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Abstract: Resolving the distribution and speciation of metal(loid)s within biological
environmental samples is essential for understanding bioavailability, trophic transfer,
and environmental risk. We used synchrotron x-ray microspectroscopy to analyze a
range of samples that had been exposed to metal(loid) contamination. Microprobe
x-ray fluorescence elemental mapping (WSXRF) of decomposing rhizosphere
microcosms consisting of Ni- and U-contaminated soil planted with wheat
(Triticum aestivum) showed the change in Ni and U distribution over a 27-day
period, with a progressive movement of U into decaying tissue. wSXRF maps
showed the micrometer-scale distribution of Ca, Mn, Fe, Ni, and U in roots of
willow (Salix nigra L.) growing on a former radiological settling pond, with U
located outside of the epidermis and Ni inside the cortex. X-ray computed tomography
(CMT) of woody tissue of this same affected willow showed that small points of
high Ni fluorescence observed previously are actually a Ni-rich substance contained
within an individual xylem vessel. wWSXRF and x-ray absorption near-edge spec-
troscopy (XANES) linked the elevated Se concentrations in sediments of a coal fly
ash settling pond with oral deformities of bullfrog tadpoles (Rana catesbeiana). Se dis-
tribution was localized within the deformed mouthparts, and with an oxidation state of
Se ( — II) consistent with organo-Se compounds, it suggests oral deformities are caused
by incorporation of Se into proteins. The range of tissues analyzed in this study
highlight the applicability of synchrotron X-ray microspectroscopic techniques to
biological tissues and the study of metal(loid) bioavailability.

Keywords: Biological tissue, micro-XANES, nickel, selenium, synchrotron x-ray
fluorescence, uranium, x-ray fluorescence microtomography

INTRODUCTION

The use of a synchrotron x-ray fluorescence microprobe (WSXRF) to
determine the distribution of metals and metalloids in heterogeneous bio-
logical samples is rapidly growing."' = The excellent detection sensitivity
of WSXRF (with limits in the sub pgg ' range) enables rapid elemental
mapping of a variety of materials. Coupled with the smaller source size of
second- and third-generation synchrotron facilities that produce focused,
hard x-ray microbeams <1 um in diameter, spatial metal analysis on a
0.5—1 pwm scale is now feasible. Elemental maps can be used to identify
cells, tissues, or inclusions that have distinct metal concentrations in bio-
logical samples. Distribution characteristics such as elemental co-association
can provide information about modes of action, transport, or toxicity. Once
areas of elevated metal abundance are identified, x-ray absorption spectroscopy
(XAS), comprising x-ray absorption near-edge spectroscopy (XANES) and
extended x-ray absorption fine structure spectroscopy (EXAFS), can evaluate
the oxidation state of the metal, and under certain conditions, the number,
identity and distance ( £+ 0.02 A) of its neighboring atoms. Increasingly,
the use of an x-ray microprobe is being used to answer quantitative as well
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as qualitative questions about metal bioavailability with minimal sample
alteration. !>’

There are numerous examples of the application of x-ray spectroscopic
techniques to biological tissue, with a preponderance of studies in the
clinical and environmental sciences. In the former instance, synchrotron
radiation has been used to analyze the distribution and quantification of Zn
and Ca in cancerous prostate tissues,® eliminating the isolation and
purification stages, and finding a role for Ca in the control of Zn transport
into prostate tissues. The distribution and chemical form of Fe in brain
tissue from patients who died of Parkinson disease was investigated
using similar techniques.””! Szczerbowska-Boruchgowska et al.’®! also used
WSXRF to examine cellular mechanisms of Parkinson’s disease, finding Fe
accumulation in structures that had not been previously identified histo-
pathologically, emphasizing the micrometer-scale precision in samples
too fragile for conventional dissection. In this case, the technique was able
to compare the elemental concentration (wgcm ™ ') of individual neurons in
healthy and diseased tissues.

