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Abstract

Phosphor imaging is a type of digital autoradiography that has been widely used in biochemistry to examine radioactively
tagged proteins. We used phosphor imaging to map in situ U and Th in polished slabs of geological materials including
carbonates, phosphates, and silicate-rich rocks. We examined samples containing between 2 and >500 ppm U and ~ 700 ppm
Th to evaluate the applicability of the technique to geological samples. Resolution of 1 mm or better was obtained even for low
concentration ( ~ 10 ppm) samples. These analyses are routine and only require a light box, phosphor screen, and access to a
phosphor imager. The technique is nondestructive, relatively inexpensive, and requires very little processing time. We used this
technique to identify U- and Th-enriched carbonates and phosphates, and to find “hot spots” of U- and Th-rich minerals in a
granodiorite. These high-resolution maps of U and Th allow us to effectively sample for geochronology and identify potentially
interesting samples for synchrotron X-radiation studies. The maps produced by phosphor imaging also have great potential for
investigating the details of adsorption of radionuclides to rocks and minerals in contaminated areas.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction microprobe mapping, fission-track mapping, synchro-

tron X-ray fluorescence (SXRF) mapping, and film

Some techniques used to image U and Th concen-
trations in situ in geological materials include electron
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autoradiography. We propose that phosphor imaging
is another useful technique to map U and Th. There
are three factors that determine a technique’s applic-
ability: detection limit, spatial resolution, and ease of
use. No one technique is applicable to all types of
samples. The phosphor imaging technique outlined
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here is inexpensive, easy to use, and good for mo-
derate spatial resolution. A practical application of
phosphor imaging is to help identify areas of rocks
and soil samples for further examination with other,
higher resolution techniques.

Electron microprobes can be used to map in situ
the chemical composition of rocks and minerals (e.g.
Spear and Kohn, 1996; McGee and Keil, 2001). The
spatial resolution achievable with electron microp-
robes is high; spot sizes can be as low as 1 um
(Cocherie et al., 1998), depending on concentration.
The main limitation of the electron microprobe is
relatively low sensitivity compared to other techni-
ques. Although the detection limit for heavy elements
such as Th can be as low as 35 ppm (Fialin et al.,
1999), minimum concentrations of 150—300 ppm are
required for precise measurements of U and Th
(Cocherie et al., 1998; Fialin et al., 1999).

Fission-track mapping uses a recorder such as
Lexan® plastic to display tracks resulting from the
fission of 2**U when the sample is irradiated with a
neutron flux (Swart, 1988). The fission-track map is a
direct representation of U distribution in the sample.
The technique has proven useful for looking at U
distribution on the tens to hundreds of microns scale
in silicate and carbonate rocks (e.g. Zielinski, 1980;
Chung and Swart, 1990; Rasbury et al., 2000), and for
determining concentrations as low as 10 ppb in
carbonate rocks (Swart, 1988). Limits of the use of
fission-track mapping are access to a neutron source
and the long period of time following neutron bom-
bardment in which the sample is still radioactively
hot. Once the sample has been irradiated though, only
a petrographic microscope is required to view the
results. Fission-track mapping only provides informa-
tion about U concentrations and variations; the tech-
nique cannot detect Th.

Synchrotron X-ray fluorescence (SXRF) analysis is
a nondestructive technique that can provide U and Th
concentration information (e.g. Hunter and Bertsch,
1998; Phedorin et al., 2000) and has been used to
make high-resolution (tens of microns) element maps
(Janssens et al., 1994; Bertsch and Hunter, 2001).
Usually, the detection limit for U and Th is less than 1
ppm (Bertsch and Hunter, 2001). The intensity of
synchrotron radiation permits high-resolution spot
sizes, on the order of 5 X 5 pm, and a fast count rate
(Janssens et al., 1993). Others have found SXRF

useful for mapping sorbed Pu on geological materials
(Duff et al., 2001). A potential complexity of energy
dispersive spectral analysis in SXRF is spectral over-
lap, such as Rb Ka fluorescence on U La fluores-
cence lines. The main limitation of SXRF is that it
requires operational expertise and hours of scarce
beam time at a synchrotron radiation facility.

