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The gamma radiation emitted from a variety of commercial decorative granites available for use in U.S.
homes has been measured with portable survey meters as well as an NaI(Th) gamma spectrometer. The
40K, U-nat, and 232Th activity concentrations were determined using a full-spectrum analysis. The dose
rates that would result from two different arrangements of decorative granite slabs as countertops were
explored in simulations involving an adult anthropomorphic phantom.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Thousands of varieties of igneous rocks, marketed generically as
“granite,” are widely used in U.S. homes as large-area countertops
in kitchens and other rooms. These stones can contain admixtures
of 40K and the decay series of U-nat and 232Th. These can include
a number of progeny radioisotopes that emit gamma rays with
characteristic intensities and energies ranging from some tens of
keV to w2.6 MeV. The use of such decorative granites as building
materials in a home can thus result in the long-term whole-body
exposure of the occupants to this radiation.

Numerous works (Abbady et al., 2005; Abdel Hady et al., 1994; El
Afifi, 2006; Al-Jarallah, 2001; Al-Jarallah et al., 2005; Arafa, 2004;
Asghar et al., 2008; Badhan et al., 2009; Canbaz et al., 2010; El-Amri
et al., 2003; Fazal-ur-Rehman et al., 2003; Fokianos et al., 2007;
Haquin, 2008; Iqbal et al., 2000; Kitto et al., 2009; Myatt et al.,
2010; Mustonen, 1985a,b; Ningappa et al., 2008; Osmanlioglou,
2006; Pavlidou et al., 2006; Rahman et al., 2008; Petropoulos et al.,
2002; Quindos et al., 1988; Sahoo et al., 2007; Al-Selah and Al-
Berzan, 2007; Sengupta et al., 2009; Sonkawade et al., 2008;
El-Taher et al., 2007; Tzortzis et al., 2003; Walley El-Dine et al.,
2001; Xinwei, 2006; Yang et al., 2005) have quantified the 40K,
U-nat, and 232Th activity concentrations, in Bq/kg, in specific stones
and other building materials. In order to estimate the health risks,
All rights reserved.
these studies commonly provide the values of various hazard indices
(Beretka and Matthew, 1985; Malanca et al., 1993; Hayumbu et al.,
1995), and/or the dose rates at a distance above a large area of the
material using the UNSCEAR scale factors (Beck, 1972; Kohshi et al.,
2001; UNSCEAR, 1988; UNSCEAR, 1993; UNSCEAR, 2000), in (nGy/
hr)/(Bq/kg). Such dose rate calculations do not seem appropriate for
the geometry of a person standing next to a horizontal decorative
granite surface. Such dose estimates also tacitly assume that the
radioisotope concentrations are uniform throughout the volume of
the stone. This assumption can fail for some “exotic” granites, which
mightexhibit significant “hot spots”within anoverall less radioactive
bulk volume (Myatt et al., 2010). The use of such dose calculations
following the spectroscopic measurements of small samples that
happen to include such localized hot spots would thus lead to
significant overestimates of the dose.

In this paper, the 40K, U-nat, and 232Th activity concentrations in
a number of decorative granite samples marketed to homeowners
in the U.S. were measured using an NaI(Tl) gamma spectrometer.
The activities were extracted by a full spectrum analysis (Hendriks
et al., 2001), and the GEANT4 toolkit was used for the detector
efficiency, gamma conversion, and self-absorption corrections
(Agostinelli et al., 2003; Barca et al., 2003). The measured activity
concentrations were correlated with measurements made using
portable survey meters at the surface of the same stones. Some
samples studied here did indeed exhibit significant hot spots
within a relatively less active overall volume. The dose rates to an
adult standing near two different arrangements of decorative
granite countertops were explored in GEANT4 simulations
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Table 1
The number of different gamma energies, and the average number of gammas per
decay of the parent, obtained from the spectra listed in Ref. (Evans, 1983).

Parent No. of lines hNg=DK i
40K 1 0.107
U-nat 84 2.41
232Th 100 4.13
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including an anthropomorphic phantom. Uniformly active stones,
and those with significant hot spots, were treated separately. A
similar study using different samples and different methodologies
can be found in Ref. (Myatt et al., 2010).

This paper is organized as follows. The experimental aspects are
discussed in Section 2. The survey meter results are described in
Section 3.1, the activity concentrations obtained from spectroscopy
are described in Section 3.2, and the dose rate results are discussed
in Section 3.3. The dose rates from the majority of the samples,
which indicate relatively low and uniform activity concentrations,
are discussed in Section 3.3.1, while the dose rates for the stones
which exhibit significant hot spots are discussed in Section 3.3.2.
The summary and conclusions are presented in Section 4.

2. Experimental aspects

2.1. Samples and measurements

The decorative granite samples were collected from local
natural stone retailers as showroom samples in two batches over
the course of w2 years. These initial sample blocks ranged in size
from 5 cm � 5 cm to w60 cm � 30 cm. Core samples with
a diameter of 5 cm were cut from a number of locations per initial
block from the first-batch samples. These core samples were
measured with an NaI(Tl) spectrometer and two different portable
survey meters. The second batch of initial samples was not cored
and was measured only with the one of the survey meters. In the
following, the 5 cm-diameter core samples from the initial batch of
blocks will be referred to as “cores,” while the uncored second
batch of samples will be referred to as “blocks.”

