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ABSTRACT

On March 11, 2011, several reactors at the Fukushima Dai-ichi
Nuclear Power Plant suffered damage and released the radioisotopes iodine-
131, cesium-134, and cesium-137 into the atmosphere. A week later, these
isotopes were detected in aerosols over the state of Hawai‘i and in milk
samples analyzed from the island of Hawai‘i. Because the detected levels
were significantly below levels of health concern, the state did not attempt to
quantify the deposition of these nuclides on the islands. This study estimated
the magnitude of atmospheric fallout of cesium and iodine, and examined the
patterns of cesium wet deposition with precipitation observed in March
2011. Mushroom and soil samples were collected along precipitation
gradients on O‘ahu and the island of Hawai‘i and analyzed for cesium
isotopes using gamma spectrometry. Fukushima-derived fallout was
differentiated from historic nuclear weapons testing fallout by the presence
of 134Cs, which has a shorter half-life of 2.06 years and the fact that 134Cs and
137Cs were released from the severed power plant nearly in parity. We found
that Fukushima-derived cesium was present in both mushrooms and soil and
the soil inventories ranged 20-600 Bq/m? for 134Cs and 130-4,600 Bq/m? for
131], Additionally, we found that Fukushima-derived cesium inventories in
soils were correlated with precipitation gradients. This research confirmed
and quantified the presence of Fukushima-derived fallout in Hawai‘i,
however the activities detected were an order of magnitude lower than

fallout associated with the nuclear weapons testing in the Pacific.
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CHAPTER 1. INTRODUCTION

On March 11, 2011, the Fukushima Dai-ichi Power Plant experienced
significant damage from a tsunami that followed the 9.0 magnitude Tohoku
earthquake. The three reactors that were running during the earthquake
were immediately put on an emergency shutdown (Thakur et al.,, 2013) and
emergency generators managed the cooling systems. Approximately fifty
minutes later, a subsequent tsunami hit the power plant. While the
Fukushima Dai-ichi Power Plant had a ten-meter high sea wall, it was not
enough to prevent the incoming tsunami of estimated height of thirteen to
fifteen meters (Pararas-Carayannis, 2014). The seawater proceeded to flood
the basement that housed the emergency generators, disabling them. This
resulted in the loss of cooling capability, overheating of the reactors, and the
partial meltdown and damage of three of the six nuclear reactors.

Starting on March 12, 2011, significant amounts of radioactive
isotopes were released into the environment via atmospheric routes.
Between March 14 and March 17, 2011, the severed power plant released the
most radionuclides with a peak on March 15 (Thakur et al., 2013). The
Fukushima Power Plant accident was classified as a Level 7 on the
International Nuclear Event Scale (INES), indicating a major nuclear accident
because of the high initial amount of radionuclides released into the

environment (Thakur et al., 2013).



As a result of the Fukushima Dai-ichi Nuclear disaster, radioactive
isotopes including 1311, 134Cs, and 137Cs were released into the atmosphere. In
addition to these radioisotopes, other volatile fission products were released
into the atmosphere as well. The majority of the radioactive aerosol plume
from Fukushima then proceeded west in the direction of the Pacific Ocean.
Between March 19 and March 24, 2011, the Environmental Protection
Agency’s (EPA) RadNet air filters detected these isotopes on the islands of
O‘ahu, Kaua‘i, and Hawai‘i along with other locations in the Pacific
(Environmental Protection Agency, 2011; Figure 1.1). It should be noted that
the activity levels of the radionuclides detected were very low and not

remotely near action levels determined by the EPA.
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Figure 1.1: Gross beta radiation detected in the air in 2011 before,
during, and after the FPP accident by EPA’s RadNet system (Environmental
Protection Agency, 2011). Gross beta includes all beta radiation emanating
radionuclides; it is not specific to iodine or cesium. The peak shows that the
majority of the plume passed above Hawai‘i between March 19 and March
26, which is when most of the deposition was expected to happen.

On March 22, 2011, the EPA published a press release informing that
Fukushima-derived radioisotopes had been detected in air masses over the

western United States. EPA’s RadNet air samplers had detected 137Cs, 134Cs



132Te, 132], and 1311. All activity concentrations were hundreds of thousands to
millions of times below the level of concern (Environmental Protection
Agency, 2011). Additionally, 1311 was detected in milk samples on the island
of Hawai'i, but these levels were deemed 5000 times lower than the level of
concern outlined by the Food and Drug Administration (Department of
Health, 2011).

The EPA’s RadNet air filters and cartridges, which were analyzed for
individual isotopes, detected the maximum activity for the radionuclides
137Cs, 134Cs, and 131] for air around the islands of O‘ahu and Kaua‘i. For Kaua‘,
the maximum values were 2.8 + 0.2 x 103 Bqm3, 2.9 £ 0.2 x 10-3 Bq m-3, and
4.0 £ 0.3 x 102 Bq m-3 for 137Cs, 134Cs, and 131] respectively. For O‘ahu, the
maximum values detected were 4.4+ 0.6 x 10-3 Bq m-3 (137Cs), 3.4 £ 0.3 x 103
Bq m-3 (134Cs), and 3.0 £ 0.2 x 10-2 Bq m-3 (131). The average particulate 131]
to particulate 137Cs activity ratio detected by the EPA’s RadNet air filters from
March 20 until April 1, 2011 for Kaua‘i was 5.3 + 3.4. For O‘ahu, the average
particulate 1311 to 137Cs activity ratio was 7.3 * 2.8. For the same dates, the
average non-particulate 131[ detected by EPA’s RadNet air cartridges to
particulate 137Cs activity ratio for Kaua'‘i was 6.1 + 4.1. For O‘ahu, it was 13.0
+ 7.2. Furthermore, the average 13! activity found in precipitation from April
4 to April 13, 2011 was measured at 8.03 + 3.4 x 10-2 Bq/m3. Both 137Cs and
134Cs were below the minimum detection level in precipitation for these

dates.



134Cs and 137Cs readily attach to particles in the atmosphere (Thakur
et al,, 2013). and are therefore relatively easy to quantify on air filters that
capture suspended particles. The Nuclear and Industrial Safety Agency
(NISA) of Japan initially estimated that 15 PBq (Petabecquerel: = 101>
Becquerel) of 137Cs was released into the atmosphere. Several months after
the nuclear disaster, this result was lowered by NISA to 11 PBq of 137Cs
(Thakur et al., 2013). Additionally, 134Cs and 137Cs derived from Fukushima
were released at a near one to one uniform ratio (Buesseler et al., 2011).

131], unlike cesium isotopes, is not uniformly distributed between the
gaseous phase and that attached to particles and much of the iodine stays in
the form of a gas not associated with particulates or aerosols (Thakur et al.,
2013). This makes 131] very difficult to accurately quantify. In addition to air
filters, charcoal cartridges are used to capture gaseous iodine. The
International Atomic Energy Agency (IAEA) has created an accepted means
of converting 134Cs and 137Cs activity concentrations to reach an 131]
equivalent. NISA used this method to derive an initial 131] atmospheric
release of 770 PBq. This result was later recalculated to a much lower value
of 130 PBq (Thakur et al., 2013).

Atmospheric fallout is primarily deposited by means of precipitation
(Wetherbee et al., 2012). Since cesium and iodine isotopes were detected in
air and precipitation it is fair to assume that the Hawaiian Islands
experienced wet deposition of these nuclides. Indeed, iodine and cesium

were detected in milk samples in Hawai‘i. Moreover, it was suggested by a



health study published earlier (Mangano and Sherman, 2013) that
Fukushima-derived 1311 in the atmosphere caused a notable increase in
congenital hypothyroidism amongst newborn babies born in the western
United States and the state of Hawai‘i during the three-month period after
the meltdown. This is inconsistent with the EPA’s data that showed that
radioactivity concentrations in air and milk were well below a level that
would concern human health. This is an example how conflicting information
may mislead the concerned public in the absence of actual estimated data on
the amount of radionuclides deposited after the accident. Therefore, the
objective of this research is to investigate the levels of deposited
radionuclides.

The Hawaiian Islands experience unique rain patterns due to the
prevailing trade wind patterns and thus one hypothesis is that wet
deposition was driven by rain distribution in March 2011. Indeed, it has been
previously determined by measuring soil samples in Hawai‘i that there is a
positive linear relationship between precipitation and cesium fallout from
nuclear weapons tests (Cox & Fankhauser, 1984). Atmospheric nuclear
weapons’ testing was most prevalent from 1945-1963. During this time an
estimated 950 PBq of cesium was released (UNESCO, 2000) that left a
positive fingerprint on the islands. This study investigates how Fukushima
releases compare to those inputs. During atmospheric releases the
radionuclides are not homogeneously distributed in the atmosphere, in

addition their fallout is driven by meteorological conditions, especially



precipitation. The concentrations are generally higher in mountainous areas
or oceanic environments where precipitation is largest (Cox & Fankhauser,
1984). Because precipitation rates on the Hawaiian Islands are higher on the
windward side of the islands this is where higher radionuclide
concentrations are anticipated as well. Cox & Fankhauser demonstrated that
after the nuclear weapons tests fallout there was a predictable pattern in
137Cs activities in soil and rock samples that suggested that the higher rainfall
deposited higher activities of cesium.

Building on Cox & Fankhauser’s conclusions and the RADNET data
that showed the presence of Fukushima-derived radionuclides in the
atmosphere above the islands in March 2011, the purpose of this study was
to quantify the atmospheric fallout derived from Fukushima in the state of
Hawai‘i in order to test the hypothesis that 1) the atmospheric fallout in the
Hawaiian Islands was present and 2) wet deposition was the major driver of
radionuclide deposition and there is a positive correlation between rain and
deposited amounts of cesium. Because the newly deposited cesium levels
were expected to be low and suspected to be near detection limits for soil
samples we took advantage of bioaccumulation of cesium in organisms and
analyzed mushroom samples to confirm the presence of fallout. Mushrooms
have been shown to be good indicators of the presence or absence of cesium
fallout in Europe (Duff et al., 2008) and Asia (Nakashima, et al., 2015). For
our study mushrooms were collected along precipitation gradients as

locational indicators for wet cesium deposition. After confirming the



presence of fallout, soil samples were collected in the same locations as the
mushrooms. From there, average mushroom cesium uptake to precipitation
ratio for the Hawaiian Islands was derived. The soil measurements and the
information of radiocesium to 131] ratios in the air as detected by the EPA and
DOE were then used to estimate the amount of 131] that has been deposited

via precipitation.

