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Abstract The Fukushima-Daiichi nuclear accident (FDNA) released iodine-129 (15.7 million year half-life)
and other fission product radionuclides into the environment in the spring and summer of 2011. 129I is
recognized as a useful tracer for the short-lived radiohazard 131I, which has a mobile geochemical behavior
with potential to contaminate water resources. To trace 129I released by the FDNA reaching Canada, pre-
accident and post-accident rain samples collected in Vancouver, on Saturna Island and from the National
Atmospheric Deposition Program in Washington State were measured. Groundwater from the Abbotsford-
Sumas Aquifer was sampled to determine the fate of 129I that infiltrates below the root zone. Modeling of
vadose zone transport was performed to constrain the travel time and retardation of 129I. The mean pre-
accident 129I concentration in rain was 31 3 106 atoms/L (n 5 4). Immediately following the FDNA, 129I val-
ues increased to 211 3 106 atoms/L and quickly returned to near-background levels. However, pulses of ele-
vated 129I continued for several months. The increases in 129I concentrations from both Vancouver and
Saturna Island were synchronized, and occurred directly after the initial release from the FDNA. The 129I in
shallow (3H/3He age <1.4 years) Wassenaar et al. (2006) groundwater showed measurable variability
through March 2013 with an average of 3.2 3 106 atoms/L (n 5 32) that was coincident with modeled travel
times for Fukushima 129I. The groundwater response and the modeling results suggest that 129I was partially
attenuated in soil, which is consistent with its geochemical behavior; however, we conclude that the meas-
ured variability may be due to Fukushima 129I entering groundwater.

1. Introduction

On 11 March 2011, a magnitude 9.0 earthquake occurred near T�ohoku, Japan, causing a tsunami that
damaged the Fukushima-Daiichi Nuclear Power Plant (FDNPP) and released radionuclides to the ocean
and atmosphere. The primary radionuclides released were 131I (half-life: 8 days), 134Cs (half-life: 2 years)
and 137Cs (half-life: 30 years). However, numerous other fissionogenic isotopes were also released and are
measurable in the environment including iodine-129 (half-life: 15.7 3 106 years) [Steinhauser, 2014]. The
total quantity of 131I released to the atmosphere has been estimated between 120 and 200 PBq and using
this number the quantity of 129I can be calculated from the 129I/131I fissionogenic ratio, which was esti-
mated to be 31.6 [Miyake et al., 2012]. This calculation yields a range of atmospheric 129I released from
0.81 to 1.4 kg [Tokyo Electric Power Company, 2012]. This quantity, while significant, is far less than the
annual gaseous releases from nuclear fuel reprocessing, which have been estimated at 6–12 kg/yr [Moran
et al., 1999]. However, the nature of the releases from the Fukushima-Daiichi Nuclear accident (FDNA),
which were isolated in time and space, provide a rare opportunity to study the transport of 129I and its
environmental cycling and distinguish them from other releases of 129I from nuclear fuel reprocessing
and past bomb testing.

Radionuclides released from the FDNA have been detected across the globe [Bikit et al., 2012; Evrard
et al., 2012; Landis et al., 2012; Macmullin et al., 2012; Melgunov et al., 2012; Pi~nero Garc�ıa and Ferro Garc�ıa,
2012; Wetherbee et al., 2012]. These radionuclides were transported primarily in the atmosphere and
deposited by both dry deposition and washout [Wetherbee et al., 2012]. Atmospheric transport and depo-
sition via precipitation of 129I has been well studied in the context of releases from nuclear fuel reprocess-
ing sites such as La Hague and Sellafield, and Paul et al. investigated the dispersion and wet deposition of
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129I from the Chernobyl accident [Paul et al., 1987; Persson et al., 2007; Aldahan et al., 2009]. Iodine has
been shown to have an atmospheric residence time of 10–14 days, which allows releases of 129I and 131I
to travel great distances from their point source [Jabbar et al., 2013]. It has been assumed that the fate of
129I deposited on the ground surface is to mix and distribute throughout the environment and a large
amount of research has focused on the terrestrial cycling of iodine in surficial environments such as soil,
rivers, and plants [Bamba et al., 2014; Muramatsu et al., 2015]. However, a few studies have investigated
the infiltration of 129I into groundwater. Modern recharge waters in the nearby Milk River Aquifer, Alberta,
showed meteoric values for 129I concentration and the 129I/127I ratio of 8.6 3 105 atoms/L and 1.1 3

10211, respectively [Fabryka-Martin et al., 1991]. Young groundwater from the Orange County Aquifer in
southern California had 129I concentrations that ranged from 12–53 3 106 atoms/L and 129I/127I ratios of
0.9 to 4.5 3 10210 in samples with groundwater ages of less than 2 years [Schwehr et al., 2005].

129I has shown promise as a conservative, long lived, tracer of groundwater [Schwehr et al., 2005], although
its attenuation during recharge through the soil must be considered. A wide variety of Kd values for iodine
have been measured in many different soil types and due to the biophilic nature of iodine, soils that have
high organic matter content tend to be very efficient at adsorbing iodine at ambient concentrations with Kd

values as high 1800 L/kg in peat [Sheppard et al., 1996; Zhang et al., 2011]. However, in soils with low organic
matter iodine has been observed to behave semi-conservatively and have Kd values as low as 0.1 L/kg in
the I2 state [Alvarado-Quiroz et al., 2002; Schwehr et al., 2005]. Typically, Kd values for iodine fall in the range
of 0.2–35 L/kg for sandy soils [S€oderlund et al., 2011]. Iodide, I2, has lower Kd values than the iodate IO2

3

[Fukui et al., 1996] and the Kd decreases for both iodide and iodate at neutral to alkaline pH [Fukui et al.,
1996]. Studies of 129I migration and retardation in groundwater have been conducted at the 129I contami-
nated Hanford and Savannah River nuclear sites. These nuclear fuel reprocessing plants, which are now
closed, were point sources of 129I in the region in the past. Results have shown that the mobility of 129I con-
tamination in the subsurface is dependent on the iodine concentration, with high concentrations having
lower Kd’s as well as other factors such as organic content, speciation and pH. The most important of these
is the organic content [Hu et al., 2005, 2012; Zhang et al., 2011]. Studies of groundwater from the Idaho Falls
nuclear site have also shown that 129I can be transported vertically and laterally great distances within the
aquifer. However, dilution and dispersion have reduced 129I contamination as further inputs have ceased
[Bartholomay, 2013].