The locations on a sample from which the cores were removed
were randomly chosen for stones with uniform color patterns, and
were distributed randomly within the different color domains for
stones with more varied color patterns. For the NaI(Tl) spectrum
measurements, sixty-nine core samples were available from
twenty-five different stone types. Each core was two inches in
diameter with a sample-to-sample variation in diameter of
approximately 2 mm (1/16th inch). The thickness of each core was
within a few millimeters of one of three values - 1 cm, 2 cm, or
3 cm. The majority of the samples were 2 cm thick.

The survey meters were a Ludlum1 Model 14C with Model 44-9
probe and a PalmRAD2 Model 907. Both are halogen-quenched
Geiger-Müller detectors with a circular 45 mm2 active areas. The
survey meter data was collected at the surface of a core or block in
the “slow” response mode (20 s averaging). The background count
rates were typically 20 counts per minute (CPM).

The NaI(Tl) crystal was 7.6 cm (3 inches) in diameter and 7.6 cm
(3 inches) deep. It had a special thin entrancewindowandwas read
out by a photomultiplier tube (PMT). The detector was surrounded
on all sides by 5 cm-thick Pb blocks. Each core was placed coaxially
with the crystal at a distance of 3 mm. The signals from the
attached photomultiplier tube were preamplified (Ortec model
113), amplified (Ortec model 485), and then digitized by a 12 bit
multi-channel analyzer (MCA). The energy lower limit was
0.1e0.2 MeV and the upper limit was 2.8e2.9 MeV. The energy
window used for all of the data analyses was 0.25e2.75 MeV. The
data for each core was collected over periods ranging from 2 to 14 h
depending on the apparent activity of the core. In between each
measurement of a core, data was collected with a 22Na calibration
source to set the MCA energy scale. This treated the slow variations
1 Ludlum Measurements, Inc., 501 Oak Street, Sweetwater, TX 79556 USA.
2 Berkeley Nucleonics Corporation, 2955 Kerner Blvd. Suite D, San Rafael, CA

94901 USA.
in the PMT output (gain) and the temperature dependence of the
NaI(Tl) light output. The energy resolution in percent was observed
to be sE/E ¼ 1.8 þ 2/

ffiffiffi
E

p
, which corresponded to a full width at half-

maximum of 8.5% at 1 MeV.
The background spectra were measured over 14e16 h periods

and were remeasured every few weeks. These spectra were
consistent in spectral shape and magnitude to w3% in the different
background runs. The experimental spectrum from a core run and
a background run were each normalized by the run time, and then
subtracted to produce the spectrum from the core in counts per
second per 0.02 MeV-wide bin.

A few cores were measured multiple times in order to check the
reproducibility and the long-term stability of the results. Some of
thesemeasurements of the same corewere separated bymore than
one year of real time. The 40K, U-nat, and 232Th spectral shapes and
extracted activity concentrations were always in agreement to
better than 10%.

2.2. Simulations & analysis

The detector efficiencies were treated using simulations based
on GEANT4 (Agostinelli et al., 2003; Barca et al., 2003). GEANT4 is
an object-oriented toolkit for simulating the passage of particles
through arbitrary matter arranged in arbitrary geometries. It exists
as open-source Cþþ code and includes all of the necessary func-
tionality formicroscopicMonte Carlo simulations including particle
tracking through user-defined media including particle decays and
the generation of secondary particles from all possible physical
interaction processes, the digitization of energy deposition in
sensitive volumes (“hits”), and visualization. The analysis and the
plotting of the experimentally-measured spectra and the results
from the GEANT4 simulations were performed using ROOT (Brun and
Rademakers, 1997), which is also freely available. GEANT4 version
9.4 and ROOT version 5.26.00 were used here.

In GEANT4, one gamma per event was emitted into 4p and
randomly within a 5 cm diameter by 5 cm thick “test core” that
represents the cores that were experimentally measured. The
energy of each gamma emitted from this test core was sampled
randomly from the full-spectrum3 (Evans, 1983) for a given parent
nucleus - 40K, U-nat, or 232Th. The number of gamma lines, and the
average number of gammas emitted per decay of the parent
obtained by integrating the spectra, are summarized in Table 1.

Each parent was simulated separately. An NaI(Tl) “test crystal”
was also defined in the simulation coaxially with the test core at
a separation of 3 mm consistent with the experimental measure-
ments. The energy deposited in the test crystal was smeared event
by event with the experimental energy resolution function
described above. Granite material was defined in the simulation
using the world-wide average density (2.7 g/cm3) and chemical
composition obtained from Ref. (Blatt and Tracy, 1997). Thus,
gamma conversion and self-absorption are treated. The three
separate sets of simulations thus resulted in three simulated
spectra, one each from 40K and the decay series of U-nat and 232Th.
3 All gamma lines with intensities greater than 0.1 gamma rays per 100 disin-
tegrations of the parent nucleus were included.