In a similar manner to the mechanistic applications of the clinical
sciences, WSXRF can be used to determine the effects of inorganic contami-
nants on biota. The majority of studies have been carried out on plant
material, and comparatively little on invertebrates, amphibians, fish, and
other affected wildlife. This may be due to the very low metal concentrations
typical of higher trophic level terrestrial biota and the ease by which plant
samples can be sampled and prepared for analysis. For plants, researchers
are elucidating mechanisms of metal uptake, toxicity, and tolerance. An
understanding of the metal metabolism of hyperaccumulating plants is
necessary for the development of plant-based soil remediation technologies
(for a review, see Salt et al.'”)), and x-ray spectroscopic techniques
(including particle-induced x-ray emission) are directly involved in
advancing knowledge in this area. XAS has been extensively applied to
hyperaccumulator plants to determine the ligands to which metals are
bound.!"°~"! Studies on the metal metabolism of non-hyperaccumulator
plants are less common, although key studies exist."! This information is
important for assessing potential biomagnification risk and routes in contami-
nated ecosystems. Overall, pSXRF studies range from the elemental distri-
butions in the annual rings of metal-affected trees,'® 11 fossilized
wood,[zo’m pine needles,[zz] leaf tissue,[23’24] root tissue,[25’26] moss,m] to
that of bacteria®® and plankton.'*!

The current study provides examples of the application of wSXRF to
biota that have been exposed to metals and metalloids and have been
collected either from the field or have been exposed to field-collected soils
in the laboratory. These studies reflect the scope of biological samples that
are amenable to SXRF and XAS analysis, including both terrestrial and
aquatic biota. The sites from which samples were collected are highly repre-
sentative of metal-contaminated waste sites; including an area downstream
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from a former radiological settling basin and a wetland arising from a fly ash
settling lagoon. Studying the ecosystems that have developed upon these
waste sites allows more realistic inferences to be made about metal uptake,
transg)(())rt, and toxicity and provides information about potential environmental
risk.?%

MATERIALS AND METHODS
Study Sites

The Savannah River Site (SRS) is a 800km? U.S. Department of Energy
facility responsible for the production of nuclear weapons materials from
the 1950s to the early 1990s. Currently, the core mission of the SRS is
nuclear materials processing and environmental remediation. Metal and
metalloid impacted biota were collected from two contaminated ecosystems
on the SRS. The first is a former radiological settling pond, on which a
diverse seasonal wetland ecosystem now thrives, and the second is a fly ash
disposal lagoon, which receives coal combustion wastes enriched with
metalloids such as Se.

Steed Pond—Lower Tims Branch Riparian Corridor

Steed Pond is one of the most important former waste units within the
custodianship of the DOE,""! having received more than 44,000kg of
depleted and natural U, similar quantities of Ni, and lesser amounts of Cu,
Pb, Zn, and Cr between 1954 and 1978.132! The pond serves as a de facto
settling basin, receiving high volumes of metallurgical waste from a former
U target fabrication facility, which was part of the plutonium production
infrastructure at the SRS. As a result, the pond was unlined and separated
from the riparian corridor to the south by the original wooden spillway. In
the fall of 1984, the wooden spillway breached, draining the pond, releasing
contaminated sediments downstream to lower Tims Branch and exposing
the remaining sediments to periodic erosion. These studies build on a body
of work on the geochemistry and bioavailability of contaminants in both
Steed Pond and Lower Tims Branch.!'?-3~3!

D-Area Ash Basins

The D-area ash basins were constructed in the late 1970s to receive waste
material from an on-site coal-burning electrical power plant and are still in
operation. Sluiced coal ash is pumped from the power station through a
series of progressively smaller settling basins (15, 6, and 2ha) before
entering a tributary to the Savannah River. The ash suspended in the
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water settles as it moves through the impoundments, resulting in highly
elevated sediment concentrations of As, Cd, Cr, Cu, and Se in the pond
sediments.*”) The concentrations of metals and metalloids within the
ash basin sediments are (mean wgg ' d.wt + standard deviation): 39.6
(£2.8) As, 0.25 (+0.01) Cd, 109 (£0.81) Cr, 18.4 (+1.3) Cu, and 4.3
(+0.1) Se. For the metalloids, the sediment As concentration is 116 x
background (compared to a nearby reference site), and Se is 41 x
background.™!!