1.1 Mushrooms as bioindicators of cesium contamination

Certain species of mushroom have previously been determined to be
good bioindicators of radionuclide deposition from studies following the
Chernobyl nuclear disaster (Duff et al., 2008). Mushroom species that have
gills, pores, or spines and have stalks have been shown to have a stronger
affinity for radiocesium and are less dependent on growing in soil that
encourages radiocesium uptake (Duff et al., 2008). Mushrooms with these
characteristics typically have a higher mycelium concentration and have a
longer average lifespan (Castro et al., 2012). Additionally, it has been shown
that the greatest amount of cesium accumulates in the cap of the mushroom
(Oolbekkink, 1989).

In addition to differences between mushroom species, certain soil
characteristics have been shown to positively influence radiocesium uptake
by mushrooms. The bioavailability of radiocesium in soil is strongly
correlated to the concentration of clays, specifically exchangeable potassium

(Seeger, 1978). Stable cesium concentration in the soil has shown to be



inversely related to radiocesium uptake (Oolbekkink, 1989). Additionally, it
has been shown that soils with a pH of 6 or greater will allow for maximum
radiocesium uptake. Using this information, one can assume that clays or
alkaline soils should have higher bioavailable radiocesium concentrations
than an acidic or organic soil. It has also been shown that mushrooms
growing in decaying wood uptake significantly less radiocesium than all
other substrates (Oolbekkink, 1989). Moreover, given the large number of
factors that influence cesium uptake by mushrooms, the transfer factor (TF),
which is the ratio of radiocesium activity concentrations (Bq/kg) in
mushroom to the radiocesium concentration per soil area (Bq/m?) may differ
by up to 200 times (Kaduka et al., 2006).

Following the Fukushima nuclear disaster, studies have been
conducted on mushrooms within close proximity to the FDNPP. One study
found that 81.2% of wild mushrooms collected within 30 km of the FDNPP
contained over 100 Bq/kg of radiocesium and 36.4% of those contained over

1000 Bq/kg (Nakashima, et al.,, 2015).

1.2. Radiocesium behavior in soils

Experiments following the Fukushima Dai-ichi nuclear disaster have
shown that a majority of the 137Cs and 1311 deposited in soil tends to remain
in the top five centimeters of the vertical soil profile (Tanaka et al., 2012).
The authors suggest this is because both 137Cs and 13! have a strong affinity

for soil compounds. In the case of 137Cs, the authors demonstrate that 137Cs



tends to bind with clay minerals in the soil and greater than 87% of
Fukushima derived 137Cs was found in the top five centimeters of soil.
Similarly, the authors demonstrate that 1311 tends to bind with humic
materials, and more than 76% of Fukushima derived iodine was found in the
top five centimeters of soil (Tanaka et al., 2012). Further studies on the
migration of pre-Fukushima 137Cs in soils in forests near the FDNNP have
shown a very slow downward migration averaging at 0.46 mm/year with
Fukushima-derived 137Cs having negligible downward displacement.
(Teramage, et al., 2016). This is consistent with experiments conducted after
Chernobyl, which demonstrated that 137Cs deposited in the topsoil layer is
adsorbed into that layer and can be bioavailable for long periods of time
(Filipovic-Vincekovic et al., 1991).

Other evidence speaks for low cesium migration in soils and
sediments. The presence of 137Cs from nuclear fallout from the 1960’s is used
in sedimentation rate studies (Ritchie et al., 1990). In these studies sediment
cores are collected and analyzed for excess 219Pb and the presence of 137Cs.
The layer containing 137Cs is assumed to have formed in the 1960’s. This
application further supports the general assumption that cesium is stabilized
in soils and sediments for many decades. Therefore we assume that nuclear
weapons testing fallout can still be accurately captured in the topsoil.
Furthermore, we assume that we can confidently use our soil samples

collected in the top 5 cm of soil in 2015 to estimate the fallout from 2011.



1.3. Wet deposition of radionuclides in soils

While this study focused on 37Cs and 1311 deposition there are other
natural radionuclides, 219Pb and 7Be, which are well correlated with wet
deposition. This study therefore also evaluates 219Pb to track long-term wet
deposition rates in order to correlate with pre-Fukushima cesium deposition.
Additionally this study also evaluates 7Be in order to track the last few
months of wet deposition. While neither of these nuclides can help
quantifying cesium fallout, their presence and trends can help evaluate wet
deposition and rain correlations and further validate our assumptions about

cesium fallout.
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CHAPTER 2. METHODS

2.1 Sample collection

Mushrooms were collected at few selected sites along precipitation
gradients on Kaua‘i, O‘ahu, and Hawai‘i between 2012-2013. Where possible,
mushroom species that have shown to preferentially uptake cesium (i.e., are
gilled and/or have stalks (Duff et al., 2008), for example the genus Boletus)
were collected. At least 100 g of wet weight of mushroom was collected,
cleaned of soil and plant debris, and placed in a clean plastic bag.
Mycologists (Professor Brian Perry and Lynx Gallagher, UH Hilo and Dr. Carl
Berg, Surfrider, Kaua'‘i) identified the genera and/or species of the collected
mushrooms where possible. Otherwise, mushrooms of unidentified species
were collected. The geographic location and time and date of sample
collection were recorded.

Soil samples on O‘ahu and Hawai‘i were collected between 2015 and
2016 at the same locations as the mushrooms. In addition, surface soil was
collected approximately at the same locations as reported by Cox &
Fankhauser on O‘ahu and Hawai'‘i. At each site of sample collection,
approximately 5 cm topsoil was collected and any factors that could have
altered deposition, such as canopy cover, were noted. Approximately 250
grams of soil were collected into clean plastic bags that were sealed and

transported to the laboratory for further processing.

11



2.2 Sample Preparation for Gamma Spectroscopy

Mushroom samples were initially allowed to air dry to constant mass
in a fume hood with forced air circulation. The samples were then weighed to
record dry mass. After this step the samples were ashed in a ceramic crucible
for over a total period of 10 hours at 200°C for the first hour, 350°C for the
second hour, and 450°C for the remaining eight hours. Samples were then
homogenized by a pestle and transferred to a 30-cm3 tin crucible for analysis

by gamma spectroscopy.

Each soil sample was sieved through a 4.0 mm opening sieve, cleaned
of plant debris, and oven-dried for 72 hours at 60°C. To homogenize the soil,
each sample was ground with a pestle prior to being placed in the crucible.
Basalt samples were physically crushed and sieved through a 1.0 mm

opening sieve.

80 mL of each soil and basalt sample were transferred to a 120 mL
polypropylene crucible for analysis by gamma spectroscopy. Mushroom, soil,
and basalt samples were stored for at least 21 days prior to analysis by

gamma spectroscopy to ensure equilibrium between 226Ra and 222Rn.

12



2.3 Sample Analysis by Gamma Spectroscopy

Measurements by gamma spectroscopy were executed with an Ortec

coaxial HPGe detector, which has a relative efficiency of 43% and a resolution

of 1.76 keV based off the 1.33 MeV gamma line for “Co. Gamma-spectra were
analyzed using Hypermet-PC V5.01 software (Révay et al., 2001). Samples on
average were counted until there were 1000 counts in the primary 137Cs
peak, or about 96 hours. Samples that presented a primary 134Cs peak were

counted for one week.

Background activity levels were determined by running an empty
crucible of the same geometry. Gamma energy in keV and peak intensities for
the primary radionuclides of interest (ROI) are listed in Table 2.3.1.
Secondary ROI, which were evaluated only for internal check for example for
equilibrium in the uranium decay chain and in case of 226Ra to calculate

excess 210Ph, are listed in Table 2.3.2.

Table 2.3.1: Gamma energy (keV) and peak intensities (%) for the primary
radionuclides of interest.

ROI Gamma Energy (keV) Intensity (%)
134Cs 604.0 97.6
137Cs 661.7 85.2

13



Table 2.3.2: Secondary ROI and their respective gamma energies (keV) and
peak intensities (%).

ROI Gamma Energy (keV) Intensity (%)
210Ph 46.4 4.25

234Th 63.1 3.70

235y 185.7 57.20

212ph 238.6 43.60

214pPh 351.9 37.17

’Be 477.7 10.44

228Ac 911.2 25.8

214Bj 609.3 15.3

40K 1460.8 10.7

2.4. Sample Analysis - Physical Characteristics

Some physical characteristics of the soil samples were analyzed,
including bulk density, particle density, and porosity. The particle density of
the soil was determined by adding 30 g of previously dried and ground soil to
70 mL of water in a 100 mL graduated cylinder. Equation 1 was used to

determine the particle density.

mass of dried soil added (g)

Particle Density = Eq. 1

volume of water displaced (mL)

Bulk density of the soil was determined by adding dried and ground soil in
20 cm3 increments to a 100 mL graduated cylinder. After 80 cm3 of

compacted soil was added to the graduated cylinder, it was weighed. Bulk
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density was determined by comparing the mass of soil added to the volume

of soil added according to Equation 2.

mass of dried soil added (g)

Bulk Density = Eq. 2

volume of soil added (mL)

Percent porosity of soils was then calculated by taking the measurements of

particle density and bulk density in Equation 3.

Bulk Density

Percent Porosity = (1 - ) X 100% Eq.3

Particle Density

2.5. Rainfall Data Collection

Rainfall amounts in March 2011 were found for each sample location
using the Hawai‘i Rainfall Atlas (Giambelluca, et al., 2013). The rainfall atlas
provides data for geographic location defined by the user based on its
latitude and longitude. Rainfall measurements for March 2011 were found
for each location of sample collection, as previously marked by GPS. Rainfall
in mm was then plotted against radiocesium activities in mushrooms and soil

in order to assess a potential correlation between the two.
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For 7Be analysis of soils, the National Weather Service’s rain gauge
data was used because the Hawai’i Rainfall Atlas has not yet published data
for 2015 and 7Be deposition is recent given the shorter half-life of 7Be (t1/2=
53.24 days). For each sample, the rainfall data from the closest station to the
sample was found for the month in which the sample was collected and was

used and compared in a similar manner as above.

2.6. Data analysis

To determine relative efficiency (&) of the HPGe detector, a sediment
standard reference material (SRM) IEAE-385 was packed in the same
geometry as the measured soil samples. The standard was then counted for
84000 seconds on the detector and the spectrum was evaluated for each
radionuclide of interest (ROI). The detector efficiency (&) was calculated
using Equation 4, where C is the net count rate per minute (CPM), Y is the
gamma yield of the individual gamma-peak, m is the dry mass of the sample

in kilograms, and A is the activity of the isotope of ROI in Bq/kg:

g = Cmet Eq. 4

- Y Xmgsprym X A

The SRM was only certified for certain radionuclides, which did not
include 7Be and 134Cs. Because there is a unique relationship for each
detector between peak energy and detection efficiency, efficiencies of ROI
not present in the SRM could be calculated. For 7Be and 134Cs, efficiencies

were derived by finding the second-order polynomial equation which best fit
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the ROI present in the SRM as shown in Figure 2.6.1 and the efficiency of the
appropriate radionuclide decay energy in KEV (E,) was found by

interpolation.