γ

Fig. 1. A typical example of the result from the full-spectrum fitting procedure.

4 Track-terminating pseudovolumes surrounding the NaI test crystal were used
to ensure that there was no “cross talk” between the two types of simulations
occurring in parallel.
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To extract the activity concentration for each experimentally-
measured core spectrum, a Full Spectrum Analysis (FSA) (Hendriks
et al., 2001) was performed. Such an approach is less-sensitive to
the uncertainties in spectral stripping analyses (Chiozzi et al., 2000;
Løvborg et al., 1979; Rybach, 1971, 1988; Sanzelle et al., 1988)
resulting from the choices of the energy windows and the evalu-
ation of the contributions from gammas from other radionuclides
in a given window. Small gain variations during long runs of rela-
tively inactive samples can smear the experimental spectra beyond
that described by the reference spectra. This minor smearing was
indeed observed for the least active samples (see below). To
perform the FSA, each of the three GEANT4 -simulated spectra for
40K, U-nat, and 232Th were first normalized to the total number of
gammas emitted at the test core (one per “event”). Three scale
factors, Ci, were then extracted by regression (c2 minimization) to
the experimentally-measured spectrum by the fitting procedures
built into ROOT. As the experimentally-measured spectra were
normalized to the run time in seconds, these scale factors for each
core represented the number of measured gammas from each
parent per second. The activity concentration for each core in Bq/kg
was then calculated using,

Ak
i ¼ Cki

�hD
Ni
g=DK

E
*Mk

i
; (1)

where k was the core-identifying index, hNi
g=DKi is given in Table 1,

and Mk was the core mass in kg. A similar procedure for normal-
izing simulated spectra for the extraction of fully efficiency-cor-
rected activity concentrations from experimentally measured
spectra is described in Ref. (Hendriks et al., 2002).

A typical example of the full-spectrum fitting result is shown in
Fig.1. The experimentally measured spectrum for this core is shown
with the solid points. The simulated spectra are shown with the
different line styles: 40K (dot dot dashed), U-nat (dot dashed), and
232Th (dashed). The sum of the simulated spectra is shown as the
solid line. The lower frame depicts the fractional difference
between the experimental and the sum of the simulated spectra in
each 0.02MeV-wide bin.While the experimental spectrum extends
over three orders of magnitude versus the energy, the total spec-
trum determined by the fitting procedure reasonably reproduces
the experimental spectrum inmagnitude and shape. The projection
of the lower frame of Fig. 1 on the vertical axis is approximately
Gaussian in shape with a standard deviation of 9%. This same
standard deviation ranges from 7% to 13% for all of the present
measurements. The discrepancy for some energy bins in the lower
frame of Fig. 1, e.g. near w0.6 MeV, was not uncommon for such
a (relatively quiet) core and resulted from the gain variations in the
long runs of quiet samples discussed above. The bulk of the spec-
trum was, however, reasonably reproduced leading to reliable
measurements of the activity concentrations.

The minimum detectable activities (MDA) from the present
approach were investigated in the following manner. A simulated
spectrum for a given parent radionuclide was scaled to an arbitrary
test activity and then added to an experimentally measured back-
ground spectrum. This sum spectrum was then processed as usual,
but the background spectrum taken at another time was used. The
resulting “signal” spectrum was then fit using the standard proce-
dure, and the apparent activity concentration was compared to the
test value. This was done for each parent and for a number of
different combinations of background spectra. The overall results
were consistent and implied that the MDA values are approxi-
mately 400:80:40 Bq/kg for the 40K:U-nat:232Th parents.

In the same simulations used to treat the NaI(Tl) detector effi-
ciencies (described above), the so-called “MIRD phantom” (Guatelli
et al., 2006; Guerrieri, 2005; de Souza e Silva et al., 2009) and one of
two different arrangements of decorative granite slabs arranged as
countertops were placed in the same simulation volume.4 The
MIRD anthropomorphic phantom is available as part the standard
GEANT4 software distribution. This implementation uses basic
geometrical shapes to simulate an adult body both in dimension
and chemical composition. In the language of GEANT4, the phan-
tom’s thirty-three internal organs are effectively active detectors,
and the energies deposited in each of these organs are recorded in
a simulation run. The various organs are composed of soft tissue
(density r ¼ 0.987 g/cm3, radiation length X0 ¼ 38.1 cm), bone
(r ¼ 1.487 g/cm3, X0 ¼ 21.4 cm), lung tissue (r ¼ 0.296 g/cm3,
X0 ¼ 123.4 cm), adipose (r ¼ 0.93 g/cm3, X0 ¼ 44.6 cm) glandular
material (r ¼ 1.04 g/cm3, X0 ¼ 35.8 cm) and breast material
(r ¼ 0.985 g/cm3, X0 ¼ 39.9 cm). The female version of the MIRD
phantom was used. The male MIRD phantom has the same overall
and organ dimensions and differs from the female version only in
the definition of the sexual organs. The MIRD phantom weighs
70 kg (154 pounds), and is approximately 170 cm (68 inches) tall,
40 cm (16 inches) wide, and 23 cm (9 inches) deep.