Biota inhabiting the settling basins have elevated Se concentrations
in their tissues.*>** Studies on the developmental and reproductive
physiologies of biota in the ash basin ecosystem found abnormalities,
which may reduce individual fitness."****! The issue for this site therefore
involves linking the high concentrations of metalloid contaminants to the
observed developmental abnormalities of the amphibians using the area. An
extensive review of the toxicological studies conducted on the aquatic biota
in the D-area ash basins is included in Rowe et al.'*"

Study 1. Metal Distribution at the Root—Soil Interface
Roots Collected from Steed Pond

Roots were collected from an 8-year-old black willow (Salix nigra L.)
growing on the Steed Pond former floodplain area. Air-dried root samples
were embedded in a trace-metal-free liquid epoxy resin (3M Scotchcast
electrical resin, Austin, TX, USA), sliced to a thickness of 30 wm with an
alpha alumina wafering saw (Buehler, Lake Bluff, IL, USA) and polished
with diamond paste to remove any extraneous metals deposited on the surface
during slicing. Samples were mounted on a trace-metal-free silica glass slide.
Sample preparation was conducted by Spectrum Petrographics (Winston,
OR, USA).

Synchrotron x-ray microprobe analyses were conducted at beamline
X26A of the National Synchrotron Light Source (Brookhaven National
Laboratory, Upton, NY, USA). For compositional mapping, the incident
X-ray beam was tuned to 17.5 keV using a Si(111) channel-cut monochroma-
tor. The beam was focused using rhodium-coated Kirkpatrick—Baez focusing
optics."*®! A beam size of 5 x 10 wm (x axis and y axis, respectively) was used
for the whole-root sections, with a step size of 75 wm and a dwell time of 2s
pixelfl. For root cross-sections, a 10 x 15 wm beam area was used, with a
30-wm step size and a 5-s pixel ' dwell time. Step size distribution was
determined primarily by considering the overall sample heterogeneity and
size; for instance, where the individual cell sizes are small, smaller step
sizes were used. In general, to gain as detailed a resolution as possible,
smaller step sizes (no more than 10 times the size of the beam dimensions
in either the x or y axes) were used. It should be noted that determination
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of step sizes also took time constraints into consideration. Dwell times
per pixel were optimized by collecting XRF spectra from the sample, and
determining the minimum time required for adequate peak resolution.
Energy dispersive x-ray fluorescence data were collected using a Canberra
SL30165 Si(Li) detector (Meriden, CT, USA). Detection limits for the
majority of elements are between 0.1-10mgkg ™"

Uranium and Nickel in Micro-Rhizospheres

Elemental maps of Steed Pond soil suggested that U preferentially binds to
organic features,”**! such as decaying plant roots or invertebrates. The aim
of this study was to investigate the differential partitioning of Ni and U
within decaying root material in the soil profile.

Contaminated soils were collected from the depositional environment at
Lower Tims Branch. Uranium and Ni concentrations were 804 and
265wgg” " d.wt, respectively. Soil was dried (105°C for 48hr), sieved
(2mm), and homogenized. The microcosm setup consisted of 21 x 50 mL
free-draining terracotta plant pots, containing two stacked resin-embedding
rings (2cm diameter x 2cm height) (Buehler, Lake Bluff, IL, USA) taped
together on the outside. The pots and rings were filled with soil and wheat
seeds (Triticum aestivum L.) were planted within the rings at a rate of 3
seeds per pot. Plants were maintained in an environmental growth chamber
(25 £+ 1°C, 16:8hr light:dark cycles) with daily watering until substantial
root growth could be seen emerging from the bottom of the pots; approxi-
mately 14—16 days. Plants were killed by excising the leaves at the junction
with the seed. Three micro-rhizospheres were prepared for wSXRF analysis
5 days and 32 days after the plants were killed.

Embedding rings were removed from pots and placed in rubber
embedding cups while still moist, taking care not to dislodge the soil from
the root mat. The samples were dried at 60°C for 48 hr. Trace metal free elec-
trical epoxy resin (3M Scotchcast) was poured directly into the rings and cured
at 70°C for 2 days. Embedded micro-rhizospheres were sliced with a diamond
wafering saw to 1-mm thick.

nSXRF analyses were conducted at beamline X26A of the National
Synchrotron Light Source using a Si(111) channel cut monochromator as
described above. Fluorescence counts from micro-rhizosphere analyses were
collected using a Canberra 9-element Ge Array detector. Incident beam
intensity was monitored using an ion chamber, and monochromator energy
was 11.8keV for Ca, Fe, Ni, and Cu analysis and 17.2keV for U analysis.
The incident beam area was 5 wm x 6 wm; 5-day-old samples were mapped
using a step size of 30 wm (x axis) and 50 wm (y axis) with a dwell time
of 3s pixel !, whereas 32-day-old samples were mapped with a 20 um
(x axis) and 60 pm (y axis) step and a 3 s pixer]. For the current qualitative
studies, ion chamber normalized fluorescence counts were used as indications
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of metal distribution, however, methodology for the quantification of normal-
ized fluorescence data is described in full in Punshon et al.!'*’

Study 2. X-Ray Fluorescence Computed Microtomography
of Ni in the Vascular System of Salix nigra L.

