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from erosion rates of 0.51 t/ha/year to deposition rates up to 0.43 t/ha/year. No dif-

1 | INTRODUCTION

The assessment of soil redistribution rates, including both
erosion and deposition, is crucial for understanding soil ero-
sion processes and their effects on carbon storage, water
quality, and human safety. Soil redistribution processes in
hilly and mountainous terrains can lead to the loss of soil
organic carbon (SOC), impacting its long-term persistence in
soils (Hunter et al., 2024). Soil erosion and deposition can
also influence water quality in streams by introducing sedi-
ments and nutrients, potentially triggering cascading effects
on aquatic ecosystems and water resources (Owens, 2020).
Moreover, erosion processes can pose hazards to human
settlements and infrastructure through an increased risk of
landslide (Pudasaini & Krautblatter, 2021).

Most soil redistribution studies have focused on the impact
of land-use change in agricultural landscapes (Calitri et al.,
2019; Lal et al., 2013; Quine & Walling, 1991; Velasco et al.,
2018; Wilken et al., 2020, 2021; Zhang et al., 1990), while
fewer have explored the relationship between soil develop-
ment and soil redistribution rates in natural environments
(Musso et al., 2020; Portes et al., 2018; Raab et al., 2018;
Samonil et al., 2019; Zollinger et al., 2015). These studies
have focused on the effects of time (Musso et al., 2020; Portes
et al., 2018; Wilken et al., 2021), climate (Raab et al., 2018;
Zollinger et al., 2015), and vegetation (§amonil et al., 2019)
on soil development and soil erosion rates. However, studies
integrating lithologic and topographic effects on soil forma-
tion and erosion processes remain scarce (e.g., Musso et al.,
2020).

Lithology plays a pivotal role in shaping soil properties,
which can have a strong influence on soil erodibility. Soil
properties such as depth, texture, structure, porosity, organic
matter content, and permeability are governed by the diver-
sity of minerals present in the rocks, each possessing different
weathering rates. These varying rates of weathering influence
the evolution of soil profiles, thereby affecting the resistance
of soils to erosion processes (Lal & Elliot, 1994).

Landforms affect drainage and sediment fluxes that influ-
ence soil development and erosion processes (Schaetzl &
Anderson, 2005). For example, slope position contributes to

sequestration strategies.
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ference was detected between the hill and mountain landforms, further supporting
the idea that Spodosols could indicate slope stability over decadal timescales across
the region. Understanding the resilience of Spodosols to erosion processes in varied
lithologies and landforms on steep slopes is paramount for making informed deci-

sions regarding sustainable land use, landslide risk mitigation, and effective carbon

the variability of soil erosion and deposition rates along hill-
slopes. Soils located on shoulder, which is the upper part of
the slope immediately below the summit, have the greatest
potential for erosion by runoff due to slope steepness and tend
to be shallow and weakly developed (King et al., 1983). The
backslopes are transportational slopes positioned between the
erosion-prone upper slopes and the sediment-accumulating
lower slopes or footslopes. Several studies have demonstrated
higher erosion rates in backslope positions due to the move-
ment of debris and water in diverse environments (Bouhlassa
& Bouhsane, 2023; Chen et al., 2022; Li et al., 2019; Martz,
1992). Slope gradient controls the potential energy of a slope,
influencing water runoff and infiltration. Steeper slopes are
more likely to generate runoff and cause detachment of sed-
iment from the slopes (Huggett, 1975). Slope length is also
related to erosion potential; increasing slope length leads
to water accumulation and faster runoff (Liu et al., 2000).
Building on the established knowledge that slope position
and gradient are critical in controlling erosion processes, this
study focus on backslopes positions across the landscape of
Southeast Alaska, a mountainous region with diverse litholo-
gies. Backslopes are key area of concern for soil loss due to
their inherent steepness and associated increased runoff. By
focusing on these specific slopes, we aim to deepen our under-
standing of the effects of lithology and topography on soil
redistribution rates.