The two countertop geometries used are depicted in Fig. 2. On
the left is a simple “L”-shaped arrangement such as might be found
in a workroom, and on the right is an arrangement with a different
L-shaped surface, a 600-tall and 1 cm-thick backsplash, and
a detached “island,” such as might be found in a home kitchen. The
total area of the two geometries is nearly the same e 6 m2 for the
workroom, and 6.1 m2 for the kitchen (w65 ft2). For each coun-
tertop arrangement, simulations were performed with the
phantom placed at the three different locations indicated in each
figure. Location “A” is the geometric center of the geometry, loca-
tion “B” is close to the elbowof the “L”, while location “C” is close to,
and at the midpoint of, the longer surface.

In each event (for which one gamma was emitted into 4p from
the test core in front of the test crystal), a larger number of gammas
are emitted into 4p from random locations inside the granite
countertops. The number of gammas emitted per event from the
countertops was set by the total surface area of countertops divided
by the surface area of the core (p [2.5 cm]2). The total energy
deposited in the MIRD phantom was incremented in each event
and at the end normalized to the number of events for each
simulation. The scale factors, Ci, determined from the full-spectrum



Fig. 2. On the left is the workroom geometry, and on the right is the kitchen geometry. The locations at which the phantom was placed to calculate the dose rates in each of these
two geometries are indicated by the ellipses.
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analysis of each core were then used to scale the dose to the
phantom to units of MeV/s. The energy deposited in the whole
phantom and each of the 33 separate body parts was incremented
separately. The whole-phantom energy deposition rates were then
converted to equivalent dose rates in mSv/s using the appropriate
factors and the phantom’s total mass.

It is important to note that the scaling described above to
determine the dose rates in the phantom that would be obtained
from a given experimentally-measured core tacitly assumed that
the (small) core had activity concentrations that were representa-
tive of those in a much larger slab of the same granite. As will be
shown in the next section, some decorative granites showed
significant “hot spots” in an otherwise less radioactive overall
volume. Special simulations were used to estimate the dose to the
phantom for granite slabs that had such hot spots. For these
simulations, the location of a hot spot is indicated for the “kitchen”
geometry on the right side of Fig. 2. This is a 2.5 cm diameter spot
that is 1 cm from the edge of the granite surface and centered on
the phantomwhen in position “B” of the kitchen geometry. This hot
spot location thus provides “worst-case” estimates of the dose rates
to a human.
μ

μ

μ

Fig. 3. The comparison of the dose rates obtained from the A&B approach and the
GEANT4 approach for various room sizes and wall thicknesses and an exposure of
7000 h. The solid symbols correspond to the smaller room, while the open symbols
correspond to the larger room. The inset depicts the relative differences in percent.
2.3. Dose calculation cross-checks

The dose rates determined using the present GEANT4 and the
MIRD phantom approach (G4&P) were compared to those from two
other approaches to assess the accuracy of the present calculations.
In the first approach, the phantom was placed at the center of
a room with concrete walls with specific activity concentrations
and compared to the results from the “attenuation & buildup”
(A&B) approach described by Markkanen et al. (Markkanen, 1995,
1999). In the second approach, an isotropic point source was
placed at specific positions in front of the phantom and compared
to the results from the software package “VMC-DC ” (VMC) (Hunt
et al., 2004). The results from these two comparisons are now
described in turn.

2.3.1. Comparison to the attenuation & buildup approach
In the A&B approach, the numerical integration of analytical

functions with tabulated parameters is performed for a rectangular
source of uniform density and activity concentration. Six such
rectangular sources are arranged as the walls, floor and ceiling of
a room. Attenuation of the photons in the concrete walls and air is
Fig. 4. The comparison of the dose per second for a 1 kBq/s point source obtained from
the VMC-DC program and the GEANT4 approach. The solid symbols correspond to the
use of the full energy spectrum in the G4&P simulations, while the open symbols
correspond to the use of the same simplified energy spectrum for 232Th as is used in
the VMC-DC program. The inset depicts the relative differences.



Fig. 5. The correlation of the rates in CPM measured by the Ludlum and palmRad
portable survey meters.
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treated via tabulated linear attenuation and energy attenuation
coefficients, respectively. Buildup is treated via a phenomenological
approach (Berger, 1957) also using tabulated parameters (Trubey,
1966; Takeuchi and Shun-ichi, 1985). The sum over the six planes
of the effective doses in air in Gy is then multiplied by an overall
factor of 0.7 Sv/Gy (Beck, 1972; Kohshi et al., 2001; UNSCEAR, 1988;
UNSCEAR, 1993; UNSCEAR, 2000) to obtain the absorbed dose rate
to an adult human. This is then scaled to a dose rate per year of
exposure using an occupancy factor of 0.8, or 1 year is equal to
7000 h.