Efficiency Curve

5.00
4.50
4.00
3.50
3.00
2.50
2.00

Efficiency (%)

1.50

1.00
0.50 y= 318.88x70753

0.00
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Gamma Peak Energy (KeV)

Figure 2.6.1. Derived efficiency curve.

Critical level (CL) concentrations for ROI in each sample were
calculated using the following equation, which accounts for uncertainties
originating from detection efficiency, sample mass, and background counting
rate and time. Equation 5 gives the equation used to determine CL
concentrations where Ng is the number of counts in the blank, tsis the
amount of time the sample was counted in seconds, tg is the amount of time
the blank was counted in seconds, msample is the mass of the sample, Y is the

gamma yield of the individual peak, and ¢ is the detector efficiency. Where
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measurements were below the critical limits of our method as determined by

the CL, results are reported as “<CL".

2 s ts
2.33 x J/(Ng X ts X (1+t3))

CL = Eq.5

Msample X tsXY X e

The results were decay corrected to two different dates; March 20,
2011, the date that the highest atmospheric radioactivity was detected over
Hawai'‘i for the cesium isotopes, and the date of sample collection for ’Be and
210Pp, using Equation 6 where o represents the activity for the ROl in Bq/kg,

T1/21s the half life of the ROl in years:

n@),
A =Ae Eq.6

Where t is the time between sample collection and analysis. The
Fukushima-derived, newly deposited cesium activities were estimated by
assuming a 1:1 137Cs and 134Cs activity ratio at time of release in March 2011.
0ld, pre-Fukushima activities were then calculated by subtracting 134Cs
decay corrected to March 2011, which should equal to 137Cs at the time of
sampling (90% of 137Cs still present), from total 137Cs. New and old fractions
of 137Cs were then compared to evaluate Fukushima deposition to the cesium
previously deposited from the nuclear weapons testing (Cox & Fankhauser,

1984).

In addition to cesium fallout, 13!] fallout was inferred using the
average particulate 1311 to 137Cs activity ratio (7.3 + 2.8) as detected by the

EPA’s RADNET system in Hawai‘i and our measured 134Cs fallout.
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Excess 210Pb was also calculated in order to assess wet deposition
trends in soil samples on the investigated transects. It was calculated by first
averaging the activities of 214Pb (t1/2 = 26.8 minutes) and 214Bi (ti1,2 = 19.9
minutes) to find the activity of 226Ra. Because the daughter products of 226Ra
have comparatively shorter half-lives (214Pb t1/2 = 19.7 minutes and 214Bi t1/>

= 26.9 minutes), they are in secular equilibrium.

Excess 210Pb activity was then calculated as shown in Equation 7,

where all activities are in Bq/kg.

App210excess = Apb210 — ARraz26 Eq.7
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CHAPTER 3. RESULTS

Mushroom, soil, and basalt samples were collected between 2012 and

2016. Sampling locations are shown in Figures 3.1.1 and 3.1.2.

Island of O‘ahu
2 Sam Iin Figure 3.1.1. Island of O‘ahu
\\ plng

mushroom and soil sampling

\ \\ Locations 1ocations. Soil samples are denoted by
9 a square and mushroom samples are
Legend denoted by an x. Contours represent

Mushroom - Kahana | - March 2011 precipitation gradients

X Mushroom - Honolulu . .

B Soil - Kahana with a contour interval of 25mm and
= Soil - Honolulu represent a range of 25 to 600mm of
B Soil - Ko‘olaupoku

rainfall (Giambelluca, et al., 2013).

7.5 15 22.5 30 km

Island of Hawai‘i
Sampling
Locations

Figure 3.1.2. Island of Hawai‘i
mushroom, soil, and basalt
sampling locations. Soil samples
are denoted by a square,
mushroom samples are denoted
by an x, and basalt samples are
denoted by +. Contours
represent March 2011
precipitation gradients with a
contour interval of 25mm and
represent a range of 25 to 900
mm of rainfall (Giambelluca, et
al, 2013).
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Mushroom - Hilo
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Soil samples were collected on O‘ahu and the island of Hawai‘i in 2015
and 2016. Soil sampling locations, collection dates, and their wet and dry

weights are tabulated in Table 3.1.1.
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Table 3.1.1. Locations of soil sample collection, the date of collection, and pre
and post drying weight (g).

ID Island Sample Date Lat Lon Wet Wt (g) Dry Wt
Location Collected (g)
1 O‘ahu Kahana 4/5/15 21.54, 564 + 28.2 365+ 18.3
Valley -157.89
2 O‘ahu Manoa Falls 3/8/15 21.33, 457 +22.9 278 £13.9
-157.80
3 O‘ahu Kahana Dam 4/5/15 21.54, 476 +23.8 349+17.4
-157.88
4 O‘ahu Mau‘umae 4/3/15 21.29, 880 + 44.0 785 + 39.2
-157,79
5 O‘ahu Maunawili 4/4/15 2141, 707 £ 35.4 625+ 31.2
-157.76
6 O‘ahu Lyon 5/30/15 21.37, 280 + 14.0 186 +9.29
Arboretum -157.80
7 O‘ahu UHM 6/1/15 21.30, 298 +14.9 257 +12.9
-157.82
8 O‘ahu Waikiki 5/31/15 21.27, 479 +23.9 479 + 23.9
-157.82
9 Hawai‘i Kiholo Bay 11/12/15 19.85, 242 +12.1 233+ 11.7
-155.92
10 Hawai‘i Kiholo Bay 11/12/15 19.85, 144 +7.21 128 £ 6.41
-155.92
11 Hawai‘i Kona 11/12/15 19.66, 140 £ 6.99 136 + 6.81
-155.98
12 Hawai‘i Cinder Cone 11/12/15 19.78, 229 +115 229+114
-155.92
13 Hawai‘i Waiaha 11/12/15 19.637, 305 +£15.3 275 +£13.7
Springs -155.95
14 Hawai‘i Flume Road 1/17/16 19.59, 210+ 10.5 158 +7.92
-155.15
15 Hawai‘i Stainbeck 1/17/16 19.65, 110+5.48 59.4+297
Hwy -155.08
16 Hawai‘i Pahoa 1/17/16 19.45, 476 +23.8 195 +£9.73
-154.94
17 Hawai‘i MacKenzie 1/17/16 19.44, 133+6.65 81.9+4.09
Park -154.86
18 Hawai‘i Volcano 1/17/16 1945, 148+7.38 87.2+436
-155.19
19 Hawai‘i Volcano 1/17/16 1945, 137 £ 6.81 109 £5.45
-1552.20
20 Hawai‘i Volcano 1/17/16 19.44, 198 +£9.92 146 £ 7.29
-155.22
21 Hawai'i Volcano 1/17/16 19.44, 273 +13.7 112 £5.60
-155.22
22 Hawai'i Saddle Road 1/17/16 19.68, 230 £12.0 208 +10.4
-155.19
23 Hawai‘i Saddle Road 1/17/16 19.67 619 +30.9 614 +30.4
-155.35
24 Hawai'i Waikoloa 1/18/16 19.93, 116 £ 5.80 112 £5.61
-155.78
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Table 3.1.1. (Continued) Locations of soil sample collection, the date of
collection, and pre and post drying weight (g).

ID Island Sample Date Lat Lon Wet Wt (g) Dry Wt
Location Collected (g)
25 Hawai‘i Chinchuck 1/18/16 19.87, 158 +7.92 128+ 6.41
Road -155.16
26 Hawai‘i Kaiwiki Road 1/18/16 19.76, 200 £10.0 107 +5.34
-155.16

Basalt samples were collected on the island of Hawai‘i in 2016 in
order to compare with previously analyzed samples (Cox & Fankhauser,
1984). Basalt sampling locations, collection date, and final sieved weight are

tabulated in Table 3.1.2.

Table 3.1.2. Locations of basalt sample collection, the date of collection, and
pre and post drying weight (g).

ID Island Sample Date Lat Lon Weight
Location Collected (g)
B1 Hawai‘i Saddle Road 1/17/16 19.68, 136
-155.19 6.78
B2 Hawai'i Saddle Road 1/17/16 19.7, 129 +
-155.44 6.44

Mushrooms were collected on O‘ahu, the island of Hawai‘i, and Kaua‘i
between 2012-2013. Mushroom sampling locations, species or genera of the

mushroom collected, collection date, and wet and dry weights are listed in

Table 3.1.3.
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Table 3.1.3. Locations of mushroom sample collection, the date of collection,
species or genera of mushroom collected, and pre and post drying weight (g).