Previous observations of the distribution of Ni within the woody tissue of
black willows (Salix nigra L.) inhabiting Steed Pond have revealed small,
localized areas of elevated Ni contrasting with a diffuse distribution within
woody tissue.!'”! Comparisons with elemental maps of structural elements
suggested that the localized area was an almost exclusively Ni-containing
substance within the lumen of a xylem vessel. To investigate this further,
the area of interest was excavated from the wood tissue sample using a
Merchantek micromill system (Newave, Freemont, CA, USA) fitted with a
tungsten carbide round-head drill bit (Brasseler, Savannah, GA, USA). The
presence of Ni was confirmed with wWSXRF mapping, and the sample was
mounted on a glass filament for fluorescence CMT analysis. During CMT
analysis, the conventional microprobe apparatus is used with a stage that
rotates about the vertical axis, known as a goniometer. The sample is
mounted on the goniometer and is translated perpendicular to the beam
through either 180° or 360° of rotation to yield a sinogram. For this
analysis, a beam area of 15 pum (x axis) x 10 um (y axis) was used, with
12-pwm horizontal and vertical translation through 180° rotation (in 4°
steps). Beamline configuration was identical to that of the steed pond roots
study above, with a beam energy of 17.5keV, a Si(111) channel-cut mono-
chromator, and Kirkpatrick—Baez focusing optics. A Canberra SL30165
Si(Li) detector was used to collect energy dispersive x-ray fluorescence
data. Reconstructions were carried out with filtered back projection using
the IDL Riemann function."*”! A very basic correction was made for self-
absorption effects by estimating an average absorption coefficient for the
sample of wood assuming an average density of 0.42 gcm . The fluorescence
intensity was then normalized by the negative exponential of the coefficient as
a function of distance from the fluorescence detector. Because of the low
density of this sample, the corrections proved negligible.

Study 3. Selenium Distribution and Speciation in Deformed
Mouthparts of Bullfrog Tadpoles (Rana catesbeiana)

Selenium is essential at low concentrations but toxic to plants and animals at
higher concentrations.'*®! Selenium is required for the formation of the amino
acid Se-cysteine; the active site in a number of enzymes such as glutathione
peroxidase. At higher concentrations, Se causes reproductive failure due to
its propensity to be maternally transferred and its high embryotoxicity.
Chronic Se poisoning occurs in organisms inhabiting wetlands contaminated
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with coal combustion waste,"** manifesting itself in various physiological
abnormalities, and similar effects from chronic metal exposure are
suspected at the D-area ash basins on the SRS.“’*! This study used
PSXRF and XANES analysis of organisms collected from the D-area fly
ash basins to elucidate Se distribution and coordination environments.'"!

Bullfrog larvae (Rana catesbeiana) samples were collected from the
D-area fly ash settling basin. Previous studies had shown a higher incidence
of oral abnormalities compared to animals collected from a nearby
reference site.*?! Furthermore, relatively high concentrations of Se
(>30 ngg~ ") had previously been determined in whole larvae.****! Mouth-
parts were sectioned and frozen (—20°C), along with the remainder of the
animal, prior to analysis at the Advanced Photon Source (APS), Argonne
National Laboratory (Chicago, IL, USA).