Film autoradiography detects strong p- and +y- or
a-radiation emitted by radioactive isotopes in samples
as recorded on X-ray, photographic, or a-particle-
sensitive film (Bowie, 1967; Upham and Englert,
1998). The sample is placed adjacent to film and over
time radiation emitted by the sample will cause the
film to expose. This type of autoradiography is
commonly used on biological materials to detect
radioactive tracers introduced to organisms, but has
also been applied to geological materials (e.g. Hof-
mann, 1990; Mironov et al., 1995). Film autoradiog-
raphy has low detection limits and gives moderate
spatial resolution (a few hundreds of microns for
enriched samples) (Upham and Englert, 1998). For
example, one study of U ore-containing reduction
spheroids, containing weight percent U, required 1—
3 weeks exposure time for a-particle-sensitive film
(Hofmann, 1990). The technique has a high ease of
use and only requires darkroom facilities for exposure
and developing.

We successfully applied a variety of digital auto-
radiography called phosphor imaging to study rela-
tive U and Th concentrations in geological samples.
Phosphor imaging differs from film autoradiography
by the use of a storage phosphor screen to record
emitted radiation rather than film (Johnston et al.,
1990; Upham and Englert, 1998). The storage phos-
phor screen has higher sensitivity (10—100 times)
and reacts more rapidly (at least 10 times) than film
(Johnston et al., 1990). Spatial resolution for digi-
tally processed film and phosphor images are
roughly equivalent (Upham and Englert, 1998).
While SXRF and fission-track mapping have higher
resolution and sensitivity, phosphor imaging is com-
plementary as it is relatively inexpensive, nondes-
tructive, and requires little sample preparation. This
technique has been used successfully to image radio-
active particles from aqueous solutions (Zeissler et
al., 2001). Our results show that phosphor imaging is
useful for studying the trace elements U and Th in
rocks and minerals. This technique is useful for
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Fig. 1. We used a Molecular Dynamics ™ 445 Phosphorlmager®. All pictures are from the Molecular Dynamics website, http:/www.mdyn.com
(© 2002 Amersham Biosciences. All rights reserved.). (A) Visible-light box “erases” the phosphor screen, causing all of the Eu to convert to the
divalent state. (B) Sample is placed on the phosphor screen in a cassette. Radioactivity in the sample will cause the Eu?* to oxidize to Eu®*. (C)
Phosphor screen is scanned with a red laser. As the Eu® " returns to the divalent state, photons are emitted and a computer records the resulting
image as a digital phosphor image (autoradiograph).

imaging U and Th even for samples with relatively elements, such as those that pose a problem for
high K contents, probably due to the long half-life radioactive waste spills, also would be amenable to
and low abundance of *°K even though *’K produ- phosphor imaging. Samples ranging in size from a
ces significant y-rays during decay. Other radioactive couple of centimeters to over 20 cm were analyzed,

Fig. 2. Miocene tufa calcite sample from the Barstow Formation, Mojave Desert, southern California. (A) Hand specimen. (B) Phosphor image
after a 30-min exposure, (C) 4-day exposure, and (D) 1-week exposure. This figure shows that exposure time is dependant on concentration and
that there is the potential for overexposure.
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demonstrating that this technique is applicable on the
hand specimen scale.

2. Materials and methods
2.1. Phosphor imaging

We used a Molecular Dynamics™ 445 Phos-
phorlmager® and a 20 X 25 cm mounted Molecular
Dynamics ™ storage phosphor screen and cassette for
phosphor imaging. Our screens were scanned with the
445 Phosphorlmager® housed at the Stony Brook
University Microscopy Imaging Center at a cost of
about US$10 per scan. Phosphor screens are available
for rent from the imaging center at a rate of US$5 per
day, but we purchased our own screens through
Amersham Biosciences for approximately US$1200
each. Other companies that produce phosphor imagers
include Fuji Medical Group USA and Packard Instru-
ment (Defrancesco, 1998). Phosphor imagers sell for
between US$20,000 and US$100,000, averaging
about US$35,000 (Defrancesco, 1998). Many hospi-
tals and chemistry and biology departments have these
types of imagers and may make them available for a
nominal charge.