ID Island Sample Species Date Lat Lon Wet Dry Wt
Location Collected Wt(g) (g)
5 O‘ahu Manoa Polyporalessp. 11/11/12 21.34, 248+ 102+5.1
Falls -157.80 12
11 O‘hu Kahana Microporus 1/6/13 21.54, 135+ 56.46+
Dam affinis -157.88 7 2.82
4 O‘ahu HIG Unidentified 11/30/12 21.30, 340+ 56.57 %
Courtyard -157.82 17 2.83
3 O‘ahu HIG Unidentified 11/9/12  21.98, - 66.99
Courtyard -157.82 3.35
8 O‘ahu Dole St Chlorophyllum 12/26/12 21.30, 66+  39.22%
molybdites -157.82 3 1.96
21 O‘ahu Makiki Unidentified 5/25/13  21.32, 232+ 121.43%
Valley -157.83 12 6.10
22 O‘ahu Makiki Unidentified 5/25/13  21.32, 272+ 119.68 %
Valley -157.83 14 5.98
23 O‘ahu Kahana Earliella 5/27/13  21.54, 250+ 85.16+*
Valley scabrosa -157.89 13 4.26
24 O‘ahu Kahana Microporus 5/27/13  21.54, 264+ 110.04+
Valley affinis -157.89 13 5.50
25 O‘ahu Kahana Microporus 5/27/13  21.54, 182+ 7481+
Dam affinis -157.88 9 3.74
18 Hawai‘i MaunaKea Sullius 2/27/13 19.72, 498+ 30.80 %
AccessRd  brevipes -155.45 25 1.54
19 Hawai‘i SaddleRd  Gomphidium 3/13/13 19.69, 324+ 3881+
oregonensis -155.45 16 1.94
26 Hawaii Waiakea Unidentified 5/31/13  19.65, 282+ 12156+
Exp St -155.08 14 6.08
28 Hawai'i Waiakea Earliella 5/31/13  19.65 362+ 109.13 %
Exp St scabrosa -155.08 18 5.46
29 Hawaii Waiakea Marasmiellus 5/31/13 19.65, 200+ 29.75%
Exp St inoderma -155.08 10 1.49
30 Hawaii Stainbeck  Unidentified 5/31/13 19.59, 206+ 5097+
Hwy -155.15 10 2.55
31 Hawaii Stainbeck  Unidentified 5/31/13  19.59, 335+ 113.21 *
Hwy -155.15 17 5.66
33 Hawai'i KaiwikiRd Microporus 5/31/13  19.76, 432+ 140.62 %
flabelliformis -155.16 22 7.03
34 Hawai'i ChinChuck Microporus 5/31/13  19.87, 244+ 8981+
Rd flabelliformis -155.16 12 4.49
35 Hawaii MacKenzie Auriculariasp. 6/01/13  19.44, - 137.49
Park -154.86 6.87
1 Kaua‘i Princeville Lepiota 6/12/12 22.22, -- 22.08 =
besseyi -159.49 1.10
2 Kaua‘i Wainiha Merulius 11/15/12 22.20, 107+ 74.01+
tremollosus -159.56 5 3.70
9 Kaua‘i Koke'e Suillus 1/1/13 2212, - 59.39 =
State Park  brevipes -159.71 2.97
10 Kaua'i Waipa Macrocybe 12/28/12 22.20, - 480 51.68 +
spectabilis 159.51 + 24 2.58
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After sample collection, sample preparation, and gamma
spectroscopy, 134Cs and 137Cs activities were decay corrected to March 2011
and compared to rainfall in March 2011 as shown in Table 3.1.4 and Table
3.1.5. All reported activities represent dry mass. Detectable 134Cs activities
ranged from 0.04 - 18 Bq/kg in soils and 0.24-7.2 Bq/kg in mushrooms.
Detectable 137Cs activities ranged from 0.32 - 52 Bq/kg in soils and 0.39 - 89
Bq/kg in mushrooms. 134Cs was below the critical limit in the two basalt

samples and 137Cs ranged from 0.14 - 0.17 Bq/kg.
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Table 3.1.4. 134Cs and 137Cs activities (Bq/kg) and CL’s for soil samples collected on the islands of O‘ahu and Hawai‘i decay
corrected to March 20, 2011 and rainfall in mm for March 2011. Uncertainties reported are propagated to 2c, or a 95%

confidence interval.

ID Island Sample Location 134Cs (Bq/kg) 134Cs CL 137Cs (Bq/kg) 137Cs CL Rainfall Mar.
(Ba/kg) (Ba/kg) 2011 (mm)
6 O‘ahu Lyon Arboretum  1.21+0.35 0.01 42.86 +0.28 0.01 330.2 £40.4
2 O‘ahu Manoa Falls 1.62 £ 0.33 0.01 17.47 £ 0.17 0.01 309.6 +41.4
1 O‘ahu Kahana Valley <CL 0.01 4.86+0.16 0.01 335.0+57.7
4 O‘ahu Mau‘umae <CL 0.01 3.72 £0.08 0.01 136.5 + 35.0
7 O‘ahu HIG Courtyard <CL 0.01 1.28 £ 0.05 0.01 124.8 + 26.8
5 O‘ahu Maunawili <CL 0.01 0.39 £ 0.05 0.01 121.2 £ 21.0
3 O‘ahu Kahana Dam <CL 0.01 0.32 £0.05 0.01 289.7 £ 56.6
8 O‘ahu Waikiki <CL 0.01 0.39 £ 0.04 0.01 68.5+0.0
9 Hawai‘i Kiholo Bay <CL 0.01 6.88 £ 0.11 0.01 319+438
10 Hawai‘i Kiholo Bay <CL 0.01 6.04 £0.10 0.01 319+438
11 Hawaii Kona <CL 0.01 1.32 £0.09 0.01 103.9+18.8
12 Hawai‘i Cinder Cone <CL 0.01 7.49 £0.10 0.01 67.0 £15.3
13 Hawai'i Waiaha Springs <CL 0.01 0.65 +0.07 0.01 99.8+21.5
14 Hawai‘i Flume Road 2.15+£0.51 0.01 8.06 £ 0.21 0.01 571.7 £55.7
15 Hawai‘i Stainbeck Hwy 3.34 £ 0.63 0.02 22.45+0.26 0.01 419.1 £ 36.0
16 Hawai‘i Pahoa 0.80 £+ 0.65 0.02 10.62 +0.25 0.01 345.0 £33.8
17 Hawai‘i MacKenzie Park <CL 0.03 0.34 £ 0.04 0.02 259.7+12.9
18 Hawai‘i Volcano 4.57 +1.55 0.02 49.53 + 0.64 0.02 596.9 £ 54.3
19 Hawai‘i Volcano 17.64 + 2.26 0.03 43.05+0.70 0.02 555.6 £ 54.2
20 Hawai‘i Volcano 14.79 £ 2.80 0.03 51.64 +0.88 0.02 430.7 £53.2
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Table 3.1.4. (Continued) 34Cs and 137Cs activities (Bq/kg) and CL'’s for soil samples collected on the islands of O‘ahu and
Hawai‘i decay corrected to March 20, 2011 and rainfall in mm for March 2011. Uncertainties reported are propagated to 20, or
a 95% confidence interval.

ID Island Sample Location 134Cs (Bq/kg) 134Cs CL 137Cs (Bq/kg) 137Cs CL Rainfall Mar. 2011
(Ba/kg) (Ba/kg) (mm)
21 Hawai‘'i Volcano 497 + 1.55 0.02 4196 £ 0.61 0.02 420.2 £53.2
22 Hawai‘'i Saddle Road 3.67 £ 0.45 0.01 41.90+0.29 0.08 588.0 £ 50.6
23 Hawai‘i Saddle Road <CL 0.01 2.55+0.07 0.01 304.1 £52.6
24 Hawai‘'i Waikoloa <CL 0.01 2.90 £ 0.15 0.01 35.7 +21.4
25 Hawai‘i Chinchuck Rd 2.03+£0.47 0.01 3.63+0.12 0.01 673.2 £38.2
26 Hawai‘'i Kaiwiki Road 0.76 £ 0.42 0.01 6.52 £0.16 0.01 655.1£42.1
B1 Hawai‘'i Saddle Road <CL 0.01 0.17 £ 0.05 0.005 591.7 £ 51.0
B2 Hawai‘i Saddle Road <CL 0.01 0.14 £ 0.04 0.01 200.6 £32.9
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Table 3.1.5. 134Cs and 137Cs activities and CL’s (Bq/kg) for mushroom samples on the islands of O‘ahu, Hawai‘i, and
Kaua‘i decay corrected to March 20, 2011, rainfall in mm for March 2011. Uncertainties reported are propagated to 2o,
or a 95% confidence interval.

ID Island Sample 134Cs (Bq/kg) 134Cs CL 137Cs (Bq/kg)  137Cs CL Rainfall Mar.
Location (Bq/kg) (Bq/kg) 2011 (mm)
23 O‘ahu Kahana Valley <CL 0.04 4.79 £ 0.39 0.29 335.0£57.7
24 O‘ahu Kahana Valley 0.60 £ 0.07 0.04 3.34+£0.26 0.13 335.0£57.7
5 O‘ahu Manoa Falls 1.56 £ 0.15 0.05 2.80 £0.23 0.19 303.8+42.0
21  O‘ahu Makiki Valley 1.33+£0.12 0.05 1.93 £0.16 0.07 178.2 +319
22 O‘ahu Makiki Valley 0.83+£0.08 0.04 1.67 £0.14 0.11 178.2 +319
25 O‘ahu Kahana Dam 0.70 £ 0.09 0.05 1.43 £0.12 0.18 335.0£57.7
11 O‘ahu Kahana Dam 0.72£0.10 0.06 1.25+0.12 0.30 289.7 £ 56.6
8 O‘ahu Dole St <CL 0.08 0.39 £0.08 0.18 107.5 £ 19.7
O‘ahu HIG Courtyard <CL 0.06 <CL 0.08 118.9 £ 25.2
3 O‘ahu HIG Courtyard <CL 0.08 <CL 0.05 118.9 £ 25.2
18 Hawai‘i Mauna Kea 1.12 £0.19 0.03 88.99 £ 6.87 0.09 161.8 + 29.6

Access Rd

19  Hawai‘i Saddle Rd 1.12 £0.19 0.03 30.05 +2.34 0.05 189.5+32.3
26 Hawaii  WaiakeaExp St  0.96+0.11 0.03 19.52 +1.51 0.20 418.0 £ 35.3
28 Hawaii  Waiakea Exp St  <CL 0.03 23.87 £+1.84 0.25 418.4 + 35.7
29 Hawaii  WaiakeaExp St  7.51+0.69 0.04 18.78 + 1.49 0.11 419.1 £ 36.0
30 Hawai‘i Stainbeck Hwy 1.17 £0.14 0.03 4.20 +0.34 0.12 571.1 £55.7
31 Hawaifi Stainbeck Hwy 0.48 £ 0.06 0.03 5.96 £ 0.47 0.26 571.1 £55.7
33  Hawai‘i Kaiwiki Rd 6.80 £ 0.67 0.04 20.27 £1.61 0.67 655.1 £42.1
34 Hawai‘i ChinChuck Rd 5.96 + 0.54 0.04 9.43+0.78 0.61 673.2 £38.2
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Table 3.1.5. (Continued) 134Cs and 137Cs activities and CL’s (Bq/kg) for mushroom samples on the islands of
O‘ahu, Hawai‘i, and Kaua‘i decay corrected to March 20, 2011, rainfall in mm for March 2011. Uncertainties
reported are propagated to 2o, or a 95% confidence interval.