SXRF mapping and pw-XANES was conducted using the x-ray micro-
probe at GeoSoilEnviroCARS at APS (Sector 13D, undulator line). Cryogeni-
cally cooled Si(111) monochromators and a Kirpatrick—Baez mirror systems
were used to produce a beam size approximately 5 wm in diameter. WSXRF
mapping was conducted at 12.721keV, with a step size of 20 wm in both
the x and y dimensions and a dwell time of 3 s pixel . wXANES analysis
in areas of elevated Se was performed over the energy range of 12.533—
12.786keV with a pre-edge step size of 10eV, edge and near-edge step
sizes of 0.5eV, and a post-edge step size of 5eV. Dwell times during
WXANES was 5 s pixel "'. For both wSXRF and wXANES analysis, detection
was in fluorescence mode using a Ge 16 element detector. Selenium oxidation
state standards for WXANES (sodium selenite, sodium selenate, seleno-
methionine, and seleno-cystine) were prepared as solids from analytical grade
standards (Sigma, St. Louis, MO, USA). A small quantity of ground solid was
loaded onto Kapton metal-free adhesive tape, placed in a 35-mm slide mount
prior to analysis.

RESULTS AND DISCUSSION
Study 1. Roots in Contaminated Steed Pond-Tims Branch Soils
Roots Collected from the Steed Pond Former Floodplain Area

Elemental maps generated from lignified tree roots (=5-mm diameter)
collected from a U-enriched area of Steed Pond!**! show Ca (Fig. 1a), Mn
(Fig. 1b), Fe (Fig. 1c), and Ni (Fig. 1d). The distribution of Ca correlates
with photomicrograph images and indicates the anatomical structure. Higher
Ca concentrations were found in the cortex and cell walls of the vascular
system, where it is strongly attracted to the negatively charged carboxyl
groups that typically line xylem tissues. Iron and Mn were present in Steed
Pond soils at elevated concentrations,[”l and this enrichment is evident in



Synchrotron X-Ray Microbeam Spectroscopy 351

a b
T T T
Calcium Manganese
~ -
g P .
oo A : : 1 g o & |
c . g
=~ =]
4 Q
&2 o
s 2
Yal .‘:‘ . - | g Yal 4
parenchyma __—."___ - 9 3
= s ;
vasculartissues—t i g f‘.
steele—l g4 = o S -
cortex .&7\".\ . “ | w 2k
epidermis — < &
T s |
= 0 | | L m g
2 4 6 0
N X (mm) .
Y d
T T
Iron
-
o - E
£ £
o . S
Q L3 8
O vgle 2 1 v4b
S o)
3 e 2
7] + [0}
P e :
S T u_D_
o 2 S | o

R
.“
R

-A - -

“ 0 L i P, "0

0 2 4 6 0 2 4
X (mm) . X (mm)

Figure 1. Micro-XRF images of sections (§ mm x 7mm) of a woody root tissue
of Salix nigra L. collected from a Ni- and U-contaminated wetland, showing (a) Ca,
(b) Mn, (c) Fe, and (d) Ni. Legends indicate raw fluorescence counts.

elemental maps. Iron was distributed primarily in the outermost cortical
regions (Fig. 1c), with higher florescence counts in the epidermis; whereas
Mn was evenly distributed in the parenchymatous tissue within the steele
(Fig. 1b). Similarly, Ni was found evenly distributed throughout the parenchy-
matous tissue of the steele and the cortex (Fig. 1d). Analysis of roots by
ICP-OES indicated that they contained 156 (+7.6) pgg ' Ni and 139
(+4.2) pgg ' U although no U was detected in the internal tissues of
the larger root cross-sections. Smaller roots were analyzed using a different
experimental resolution in an attempt to detect U. A section of root from
the steele to epidermis was imaged using a longer dwell time (95s)
(Fig. 2a). Elemental maps indicate that both Ni (Fig. 2b) and U (Fig. 2c)
are located primarily on the outside of the root epidermis, with comparatively
more Ni within the root cortex than U.
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Figure 2. Photomicrograph image of (a) a lignified root collected from a U-enriched
area of the Steed Pond former floodplain, showing the area from which XRF data was
collected, (b) elemental map of Ni, and (c) U. Legends indicate raw fluorescence counts.