Implementations of the original approach of Refs. (Koblinger,
1978; Stranden, 1979; Mustonen, 1985a,b) have been developed
with slightly different assumptions in Fortran Markkanen, 1995;
Markkanen, 1999; Mirza et al., 1991; Ahmad et al., 1998; Máduar
and Hiromoto, 2004), Maple (Ademola and Farai, 2005), and Pascal
(Allam, 2009). Overviews of the different approaches and direct
comparisons of their results are available in Refs. (Markkanen,1995;
Markkanen,1999; Ahmad et al., 1998; Máduar and Hiromoto, 2004;
Allam, 2009; Risica et al., 2001). Generally, the predictions from the
different A&B approaches are consistent to the 10e15% level.

The A&B code used here is the Fortran program MATERIA
(Markkanen, 1995, 1999) as the source code was freely available in
Ref. (Markkanen, 1995). In the MATERIA code, the 40K, 238U, and
232Th gamma energies and weights are not the complete spectra
but are simplified to just one, or in the case of 232Th two, gamma
lines with an energy that is a weighted average over the spectrum.
Fig. 6. On the left is the frequency distribution of the Ludlum survey meter readings in CPM
shown separately as the two stacked histograms as labelled. On the right is the two-dimen
reading and the standard deviation divided by the mean determined for each initial block
To make a strict comparison to the A&B approach, the present
GEANT4 code was extended in the following ways. The granite
countertops were removed, and concretewalls as well as a concrete
ceiling and floor of specific dimensions were defined. The density
and elemental composition of the concrete were taken from
Ref. (ICRU,1989). TheMIRD phantomwas placed in the center of the
room. In the GEANT4 event loop, gammas were emitted into 4p
from random locations inside the walls. Every generated photon
was emittedwith an energy sampled from the full spectrum for 40K,
U-nat, or 232Th separately. In each simulation (for a specific room
geometry and parent), the total number of emitted gammas, Ng

i ,
was typically in the range of 5e10million. The direct comparison of
the G4&P doses to those from the A&B approach required
a temporal scaling which was accomplished as follows. The total
activity for each decay series and room geometry, Atot

i in Bq, was
given by Ai �r�Vwalls, where r was the density of the concrete in
kg/m3, and Vwalls was the total wall, floor, and ceiling volume in m3.
The 40K, U-nat, and 232Th activity concentrations were arbitrarily
set to AK ¼ 400 Bq/kg, AU ¼ 40 Bq/kg, and ATh ¼ 40 Bq/kg,
respectively, in both codes. The temporal scale factor in s�1 for
a given input activity concentration, Ai in Bq/kg, was then given by
[Ai (Bq/kg)] � [r (kg/m3)] � [Vwalls (m3)]/hNi

g=DKi, where hNi
g=DK i is

given in Table 1. The product of the G4&P-calculated doses, in mSv,
and these scale factors thus gave the dose rates in mSv/s. These
dose rates were thenmultiplied by the total time interval of 7000 h.

The comparison of the dose rates obtained from the A&B
approach and the G4&P approach are depicted in Fig. 3. Two
different room sizes, 5 m � 4 m � 2.8 m (solid points) and
12 m � 7 m � 2.8 m (open points), and a number of different wall
thicknesses, were used. While the A&B approach is deterministic,
based on analytical functions with tabulated parameters, and uses
a simplified set of gamma intensities and energies, and the G4&P
approach is a full-physics Monte Carlo using an adult anthropo-
morphic phantomwith the complete gamma emission spectra, the
agreement between the two is reasonable over a factor >10 range
in the absorbed doses. The inset depicts the relative difference
(G4&P � A&B)/A&B in percent. For the smaller room, the G4&P
results are larger than the A&B results by w18% for the thinnest
walls and approach the A&B results as the wall thickness increases.
For the larger room, the G4&P results are consistently 10e15%
smaller than the A&B results. Nonetheless, the two approaches are
consistent over a wide range of room geometries.

2.3.2. Comparison to the VMC approach
The computer program VMC-DC (Hunt et al., 2004) is freely

available and allows the calculation of dose rates fromgeometrically
μσ

. The values for the cores and the values from scans across the surface of the blocks, are
sional frequency distribution for the cores and blocks versus the Ludlum survey meter
separately.



Fig. 7. The 40K, U-nat, and 232Th activity concentrations for the different cores.
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simple sources. The program includes the so-called Yale voxelized
phantom (Zubal et al., 1994), which was based on magnetic reso-
nance images of a human male. The outer dimensions of the Yale
phantom are very similar to those of the MIRD phantom, but the
shapes of the organs are no longer simple geometrical shapes. The
VMC-DCprogramwas run for a point source 1mabove the groundat
horizontal distances from the central axis of the Yale phantom of 35,
60, and 85 cm. Ten million histories were run separately for 1 kBq/s
40K, U-nat, and 232Th sources, and at the end the program reported
a total effective dose in fSv. The VMC-DC program uses a shorter list
of gamma energies and weights than does the G4&P simulations -
only those gammas with intensities above 1% and energies above
18 keV were included. The present G4&P code was modified to
include a point source at the same three positions, andNg