In the storage phosphor technique, a phosphor
screen consisting of photostimulable barium fluoro-
bromide (BaFBr) and a trace amount of divalent Eu as
a luminescence center is used to detect radiation
(Johnston et al., 1990; Upham and Englert, 1998).
Energetic - and +y-radiation emitted from a sample
excite the Eu” ", converting it to Eu® *, and releasing an
electron (Johnston et al., 1990). This electron is
trapped in a bromine vacancy created during the screen
manufacturing process (Upham and Englert, 1998).
When the phosphor screen is scanned with helium—
neon laser at about 633 nm (red light), the trapped
electron is released and the Eu® " returns to Eu®". The
Eu reduction emits photons at about 390 nm (blue
light) (Johnston et al., 1990; Upham and Englert,
1998). A photomultiplier tube detects the emitted
photons and a computer records this energy as a digital
image (Upham and Englert, 1998). Variations in inten-
sity on the resulting phosphor image correlate to
variations in the concentrations of radionuclides. It
should be noted that the phosphor image records
radioactivity due to both U and Th. Another technique

is required to distinguish between the two elements in
samples containing both U and Th.

Fig. 1 illustrates the equipment necessary for
phosphor imaging. A visible-light box is used to
completely erase the screen of the previous exposure
(Fig. 1A). A flatbed scanner also was successfully
used for this purpose. Erasing the screen allows it to
be reused nearly indefinitely (Johnston et al., 1990).
The phosphor screen and the sample are placed in a
cassette (Fig. 1B) so that the immobilized sample

LR

Fig. 3. Aragonite speleothem from Grotte Théophile, Alpe d’Huez,
France. (A) Hand specimen. (B) Phosphor image compared to the
National Institute of Standards and Technology Standard Reference
Material 612. Exposure time was 4 days. This sample shows very
homogeneous uranium distribution.
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maintains contact with the screen. The exposure time
depends on the concentration of radionuclides in the
sample. High concentration samples can generate an
image in minutes while samples in the low (10—20)
ppm range require weeks of exposure. Following
exposure, the screen is scanned using a He—Ne laser
(Fig. 1C) and a computer generates the resulting
digital image.

Natural radiation such as cosmic rays and natural
vy-rays contribute significantly to the oxidation of
Eu”" in the phosphor screen, and it is not possible
to distinguish between this background oxidation and
exposure due to radionuclides contained in the sam-
ple. Thus, for samples with U and Th in the low ppm
range, which will require weeks to generate an image,
it is necessary to store the screen in a shielded area,
such as a Pb-lined cabinet.

2.2. Sample preparation

Polished slabs of rock up to 20 X25 cm were
imaged in this study. The optimal sample thickness
is less than 1 cm as this allows the cassette containing
the phosphor screen to be fully closed, ensuring
sample contact with the screen. Since +y-radiation

can penetrate quite deep, samples should be cut as
thin as possible to make certain the map most closely
reflects the details of the polished surface. Polishing
the slabs also enables complete, even contact with the
plate. Samples, or the phosphor plate itself, are
covered in plastic wrap to protect the plate surface.
The polished side of the sample is then placed on the
plate and exposed for minutes to weeks, depending on
U or Th concentration. Phosphor screens were placed
in Pb-lined cabinets to reduce background exposure
due to cosmic rays and natural vy-radiation during
exposure of the samples.