Southeast Alaska, located within the Northeast Pacific
coastal temperate rainforest (NPCTR), is notable for its
carbon-rich Spodosols (McNicol et al., 2019; Spinola et al.,
2022). Spodosols in this region are deep, often exceeding
100 cm, and formed from a wide range of lithologies (Heil-
man & Gass, 1974; Spinola et al., 2022). These soils are found
on steep mid-backslope positions in both hill and mountain
landforms (D’Amore et al., 2012, 2015; Spinola et al., 2022;
USDA, 1996). The combination of the perhumid climate and
dense coniferous forest tends to overprint the influence of
lithology on soil properties (Heilman & Gass, 1974; Spinola
et al., 2022). In this region, soil distribution follows a rel-
atively predictable pattern where Spodosols formed from
well-drained colluvial deposits occupy upland landscapes
across different lithologies. Lower backslope positions often
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have Spodosols with aquic moisture regimes, while Histosols
develop from poorly drained parent materials and are typically
found in footslope and toe slope positions (D’Amore et al.,
2012,2015). As aresult, Spodosols in this region exhibit a rel-
atively consistent set of characteristics, including a sequence
of O, E, Bh, Bhs, and Bs horizons, thick spodic horizons that
typically range between 20 and 40 cm, and andic properties
(Heilman & Gass, 1974; Spinola et al., 2022). Combined,
these characteristics underscore the maturity of Spodosols in
the region and could indicate relative slope stability and low
erosion and deposition rates. The occurrence of Spodosols on
steep hillslopes has also been observed elsewhere across the
NPCTR, such as in British Columbia where Spodosols are the
predominant soil order (Carpenter et al., 2014). Therefore, the
quantification of soil redistribution rates in Southeast Alaska
is instrumental in elucidating the role of lithology and associ-
ated landforms on soil development and slope stability across
the NPCTR region.

Fallout radionuclides (FRNs) such as '3’Cs and 239+240py
isotopes allow the tracking of soil particles over decadal
timescales (~60 years), offering insights into soil erosion
and deposition processes (Alewell et al., 2017; FAO/IAEA,
2017; Zhang et al., 1990). Recently, 239+240py isotopes have
emerged as effective tools for estimating soil redistribution
rates (Alewell et al., 2017; Calitri et al., 2019; Meusburger
et al., 2016, 2018; Musso et al., 2020; Portes et al., 2018;
Raab et al., 2018; Schimmack et al., 2001; Wilken et al.,
2020; Xu et al., 2013; Zollinger et al., 2015). Compared to
other soil erosion tracers (e.g., >’Cs and >!°Pb), Pu isotopes
have attracted increased attention recently because of their
longer half-life, low cost of measurement, and more uniform
distribution in mountain environments (Alewell et al., 2014;
Meusburger et al., 2016; Zollinger et al., 2015). Consequently,
Pu isotopes have proven to be a robust tracer for quantifying
decadal soil redistribution rates.

239+240py isotopes are anthropogenic radionuclides that
were emitted to the atmosphere mainly by nuclear weapons
tests during the 1950s—1960s. Once deposited on the soil sur-
face, they strongly bind to soil colloids such as organic matter
and iron and aluminum oxides and their removal is associated
with soil erosion processes (Ketterer et al., 2011). Over time,
Pu isotopes are redistributed across the landscape together
with soil particles by erosion and deposition processes where
eroded sites become depleted in Pu isotopes, whereas depo-
sitional sites become enriched. Undisturbed sites, free from
soil redistribution dynamics, are assumed to maintain their
original fallout 23°+240Py input, reduced only by radioactive
decay, and can serve as reference sites (Alewell et al., 2017;
FAO/TAEA, 2017). The undisturbed reference site can then
be compared with Pu isotope activity at a soil location to
determine the enrichment or depletion of Pu isotopes, thereby
indicating the removal or addition of soil material. Using
this technique, we can estimate soil redistribution rates over
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Core Ideas

* Deep Spodosols are formed on steep backslopes in
rainforests of Southeast Alaska.