i ¼ 100000
gammaswere generated for each parent, i. The assumption of 1 kBq/
s used in the VMC-DC program then gave the effective time interval
for each G4&P simulation as 970.9, 41.5, and 24.3 s, respectively. The
total dose from the G4&P simulation of 100000 gammas was then
divided by these time intervals to give the total dose per second.
The comparison of the dose per second obtained from the G4&P
and VMC approaches is depicted in Fig. 4. The different point styles
correspond to the different distances between the point source and
the central axis of the phantom. Each connected group of three
symbols indicates the dose from 40K, U-nat, and 232Th going from
left to right, respectively. The inset depicts the relative difference
(G4&P � VMC)/VMC in percent. This figure indicates that the G4&P
simulation is consistent with the VMC-DC program to better that
10% for the 40K and U-nat components. However, the 232Th
component consistently results in aw20% higher dose in the G4&P
simulations compared to the VMC-DC result. This discrepancy is the
result of the simplified energy spectrum used in the VMC-DC code,
which ignores a number of relatively high energy emission lines
because their activity is less than 1%. The use of the same simplified
232Th spectrum in the G4&P simulations results in the open points
in Fig. 4. With the nowmore consistently defined 232Th spectra, the
dose rates from the G4&P and VMC-DC codes agree to better than
10% for all three components over a range of w2 orders of
magnitude.



Fig. 8. The correlation of the rates measured by the Ludlum survey meter to the
activity concentrations determined from the full-spectrum analyses of the measured
NaI(Tl) spectra. The dashed horizontal lines in each inset depict the minimum
detectable activities for each decay series.
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3. Results

3.1. Survey meter measurements

The correlation of the rates per minute measured by the Ludlum
and palmRad portable survey meters at the surface of each core is
shown in Fig. 5. The results from the two different survey meters
are consistent. The majority of the cores have count rates that are
less than 200 CPM. A smaller number of cores have significantly
higher rates.

Shown on the left side of Fig. 6 is the frequency distribution of
the Ludlum survey meter readings in CPM. The values for the cores,
and the results from scanning over the surface of the blocks, are
shown as the two stacked histograms. The most probable survey
meter reading was w100 CPM. The values from the cores taken
from the same initial sample, and by scanning across the surface of
the (uncored) blocks, were used to define a mean value and stan-
dard deviation of the survey meter readings from each stone
sample. Shown on the right side of Fig. 6 is the two-dimensional
frequency distribution of the Ludlum survey meter reading (for
a core, or a location on a block) and the standard deviation divided
by the mean determined for each sample separately. This figure
implies that the stones that are relatively inactive are uniformly
inactive, while the highest survey meter readings result from “hot
spots” in otherwise relatively inactive stones. This observation
plays an important role in the determination of the dose rates to be
expected from decorative granites that was described in Section
3.3. According to this figure, stones with survey meter readings
below w200 CPM are considered to be “uniformly active” to
approximately the w30% level.
Table 2
The dose rates assuming the countertops are either a uniformly-active 1 kBq/kg 40K
source or a uniformly active source of 1 kBq/kg 40K, 50 Bq/kg U-nat, and 50 Bq/kg
232Th.

Geometry Position Dose rate
(mSv/yr) 40K only,
1 kBq/s

Dose rate
(mSv/yr)
mixture

Workroom A 1.0 2.3
B 2.1 4.8
C 1.7 3.8

Kitchen A 1.4 3.1
B 1.9 4.5
C 1.7 3.8
3.2. Activity concentrations

The 40K, U-nat, and 232Th activity concentrations extracted from
the FSA of each core are depicted in Fig. 7. The commercial trade
names for each core labelled are in the figure. The 40K activity
concentration was rather uniform across the different cores with
mean value of 990 Bq/kg and a standard deviation of 206 Bq/kg. The
largest 40K activity concentration observed was 4.1 kBq/kg from
a core of “Four Seasons.” The U-nat and 232Th activity concentra-
tions were more varied across the different cores. The highest
activity concentration cores were 55.4 kBq/kg for U-nat (from the
same sample of Four Seasons), and 0.65 kBq/kg for 232Th (from
“Majestic Sand” a.k.a. “Shivakasi”).

Activity concentrations from decorative granites imported into
various countries for use as building materials have been reported
in Refs. (Pavlidou et al., 2006) (Greece), (Tzortzis et al., 2003)
(Cyprus), (Al-Selah and Al-Berzan, 2007) (Saudi Arabia), (Kitto et al.,
2009) (United States), and (Myatt et al., 2010) (United States). It was
generally observed that the 40K activity concentrations were rela-
tively uniform across all samples with values of 1e2 kBq/kg, while
the U-nat and 232Th activity concentrations were more varied. The
same conclusions are drawn from the present samples.

The correlation of the count rates measured by the Ludlum
survey meter to the activity concentrations for each core is shown
in Fig. 8. The total activity concentration - the sum of the 40K, U-nat,
and 232Th activity concentrations - is shown versus the survey
meter reading in CPM as the solid points in the main frame. The
total activity concentration rises with the survey meter reading for
survey meter values up to w1000 CPM, and then increases more
rapidly above that point.