3. Results

We present the results of phosphor imaging on
seven geological samples (Figs. 2—8). The first sam-
ple is a middle Miocene calcite tufa deposit from the
Barstow Formation in southern California (Fig. 2A).
This sample has alternating bands of light and darker
calcite that are between 0.1 and 1 cm thick. Addition-
ally, there are laminations within the bands on the tens
of microns scale. These finer scale laminations are
difficult to observe in the hand specimen, but are clear

Fig. 4. Late Paleozoic palustrine limestone from the Appalachian Basin, Ohio. (A) Hand specimen. (B) Phosphor image with a 1-week
exposure. Phosphor imaging is able to resolve variations in U concentration in this low U sample.
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with a magnifying lens and in thin section. Our lab
has analyzed this and similar tufa samples for U-Pb
dating (Cole et al.,, 2001) and to study the cyclic
nature of U concentrations (Becker et al., 2001). U
concentrations range from 68 to 162 ppm as deter-
mined by isotope dilution. In situ SXRF analyses
show that U concentration exceeds 500 ppm in the
most enriched areas of the sample (Cole et al., 2002).
U—Pb analyses show very little variation in 2°*Pb/
204pp. therefore, Th concentrations in this sample are
low. K concentrations are also low in calcite. This
sample was exposed to the phosphor screen for
varying amounts of time to determine the optimal
exposure time (Fig. 2B—D). Banding in the phosphor
image shows variations in U concentration that can be
compared to macroscopic variations in the hand speci-
men, but the finer laminations are only detectable with
fission track maps and with high resolution SXRF line
scans. As exposure time increases, the intensity of the
image also increases. However, increased exposure
time also leads to increased background radiation
exposure. This background exposure was observed
even though our screens were shielded in Pb-lined
cabinets.

An aragonite speleothem from Grotte Théophile,
Alpe d’Huez, France is shown in Fig. 3A. The sample
has 72 ppm U as determined by U—Th alpha spec-
trometry (Audra and Quinif, 1997). As expected from
the homogenous appearance of the hand specimen,
this sample shows roughly even U distribution (Fig.
3B). The thinner areas of the hand specimen appear
lighter in the phosphor image. Next to the sample is a
National Institute of Standards and Technology 3 mm
trace element in glass standard (SRM 612). The
certificate values for U and Th are 37.38 and 37.79
ppm, respectively. There is also approximately 64
ppm K in the standard. The phosphor image of the
sample is more intense than the standard because the
sample is thicker, contains more U than the standard,
and contains the U-series intermediate daughter prod-
ucts while the standard is enriched only in the parents
(Fig. 3B).

In order to understand the lower concentration
limits of phosphor imaging, a sample of palustrine
limestone from the Late Paleozoic Appalachian Basin,
Ohio (Fig. 4) and a sample of paleosol caliche on host
dolomite from the Late Paleozoic Permian Basin,
western Texas (Fig. 5) were analyzed. The palustrine

sample has between 13 and 33 ppm U as determined
by isotope dilution (Becker et al., 2000). The paleosol
calcite has between 4 and 8 ppm U based on isotope
dilution (Rasbury et al., 1997) and 2—20 ppm based
on SXRF (McCall et al., 2002). Both samples have

Fig. 5. Late Paleozoic carbonate host with paleosol calcite from the
Permian Basin, western Texas. (A) Hand specimen. (B) Phosphor
image. Sample was exposed for 4 weeks. Uranium concentrations
are low but variable in this sample.



J.M. Cole et al. / Chemical Geology 193 (2003) 127-136 133

areas of darker brown, organic-rich calcite related to
the pedogenesis and lighter brown, organic-poor cal-
cite of the host carbonate (Figs. 4A and 5A). The
palustrine limestone was exposed for 1 week and the
paleosol limestone for 4 weeks. The phosphor imag-
ing results from both samples show phosphor imaging
is capable of resolving variations in U concentrations
in the 5-30 ppm range (Figs. 4B and 5B).

Another tufa deposit (phytoherm) from the middle
Miocene Barstow Formation was analyzed to examine
the U distribution in a variety of mineral phases. This
sample (Fig. 6A) has a micritic calcite framework that
was filled in first with calcite spar and finally with
chalcedony. Isotope dilution analyses of the micrite
show a range in U concentrations between 17 and 31
ppm. In the autoradiograph, high U concentrations
seem to be limited to the micritic calcite, and it
appears that the darker micrite is usually particularly
enriched (Fig. 6B). Surprisingly, the chalcedony does
seem to concentrate U even though other studies show
an affinity of U for cryptocrystalline silica (e.g.,
Neymark et al., 2000). This sample illustrates the
potential to see inter- and intra-mineralogical differ-
ences in U concentrations.

