe(II) to sorb more strongly to mineral
surfaces and promoting the formation of Fe(II)-bearing min-
eral phases as they became oversaturated. In addition, from
25 days, sulfate in the effluent decreased compared to influent
concentrations and by 100 days, no sulfate was observed in the
effluent suggesting active sulfate reduction was occurring.
There was visual evidence for the formation of iron sulfides

Table 1. Geochemistry of the columns on the day of 99Tc(VII)O4
¡ addition and gamma camera imaging.

Column conditions Days of flow pH Mn(aq) (mM) Fe(aq) (mM) Sulfate (mM)

Oxic 5 5.5 § 0.1 0.00§ 0.001 0.00 § 0.001 0.44 § 0.004
Early metal reducing 21 6.4 § 0.1 0.17§ 0.002 0.02 § 0.002 0.25 § 0.004

Fe(III) reducing 35 7.2 § 0.1 1.26§ 0.002 0.23 § 0.007 0.15 § 0.002
Sulfate reducing 100 7.2 § 0.1 0.02§ 0.003 0.01 § 0.002 0.01 § 0.001
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and olfactory evidence for the production of Sulfide. Geochemi-
cal modelling of the column porewater in PHREEQC-2 (Min-
teq.v4 database) using the measured effluent chemistry,
aqueous Fe(II) estimated from the maximum concentration
observed in porewaters, and pH of 7.2 predicted super-satura-
tion with regard to FeS and mackinawite.

The various stages of bioreduction were identified using the
column effluent geochemistry and the columns denoted as
oxic, early metal-reducing, Fe(III)-reducing and sulfate-reduc-
ing, however post imaging dissection of the columns suggested
heterogeneity as expected from such a dynamic system (Lear et
al. 2010).

99mTc behavior in oxic sediment

The addition of a 1-ml spike of 99mTc (» 9.6 MBq; 0.5 £ 10¡10

mol l-1) to each column showed in varying 99mTc retention on
sediments over the 12-h period. In order to further quantify the
distribution of the 99mTc spike at the experimental end point,
the 99mTc image from each column was divided into four equal
5-cm segments (0–5 cm, 5–10 cm, 10–15 cm and 15–20 cm).
The retention of the spike in each segment was then calculated
as the percentage of the original injected activity.

After decay storage, the column was destructively sampled at
2-cm intervals and analyzed for 0.5 N HCl extractable Fe(II)/Fe
(III). In the oxic column, there was no evidence for Fe(II)
ingrowth to sediments and the experimental end point con-
firmed that 99mTc did not associate significantly with column
sediments (Table 1; Figures 2 and 3). This was unsurprising as
99mTc imaging has shown essentially conservative behavior of
Tc(VII) under oxic conditions (Burke et al. 2010; Corkhill et al.
2013; Vandahey et al. 2012). At the final experimental time
point, <5% of the 99mTc spike remained in the lower quarter of
the column possibly due to retention in unconnected pore
spaces or weak sorption of TcO4

¡ to positively charged mineral

surfaces at the low pH of the system (pH 5.5) (Peretyazhko
et al. 2012).

Interestingly, the 99mTc imaging in the oxic core showed
brighter intensity in the center of the column suggesting that a
preferential flow path had developed (Figure 2). This was sup-
ported by analysis of the column breakthrough point at t D 0
(with Br¡) at 10.9 h and at t D 5 days (with 99mTc) at 6.8 h.
This translated to a significant reduction in the effective poros-
ity of the column during the experimental run (from 22%
porosity to 14% porosity) presumably due to settling and / or
flow path evolution. The groundwater transport rate at the
time of imaging was therefore in the order of 4 £ 10¡6 m s¡1,
which is in the range of flow rates reported at the Sellafield and
Hanford sites (3–7 £ 10¡6 m s¡1; Marshall et al. 2014;
Waichler and Yabusaki 2005).