The objective of this study was to trace the fate of the FDNA 129I release through precipitation and
groundwater recharge in a well-characterized sandy aquifer on the west coast of Canada. Archived pre-
FDNA precipitation samples were obtained and weekly precipitation samples were collected for 1 year
immediately following the FDNA. We then investigated the fate of the 129I deposited and its attenuation
during infiltration into the shallow, sandy aquifer. Sampling of two different well sites with different
recharge times was conducted on a monthly to bi-monthly basis over the course of a year. The recharge
time of the wells was established by 3H/3He dating to be 11 and 14 months, respectively. This aspect of
the work simulates an aquifer scale tracer experiment and provides insight into the long term environ-
mental behavior of 129I in the hydrosphere and contaminant travel times in the vadose zone of the
aquifer.

1.1. Hydrogeology of the Abbotsford-Sumas Aquifer
The Abbotsford-Sumas Aquifer (ASA) is an extensive unconfined aquifer with a surficial area of
�200 km2. It spans the Canada–U.S. border between southern British Columbia, Canada, and Washing-
ton State, USA and supplies �120,000 people with drinking water (Figure 1). The hydraulic properties
of the ASA have been studied in the context of nitrate leaching and transport as the primary land use
in the region is agriculture with a high density of berry farming (raspberries and blueberries), poultry
production and some dairy farms [Wassenaar, 1995; Cox and Kahle, 1999; Wassenaar et al., 2006; Ches-
naux et al., 2007]. NO3 contamination throughout much of the aquifer is attributed to the intensive
nature of agricultural activities in this area [Hii et al., 1999; Chesnaux and Allen, 2007; Zebarth et al.,
2015].

Both wells sampled are completed in the upper 20 m of an unconsolidated gravel and coarse sand
aquifer with discontinuous lenses of till and clay which continues to a depth of up to 60 m, under-
lain by a glaciomarine clay aquitard [Cox and Kahle, 1999; Graham et al., 2014]. The heterogeneous
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stratigraphy has produced complex, preferential flow paths, which can result in rapid transport of
water and contaminants through the vadose zone (supporting information Figure S1) [Scibek and
Allen, 2006]. Hydraulic conductivities in the saturated zone range from 2 to 2400 m/d with a median
of 82 m/d [Cox and Kahle, 1999]. Groundwater flow is subradial with near-vertical recharge and a
strong linear relationship between depth and groundwater age [Wassenaar et al., 2006; Chesnaux
et al., 2012].

Recharge in the ASA has been estimated at between 650 and 1150 mm/yr [Scibek and Allen, 2006], repre-
senting up to 60–80% of the annual average precipitation which is 1500 mm/yr [Chesnaux and Allen, 2007].
On a seasonal basis the water table can range as much as 4 m/yr in some wells [Hii et al., 1999]. Precipitation
and recharge are maximized in the fall and winter leading to the highest water level at this point of the
year, although there is often a delay of 1–3 months between peak precipitation and water level response
[Wassenaar et al., 2006; Chesnaux and Allen, 2007; Graham et al., 2014].

Figure 1. Sample map showing location of all three precipitation sampling locations as well as the location of both wells used for groundwater sampling. The surface expression of the
Abbotsford-Sumas Aquifer is shaded.
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2. Methods

2.1. Sampling Sites
2.1.1. Precipitation Sampling
Rooftop precipitation samples were collected from a federal building located in downtown Vancouver, BC
between 18 March 2011 and 8 March 2012 (Figure 1). Precipitation was collected using an 8 in. nonrecord-
ing Stand Rain Gauge. The Rain Gauge funnel and sample collection bag was fixed onto a white 20 L bucket
and lid. Water was collected on an approximately weekly basis, and transferred to certified trace clean
250 mL NalgeneVR bottles, then frozen prior to shipment. Precipitation samples were also donated by
National Atmospheric Deposition Program (NADP) in the United States from site WA19 in northern
Washington State. These samples consisted of �30 mL weekly samples. Four samples were then compos-
ited to represent monthly sampling intervals for pre-Fukushima. Several pre-Fukushima and post-
Fukushima accident samples were also donated by the Canadian Air and Precipitation Monitoring Network
(CAPMoN) from nearby Saturna Island (Figure 1).
2.1.2. Groundwater Sampling
Groundwater samples were collected from two dedicated Environment Canada monitoring piezometers
(PB20 and ABB03) with a 3H/3He groundwater age of less than 2 years [Wassenaar, 1995; Wassenaar et al.,
2006]. The average historical (1989-present) groundwater depth at site PB20 is 3.3 m below ground surface
(mbgs), while the midscreen depth is 3.9 mbgs, resulting in a shallow average pressure head of <1 m. For
ABB03, the average water level depth (1988-present) is 11.5 mbgs, and a midscreen piezometer depth of
17.1 mbgs, resulting in an average pressure head of <6 m.

The lithology of the two wells sampled is very similar. Both are primarily composed of coarse grained sand
and gravel beds that range from well to poorly sorted with numerous cobbles of greater than 5 cm. There
are also occurrences of sand lenses and interbedded layers of sand and gravel (supporting information
Table S1).

Samples were collected using a GrundfossVR stainless steel submersible pump, TeflonVR lined LDPE tubing,
and stainless-steel fittings and valves. The water was pumped directly through a flow-through cell housing
a YSIVR multiprobe sonde (temperature, pH, electrical conductivity, redox potential, and dissolved oxygen).
Samples were collected after at least three casing volumes were removed from the wells and the YSIVR field
parameters had stabilized. All bottles were rinsed with sample water prior to filling and filled into 1 L LDPE
bottles, stored at 58C for archiving.

2.2. Preparation of Samples for 129I Analysis
Iodine was extracted from samples of precipitation and groundwater using the silver iodide precipitation
method with stable 127I carrier (129I/127I: 15.6 6 0.6 3 10214) as described in Sheppard and Herod [2012] and
Herod et al. [2013]. 129I in the AgI targets was measured using the University of Ottawa’s IsoTrace Accelerator
Mass Spectrometer. 127I was measured in all samples using an Agilent 7700 Inductively Coupled Plasma
Mass Spectrometer at the University of Ottawa.