ID Island Sample 134Cs (Bq/kg) 134Cs CL 137Cs (Bq/kg) 137Cs CL Rainfall Mar.
Location (Bq/kg) (Bq/kg) 2011 (mm)
35 Hawai‘i MacKenzie Park  0.24 + 0.04 0.03 4.83+0.38 0.17 259.7+£12.9
Kaua'i Princeville 1.48 £ 0.21 0.07 2.87 £0.26 0.17 195.2 £ 259
2 Kaua'i Wainiha 1.13£0.11 0.06 1.64 £ 0.15 0.18 319.6 £52.2
Kaua'i Koke‘e State 1.97 £0.20 0.04 17.04 +1.33 0.06 1254 +31.4
Park
10 Kaua‘i Waipa <CL 0.05 8.14 £ 0.65 0.05 236.1 £30.9
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In addition to radiocesium activity, 7Be activity in soils and
mushrooms were analyzed in order to confirm the validity of our proposed
relationship between precipitation and radiocesium activity as shown in
Table 3.1.6 and Table 3.1.7. Furthermore, secondary ROI were analyzed in

soils to confirm that geochemical processes did not disrupt samples.
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Table 3.1.6. Activities (Bq/kg) for secondary ROI in soils on the islands of
O‘ahu and Hawai‘i. 219Pb is excess. ’Be has been decay corrected to sample
collection date. 49K, 210Pb, 238U, and 226Ra have not been decay corrected due
to their long half-lives.

ID Sample 40K Be 210Ph 238 226Ra
Location (Bg/kg) (Ba/kg)  (Bq/kg) (Bg/kg) (Bg/kg)

1 Kahana 135+1.4 85+1.3 15.7+0.4 6.2+3.1 7.7+0.6
Valley

2 Manoa Falls 39.0+1.8 205+16 355z%0.2 209+3.0 26.4+0.8

3 KahanaDam 26.7+1.9 147+16 0.0x1.2 19.1+4.0 15.6%0.7

4  Mau‘umae 124.4+23 5.9+0.8 21.9+0.3 11.8+24 84+0.5

5  Maunawili 1109+ 1.8 43+0.9 0.0+3.0 142+27 15.1%0.7

6 Lyon 56.7+1.9 20.7+09 4.7+0.2 418+44 40.5%0.9
Arboretum

7  HIG 219.3+2.0 122+0.6 0.0+3.8 15.8+23 209105
Courtyard

8  Waikiki 72.1+1.5 4204 0.0+2.7 13.7+19 10.0+04

9  Kiholo Bay 137.5+29 48+0.1 0.0+0.8 4.7+28 5305

10 Kiholo Bay 132.4+19 113+06 4.8+0.8 4.0+19 56+0.4

11 Kona 143.6+3.1 5.0%0.9 10.9+0.8 3629 4.1+£0.5

12 Cinder Cone 343.2+3.0 2405 0.0+0.8 8122 10.4+0.4

13 Waiaha 183.6+3.5 36.7+3.8 19304 2724 7.8+0.7
Springs

14 Flume Road 79.7+23 27.3+15 169.4+0.3 55+3.4 2.2+0.6

15 Stainbeck 73.0+2.6 40.3+2.5 191.8%0.3 25+338 8.7+0.8
Hwy

16 Pahoa 129.2+3.9 525+25 7.2+0.2 149.1+42 5.1+0.9

17 MacKenzie 64.8 £3.7 92.2+18 200.1+11 15.7+6.8 1.0x1.0
Park

18 Volcano 118.8+4.8 53.1+4.1 421.2+0.3 5459 3.7+05

19 Volcano 85.2+5.1 104.4 £ 847.1+0.4 1.3+6.0 2504

6.1
20 Volcano 107.5+54 2134+ 498.5+0.4 3.27.2 3.2+x04
7.0
21 Volcano 78.7+4.6 41344 265.0:04 13.2+6.1 2.8%04
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Table 3.1.6. (Continued) Activities (Bq/kg) for secondary ROI in soils on
O‘ahu and the island of Hawai'i. 210Pb is excess. ’Be has been decay corrected
to sample collection date. 40K, 210Pb, 238U, and 22¢6Ra have not been decay
corrected due to their long half-lives.

ID Sample 40K (Bq/kg) Be 210Ph 238y 226Ra
Location (Bg/kg) (Bg/kg) (Ba/kg)  (Baq/kg)
22 Saddle Road  92.74+2.1 105.3+2.4 200.1+0.2 7.5%33  33%0.2
23 SaddleRoad  0.00 +0.0 159+1.0 13.6+0.5 34+19  2.7+05
24 Waikoloa 346.56 5.1 1.7+0.2 46+0.5 124+32 144%0.7
25 ChinchuckRd 135.9+2.8 88.8+2.0  63.4+0.2 70£3.0 47+0.6
26 Kaiwiki Road 73.9+2.5 1.9+0.2 24.0+0.4 114+32 7.8+0.7

Table 3.1.7. Activity (Bq/kg) for 49K in mushrooms on the islands of O‘ahu,
Hawai‘i, and Kaua'i. 4°K was not decay corrected due to its long half-life.

ID Island Sample Location 40K (Bq/kg)
5 O‘ahu Manoa Falls 50.0 £ 3.05
11 O‘ahu Kahana Dam 72.7 £+ 4.47
O‘ahu HIG Courtyard 1160 * 65.1
3 O‘ahu HIG Courtyard 1180 + 68.2
8 O‘ahu Dole St 1160 + 64.8
21 O‘ahu Makiki Valley 172 +£9.72
22 O‘ahu Makiki Valley 135+ 7.57
23 O‘ahu Kahana Valley 100 £ 5.97
24 O‘ahu Kahana Valley 86.8 +4.99
25 O‘ahu Kahana Dam 84.5+5.09
18 Hawai'i Mauna Kea Access Rd 844 £ 47.6
19  Hawai'i Saddle Rd 1180 + 65.7
26  Hawai‘i Waiakea Exp St 38.5+241
28 Hawai‘i Waiakea Exp St 39.9+ 253
29 Hawai‘i Waiakea Exp St 1600 + 90.2
30 Hawai‘i Stainbeck Hwy 1.28 +1.38
31 Hawai‘i Stainbeck Hwy 3.48 +£0.760
33 Hawai‘i Kaiwiki Rd 57.4+4.31
34  Hawai‘i ChinChuck Rd 75.0 + 5.05
35 Hawai‘i MacKenzie Park 85.2+491
Kaua'i Princeville 1180 + 65.8
Kaua'i Wainiha 170 £9.77
Kaua'i Koke‘e State Park 641 £ 36.0
10 Kaua'i Waipa 1780 =108
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Bulk Density and porosity measurements were conducted on soils and
the results are shown in Table 3.1.8. Bulk densities ranged from 0.36 g/mL to

1.3 g/mL and percent porosities ranged from 20% to 76%.

The definitions for some soil characteristics were defined by the
Hawai‘i Soil Atlas (2014) and include potassium content, acidity, water
holding capacity where potassium classification is based off both the
concentration of potassium in the soil as well as its bulk density and texture
and water holding capacity refers to the saturation point of the soil and is
based off of permeability and water retention percentages. Water holding
capacity classifications (in percentages) are defined as follows by the Hawai‘i
Soil Atlas (2014): low = 0-0.06, moderate = 0.07-0.13, high = 0.014-0.20, very
high > 0.20. Table 3.1.9 summarizes, based off of these definitions, the soil

characteristics for our soil samples.

33



Table 3.1.8. Soil bulk density and percent porosity measurements. * denotes
value was not actually measured but instead inferred based off soil wet and

dry weights.
ID Island Sample Bulk Density (g/mL) Porosity (%)
Location
1 O‘ahu Kahana Valley 0.91 £0.03 54.92
2 O‘ahu Manoa Falls 0.87 £0.02 42.21
3 O‘ahu Kahana Dam 1.04 £ 0.02 45.21
4  O‘ahu Mau‘umae 0.91£0.02 44.26
54.76
O‘ahu Maunawili 0.96 £ 0.02 54.76
6  O‘ahu Lyon 1.01+£0.03 51.90
Arboretum
O‘ahu UHM 1.11 £ 0.03 55.30
O‘ahu Waikiki 1.11 £ 0.03 47.22
Hawai‘i Kiholo Bay 0.93+0.22 33.44
10 Hawai‘i Kiholo Bay 1.15+0.15 56.70
11 Hawaii Kona 1.13 + 0.04* 47.21*
12 Hawai‘i Cinder Cone 1.13 £ 0.04 47.21
13 Hawaii Waiaha Springs 1.25+0.11 46.43
14 Hawai‘i Flume Road 0.85+0.03 57.13
15 Hawai‘i Stainbeck Hwy 1.00 £ 0.06 22.87
16 Hawaii Pahoa 0.63 +0.02 51.77
17 Hawai‘i MacKenzie 0.36 £ 0.01 76.03
Park
18 Hawai‘i Volcano 0.65 = 0.04 71.38
19 Hawai‘i Volcano 0.71 £ 0.06 32.54
20 Hawai‘i Volcano 0.41+0.10 64.23
21 Hawaii Volcano 0.52+£0.10 60.53
22 Hawai‘i Saddle Road 0.94 +£0.02 34.68
23 Hawai‘i Saddle Road 1.31£0.03 20.39
24 Hawaii Waikoloa 0.93 +0.14 61.14
25 Hawai‘i Chinchuck Rd 0.87 £ 0.05 28.60
26 Hawaii Kaiwiki Road 0.65 +0.03 45.35
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Table 3.1.9. Soil characteristics identified from the Hawai‘i Soil Atlas (2014).

ID Island Sample Potassium Water Holding pH
Location Content Capacity
1 O‘ahu Kahana Valley  Sufficient Moderate 4.4-5.0
2 O‘ahu Manoa Falls Deficient High 4.5-6.5
3 O‘ahu Kahana Dam Sufficient Moderate 4.4-5.0
4 O‘ahu Mau‘umae No Data High 6.6-7.3
5 O‘ahu Maunawili No Data Moderate 5.1-6.5
6 O‘ahu Lyon Deficient High 4.5-6.5
Arboretum
O‘ahu UHM Deficient High 5.1-5.5
O‘ahu Waikiki No Data Low 6.6-8.4
Hawai‘i Kiholo Bay Abundant High 6.1-7.3
10 Hawaii Kiholo Bay Abundant High 6.1-7.3
11 Hawaii Kona Sufficient High 6.1-7.3
12 Hawai‘i Cinder Cone Sufficient High 6.1-7.3
13 Hawaii Waiaha Sufficient High 6.1-7.3
Springs
14 Hawai‘i Flume Road Deficient Very High 4.6-5.5
15 Hawai‘i Stainbeck Hwy Deficient Very High 4.6-5.5
16 Hawaii Pahoa Deficient Moderate 5.1-5.5
17 Hawaii MacKenzie Deficient High 5.1-5.5
Park
18 Hawai‘i Volcano Deficient Very High 3.5-4.4
19 Hawai‘i Volcano Deficient Very High 3.5-4.4
20 Hawai‘i Volcano Deficient Very High 3.5-4.4
21 Hawai‘i Volcano Deficient Very High 3.5-4.4
22 Hawai‘i Saddle Road Deficient Very High 4.6-5.5
23 Hawai‘'i Saddle Road Deficient Moderate 4.5-5.5
24 Hawai'i Waikoloa Abundant Low 6.1-7.3
25 Hawai‘i Chinchuck Rd Deficient Very High 4.5-6.0
26 Hawai‘i Kaiwiki Road Deficient Very High 4.5-6.0

Using the bulk density measurements and a sampling volume of 25
cm3, cesium inventories were also converted to units of Bq/m? (Table
3.1.10). Detectable 134Cs inventories ranged from 18 Bq/m? to 620 Bq/m?

and 137Cs inventories ranged from 18 Bq/m? to 2200 Bq/m?2.
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Table 3.1.10. Cesium inventories per area (Bq/m?).