99mTc behavior following bioreduction

Prior to imaging, the pH of the early metal- (21 days), Fe(III)-
(35 days), and sulfate (100 days)-reducing columns was 6.4, 7.2
and 7.2, respectively. Gamma camera images over the 12 h fol-
lowing spiking with 99mTc(VII)O4

¡ showed significant
(> 98%) retention of 99mTc in all of the bioreducing columns.
Interestingly, there were differences in the rate of 99mTc reac-
tion and consequent flow under the varying biogeochemical
conditions (Figure 2). The rate of 99mTc sequestration to sedi-
ments increased with decreasing redox potential and increasing
pH, presumably reflecting an increase in both sediment associ-
ated and biomineral Fe(II) which is more reactive toward tech-
netium(VII) than aqueous Fe(II) (Lee et al. 2014; Lloyd et al.
2000; Peretyazhko et al. 2012; Zachara et al. 2007).

In the early metal-reducing column, the percentage of 0.5 N
extractable Fe present as Fe(II) measured 1–2% at 2 cm and
4 cm (»0.1 mmols g¡1), increased significantly to 14% by 6 cm,
and averaged 15 § 4% (»1.4 mmols g¡1) thereafter to the top

Figure 1. Geochemistry of the longest running, sulfate-reducing, column and end point geochemistry for the oxic, early metal-reducing and Fe(III)-reducing columns. A)
pH, B) aqueous Fe(II), C) aqueous Mn, D) sulfate in effluent porewaters from column experiments. Blue diamondsD oxic column at time of 99mTc imaging, purple triangles
D early metal reducing column at the time of imaging, brown squares D Fe(III) reducing column at the time of imaging, and black squares D sulfate reducing column
over the 100 days under flow conditions.
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of the column (Figure 3). Quantitative analysis of the spike dis-
tribution at the 12-h end-point showed 69% of the spike was
retained in the first 5 cm of the column with 28% of the spike
in the 5–10 cm fraction, 1.3% in the 10–15 cm fraction and
0.9% in the 15–20 cm section (Figures 3 and 4).

Interestingly, these results show that 99mTc was moving
within the sediment core even though Fe(II) in the 0–5 cm seg-
ment of the core was between 0.1–1 mmol g¡1 at least a 105 –
106 times excess compared to the 99mTc spike. As Fe(II) is pres-
ent in significant excess, this result therefore implies that 99mTc

mobility is related to its reduction rate which in turn is linked
to Fe(II) speciation in the columns (Burke et al. 2010; Pere-
tyazhko et al. 2012; Zachara et al. 2007). The pH of the early
metal reducing column was 6.4 and was therefore lower than
the pH in the Fe(III)- and sulfate-reducing columns at 7.2.

The lower pH value means that a higher proportion of
the Fe(II) produced from microbial reduction is likely to be
present as Fe(II)(aq), which is less effective as a fast reduc-
tant for Tc(VII) than sorbed or mineral bound Fe(II). Thus
we postulate that the Fe(II) speciation in the early metal
reducing column resulted in slow rates of Tc(VII) reduction
compared to sorbed and mineral associated Fe(II) (Fre-
drickson et al. 2004; Lloyd et al. 2000; Peretyazhko et al.
2012; Zachara et al. 2007). Enhanced Tc(VII) mobility in
this column may therefore be attributed to a lower pH
impacting the speciation of the biogenic Fe(II) with more
Fe(II) aqueous and less sorbed and mineral associated Fe
(II) and thus a slower rate of 99mTc reduction.