Uranium and Nickel in Micro-Rhizospheres

Figure 3 shows elemental maps of contaminants of concern collected from
micro-rhizospheres 5 days and 32 days after wheat seedlings were killed.
Care was taken to generate elemental maps of regions where the root tissue
was clearly visible with the sample CCD camera. In 5-day-old samples, the
root path is clearly visible in both the Ni and U maps, suggesting
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Figure 3. Micro-XRF image of cross sections of micro-rhizosphere consisting of

wheat (Triticum aestivum L.) roots and contaminated soil collected from Lower
Tims Branch after 5 days (1.5 mm x 3 mm) and 32 days (4 mm x 1 mm) of decompo-

sition showing Ni and U.
concentrations are much lower inside the root tissue than in the soil. Low
concentrations of Ni can be seen inside the root cross-section, whereas the
exclusion of U from root tissue supports findings that U is not readily bioavail-

able in this system. After 32 days however, although the root is still visible

using the sample CCD camera, its path through the soil particles can no
longer be discerned from either the Ni or U maps. This apparent “disappear-
ance” of the root from the elemental maps may be indicative of the loss of
metabolic control over cation uptake at the cell wall, decomposition of cell
membranes and loss of contents, as well as the increasing association of U

with decaying organic material in the soil.
Study 2. X-Ray Fluorescence Computed Microtomography of Ni in

the Vascular System of Salix nigra L.

rSXRF mapping of localized regions of significant Ni enrichment in S. nigra
collected from Steed Pond (Fig. 4a) indicated that Ni was located entirely
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Figure 4. (a) Micro-XRF image (0.31 mm x 0.25mm) of a Ni-enriched region
within the woody tissue of Salix nigra L. collected from Steed Pond (from Punshon
et al.l" (b—d) three-dimensional tomographic reconstructions of Ni within the
same sample.
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within the lumen of a xylem vessel, and not within the cell walls.!'”! Figures
4b-4d are three-dimensional tomographic reconstructions of Ni Ka fluor-
escence intensity in this same section of woody tissue excised from the core
sample, with the aspect of observation ranging from above (Fig. 4b) to
adjacent to the sample (Fig. 4d). The light gray areas are areas of low Ni
Ko intensity in the matrix of the sample. The dark gray areas show the
highest Ni intensity, clearly showing a cylindrical distribution of elevated
Ni, consistent with the confinement of a Ni-enriched substance occupying
the lumen of a xylem vessel.

Study 3. Selenium Distribution and Speciation in Mouthparts
of Bullfrog Tadpoles (Rana catesbeiana)

Bullfrog larvae collected from the D-area ash basins exhibited oral abnormal-
ities consistent with previous observations'****! (Figs. 5a and 5b). These

a. Normal mouthparts b. Deformed mouthparts

c d
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Figure 5. Photomicrograph of (a) normal and (b) abnormal mouthparts of
bullfrog tadpoles Rana catesbeiana, and uSXRF images (6 mm x 3 mm) of (c) Se
and (d) Zn distribution within abnormal mouthparts collected from the D-area ash
basins.
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abnormalities were seen as distorted and missing “toothrows” and distorted
labial tissue. Initial wWSXRF studies of the sectioned mouthparts indicated
correlation between areas of increased Se and Zn concentrations (Figs. 5c
and 5d). However, while Zn was more localized in the teeth region, and
occurred in both control and exposed animals, Se was more evenly distributed
throughout the soft tissue but occurred only in the animals collected from the
ash basins. This would suggest that Zn is constituent of proteins that comprise
the keratinized tooth rows.

Selenium in coal fly ash is relatively soluble and is exclusively inorganic
in speciation with both selenite (Se IV) and selenate (Se VI) oxyanions
having been identified in coal fly ash leachates.®*3*! However, Se is also
known to be readily accumulated in biota, where it is predominantly found
in an organic form, either as Se-amino acids, or as Se incorporated into
proteins.”” Indeed, the rapid accumulation of Se in the food chain has
been identified as a potential environmental “time bomb” for fish.”® In
this study, we used wXANES to identify the Se oxidation state in the
“hotspots” identified by wSXRF. The stable oxidation states of Se (VI, IV,
0 and —1II) can be readily identified by XANES from position of the adsorp-
tion edge. Initial XANES analysis (Fig. 6) confirmed that Se in the sectioned
mouthparts occurred in the reduced ( — II) form consistent with its incor-
poration into organic molecules; the slightly higher edge position for the

4 .._ T T I T T T T T T __
[ Selenite Se (IV) Selenate Se (VI) ]
— 5[ J
&l’ L <
2t Tadpole #1 1
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Figure 6. X-ray absorption near-edge spectroscopy spectra for Se inorganic and
amino acid standards alongside spectra generated from bullfrog tadpole mouth
sections.
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samples may be due to surface binding of inorganic Se. The results confirm
Se incorporation into the soft tissue of exposed organisms, and the oxidation
state of Se (—1II) is consistent with an organo-Se compound most likely from
Se incorporation into proteins.