2.3. Vadose Zone Recharge and Transport Modeling
The infiltration of atmospheric 129I from the FDNA and natural 127I through the vadose zone of the
Abbotsford-Sumas Aquifer was modeled using the USGS software VS2DTI, which simulates water and con-
taminant transport through variably saturated porous media and yields numerical results for a variety of
fluid and mass balance parameters [Lapala et al., 1987; Healy, 1990]. The model incorporates soil and
hydraulic properties representative of the region. A transient simulation was performed using the weekly
input of rain and iodine and a basic water balance approach was used. Infiltration and 129I concentration
were adjusted for evapotranspiration [Farmwest, 1998; Chesnaux and Allen, 2007], which exceeds precipita-
tion between May and September leading to a substantial moisture deficit in the soil and necessitates irri-
gation. Four mm/d (T. VanDer Gulik, personal communication, 2014) of irrigation water with the median 129I
for the ASA groundwater was included in the model to simulate the actual mass flux of 129I entering the
aquifer during periods with negligible precipitation as local groundwater is used for irrigation. This repre-
sents 484 mm of water added between 14 May 2011 and 14 September 2011 and an additional 129I mass
flux of 11.2 3 106 atoms/m2/d during relevant periods.
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The Van Genuchten equation was employed to describe the hydraulic conductivity of the vadose zone from
the input parameter of saturated hydraulic conductivity [van Genuchten, 1980]. Model input data for the
vadose zone soil used a combination of default values for medium sand and measured values for the ASA.
The input data are provided in supporting information Table S2. Porosity, hydraulic conductivity, residual
moisture content were obtained from literature and Kd was calculated [Chesnaux and Allen, 2007; Chesnaux
et al., 2007]. All other hydraulic parameters were default values. Longitudinal and transverse dispersion
were set at one half of the maximum grid spacing, which in this case was 0.7 and 0.015, respectively. Vary-
ing the thickness of the vadose zone did not affect transport times in the model due to the conductive
nature of the soils. In this model, a range of Kd values was used with a linear isotherm to consider the
adsorption of iodine in the ASA soils [Sheppard et al., 1996].

Boundary conditions that were applied to the model consisted of a recharge flux corresponding to the pre-
cipitation the Abbotsford region received during each of the 42 recharge periods. Each recharge period was
defined as the interval used in precipitation sampling. The water table was used as the lower boundary con-
dition of the model and was set using an equilibrium profile in which the water table had a pressure head
of 0. A measured concentration of 129I in precipitation was applied to each recharge period and an initial
concentration of 2.4 3 106 atoms/L was used within the vadose zone.

3. Results and Discussion

3.1. Precipitation
3.1.1. 129I, 127I, and 129I/127I in Precipitation
The 127I concentration in precipitation (Table 1 and Figure 2; precipitation data in supporting information
Table S3) ranged between 2.8 and 9.2 lg/L with an average of 4.3 and a median of 4.1 ppb (n 5 51). This
range agrees well with the range reported in the literature for North America and Europe (0.2–12 lg/L)
[Moran et al., 1999; G�omez-Guzm�an et al., 2012] although the average value reported here is approximately
1–2 lg/L higher than the average value observed by others, likely due to the proximity of this study to the
ocean, which provides a vapor source enriched in 127I to local precipitation [Fuge and Johnson, 1986; Persson
et al., 2007]. It has also been proposed that orographic lifting of air masses can lead to a depletion of iodine
irrespective of distance from the coast [Reithmeier et al., 2006; Gilfedder et al., 2007].

The pre-FDNA 129I values that were measured in precipitation from three NADP composite samples and one
Saturna Island sample ranged from 13–53 3 106 atoms/L with a mean of 31 3 106 atoms/L and a median
of 28 3 106 atoms/L (n 5 4; Table 1 and Figure 2). This agrees well with other 129I concentrations measured
in precipitation in the south and central regions of the US, which show a 129I concentration range of 7–60 3

106 atoms/L and an average of 27 3 106 atoms/L (n 5 13) [Moran et al., 1999]. Past operation of the Hanford
nuclear fuel reprocessing facility in Washington State resulted in locally higher atmospheric 129I with precip-
itation in 1973 reaching 6.8 3 1011 atoms/L [Brauer and Rieck, 1973; Moran et al., 1999]. The Hanford facility
was shut down in 1972 and our measurements suggest that it is no longer a significant source of 129I to the
atmosphere [Aldahan et al., 2007].

A pulse of 129I in precipitation with maximum concentrations of 211 3 106 atoms/L in Vancouver and 221 3

106 atoms/L at Saturna Island was observed 6 days following the FDNA. A value of 311 3 106 atoms/L was
also measured during the first week of July 2011 in Vancouver precipitation, well after atmospheric releases
from FDNPP had ceased. The samples from all three sites have a post-accident mean of 70 6 60 3 106

atoms/L (n 5 45), which is over twice the pre-accident average of 31 3 106 6 17 atoms/L (n 5 4) and previ-
ous measurements of 129I in precipitation elsewhere in North America in recent years [Moran et al., 1999].
The overlap between these means when 1r is considered is due to the length of sampling period and the
variability of 129I concentrations. These concentrations are considerably lower than the 76 3 1010 atoms/L
measured in precipitation at Fukushima following the FDNA [Xu et al., 2013].

In pre-FDNA samples the 129I/127I ratio ranged from 0.7 to 4.0 3 1029 and immediately following the release
of radionuclides from the FDNPP the 129I/127I ratio increased 6–10 times above background at all three sites
and reached a high of nearly 11 3 1029 at the Vancouver site (Figure 2). This demonstrates that the
increases in 129I were not accompanied by corresponding increases in stable I, which was constant, but
rather inputs of 129I from a radioiodine source.
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In order to determine if the FDNA input of 129I had a statistically significant impact on 129I concentrations in
rainfall and if background levels were reached later in the year two tailed students t tests were performed
to determine the relationship between the means of pre-, para-, and post-FDNA sampling intervals. The
sampling interval for para-FDNA affected rain ranged from 18 March to 20 May 2011. This interval was
determined using publicly accessible Health Canada radionuclide data from the Sidney, BC air filter station
[Health Canada, 2014]. The results of the t tests lead to three conclusions: (1) The mean 129I concentration
for post-FDNA rain is significantly greater than the mean for pre-FDNA 129I (p 5 0.01, a 5 0.05). (2) The mean
129I concentration for para-FDNA rain is significantly greater than the mean 129I concentration in rain follow-
ing the FDNA, when the one outlying point in July is omitted (p 5 0.002, a 5 0.05). (3) The mean

Table 1. Summary of Key Statistics for the Precipitation Data Set for 129I, 127I, and 129I/127I

Site

Precipitation Key Stats

129I Range 129I Median 129I Mean 127I Range 127I Median 127I Mean

129I/127I Range
(1029)

129I/127I Median
(1029)

129I/127I Mean
(1029)