ID Island Sample Location  134Cs (Bq/m?2) 137Cs (Bq/m2)
1 O‘ahu Kahana Valley <CL 210.6 + 8.9
2 O‘ahu Manoa Falls 74.2 +15.1 798.2 + 21.5
3 O‘ahu Kahana Dam <CL 1152 + 2.6
4 O‘ahu Mau‘umae <CL 1935 + 6.6
5 O‘ahu Maunawili <CL 17.7 £2.2
6 O‘ahu Lyon Arboretum 609 +17.7 2154.7 £ 59.9
7 O‘ahu UHM <CL 71.3 £ 3.21
8 O‘ahu Waikiki <CL 21.5 £ 2.52
9 Hawai‘i Kiholo Bay <CL 320.5 + 75.0
10 Hawai‘i Kiholo Bay <CL 346.4 + 46.5
11 Hawai‘i Kona <CL 74.42 £ 5.5
12 Hawai‘i Cinder Cone <CL 423.8 + 145
13 Hawai‘i Waiaha Springs <CL 405+ 5.6
14 Hawai‘i Flume Road 91.0+21.9 341.4 +13.7
15 Hawai‘i Stainbeck Hwy 252.0 +36.8 1125.4 + 69.4
16 Hawai‘i Pahoa 25.3+20.5 336.8 + 14.3
17 Hawai‘i MacKenzie Park <CL 63.5 + 3.7
18 Hawai‘i Volcano 149.4 + 29.1 1620.4 + 94.9
19 Hawai‘i Volcano 624.6 £ 67.7 1524.7 + 129.4
20 Hawai'i Volcano 302.2+81.0 1055.3 + 266.9
21 Hawaifi Volcano 130.1 + 34.7 1097.2 + 220.0
22 Hawai'i Saddle Road 172.7 +21.9 1970.9 + 53.7
23 Hawai'i Saddle Road 17.7 £18.1 166.6 + 6.2
24 Hawai'i Waikoloa <CL 1343+ 218
25 Hawai'i Chinchuck Road 87.6 + 20.9 156.8 + 10.1
26 Hawai‘i Kaiwiki Road 24.7 £+ 135 210.6 + 10.7

36



CHAPTER 4. DISCUSSION
4.1. Soil characteristics

Soil characteristics are known to heavily influence cesium absorption
by biota as well as influence processes such as leeching (Fujii et al., 2014). In
this study, we did not characterize soils but relied on information from the
literature for each respective region where samples were obtained. Thus it is
possible that local samples differ from regional soil maps. We found that all
soils with detectable 134Cs inventories were deficient in potassium as based
off the Hawai‘i Soil Atlas. Furthermore, all soils but one with detectable 134Cs
were acidic and had a high to very high water holding capacity. These
variables are not independent as it is possible that soil characteristics are
driven by rainfall. To show this Figures 4.1.1, 4.1.2, and 4.1.3. present the
statistical variation of 134Cs activity ,137Cs activity, and March 2011 rainfall

with respect to potassium content.
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Boxplot Comparing Soil Potassium Classification and Cs-134 Concentration
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Figure 4.1.1. Box and whisker plot of 134Cs (Bq/kg) with respect to potassium
classification in soils.

Boxplot Comparing Soil Potassium Classification and Cs-137 Concentration
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Figure 4.1.2. Box and whisker plot of 137Cs (Bq/kg) with respect to potassium
classification in soils.
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Boxplot Comparing Soil Potassium Classification and March 2011 Rainfall
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Figure 4.1.3. Box and whisker plot of March 2011 rainfall (mm) with respect
to potassium classification in soils.

When present, radiocesium inventories were not correlated with
potassium content inferred by 4°K, this may be due to cesium enrichment of
soils with potassium deficiency and other factors such as canopy cover that

would affect cesium deposition but not 4K (Figure 4.1.4).
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K-40 vs. Cs-137
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Figure 4.1.4. 49K versus 137Cs activity in Bq/kg in soils.

Higher potassium inventories have also previously shown to
positively influence cesium uptake by mushrooms (Seeger, 1978). No
correlation between 4°K and 137Cs inventories, however, were found in this
study (Figure 4.1.5). This may be due to variable canopy cover and uptake

rate between the various mushroom species.
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K-40 vs. Cs-137 in Mushrooms

120.0
100.0

2

80.0

OHawai‘i
€0O’ahu

40.0 HOH ©Kaua'i

200 0 @ -
00 :

0 500 1000 1500 2000
K-40 (Bq/kg)

60.0

Cs-137 (Bq/kg)

Figure 4.1.5. 40K versus 137Cs activity in Bq/kg in mushrooms.

4.2. Fukushima-derived fallout in soils

Higher rainfall in March 2011 resulted in elevated Fukushima-derived
cesium in soils on the islands of O‘ahu and Hawai‘i along some of the studied
transects as shown in Figures 4.2.1 and 4.2.2. Our detectable Fukushima-
derived soil inventories ranged from 18 Bq/m? to 625 Bq/m?. For
comparison, up to 102,000 Bq/m?2 of 137Cs was detected in forest soils

analyzed near the FDNPP (Kato et al., 2012)
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Cs-134 Activity vs. March 2011

Rainfall
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Figure 4.2.1. March 2011 rainfall in mm vs. 134Cs activity for samples
collected on the islands of O‘ahu and Hawai‘i. Activities have been decay
corrected to March 2011, the month of the Fukushima disaster.
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Cs-137 Activity vs. Yearly
Rainfall
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Figure 4.2.2. Annual 2011 rainfall in mm vs. 137Cs activity for samples
collected on the islands of O‘ahu and Hawai‘i. Activities have been decay
corrected to March 2011, the month of the Fukushima disaster.

While all soil samples had 137Cs there were some that had very little
fallout contribution from new cesium sources. Soil samples with detectable
Fukushima-derived cesium inventories were compared to the total cesium
inventories (Figure 4.2.3). The Fukushima-derived cesium ranged from 5%
to 72% for our samples. Most of the samples were comprised of under 30%
Fukushima-derived cesium meaning historical fallout made up the majority

of the overall soil radiocesium inventory.
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Histogram of Fukushima-
Derived Cs to Total Cs
Inventories Ratio in Soils
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Figure 4.2.3. Histogram of Fukushima-derived cesium to total cesium ratio
for soil samples collected on the islands of O‘ahu and Hawai‘i.

Using the particulate 1311 to 137Cs average ratio of 7.3 + 2.8 in aerosols

found by the EPA’s RADNET system, 131] deposition was also estimated and

found to range from 130 to 4570 Bq/m?>.

O‘ahu - Soils

On O‘ahu, only two soil samples out of seven had detectable 134Cs.
These samples were all located in the Manoa Valley and ranged from 61 to 74
Bq/mZ2. Moreover, it appears that the leeward side of the island where Manoa
Valley is located was subject to a larger deposition of cesium in comparison

to Kahana Valley that is located on the windward side and had much lower to
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non-detectable levels of 134Cs. While both areas were subject to similar
rainfall amounts in March 2011, these differences can be explained by
differences in canopy cover and soil characteristics. The soil samples located
in Manoa Valley were collected in low to moderate canopy cover and
classified as deficient in potassium and as having a high water holding
capacity (Hawai‘i Soil Atlas, 2014). This is as opposed to the soil samples
collected in Kahana Valley, which were under moderate to heavy canopy
cover and classified as sufficient in potassium, acidic, and having a moderate
water holding capacity (Hawai‘i Soil Atlas, 2014). The deviation from our
expected result of Kahana Valley having higher soil cesium inventories
compared to Manoa Valley can be explained by the differences in soil

characteristics as well as canopy cover differences.

Other samples collected on O‘ahu did not have detectable 134#Cs and
were subject to the lowest March 2011 rainfall for samples on O‘ahu. This
included two samples from areas subject to lower rainfall in Honolulu and
one sample collected from Maunawili. 137Cs inventories in these samples

ranged from 18 Bq/m? to 190 Bq/m?.
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Hawai‘i - Overview of Soils

On the island of Hawai‘i, four different areas included both the
windward and the leeward sides of the island were studied. The areas
studied on the windward side include Hilo and Puna and include samples
from Saddle Road, Hilo, Puna, Volcano, and Pahoa. On the leeward side,

samples were taken from the Kona area and Waikoloa.

Hawai‘i - Hilo Soils

Soils collected from the Hilo area were subject to high rainfall. Figure
4.2.4 highlights cesium activies with relation to rainfall for soils collected in

the Hilo area.
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Figure 4.2.4. Hilo area soil 134Cs inventories (Bq/m?) vs. March 2011 rainfall
and 137Cs inventories (Bq/m?) vs. Annual 2011 rainfall. Specific samples are
referred to by number.
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The soils collected in northern Hilo both had measurable Fukushima-
derived fallout and include Chinchuck Road (sample 25) and Kaiwiki Road
(sample 26). These samples were subject to similar rainfall and are part of
the same soil series (Hawai‘i Soil Atlas, 2014), however, their 134Cs and 137Cs
activities were lower than expected based on the trends suggested by the
other samples of similar rainfall, which can be attributed to differences in
canopy cover. Soil collected from Kaiwiki was under dense canopy cover
compared to the soil collected at Chinchuck, which was only partially
obstructed. 134Cs activities decay corrected to March 20, 2011 were 25
Bq/m? and 88 Bq/m? for Kaiwiki and Chinchuck respectively. 137Cs activities,
however, did not follow our expected trend of a positive relationship
between rainfall and cesium deposition. 137Cs activities were 210 Bq/m? and
160 Bq/m? for Kaiwiki and Chinchuck respectively, meaning Kaiwiki was
subject to much higher levels of historical fallout compared to Chinchuck.
This difference in fallout distribution may be attributed to several causes,

including changes in canopy cover or historical local rainfall differences.