The three insets of Fig. 8 depict the correlations between the
survey meter measurements and the activity concentration for
each of the three decay series separately. The minimum detectable
activity for each decay series is shown as the dashed horizontal line
in each inset. The 40K activity concentration shown in the left inset
is constant up to survey meter values near w1000 CPM, above
which it rises. A rather strong, power-law, correlation between the
U-nat activity concentration and the survey meter readings is seen
in the middle inset. Admixtures of 232Th up to w1000 Bq/kg are
observed for survey meter readings above w70 CPM, but the 232Th
activity concentration does not show a strong correlation with the
survey meter readings. It thus appears to be a reasonable approx-
imation that survey meter readings near and below w100 CPM
result from nearly pure 40K sources, while the more active cores
with survey meter readings above w1000 CPM result predomi-
nantly from significant admixtures of U-nat.
3.3. Dose rates

The dose rates to an adult human in proximity to a countertop
arrangement of decorative granite is discussed in this section. It is
important to separate these dose rate calculations according to the
variability of the radioactivity over the surface of a large slab of
granite. Stones with relatively low activities, i.e. below w200 CPM
according to the survey meter, are uniformly active. However, there
are also stones for which significant “hot spots” exist within an
overall relatively quieter stone. These two cases are now discussed
in turn.

3.3.1. Dose rates from uniform stones
For uniform stones, the dose rates to the phantom were calcu-

lated in two different ways. The first method involved the specifi-
cation of the three activity concentrations and then a temporal
scaling of the simulations themselves. The second method used the



Table 3
The slopes of the dose rates versus the survey meter readings in (mSv/yr)/CPM for
cores from samples that are uniformly active to the w30% level.

Geometry Position Dose rate slope (mSv/yr)/CPM

Workroom A 0.064
B 0.13
C 0.11

Kitchen A 0.088
B 0.13
C 0.11
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temporal scale factors determined from each experimentally
measured core that was described in the previous section.

For the first of these approaches, the three activity concentra-
tions were assumed. A simulation run, which was typically a few
hundred thousand events, produces a single whole-phantom total
dose value for a given decay series, countertop geometry, and
phantom location. The total number of parent decays in each
simulation run was given by

NDK ¼ NeventNg=evt=Ng=DK ; (2)

where Ng/evt is the total number of gammas emitted from the
countertops per event. The equivalent real-time for each simulation
run in seconds was then given by

tequiv ¼ NDK=½AM� (3)

where A was the assumed activity concentration and M was the
total mass of the countertops. The dose rate for each simulation run
was then the whole-phantom total dose divided by the equivalent
real-time. These dose rates were then per second, and were scaled
to one year assuming an exposure of 2 h per day and 300 days per
year.

The dose rates in mSv/yr for the two countertop geometries and
three phantom positions are listed in Table 2. Two different activity
concentrations were assumed - a pure 40K sourcewith an activity of
1 kBq/kg, and a source that is 1 kBq/kg 40K, 50 Bq/kg U-nat, and 50
Bq/kg 232Th. The dose rates in all cases were quite low e <5 mSv/yr
(600 h). The dose rates increased as the phantomwas moved closer
to larger countertop areas in the order A (geometric center of
geometry) to C (close to longer surface) to B (close to elbow of the
“L”). The dose rates in the workroom geometry approximately
doubled when the phantomwas moved from position A to position
Fig. 9. The dose rates per year (600 h) for each core assuming the phantom is at
position B of the kitchen geometry and the core location was at the “hot spot” location
indicated in Fig. 2. The rest of the countertop surface in this simulation did not emit
gamma rays.
B. The dose rates for position B in the two geometries were
approximately equal. These results suggest the importance of the
solid-angle effect. The closer the phantom was to the countertops,
the larger the dose, or, the larger the area of countertops near the
phantom, the larger the dose.

The second approach involved scaling the dose rates from each
experimentallymeasured core using the temporal scale factors from
the FSA. As discussed in section 2.2, this approach is only valid for
cores that can be considered representative of a larger slab of the
same type of granite. As shown in Fig. 8, the activity concentrations
measured for each core are generally correlated with the survey
meter readings. The slope of these correlations, i.e. the dose rate in
mSv/yr per CPM (above background) according to the survey meter
are listed in Table 3. These slopes range fromw0.06 to 0.13 (mSv/yr)/
CPM. Thedose rates for themost probable case of a uniform100CPM
stone range from 6 to 13 mSv/yr depending on the countertop
geometry and phantom position. The dose rate for a 200 CPM stone,
which is the largest surveymeter reading for which the assumption
of uniformity still approximately holds, ranges from 12 to 26 mSv/yr.

3.3.2. Dose rates including one hot spot
To investigate the dose rates to be expected for a decorative

granite surface including significant hot spots, a 2.5 cm diameter
source was defined at the location depicted on the right side of
Fig. 2. This source was, at its closest point, 1 cm from the edge of the
counter and centered on the phantomwhen it was in position B. In
the GEANT4 event loop, one gamma was emitted into 4p from
random locations inside the “test core” in front of the NaI(Tl)
detector (as required for the full-spectrum analysis), and, in addi-
tion, one gamma was thrown from the hot spot location, also
randomly in location and into 4p. No gammas were emitted from
the remainder of the countertop surface. This allowed the direct
normalization of the dose from any core at this location to the
measured spectrum. The granite material was still defined in this
simulation even though no gammas were emitted from the
majority of the volume, so conversions in the remainder of the
granite volume and self-absorption effects were still included.