Vancouver 10.87–310.74 41.95 61.61 9.18–2.85 4.14 4.26 0.68–13.39 2.34 3.09
Saturna 13.19–220.65 83.99 106.33 5.13–3.12 3.97 4.12 0.7–9.17 5.08 5.09
NADP 25.77–95.42 41.58 51.09 6.04–2.83 4.41 4.42 0.9–6.29 2.54 3.07
All 44.35 67.14 4.13 4.25 2.51 3.38
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concentration in pre-FDNA rain is not significantly different than the mean for the post-FDNA interval when
the one outlying point in July is included (p 5 0.096, a 5 0.05). This confirms that following 20 May 2011 the
average 129I concentration in rain had returned to pre-FDNA background levels.
3.1.2. Temporal Variation of Atmospheric 129I Concentrations
The high 129I concentrations while the FDNA was ongoing are attributed to the rapid trans-Pacific transport
of 129I from Fukushima. This source was confirmed using the NOAA’s HYSPLIT back trajectory atmospheric
modeling program (supporting information Figure S2) [Draxler and Rolph, 2013]. This response in 129I con-
centrations shows that radionuclides from Fukushima were transported rapidly from Japan to the west
coast of Canada and the US and a peak in 129I concentrations could be observed within 6–10 days of the
FDNA. This observation agrees well with the findings of other studies that observed an increase in the 131I
and 137Cs concentrations in air filters on the west coast of North America by 17 March, and a peak on 19–20
March 2011 [Leon et al., 2011; Wetherbee et al., 2012]. Furthermore, the NADP sample, which is a composite
of rainfall events spanning 15 March 2011 to 16 April 2011 shows a significantly elevated 129I concentration
of 95 3 106 atoms/L.
3.1.3. The July Spike in Atmospheric 129I
There was a spike in 129I concentration observed in the precipitation sample from the period of 1 July 2011
to 8 July 2011, over 4 months after the FDNA. For this sample the 129I concentration rose to 311 6 8.4 3 106

atoms/L (duplicate analysis was within 1r), which is a substantially higher concentration than any other
sample measured in this study. As monitoring at Fukushima detected no pulse of 129I in precipitation in July
despite the ongoing efforts to stabilize the reactors at the time [Xu et al., 2013], this spike is likely due to a
punctuated release from a nuclear fuel reprocessing facility. Modeling of the air parcel back trajectories
using the NOAA HYSPLIT model for the sampling period shows air mass trajectories from Hawaii, north
Japan, and Russia (supporting information Figure S3). Despite its high concentration this spike had a low
129I mass deposition due to the small volume of rain during this period.
3.1.4. Deposition Flux of 129I as Washout
The mass of 129I deposited via precipitation as washout was calculated using the equation [Baker et al.,
2001]:

w5 C3Pð Þ=T (1)

Here w is the washout or mass flux of iodine throughout the sampling period (atoms/m2/d), C is the concen-
tration of 129I or 127I in the rainwater sample, P is the precipitation at Vancouver Airport (mm), and T is the
time interval of the sampling period in days. The results of this calculation are listed in Table 2 and their
fluctuation over time is pictured in Figure 3. Washout in samples from Vancouver ranged from 6.6 � 108

atoms/m2/d, in the first sample following the FDNA, to 3.1 � 107 atoms/m2/d and the samples from Saturna
Island ranged from 2.6 � 109 to 3.7 � 107 atoms/m2/d. The maximum values for both Saturna Island and
Vancouver coincide during the peak concentration of 129I in para-FDNA precipitation.

The principal factor that controls the magnitude of the mass flux is the concentration of 129I. Indeed, the
concentration of 129I is significantly correlated to the mass flux with an r of 0.49 (p 5 0.0046). Precipitation
quantity and washout are also correlated with an r of 0.35 (p 5 0.031). This relationship can clearly be seen
in Figure 3, which shows the washout and the precipitation quantity for each sampling interval. The influ-
ence of dry deposition has not been considered as most research has suggested that dry deposition plays a
less important role in 129I mass flux than wet [L�opez-Guti�errez et al., 2001] particularly given that the Cana-
dian west coast receives �1500 mm of precipitation annually.

3.2. Groundwater
3.2.1. 129I Concentration and 129I/127I in Groundwater
A time lag of 0.9 6 0.5 and 1.2 6 0.5 years, respectively, for monitoring wells ABB03 and PB20 for transport
from the water table to the well screen was established using 3H/3He [Wassenaar et al., 2006]. The range in
129I concentration for groundwater in the wells ABB03 and PB20 was 0.31 to 9.2 3 106 atoms/L and 0.4 to
6.3 3 106 atoms/L, respectively (Figure 4, Table 3 and supporting information Table S4), with median con-
centrations of 2.1 3 106 and 3.5 3 106 atoms/L, respectively. Several samples had uncertainties high
enough to overlap with the lower limit of detection suggesting current background 129I levels, which are
still above the pre-nuclear 129I background, may be even lower than those measured here meaning that
detection of the anomalous peaks in 129I concentration are robust as they are well above this limit. The

Water Resources Research 10.1002/2015WR017325

HEROD ET AL. TRANSPORT OF 129I INTO GROUNDWATER 9634



magnitude of the 129I anomaly in PB20 is slightly lower than ABB03 potentially due to greater attenuation
or dilution during transport to the screen as the recharge time of PB20 is greater than ABB03. The 127I con-
centrations ranged from 2.9 to 5.7 ppb in ABB03 and 3.1 to 5.2 ppb in PB20. The medians for 127I are 3.8
ppb in ABB03 and 4.3 ppb in PB20, respectively, which are very similar to those measured in precipitation
samples (4.3 ppb).

The concentration of 129I in both wells is up to 20 times lower than that of precipitation, unlike stable iodine
which is unchanged from levels in precipitation. This recognizes the importance of iodine sorption in soil
and the vadose zone as a key attenuation process. Mixing with groundwater with low 129I can be

Table 2. Results of Washout Calculations for Precipitation Samples from Vancouver and Saturna Islanda

Location
Sample

ID
Sampling

Start
Sampling

End
Precip
(L/m2)

Precip/day
(mm/m2/d)

129I Washout
(atoms/m2/interval)

129I Washout
(atoms/m2/d)