Soils collected from southern Hilo include samples from Flume Road
(Sample 14) and Stainbeck Highway (Sample 15). The soils we collected from
southern Hilo are deficient in potassium, acidic, and have a very high water
holding capacity (Hawai‘i Soil Atlas, 2014). Sample 14 from Flume Road,
which was subject to higher March 2011 rainfall, had a 134Cs activity of 91
Bq/m? and a 137Cs activity of 340 Bq/m?. This soil was partially obstructed by

canopy cover at the time of collection. Sample 15 from Stainbeck Highway
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was subject to lower March 2011 rainfall and had a 134Cs activity of 250
Bq/m? and a 137Cs activity of 1130 Bq/m?2. Unlike the soil collected at Flume
Road, this sample was not obstructed by canopy cover, which likely explains

the higher cesium inventory found.

Saddle Road soil samples were collected along two different
precipitation gradients and have differing soil characteristics according to
the Hawai‘i Soil Atlas. Sample 22, which was subject to higher March 2011
rainfall and was partially obstructed by canopy cover, had a 134Cs activity of
170 Bg/m? and a 137Cs activity of 1970 Bq/m*" 2. This soil is classified as
being deficient in potassium, acidic, and as having a very high water holding
capacity (Hawai‘i Soil Atlas, 2014). In comparision, sample 23 which was also
not obstructed by canopy cover, had a 134Cs activity of 18 Bq/m?2 and a 137Cs
activity of 170 Bq/m?2. This soil is classified as being deficient in potassium,
neutral acidity, and having a moderate water holding capacity (Hawai‘i Soil
Atlas, 2014). The trends observed between these samples met our
expectations of higher cesium depostion with higher rainfall. Furthermore,
we also expected to find higher cesium inventories in soils which are acidic,

which is also what we saw along this transect.
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Hawai‘i - Puna Soils

Soil samples collected from Puna represent a variety of rainfall and
soil characteristics. Radiocesium activities vs. rainfall for the Puna area are

highlighted in Figure 4.2.5.
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Figure 4.2.5. Soil 134Cs inventories (Bq/m?) vs. March 2011 rainfall and 37Cs
inventories (Bq/m?) vs. Annual 2011 rainfall for the Hilo area. Specific
samples are referred to by number.

Soil samples from Volcano were subject to high rainfall. Four samples
were collected in Volcano, and represent different precipitation gradients
and canopy cover conditions, but similar soil characteristics. Soils collected
in this area are deficient in potassium, acidic, and have a very high water
holding capacity (Hawai‘i Soil Atlas, 2014). Sample 18 was subject to the
highest March 2011 rainfall and the lowest yearly rainfall in the Volcano
area. This sample was partially obstructed by canopy cover. Radioactivities

measured were 150 Bq/m?2 and 1600 Bq/m? for 134Cs and 137Cs, respectively.
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The discrepancy between the expected relationship between rainfall and
134Cs deposition may be attributed to obstruction by canopy cover. Sample
18 was also interesting because of its higher 137Cs inventory in relation to
annual rainfall. This highlights an alternative process which may have
affected this location where surface runoff from higher elevations allows
rainwater to pool in this location. Sample 19 was subject to the second
highest rainfall in the Volcano area, was not obstructed by canopy cover, and
had the highest 134Cs activity for all soils measured in this study. This sample
had 620 Bq/m? of 134Cs and 1500 Bq/m? of 137Cs. Samples 20 and 21 were
both partially obstructed by canopy cover, but to a lesser degree than Sample
19. Sample 20 had a 134Cs inventory of 300 Bq/m? and a 37Cs inventory of
1100 Bq/m?. Sample 21 had a 134Cs inventory of 130 Bq/m? and a 137Cs
inventory of 1100 Bq/m?2. The trends seen in Volcano suggest that canopy
cover is an important factor for atmospheric cesium depostion. Samples
collected here did not follow our expected correlation between cesium
deposition and precipitation and it is assumed the forest canopy caught the

fallout.

Two soil samples were collected from the Pahoa area, samples 16 and
17 and were subject to lower to moderate amounts of March 2011 rainfall
(Hawai‘i Rainfall Atlas, 2011). Both of these soils are classified as deficient in
potassium and having neutral acidity (Hawai‘i Soil Atlas, 2014). Sample 16,
which was underneath full canopy cover, had 25 Bq/m? of 134Cs and 340

Bq/m? of 137Cs. This soil is classified as having a moderate water holding
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capacity (Hawai‘i Soil Atlas, 2014). Sample 17, which was underneath partial
canopy cover and subject to lower March 2011 rainfall did not have

detectable 134Cs and had 64 Bq/m? of 137Cs. This soil is classified as having a

high water holding capacity (Hawai‘i Soil Atlas, 2014).

Hawai‘i - Leeward Soils

None of the samples collected from the leeward side of the island of
Hawai‘i had detectable 134Cs. This is expected because the leeward side is
subject to much lower rainfall amounts. 137Cs inventories ranged from 41
Bq/m? to 420 Bq/m?. Soils collected from this area are ranked as either
sufficient or abundant in potassium, having neutral acidity, and as having a

low to high water holding capacity (Hawai‘i Soil Atlas, 2014).

4.3. Fukushima-derived fallout in mushrooms

Cesium in mushrooms was much more detectable because they
bioaccumulate cesium and thus concentrate cesium. Cesium activities in
mushrooms from the islands of O‘ahu, Hawai‘i, and Kaua‘i are shown in

Figure 4.3.1.
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March 2011 Rainfall vs. Cesium Activity
in Mushrooms
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Figure 4.3.1. March 2011 rainfall in mm vs. Radiocesium activity in Bq/kg for
samples collected on the islands of O‘ahu and Hawai‘i (both 137Cs and 134Cs).
Activities have been decay corrected to March 2011, the month of the
Fukushima disaster.
A strong relationship between soil and mushroom cesium inventories
was not found when comparing locations where both soil and mushroom

were collected (Figure 4.3.2). A general relationship, however, can be

observed between soil and mushroom cesium inventories.
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Soil to Mushroom Radiocesium
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Figure 4.3.2. Comparison of soil to mushroom 134Cs, 137Cs, and total Cs in
Bq/kg.

O‘ahu - Mushrooms

On O‘ahu, we found that the mushroom activities generally were
correlated with higher precipitation rates. Mushrooms produced a more
pronounced trend then the one seen in soils of O‘ahu where higher
precipitation rates in March 2011 resulted in increased cesium activities in
mushrooms. Even in locations where we were not able to detect cesium in
soils, mushrooms show a clear 134Cs signature both on the leeward and
windward sides of the island on O‘ahu and the windward side of Hawai‘i. We
found that detectable 134Cs inventories ranged from 0.60 Bq/kg to 1.6 Bq/kg

and 137Cs inventories ranged from 0.39 Bq/kg to 4.8 Bq/kg.
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In the Kahana Valley, which is subject to higher rainfall, we found
134Cs activities ranging from below CL to 0.70 Bq/kg. Two of the samples
from the Kahana Valley were identified as Microporous affinis and these
mushrooms exhibited similar cesium inventories for both 34Cs and 137Cs.
137Cs was 1.3 Bq/kg to 1.4 Bq/kg and 134Cs was 0.70 Bq/kg to 0.72 Bq/kg in
these mushrooms. Two other samples were collected in the same location in
Kahana Valley area, one that was identified as Earliella scabrosa and another
that was not identified. The Earliella scabrosa sample was collected growing
off of a tree and not soil and did not have detectable 134Cs and had 4.8 Bq/kg
of 137Cs. The unidentified species had detectable a 134Cs activity of 0.60 Bq/kg
and a 137Cs activity of 3.3 Bq/kg. The differences in new cesium inventories
in these samples are likely the product of differing growing substrates. The
differences in old cesium inventories are likely due to the differing

bioaccumulation rates of different mushroom species.

On the leeward side of O‘ahu, we collected mushroom samples in the
Makiki and Manoa Valleys. In the Makiki Valley, we collected two
unidentified mushroom species, which had similar activities of 134Cs and
137(Cs. 134Cs was 0.83 Bq/kg and 1.3 Bq/kg and 137Cs was 1.7 Bq/kg and 1.9
Bq/kg. In Manoa Valley, we found detectable 137Cs activities that ranged from
0.39 Bq/kg to 2.8 Bq/kg and detectable 134Cs activities were 1.6 Bq/kg. Two
unidentified mushroom samples growing on trees were collected from the
University of Hawai‘i at Manoa. Both of these samples did not have detectable

cesium inventories. One unidentified mushroom sample was collected from

54



Manoa Falls, an area subject to higher rainfall. As expected, that mushroom
also had a higher radiocesium inventory of 1.6 Bq/kg and 2.8 Bq/kg of 134Cs

and 137Cs, respectively.

We compared Fukushima-derived radiocesium activities to the total
radiocesium inventory on O‘ahu and found a range of 31% to 81%
Fukushima-derived cesium with most samples ranging from 61% to 75% as

shown in Figure 4.3.3.
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Figure 4.3.3. Histogram of Fukushima-derived to total cesium ratio for
mushroom samples collected on O‘ahu. Most samples were comprised of 61-
75% Fukushima-derived cesium.
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This suggests that soil conditions or canopy cover may have changed in a lot
of the areas where mushrooms were collected as we expected to see 134Cs
making up a much smaller portion of the overall radiocesium inventory from

our soil measurements.

Hawai‘i - Mushrooms

On the island of Hawai‘i, samples were only collected on the
windward side of the island and primarily in the Hilo area. Mushrooms
collected on the island of Hawai‘i generally followed the expected trend of
increased cesium deposition with increased rainfall. Detectable 134Cs and
137Cs inventories ranged from 0.24 Bq/kg to 7.5 Bq/kg and 4.8 Bq/kg to 89

Bq/kg, respectively.

Mushrooms collected from the South Hilo area had a range of
detectable 134Cs deposition from 0.48 Bq/kg to 7.5 Bq/kg. 137Cs inventories
ranged 4.2 Bq/kg to 89 Bq/kg and overall higher 137Cs activities did not
correspond the higher 134Cs activities, which is likely the product of differing
soil and canopy cover conditions for historical fallout. Furthermore, the
mushroom with the highest 134Cs activity came from the South Hilo area and
was of the Marasmiellus inoderma species.