Shown in Fig. 9 are the dose rates per year (600 h) for each
experimentally measured core assuming the phantom was at
position B of the kitchen geometry and the core location was at the
location indicated on the right side of Fig. 2. The hottest core
available, which has a total activity concentration of w60 kBq/kg,
results in a dose rate of only 8 mSv/year.

According to Section 3.3.1, the total dose rate from a uniformly
radioactive kitchen geometry of 1 kBq/kg of 40K and phantom
position B was 13 mSv/year. Thus, the total dose rate including the
hottest core used in this study embedded in this otherwise less
radioactive surface was 21 mSv/yr. Isolated hot spots, even if close to
the phantom, do not result in significant doses. This is due to the
solid-angle effect and significant self-shielding of the radiation by
the stone slab itself.

4. Summary and conclusions

Samples of decorative granites were collected from local
retailers andmeasured in several ways. Survey meters were used to
measure count rates at the surface, and an NaI(Tl) spectrometer
was used to measure the 40K, U-nat, and 232Th activity concentra-
tions. Simulations based on the GEANT4 toolkit and using the MIRD
anthropomorphic phantom were used to relate the survey meter
and spectroscopic measurements to whole-body dose rates per
year (1 yr ¼ 600 h) for an adult standing at several locations near
two different horizontal arrangements of the granite as counter-
tops. The reliability of these dose rate simulations was explored by
comparing to a “room model” analytical approach as well as an
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application that includes simple source geometries and the Yale
voxelized phantom.

A relatively strong correlation between the survey meter read-
ings at the surface and the activity concentrations obtained via
spectroscopy was observed. The stones with count rates below
w100 CPM were nearly pure 40K sources. The average 40K activity
concentration over all cores was approximately constant versus the
survey meter reading and had a mean value of 990 Bq/kg with
a standard deviation of 206 Bq/kg. A strong powerelaw relation-
ship between the survey meter readings and the U-nat activity
concentration was observed. The hottest cores in this study were
predominantly U-nat sources. The 232Th activity concentrations
were essentially uncorrelated with the survey meter readings.

The majority of the stones in this analysis were uniformly active
and resulted in survey meter readings at the surface of less than
200 CPM above background. These stones were predominantly 40K
sources with smaller admixtures (<100 Bq/kg) of U-nat and 232Th.
The dose rates for these stones ranged from w1ew26 mSv/yr
depending on the position of the phantom and the countertop
geometry. The scale factor relating thewhole body dose in mSv/yr to
the survey meter reading (in CPM above background) at the surface
of these uniform stones was [0.06e0.14 mSv/yr]/CPM. The approx-
imate factor of two range in this slope results from the specific
geometry of the decorative granite countertops and the position of
the person with respect to these surfaces.

A smaller number of samples indicated significant hot spots
embedded in an overall relatively less radioactive stone. The most
active core in this analysis, from a stone called “Four Seasons,”
resulted in a survey meter reading of 4900 CPM and activity
concentrations of 4144 Bq/kg, 55440 Bq/kg, and 140 Bq/kg for the
40K, U-nat, and 232Th series, respectively. This activity concentra-
tion is a factor of three larger than the largest total activity
concentration from natural stone that has been reported (Arafa,
2004). A 2.5 cm diameter “hot spot” with this activity concentra-
tion close to the phantom resulted in a dose rate of onlyw8 mSv/yr.
Stones called “Juparana Bordeaux,” “Shivakasi,” and “Niagara Gold”
also commonly exhibited significant hot spots. Stones with a larger
number of hot spots, or larger-area regions of elevated activity
concentrations, could result in higher doses. Alternatively, longer
exposure times per day, or different phantom arrangements (such
as sitting at and/or leaning over the countertop), could also result in
higher dose rates. However, the present results indicate that
a person standing upright near the most common granite coun-
tertops for 2 h per day and 300 days per year receives inwhole body
doses of only some tens of mSv per year. These values are negligible
compared to the natural background and typical regulatory limits.

For the more radioactive cores in this analysis, the activity
concentrations obtained are such that the UNSCEAR hazard indices
and/or the doses calculated from the activity concentrations and
these UNSCEAR scale factors (Beck, 1972; Kohshi et al., 2001;
UNSCEAR, 1988; UNSCEAR, 1993; UNSCEAR, 2000) would be very
large and thus, prima facie, a cause for concern. However, the full
simulations imply that such hot spots embedded in amore typically
radioactive overall volume result in doses of only some tens of mS/
year even if the phantom is very close to the hot spot. This calls into
question the use of hazard indices calculated from the spectra
obtained from core samples for the prediction of dose rates. A
similar conclusion was drawn in Ref. (Myatt et al., 2010).
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