Vancouver
VP1 18 Mar 2011 25 Mar 2011 22 3.14 4.63E109 6.62E108
VP2 25 Mar 2011 1 Apr 2011 58 8.29 2.32E109 3.32E108
VP3 1 Apr 2011 8 Apr 2011 34 4.86 1.79E109 2.56E108
VP4 8 Apr 2011 15 Apr 2011 28 4.00 2.33E109 3.34E108
VP7 2
VP5 22 Apr 2011 29 Apr 2011 25 3.57 1.05E109 1.50E108
VP8 29 Apr 2011 6 May 2011 11 1.57 8.59E108 1.23E108
VP6 6 May 2011 13 May 2011 37 5.29 8.98E108 1.29E108
VP9 13 May 2011 20 May 2011 11 1.57 9.08E108 1.30E108
VP10 20 May 2011 3 Jun 2011 30 2.14 1.98E109 1.41E108
VP11 2
VP12 16 Jun 2011 24 Jun 2011 20 2.50 7.28E108 9.13E107
VP13 24 Jun 2011 30 Jun 2011 4 0.67 1.86E108 3.11E107
VP14 30 Jun 2011 8 Jul 2011 7 0.88 2.17E109 2.72E108
VP40 8 Jul 2011 15 Jul 2011 9 1.29 5.21E108 7.45E107
VP15 15 Jul 2011 22 Jul 2011 18 2.57 7.52E108 1.08E108
VP16 3
VP17 18 Aug 2011 25 Aug 2011 20 2.86 1.27E109 1.82E108
VP18 15 Sep 2011 22 Sep 2011 40 5.71 2.87E109 4.10E108
VP35 22 Sep 2011 29 Sep 2011 29 4.14 1.03E109 1.47E108
VP19 29 Sep 2011 6 Oct 2011 14 2.00 1.44E109 2.07E108
VP33 6 Oct 2011 13 Oct 2011 16 2.29 6.18E108 8.84E107
VP38 20 Oct 2011 27 Oct 2011 25 3.57 1.01E109 1.45E108
VP21 27 Oct 2011 3 Nov 2011 22 3.14 1.15E109 1.65E108
VP42 3 Nov 2011 10 Nov 2011 8 1.14 5.27E108 7.54E107
VP22 10 Nov 2011 17 Nov 2011 33 4.71 1.03E109 1.48E108
VP31 17 Nov 2011 24 Nov 2011 52 7.43 1.19E109 1.71E108
VP28 24 Nov 2011 1 Dec 2011 29 4.14 7.08E108 1.01E108
VP23 8 Dec 2011 15 Dec 2011 4 0.57 4.77E108 6.82E107
VP27 15 Dec 2011 22 Dec 2011 14 2.00 6.20E108 8.87E107
VP37 22 Dec 2011 29 Dec 2011 68 9.71 1.79E109 2.57E108
VP34 29 Dec 2011 5 Jan 2012 34 4.86 1.00E109 1.44E108
VP24 5 Jan 2012 12 Jan 2012 12 2.00 5.01E108 8.36E107
VP39 12 Jan 2012 19 Jan 2012 9 9.71 7.98E108 8.62E108
VP29 19 Jan 2012 26 Jan 2012 59 4.86 2.37E109 1.96E108
VP36 26 Jan 2012 2 Feb 2012 33 1.71 1.10E109 5.75E107
VP25 2 Feb 2012 9 Feb 2012 14 1.29 1.14E109 1.05E108
VP32 9 Feb 2012 16 Feb 2012 12 8.43 4.64E108 3.26E108
VP41 16 Feb 2012 23 Feb 2012 79 4.71 8.52E108 5.13E107
VP30 23 Feb 2012 1 Mar 2012 51 2.00 1.59E109 6.24E107
VP 26 1 Mar 2012 8 Mar 2012 16 1.71 4.80E108 5.16E107

Saturna
Island

SAT1 13 Mar 2011 13 Mar 2011 6.4 6.40 8.39E107 8.44E107
SAT2 17 Mar 2011 20 Mar 2011 12.8 4.27 2.82E109 9.41E108
SAT3 21 Mar 2011 28 Mar 2011 17.2 2.46 3.50E109 5.00E108
SAT4 29 Mar 2011 31 Mar 2011 43.6 21.80 5.18E109 2.59E109
SAT5 1 Apr 2011 1 Apr 2011 6.2 6.20 2.30E108 2.30E108
SAT6 15 Apr 2011 20 Apr 2011 2.2 0.44 1.84E108 3.70E107
SAT7 30 Apr 2011 2 May 2011 17 8.50 1.14E109 5.69E108

aData are presented as both total per sampling interval and normalized to the number of days in each interval. Precipitation quanti-
ties are taken from Environment Canada archives for the Vancouver Airport.
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discounted as nitrate data show that dilution is insufficient in the shallow groundwater to reduce nitrate
additions to background [Wassenaar, 1995; Mitchell et al., 2003; Wassenaar et al., 2006]. Nitrate measure-
ments also constrain vadose zone transport times for other conservative tracers. Land use changes or appli-
cations of manure to the ground surface can induce a nitrate response in the aquifer within a few months
showing that transmission from the ground surface to water table is rapid (Environment Canada, unpub-
lished nitrate data, 2015) (supporting information Figure S4). Previous studies have also shown that spring
precipitation can leach nitrate and transport it to the water table in a matter of months [Wassenaar et al.,
2006; Chesnaux and Allen, 2007].

The 129I/127I ratios range from 1.9 to 34 3 10211 for ABB03 and 2.1 to 38 3 10211 in PB20, and follow varia-
tions in the groundwater concentration of 129I very closely due to the low variability for stable I. The r-values
for both wells show significant correlation coefficients of 0.91 for ABB03 and 0.92 for PB20 (a 5 0.05) (sup-
porting information Figure S5). The median for ABB03 was 13 3 10211 and for PB20 it was 17 3 10211.
These values are one to two orders of magnitude lower than the 129I/127I ratios measured in precipitation.
This suggests that 127I is not accumulating in the ASA soils whereas there is preferential adsorption of 129I as
the aquifer soils equilibrate to the addition of anthropogenic 129I from the nuclear age [Xu et al., 2011].
3.2.2. Vadose Zone Transport, Kd, and Retardation of Iodine in the ASA
Retention of 129I from the FDNA on organic matter during recharge through the vadose zone is affected by
both organic content of these glacial outwash sediments and the redox state of iodine. The organic matter
content in ASA surface soils is low, in the range of 3–9% [Cox and Kahle, 1999]. This study measured the dis-
solved organic carbon (DOC) content in ASA waters and found a mean of 0.45 ppm. Previous work found a
median DOC of 0.7 ppm in the Sumas aquifer groundwater [Cox and Kahle, 1999; Chesnaux and Allen, 2007].
The soil-water partitioning coefficient, Kd, is higher for IO2