A fossilized fish from the Eocene Green River
Formation (Fig. 7A) was selected to analyze a Th-rich
mineral with phosphor imaging. The fish fossil was
determined by in situ X-ray powder diffraction anal-
yses to be composed of fluorapatite (francolite). A 19-
h exposure time yielded a spectacular image showing
high levels of radionuclides in the fossil (Fig. 7B).
The lacustrine host rock also contained moderate
levels of U or Th. SXRF analyses show that the fossil
has high levels of Th, between 680 and 750 ppm, (Fig.
7C) and low concentrations of U.

Our final sample shows that phosphor imaging can
be used to find “hot spots” of U- or Th-rich minerals,
such as zircon or monazite, in a K-bearing rock. Fig.
8A shows a slab of a granodiorite boulder found on
Long Island. The sample was stained to show K-
feldspar and Na-feldspar (Waldemar Pacholik, per-
sonal communication, 2001). The larger grain size of
the K-feldspar suggests that mineral crystallized early
in the cooling history of the granodiorite. The sample
was exposed for 4 days (Fig. 8B) and for 3 weeks
(Fig. 8C). Hot spots of U- or Th-rich minerals stand
out well in the 4-day exposure image. The areas of the
granodiorite composed of K-feldspar are the lightest

Fig. 6. Miocene tufa deposit composed of micritic calcite, sparry
calcite, and chalcedony. Sample is from the Barstow Formation,
southern California. (A) Hand specimen. (B) Phosphor image with a
1-week exposure. Uranium concentration is quite variable in the
micritic calcite and is much lower in the chalcedony.

in the phosphor image. The intergranular material is
seen as more enriched in U. K does not seem to
contribute to the exposed image even though *°K is
radioactive. This is because the intensity of y-radia-
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Fig. 7. Fossilized fish from the Eocene Green River Formation, Wyoming. (A) Hand specimen. (B) Autoradiograph resulting from a 19-h
exposure. (C) Energy dispersive synchrotron X-ray florescence map of Th La; fluorescence counts (normalized to incident beam flux). Darker
colors indicate more counts; however, the density of counts within the fish is correlated to the thickness of the fossil and probably does not
reflect variable incorporation of Th in the fluorapatite. Data were collected in situ, at atmosphere, with a monochromatic X-ray beam tuned to
~ 17.2 keV at beamline X26A at the National Synchrotron Light Source.

tion emitted by “°K is small relative to that emitted by Gamma-radiation in the sample will travel in any
232Th, 235U, 28U, and their respective intermediate direction, so the fuzziness along the sides of the
daughter products. In these phosphor images (Fig. 8B sample represents y-rays that traveled from the sample
and C), the effect of sample thickness is especially at an oblique angle and subsequently exposed the
apparent. Along the side of the sample, exposure plate. Decreasing sample thickness minimizes this
beyond the limits of the sample is discernable. effect.

Fig. 8. Slab from a granodiorite boulder found on Long Island. (A) Hand specimen. Granite was stained to show K-feldspar and Na-feldspar.
Autoradiography images resulting from a (B) 4-day and a (C) 3-week exposure time. Hot spots of U- or Th-rich minerals can be clearly seen in
this sample despite the presence of K-rich minerals.
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4. Discussion

Phosphor imaging is a useful tool for in situ
determination of relative U and Th concentrations in
geological samples such as carbonates, phosphates,
and silicates. Phosphor imaging has relatively low
detection limits ( ~ 5—10 ppm), moderate spatial
resolution (<1 mm), and a high ease of use. The
radioactive isotope of K does not provide enough +y-
radiation to expose the phosphor plate, so this tool is
useful for mapping U and Th in K-feldspar-bearing
rocks. This technique is especially applicable to sam-
ples on the hand specimen scale. One potential use of
this technique is to aid in sampling of U- and Th-
enriched rocks and minerals for U-Pb, Th—Pb, and U-
series dating. Another application is to select samples
for higher resolution studies of actinides with an
electron microprobe or with synchrotron X-radiation.
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