CONCLUSIONS

The application of wSXRF, CMT, and wXANES to biological tissue can
provide robust qualitative data about the behavior and effect of metals and
metalloids in exposed biota that would be impossible to achieve using con-
ventional destructive volume-averaged techniques. Under ideal conditions,
WSXRF can also be used to measure elemental abundance and can have
detection limits in the sub pgg ' range.*’! Sensitivities in the range of
50—100ng g~ " have also been reported for many elements at third-generation
facilities.'”’ ") In general, biological samples are low atomic number (Z)
matrices, which have less backscattering and lower spectral baselines,
higher sensitivity, and significantly less self-absorption of x-rays by the
sample. As a result, WSXRF is rapidly becoming a powerful research tool in
biogeochemical research.

In the vascular tissues of trees, radial metal mobility or “post-growth
translocation” between annual rings is thought to confound the use of tree
rings as reliable biomonitors. Computer microtomography has generated an
image of a Ni-rich substance confined within the xylem vessel of a willow,
which shows no sign of radial transport. Therefore, in this situation at least,
the use of willows as biomonitors of historical metal enrichment appears
feasible. Imaging the Ni as it moves through an individual xylem vessels
using CMT also illustrates that lower resolution measurements (i.e., larger
beam area) of the metal distribution of annual rings is actually the sum of a
large number of small vessel elements, whose metal content depends upon
the presence or absence of metal moving through it, as well as on the prob-
ability that the sampling technique adequately captures the metal at the cut
surface of the sample. The image of a discrete “slug” of metal adhering to
the interior xylem vessel walls (and not to others in the immediate vicinity)
reveals a level of stochasticity that future sampling techniques will have to
take into account.

Finding accumulation of Se within deformed mouthparts of amphibians
in the D-area ash basins suggests a direct cause-and-effect relationship
between contaminants associated with coal combustion waste disposal and
deleterious effects on biota. Spatially resolved elemental mapping of biota
exposed to multiple contaminants, such as the ash basin, can potentially
reveal the involvement of a particular element that would otherwise be
masked in the traditional determination of body burdens. Although the
involvement of other elevated metals or metalloids cannot be completely
ruled out in this instance, it is clear that Se is highly concentrated in the
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proteinaceous structures of the tadpole, such as the mouth, fins, and tail, to
which a mode of action—indiscriminate substitution of Se into proteins—
can be tentatively assigned.

There are, however, important experimental considerations to be made
when analyzing biological tissues via wSXRF. The abilities of the researcher
to interpret elemental maps generated by wSXRF is subject to error. These
errors can arise from the effect of the escape depth (defined as distance from
the sample surface from which fluorescence can be returned to the detector)
combined with sample orientation. In biological samples, which are often
sliced somewhat thicker than geological samples (several hundred micrometers
in comparison with ~30 pwm), the generation of a two-dimensional map from
a three-dimensional sample can cause gross misinterpretations about the
anatomical structure of the sample. In this case, CMT is more informative
than two-dimensional wSXRF images.

Interpreting elemental maps from biological tissue exposed to metals
or metalloids requires comparison with tissues that have been collected
from a pristine or reference uncontaminated area, as well as rigorous appro-
priate spatial statistical analysis. Frequently with synchrotron x-ray micro-
analysis, severe time constraints operate on the experimenter, and the
production of replicated elemental maps of a metal-free control samples
is prohibitive and replaced by volume-averaged data. Furthermore, it is
becoming increasingly problematic to find pristine samples for some ubiqui-
tous metal contaminants (for example, Pb) from ecosystems that are
ecologically comparable. The application of statistical analyses to WSXRF
maps is also a growth area within the field, and spatial statistical
analyses that have been used for some time in geological mapping and
landscape studies, such as cluster recognition analysis, are being applied
to elemental maps.'°”!

Synchrotron-based microprobe techniques are well suited to the study of
biological tissues. Elemental mapping of flora and fauna from contaminated
environments with wSXRF and CMT show localization of metals within
distinct anatomical features, such as xylem vessels and mouthparts, which
has allowed informed inferences to be made about mechanisms of transport
and modes of action of contaminants that greatly benefit the study of
bioavailability and trophic transfer.
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