In the Fe(III)-reducing column the percentage of 0.5 N HCl
extractable Fe as Fe(II) measured 21 and 24% at 2 cm and
4 cm, respectively (»1.6 mmols g¡1), increasing to 58% at 6 cm
and then averaged 51 § 4% (»3.6 mmols g¡1) in the rest of the
column (Figure 3). This meant in the first 0–5 cm of the col-
umn there was 1.6 mmols g¡1 Fe(II) in sediments. Quantitative
analysis of the spike distribution at the 12-h end-point showed
87% of the spike was retained in the first 5 cm of the column
with 13% of the spike in the 5–10 cm fraction and less than
0.5% in the 10–15-cm and 15–20-cm sections (Figure 4).
These results indicate faster Tc(VII) reduction rates in this col-
umn than in the early metal reducing column. We attribute
this to the increased pH of 7.2 observed in the column effluent
and the likely resulting increase in sediment / mineral bound
Fe(II) which has been shown to be more reactive towards Tc
(VII) than aqueous Fe(II) (Peretyazhko et al. 2012; Zachara
et al. 2007).

In the sulfate-reducing column Fe(III) reduction was well
established and 0.5% N extractable Fe as Fe(II) measured 72%
at 2 cm and averaged 79.8 § 6.3% thereafter, making the con-
centration of sediment associated Fe(II) »4.8 mmols g¡1 in the
0–5 cm column segment and »5.2 mmols g¡1 thereafter

Figure 2. Color-inverted image of Tc-99 transport through columns after 3, 6, 9
and 12 hours incubation in, from left to right, oxic, early metal reducing, Fe(III)
reducing and sulfate reducing columns.

Figure 3. (Left) percentage of 0.5 N extractable Fe(II)/Fe(III) present at 2 cm intervals up the sediment column, and (Right) activity of 99mTc accumulated in each 2 cm
interval for black) oxic column, red) early metal reducing column, blue) Fe(III)-reducing column and purple) sulfate-reducing column. Gamma emitting spot sources were
used to mark the top of each column.
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(Figure 3). Here 96% of the 99mTc spike was retained at 0–5 cm,
with only 3% of the 99mTc detected from 5–10 cm and 99mTc
below background in the 10–15 and 15–20-cm fractions
(Figure 4).

Here, the 99mTc sequestration to solids appeared faster
than under Fe(III) reducing conditions despite identical pH
and similar Fe(II) concentrations in sediments (Fe(III)-
reducing D »2.4 mmols g¡1; sulfate-reducing D 4.8 mmols
g¡1). We therefore attribute this to the presence of Fe(II)
sulfide biominerals such as mackinawite, a poorly structured
precursor to pyrite, or amorphous iron sulfides. Iron sulfide
bearing sediments show reduction rates for Tc in the order
of a few minutes (and relevant to reaction over the 20-min
exposure times for gamma camera imaging used here) and
have the highest reported Kd values for 99Tc in the litera-
ture (Burke et al. 2010).

Implications

These experiments are the first to image ultra-trace 99mTc
transport in a set of dynamic columns representing variable

biogeochemistry associated with biostimulation of nuclear site
sediments. Results demonstrate an increase in the rate of Tc
(VII) reductive sequestration in progressively more reducing
columns, with sediment pH playing an important role in regu-
lating the amount of sorbed / biomineral associated Fe(II)
available to react with Tc(VII). Further, progression of terminal
electron accepting processes through to sulfate reduction
appears to lead to the fastest rates of 99mTc sequestration pre-
sumably due to the presence of sulfide phases.

These results highlight the importance of both groundwater
pH and Fe(II) speciation in controlling Tc(VII) reduction rates.
Furthermore, results show that in these gamma camera imag-
ing is a useful tool both to investigate the flow regimes within
sediment columns and to image reactive Fe(II) in sediments,
but that it needs to be carefully coupled to biogeochemical
measurements to fully interpret Tc reactions in complex sys-
tems. Overall, our results present a positive outlook for the use
of bioreduction in technetium contaminated environments and
extends previous work showing Tc(VII) is removed from solu-
tion concurrent with Fe(III)-and sulfate-reducing conditions to
ultra-dilute concentrations of 99mTc. Sulfate reducing condi-
tions at ambient pH resulted in the most rapid removal of
99mTc at »10¡12 mol l¡1 concentrations to sediment.
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