3 and organic iodine molecules than for I2 [Shep-
pard et al., 1995; Fukui et al., 1996]. Measurements of pH (6.2 6 2.2, n 5 61) and redox (Eh 5 618 6 67 mV,
n 5 61), in both ASA wells suggest that iodine in the groundwater system is dominantly in the I2, I2, or
organic iodine state, as it is in precipitation [Gilfedder et al., 2008; Hou et al., 2009; Lehto et al., 2012].
Although, in precipitation 129I, particularly from NFRP’s and Chernobyl, has been found to occur 60–80%
organic iodine [Hou et al., 2009]. Species interconversion can also occur on soils, particularly in the presence
of organic carbon [Hu et al., 2012]. The soil water partition coefficient, Kd, for the attenuation of 129I and 127I
during transport through the vadose zone for precipitation to groundwater can be calculated as [Schwehr
et al., 2009]:

Kd5
VL3ðCi2Cf Þ

MS3Cf
(2)

in which VL is the volume of the aqueous phase (assumed to be 1 L in our calculations), Ci is the initial 129I
concentration in the aqueous phase (precipitation), Cf is the 129I concentration in the aqueous phase after
equilibration with the vadose zone/aquifer soils (groundwater), and Ms is the mass of the solid phase
(assumed to be 1 kg in our calculations). Applying this equation to the median values of data presented in
supporting information Tables S2 and S3 Kd values can be produced for both wells. In the case of ABB03,
the Kd value was 19 L/kg and in PB20, it was 11 L/kg. These values compare well to those presented in other
studies for similar soil types which typically range from 0.2 to 35 or greater [Muramatsu et al., 1990;
Alvarado-Quiroz et al., 2002; S€oderlund et al., 2011].

In the case of 127I the Kd value, using the median 127I concentration in precipitation as Ci and in ground-
water as Cf, for both wells was 0.07 L/kg which is at the very low range for reported Kd values [Schwehr
et al., 2005]. This exceptionally low Kd for 127I suggests that these soils have equilibrated during Holocene
time with the input of stable I from precipitation, potentially limiting soil adsorption capacities for both 129I

Table 3. Summary of Key Statistics for Groundwater Data Set Including 129I, 127I, and 129I/127I

Well

Groundwater Key Stats

129I Range 129I Median 129I Mean 127I Range 127I Median 127I Mean

129I/127I Range
(x 10211) 129I/127I Median 129I/127I Mean

PB20 0.31–6.27 3.50 3.62 3.11–5.24 4.3 4.17 2.07–37.7 1.70E-10 1.88E-10
ABB03 0.40–9.21 2.07 2.67 2.94–5.7 3.8 3.78 1.87–34.1 1.29E-10 1.48E-10
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and 127I. Attenuation of 129I in the vadose zone is then due to gradual exchange with this reservoir of previ-
ously adsorbed stable I on available binding sites either through iodination of organic compounds, anion
exchange or adsorption to charged mineral surfaces [Zhang et al., 2011]. This suggests that once iodine
equilibrium is achieved the transport of iodine to groundwater is conservative. This observation is corrobo-
rated by the study of iodine and 129I transport in the Orange County Aquifer, which also found that 127I con-
centrations remained constant between recharge and groundwater while 129I was strongly attenuated by
adsorption [Schwehr et al., 2005]. The transport and retardation of 129I in the vadose zone can be explored
further using a transient vadose zone model that incorporates the actual quantity and 129I concentration of
recharge over time as well as the soil characteristics such as Kd.
3.2.3. Case I: 0 Kd, Homogeneous Sandy Soil, Mean K
Figure 5 shows the evolution of the 129I concentration over time in a hypothetical homogeneous, sandy soil
column over the precipitation sampling period. The figure also shows the change in 129I concentration at the
water table over the course of the simulation and the change in % saturation over time. In this case a mean K
for the sand and gravel soils of the ASA of 138 m/d was used, which was found to represent a mean saturated
hydraulic conductivity for the ASA soil based on grain size analysis [Chesnaux and Allen, 2007]. The porosity was
set to 0.38, which is a representative value for sandy soils [Freeze and Cherry, 1979]. The low fluid error (0.01%)
and solute mass balance error (22.6%) suggest model validity for both water and 129I transport over time.

Figure 5a shows the change in % saturation during the simulation. The figure shows the water table located
at 7 m depth with a capillary fringe of �0.5 m. The saturation is initially at 75% in the soil column; however,
as soon as the simulation starts the saturation drops to �15–18% and remains in this range for the duration
of the simulation. This is indicative of a soil that has a very low field capacity and this scenario agrees well
with previous efforts to model the vadose zone of the ASA [Chesnaux and Allen, 2007; Chesnaux et al., 2007].
This rapid drainage of the vadose zone has a great effect on the mobility and velocity of 129I. The drying of
the vadose zone results in a much lower effective hydraulic conductivity in the unsaturated zone and hence
greater retardation which inhibits the transport of contaminants, including 129I [Chesnaux and Allen, 2007].
Only, subsequent additions of water via precipitation or irrigation can push the 129I front downward toward
the water table. This also has an impact on the timing of 129I breakthrough to the water table and smooth-
ing of the 129I concentration profile over time as this phenomenon results in the mixing of water parcels as
the 129I proceeds through the vadose zone resulting in a decrease in the peak 129I concentration. This also
has the important effect of delaying the transport of the 129I peak to the water table.

Figure 5b shows the depth profile of 129I concentration over time through the vadose zone from the soil
surface to its eventual input into groundwater at the base of the profile. Notable is that the flux of 129I is
greatest in the first few recharge periods, which were the ones most affected by the FDNA, and had the
highest washout values. Following the first few recharge periods the flux of 129I decreases and is variable
throughout the rest of the simulation responding to variation in 129I washout and additional inputs from irri-
gation. The modeled 129I profile within the soil column is also extremely variable due to the fact that there
is 0 Kd, which is allowing 129I to infiltrate through the vadose zone nearly unretarded so that the variation in
input is partially conserved throughout the depth profile.

Figure 5c shows that the modeled 129I concentration at the water table in this case with no retardation is far
higher than the measured 129I concentration groundwater. Notably, the dominantly advective transport in
this aquifer could preserve the modeled variability at the water table in groundwater samples.

The timing of the initial increase in 129I concentration at the water table in the model was at �40 days and
the peak was at �259 days (Figure 5b). These values can be used to calculate a 129I transport velocity in a 0 Kd

flow path given that we know the distance traveled and the time. Using the initial increase to calculate the
129I velocity yields a mean of 0.18 m/d, whereas using the peak at 259 days gives a velocity of 0.03 m/d. This
discrepancy is due to the smoothing and delaying of the peak due to dispersion, sorption and the desatura-
tion of the soil and the rapid drainage the model experienced, which increases retardation greatly. The more
reasonable 129I velocity is that calculated by the initial increase at the base of the model as it best represents
unimpeded transport of 129I in the 0 Kd system and the peak transport velocity in a preferential flow path.