Mushrooms collected from the North Hilo area at Chinchuck and
Kaiwiki Roads had higher 134Cs activities ranging from 6.0 Bq/kg to 6.8

Bq/kg and were subject to the highest rainfall in March 2011 of all
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mushroom samples taken. Both mushrooms were of the same species,
Microporous flabelliformis. Moreover, these mushrooms had differing 134Cs
to 137Cs ratios, consistent with what was found in the soil samples.
Mushroom samples Fukushima-derived cesium to total cesium ratios were
50% and 77% for Kaiwiki and Chinchuck respectively. Kaiwiki Road soil and
mushroom samples had higher 137Cs deposition historically compared to soil

and mushroom samples collected at Chinchuck Road.

We also compared 134Cs to 137Cs activities on the island of Hawai‘i and
found a wider range compared to O‘ahu as shown in Figure 4.3.4. The ratio
between Fukushima-derived cesium and total cesium ranged from 2% to

77%.

Histogram of Fukushima-Derived Cs
to Total Cs Inventories Ratio for
Mushrooms on Hawai‘i
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Figure 4.3.4. Histogram of Fukushima-derived to total cesium activities for
mushrooms on the island of Hawai‘i. Most samples comprised of 1% - 15%
Fukushima-derived cesium.
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Kaua‘i - Mushrooms

Mushrooms from differing precipitation gradients, canopy coverage,
and species were also collected on the island of Kaua‘i and detectable 134Cs
inventories ranged from 1.1 Bq/kg to 2.0 Bq/kg and 137Cs inventories ranged
from 1.6 Bq/kg to 17 Bq/kg. Cesium inventories were not well correlated
with March 2011 precipitation, which likely can be attributed to differences

in soil characteristics.

While bioaccumulation happens at different rates within species,
mushrooms still show a generally positive trend of precipitation driven
cesium deposition that is also heavily influenced by canopy cover and

substrate characteristics.

4.4 Pre vs. Post Fukushima Soil Contamination

Activities from Cox & Fankhauser (1984) reported for soil samples
were decay corrected to March 2011 to estimate 137Cs activities from nuclear
weapons testing fallout that still remain today. Cox & Fankhauser’s measured
activities were compared to cesium activities measured in this study in order
to confirm that the levels detected in soils without 134Cs today have 137Cs
activities predicted based on Cox and Fankhauser’s study. 137Cs activities
measured in this study largely are a product of nuclear weapons testing, and
not the Fukushima disaster. In comparison, decay-corrected to March 20,

2011 137Cs activities from Cox and Fankhauser’s study ranged from 0.020
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Bq/kg to 35 Bq/kg. This study found decay-corrected 37Cs concentrations to
range from 0.34 Bq/kg to 52 Bq/kg. Because 134Cs and 137Cs were released
from Fukushima in a near 1:1 ratio, 134Cs activities best reflect Fukushima-
derived cesium wet deposition, which ranged from 0.27 Bq/kg to 18 Bq/kg. A
comparison of Cox & Fankhauser’s measurements to our measurements is
shown in Figure 4.4.1. Decay correction of Cox & Fankhauser values and our
values to 2011 confirmed our assumption of low cesium migration in
sediments for most samples. Some samples had comparatively higher 137Cs
activities and there are several possibilities for this, including slight
differences in sampling location or changes in canopy cover or land use in the
last 50 years. Overall, the magnitude of 137Cs, which resulted from the
nuclear weapons testing, matched the range of that found by Cox &

Fankhauser (1984).
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Cesium Activity vs. 2011 Rainfall
Cs activities decay corrected to March 20, 2011
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Figure 4.4.1: A comparison of measured radiocesium (Bq/kg) from Cox &

Fankhauser, 1984, radiocesium measured in this study, and yearly rainfall
(mm). All activities have been decay corrected to March 2011.

4.5. Natural radioisotope activities in soils

Several naturally-occurring radionuclides were used to confirm
various aspects of our methodology, including the process of wet deposition,
and confirmation that our soil samples were not otherwise influenced by

other sources such as groundwater flow and redox chemistry.

’Be is a naturally occurring radioisotope that is produced by electron
capture in the upper atmosphere (t1/2= 53.24 days) and is primarily

deposited by means of precipitation (Sanders, et al., 2011). Figure 4.5.1
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illustrates measured 7Be activities plotted against precipitation for the month
of sample collection. 7Be exhibits a positive trend with precipitation,

confirming that wet deposition is a major source of 7Be in soils.
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Figure 4.5.1: 7Be (t1/2= 53.24 days) activity (Bq/m?2) in soils vs. rainfall (mm)
for the month of sample collection.

Similar to 7Be, 210Pb is a naturally occurring isotope that is primarily
deposited by means of precipitation (Sanders, et al., 2011). 137Cs activities
and excess 210Pb activities were very well correlated as shown in Figure
4.5.2. This is because they both persist long-term (T1,2 for 137Cs is about 30
years and T1,2 for 210Pb is about 20 years), they are particle reactive, and
their source is atmospheric deposition. The relationship observed between
210Pb and 137Cs suggests that canopy cover affects 21°Pb deposition in a
similar manner to 137Cs, where the forest canopy can obstruct fallout from

reaching the ground.
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Pb-210 vs. Cs-137
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Figure 4.5.2. Excess 219Pb activity in Bq/m? vs. 137Cs activity in Bq/m? in soils.

’Be and 137Cs activities were not well correlated shown in Figure 4.5.3.
These isotope activities are representative of their deposition date, which
differ between one another. 7Be is representative of only the three-month
period prior to sample collection due to its shorter half-life and therefore
reflects deposition in 2015 only. A closer relationship (Figure 4.5.4) was
found comparing 134Cs to 7Be activities as most soil samples were collected
during the same season as the Fukushima-derived deposition. 137Cs
inventories represent the time period of 1960 to 2015. As such, a closer

relationship of 137Cs with 210Pb rather than 7Be is not surprising.
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Be-7 vs. Cs-137
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Figure 4.5.3. 7Be activity in Bq/m? versus 37Cs activity in Bq/m? in soils.

Be-7 vs. Cs-134

(g
S 700
& 600 _%_

° "
e 400 Hawai‘i
. I : @ O'ahu

<t 300 -

135 o i

1 =0

6 100 %7 * o
S oA

0 1000 2000 3000 4000 5000 6000

Be-7 (Bq/m”2)

Figure 4.5.4. 7Be activity in Bq/m? versus 134Cs activity in Bq/m? in soils.
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Soil samples on O‘ahu and Hawai’i showed 238U and 226Ra at a near
one to one ratio, as shown in Figure 4.5.5. 226Ra is more mobile in
groundwater that has been influenced by sources of contamination such as
agriculture. Furthermore, 238U tends to be mobile in oxidizing conditions and
immobile in reducing conditions (Siegel, 1989). Because 238U and 22°Ra were
nearly one to one, the soils were not subject to disruption from groundwater,
confirming samples were not subject to other potential sources of

contamination or cesium mobilization.
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Figure 4.5.5. 238U vs. 226Ra activities (Bq/kg) for soils.
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4.6. Comparison to previous research on fallout over the Pacific Ocean

Hawai'i is subject to unique rainfall patterns given its position,
topography, and size within the Pacific Ocean. As such, we wanted to
compare previous analysis of fallout by Tsumune, et al., 2003 over the Pacific
Ocean to fallout in Hawai‘i, while recognizing that oceanic deposition should
be significantly less than the fallout found on Hawai‘i because the ocean
fallout values are averages and because the orografic event related to the
topography of the islands. Figure 4.6.1 shows the modified time series from
Tsumune, et al., 2003 comparing oceanic 137Cs fallout to 137Cs fallout over

Hawai‘i quantified in this study and decay corrected to March 20, 2011.

Comparison of Historic Average Deposition in the Pacific Ocean
(Bq per m”2 per yr) and Fallout in Hawai'i
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Figure 4.6.1. After Tsumune, et al., 2003. Comparison of 137Cs fallout in
Bq/m”2/year in the Pacific Ocean to range of 137Cs fallout in Hawai‘i with
time.
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At the same time, our data cannot allow for extrapolation over the entire
Pacific Ocean. Our data strictly represents Hawai‘i rainfall and topography
and as such cannot represent oceanic deposition. The data shows that fallout
on Hawai'i is indeed comparable to estimates by Tsumune, et al., 2003.
Hawai‘i historic fallout was derived as total pre-Fukushima inventory
accumulated per 25 years and Fukushima inventory accumulated in on an
impulse assumed as per year. The results show 137Cs inventories measured
on Hawai'‘i are similar in magnitude and range to historical 137Cs fallout over

the ocean.
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4.7. Contemplations on Potential Health Effects

Given the study linking the Fukushima disaster to the increase of
newborns born with thyroid disorders in Hawai‘i (Mangano and Sherman,
2013), we wanted to estimate soil to milk cesium and 131] transfer factors in
order to investigate potential health effects. Using the levels of radiocesium
and 131 detected in milk samples in Hilo (DOH, 2011) and our measured
Fukushima-derived cesium inventories and inferred 1311 inventories from the
Hilo area, we estimated the soil to milk transfer factors. Based on these
transfer factors, soils in the Hilo area would have to be about 1200 times
more enriched in cesium and 260 times more enriched in 1311 in order for
milk on the island of Hawai'‘i to reach the derived intervention limit. Derived
intervention limits are determined with concern to human health and as such
measured cesium inventories and inferred 3! inventories are significantly
below these levels and thus the study on increase in thyroid disorders in

Hawai'‘i is questionable.
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CHAPTER 5. CONCLUSION

The presence of Fukushima-derived fallout in mushrooms and soils on
O‘ahu has been confirmed. The level of radioactivity detected, however, is
many magnitudes lower than a level of health concern. Mushrooms proved
useful indicators of fallout locations, but soil samples were necessary to
quantify the deposited amount. Cesium activity between soil and mushrooms
were not well correlated. This is due to the difference in bioaccumulation
rates between mushroom species. Furthermore, higher rainfall in March
2011 resulted in elevated Fukushima-derived cesium in both mushrooms
and soil. Fukushima-derived cesium, however, was not detectable in basalt
samples and the overall cesium inventory in these samples was very low. All
soil samples with detectable Fukushima-derived cesium were classified as
deficient in potassium, acidic, and as having a high to very high water holding
capacity by the Hawai'‘i Soil Atlas. The lack of canopy cover seemed to be an
important factor in Fukushima-derived cesium deposition. Consistent with
previous analysis by Cox & Fankhauser in 1984, rainfall above 300
mm/month or 3600 mm/year resulted in elevated cesium deposition.
Moreover, Fukushima-derived cesium levels were an order of magnitude
lower than those from nuclear weapons fallout measured by Cox &

Fankhauser in 1980'’s.
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