This profile can be considered an end member for preferential flow in a coarse grained, subvertical bed
with 0 Kd. The concentrations that it produces are far higher than those actually measured in ABB03 or
PB20, however, the variability in the model groundwater 129I concentrations suggests that a 0 Kd system
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Figure 5. Modeling results in a vadose zone soil with 0 Kd for (a) the % pore saturation of the vadose zone with depth over time, (b) 129I
concentration with depth over time in which colors grade over time from red to blue, (c) 129I concentration profile at the top of the section
and the water table over time showing that some of the input variability which is recorded well at the top of the section is also preserved,
although heavily attenuated, at the water table.
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can preserve the changes in the input function and allow 129I to behave conservatively, which agrees well
with the observed pattern of 129I concentration oscillation in ABB03 and PB20 samples. The preservation of
input variability observed suggests that such a system is likely operating in the ASA vadose zone and that
129I from the FDNA is being transported in such a flow path. Field observations of ASA stratigraphy support
the existence of such beds (supporting information Figure S1).
3.2.4. Case II: Two Soil Scenario
Case II investigates the influence of a two layer vadose zone with different soil properties and differing Kd’s
on the transport of 129I. In this scenario, a surface layer of sandy loam overlies the homogeneous sandy soil
used in Case I. The Kd in the sandy soil below remained 0 while the sandy loam above had a Kd of 15 L/kg
due to the presence of organic matter in such surface soils. Indeed, loss-on-ignition results for the upper
30 cm of the ASA soils have 3–9% organic matter. The sandy loam had a porosity of 0.49 and a K of 1.8 m/d,
which was obtained from Chesnaux and Allen [2007]. The thickness of the sandy loam was 0.30 m. The simu-
lation had a fluid error of 0.00% and a solute mass balance error of 5.84%.

Figure 6a shows that the surface sandy loam has a much higher saturation capacity than the coarser
grained medium sand below, which will have a major effect on the transport of 129I. Likewise, heterogeneity
in the vertical distribution of the coarser facies in the field will establish preferential pathways for the trans-
port of 129I. There is field evidence for the existence of such conduits in the form of subvertical gravel cross-
beds (supporting information Figure S1).

The depth profile of 129I concentration seen in Figure 6b shows that in the first several recharge periods 129I
is almost fully retarded by the sandy loam, with breakthrough into the lower sand through to the water
table occurring later in time.

Figure 6c shows the evolution of the 129I concentration at the top of the section and the water table over
time. The concentration of 129I in the loam soil rises steadily throughout the simulation, through sorption.
Only when equilibrium with the water is attained does 129I start to pass through the upper soil, with the vari-
ability of the input damped. The 129I concentration in the groundwater and the concentration throughout the
depth profile appear to reach equilibrium by the end of the simulation. The initial increase in 129I concentra-
tion at the water table appeared within �95 days, with a maximum concentration of 10.5 3 106 atoms/L. This
concentration is much closer to measured 129I concentrations than those seen in Case I suggesting that a het-
erogeneous soil with various Kd’s will lower the 129I concentration in groundwater. The 129I velocity in the
sandy loam was 0.04 m/d, which is much lower than that modeled in Case I, with a much higher 129I velocity
in the medium sand (0.16 m/d). This latter value is nearly identical to the velocity in Case I.

Case II introduces heterogeneity into the vadose zone model in terms of both Kd and lithology, showing
that this still allows 129I transport to the water table with limited retardation. Case II however, fails to repro-
duce the variable 129I concentration in groundwater arising from the variable input function. The smoothing
effect, even with a low Kd, of the homogeneous sandy loam produces a cumulative increase in 129I concen-
trations at the water table as opposed to the observed variability in ABB03 and PB20. Therefore, a model
that incorporates a layer with a uniform Kd value cannot explain both the low 129I concentrations in ASA
wells and their temporal variability. Thus, a conceptual model for contaminant transport in the vadose zone
of the ASA is one that incorporates preferential flow paths, with negligible sorption to provide conduits for
the rapid infiltration of precipitation and 129I, which preserve the variability of the input function.
3.2.5. Temporal Variability of 129I and 129I/127I in Groundwater
The results of vadose zone modeling allow for a comparison between the timing of variations in modeled
groundwater 129I concentrations and the observed 129I variation in samples from ABB03 and PB20. It is pos-
sible to use the breakthrough times found in modeling Cases I and II to evaluate if 129I in washout from the
FDNA could travel through the vadose zone, to the well screen within the time needed to produce the
observed 129I variability in groundwater samples. The 129I peak in ABB03 occurred 0.93 years after Fukush-
ima. The average 3H/3He groundwater age of ABB03 is 0.9 6 0.5 years from the water table to well screen.
Therefore, vadose zone travel time would have to be very rapid in order for 129I from the FDNA to contrib-
ute to these elevated concentrations. Similarly, for PB20 the average 3H/3He groundwater age is 1.2 6 0.5
years and the peak was observed at 1.35 years and is spread out over around 3 months (0.25 years).

Case I demonstrates the case for a rapid 129I transport scenario, which we hypothesize represents an ideal
preferential flow path that is the result of the heterogeneous lithology of the ASA soils. 0 Kd was applied
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Figure 6. Modeling results in a vadose zone soil with a 30 cm surface soil with a Kd of 15 L/kg and an underlying sand with 0 Kd for (a) the %
pore saturation of the vadose zone with depth over time, (b) 129I concentration with depth over time in which colors grade over time from red
to blue, (c) 129I concentration profile at the water table and top of the section over time showing that the application of a high Kd layer near the
ground surface accumulates 129I leading to a similar trend at the water table which does not retain the variability measured as washout.
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and the initial increase in 129I concentrations observed after �0.11 years and the peak was at �0.71 years in
the model results. These vadose zone travel times can then be added to the range of feasible groundwater
ages for ABB03 and PB20 to get a range of model predictions for 129I travel times from deposition on the
ground surface to the well screen.

In ABB03, the range of modeled transport times is 0.5–1.5 years when using the time of the initial increase
in 129I concentrations as the vadose zone travel time. Using the travel time of the peak 129I concentration in
the model yields a range of 1.1–2.1 years. The agreement between these predicted times and the measured
increases in 129I concentration in ABB03 are excellent, although the timing of the initial increase is slightly
better due to the smoothing that occurs to the 129I peak as it traveled through the vadose zone. This is an
indication that this model provides reasonable results in terms of transport times and that there is a high
likelihood of rapid 129I transport through the vadose zone in situations with almost no retardation. This
agreement also suggests that the measured variability in ABB03 may be due to 129I from the FDNA being
rapidly transported to water table and that previous estimates for groundwater age in ABB03 are accurate.
The modeled breakthrough times for the initial increase in PB20 ranged from 0.8 to 1.8 years and for the
peak 1.4–2.4 years. These modeled ages are also in excellent agreement with observed variation in PB20
and strengthen the argument that 129I from the FDNA could have been rapidly transported as both wells
show measured 129I increases at the same times as are predicted by modeling of vadose zone transport
times summed with previously measured groundwater ages. We propose that this rapid transport of FDNA
129I is possible if it was conducted via preferential flow paths that exist due to the heterogeneous stratigra-
phy of the ASA soils. These flow paths are capable of conducting 129I with almost no retardation, similar to
the situation modeled in Case 1. The only factor limiting 129I transport was the degree of saturation of the
soil as the well-drained nature of the vadose zone and the preferential flow paths retards 129I transport. In
the model cases, 129I reached the water table very rapidly and has an effect on groundwater 129I concentra-
tions despite this limitation. 129I transport via preferential flow paths can also explain the drop in 129I con-
centrations between precipitation and groundwater as only a fraction of the 129I is being transported
rapidly, while a significant amount is likely attenuated by soils. The result is a scenario in which the degree
of 129I variability in the input is dampened in groundwater despite the rapid transport.

Case II included a surface soil with lower hydraulic conductivity and a Kd value of 15 L/kg. The initial
increase in 129I concentration at the water table in this model occurred after 0.26 years. The peak time for
this scenario was reached at the end of the modeling time due to the cumulative increase in 129I concentra-
tions at the water table, which was not observed in actual groundwater measurements. Therefore, the tim-
ing of the initial increase provides the only data for estimating travel times in this scenario. In ABB03 the
modeled range of 129I breakthrough was 0.66–1.66 years and in PB20 it was 0.96–1.96 years. The modeled
ages in both wells agree well with the ages for 129I variability in both wells. This suggests that it is possible
the vadose zone to have a small Kd value and still transport 129I rapidly.

We propose a system in which a fraction of the 129I in precipitation is conducted conservatively and rapidly,
via preferential flow paths, through the vadose zone to the water table while the remainder is retarded and
is ultimately homogenized with 129I from other precipitation events and irrigation. This results in stable, low
129I concentrations in groundwater, while some of the input variability is preserved due to the fraction of
129I that is conservatively transported in the preferential flow paths. In the ASA homogenization is driven by
a combination of soil-water partitioning and the low saturation of the soil, which leads to a higher degree
of retardation. The 129I travel times modeled here may also apply to other contaminants released on the
ground surface of the ASA.

The final phase of 129I transport is the saturated zone movement from the water table to the well screen
where it is sampled. During groundwater transport, lateral, longitudinal and vertical dispersion or mixing
effects will likely result in lowering the 129I concentration in groundwater below that modeled at the water
table to the 129I concentrations that were actually measured in samples from ABB03 and PB20. However, in
shallow portions of the aquifer it has been concluded that flow is predominantly subvertical and that mix-
ing will be more limited due to relatively short transport distances [Wassenaar et al., 2006; Chesnaux et al.,
2012]. Ultimately, some dilution of the event-based pulse of the FDNA 129I is occurring, but it is considered
minimal due to the shallow depths of the well screens and the rapid vertical flow of water in the shallow
portions of the ASA.
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4. Summary and Conclusions

The atmospheric transport of 129I from the Fukushima-Daichii Nuclear Accident and its deposition via precipita-
tion has been quantified for a year following the accident using weekly precipitation sampling. The transport
of 129I has also been traced into local groundwater to elucidate the long term fate of the 129I. The data show
that FDNA 129I was rapidly transported to the west coast of North America and was first detected on the week
of 17 March 2011 within 6–8 days of the accident. This pulse is corroborated by samples taken from three sam-
pling locations: Vancouver, Saturna Island, and the NADP site WA-19. The peak magnitude of the FDNA pulse,
211 3 106 atoms 129I/L, was approximately 7 times above pre-accident background of 31 3 106 atoms/L. How-
ever, 129I concentrations returned to background levels within a few days suggesting relatively little mixing of
129I between air masses during trans-Pacific transport. Several precipitation events with 129I concentrations sub-
stantially higher than background were also observed throughout the year including one in July with a concen-
tration even higher than that measured directly following the FDNA. These peaks occurred after most
atmospheric radionuclide monitoring for FDNA fission products has ceased and their cause is likely due to a
combination of natural processes such as resuspension from the ground surface, ocean volatilization and
atmospheric concentration due to drought periods as well as releases from nuclear fuel reprocessing.

The peak 129I mass flux was observed immediately following the FDNA and in the same sampling period
that contained the peak 129I concentration. The 129I concentration is the principle factor determining wash-
out. The correlation coefficient between the 129I concentration and washout is greater than that for the pre-
cipitation quantity.

Groundwater 129I concentrations in two nearby wells showed minor anomalies over the sampling period
which could be due to rapid infiltration of the FDNA atmospheric 129I signal. Vadose zone modeling shows
that it was possible for a component of the 129I deposited by the FDNA to be conducted rapidly from the
ground surface to the water table along preferential flow paths with little retardation such that anomalies
within the input signal can be observed at the water table. The balance of the input 129I, in contrast, traveled
through the upper soil with a Kd value of �15 L/kg where variable input concentrations were attenuated.

We conclude that it is possible that a fraction of 129I from the FDNA is transported conservatively in this aquifer
via preferential flow paths to the water table while the remaining 129I in the system interacts with soil and its
transport is retarded within the vadose zone. The result is that attenuated 129I anomalies of atmospheric origin
can be observed in the groundwater. Further, the modeled lag times of these attenuated atmospheric anoma-
lies are consistent with 3H/3He groundwater ages previously measured in two separate wells. This finding helps
constrain contaminant and/or tracer transport from the ground surface to the water table in the ASA.

This paper provides, for the first time, insight into the transport of 129I from an atmospheric release and its
fate during wet deposition and recharge to groundwater. While 129I is largely retained on organics in the
soil of the upper vadose zone the long term fate of 129I from the FDNA includes recharge into the
Abbotsford-Sumas aquifer groundwaters. Continuing work on the fate of 129I and its transport should
address the influence of local redox conditions in detail and the inorganic and organic speciation of 129I
and 127I in precipitation, the vadose zone, and groundwater.
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