* Decadal soil erosion and deposition rates were
quantified across varied lithologies.

e Calculated 23°*?*0Py soil erosion and deposition
rates are negligible.

* Spodosols are in a near stable condition in terms of
recent soil erosion processes.

roughly 60 years, from the peak of Pu isotopes deposition in
1963 to the day of soil sampling (Walling & Quine, 1990;
Zhang et al., 1990).

In this study, our objective was to quantitatively assess soil
erosion and soil deposition rates in Southeast Alaska using
239+240py, We hypothesized that deep Spodosols formed
from different lithologies on backslopes in Southeast Alaska
exhibit negligible soil redistribution rates, thus presenting sta-
ble surfaces on a decadal time scale. We expect that our results
will shed light on the influence of lithology and landform
on soil erosion processes within temperate forested environ-
ments. Such insights are invaluable as they can inform forest
management practices, contribute to more accurate landslide
risk assessments, and enhance a better understanding of the
carbon cycle.

2 | MATERIALS AND METHODS

2.1 | Study sites

The study area is located in the vicinity of Juneau, AK, which
is part of the Northeast Pacific Coastal temperate rainfor-
est (NPCTR), the largest temperate rainforest in the world,
extending from California to Southeast Alaska (Figure 1). The
climate, as observed from 1971 to 2000 by the NOOA (2020),
is wet-maritime with persistent and abundant precipitation
(mean annual precipitation of 1400 and 2400 mm as snow-
fall), no seasonal drought, and a mean average temperature of
4.7°C at sea level.

The major tree species in the study location are west-
ern hemlock (Tsuga heterophylla) and Sitka spruce (Picea
sitchensis) with occasional presence of mountain hemlock
(Tsuga mertensiana) at high elevations along with red alder
(Alnus rubra) and Sitka alder (Alnus viridis ssp. sinuata)
in disturbed patches. The forest understory is dominated by
blueberry (Vaccinium ovalifolium) and devil’s club (Oplo-
planox horridus), and the forest floor is generally covered by
a carpet of moss, comprised mostly of Rhytidiadelphus and
Hylocomium ssp. (Heilman & Gass, 1974).
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The landscape of Southeast Alaska was formed through
the accretion of geologic terranes (Figure 1) due to the
subduction of the Pacific plate under the North American
continent and includes sedimentary, igneous, volcanic, and
metamorphic rocks ranging in age from Triassic to Paleocene
(Gehrels & Berg, 1992; Miller, 1975). Glacial periods have
created a landscape with wide U-shaped valleys, deep fjords,
and jagged and rounded mountain summits. Unconsolidated

Quaternary deposits cover the postglacial landscape of South-
east Alaska. These deposits include glacial sediments from
the Last Glacial Maximum (LGM), uplifted glaciomarine
deposits influenced by glacial rebound, alluvial sediments
from stream activity, deltaic deposits at the mouths of streams,
beach sediments, and colluvial deposits which accumulate
due to gravity-driven processes on slopes (USDA, 1996).
During the LGM, most of the Southeast Alaska region was
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covered by the Cordilleran Ice Sheet (CIS) (Carrara et al.,
2007; Lesnek et al., 2018). Recent '°Be surface exposure
ages of the region indicate that the earliest retreat of the
CIS occurred ~15 ka, but persisted until ~11 ka due to the
remaining local glaciers on the high summits and cirque floors
(Lesnek et al., 2020).

The complex geology of the region includes accreted
terranes characterized by diverse rock types. Tonalite and
phyllite are commonly found in the mountain landforms,
while slate and metavolcanic rocks are associated with hill
landforms (Figure 1). Mountain landforms are marked by
subalpine, rounded/flat summits that were overridden by the
CIS during the LGM (USDA, 1996). Occupying high ele-
vations ranging from 790 to 840 m a.s.l., these landforms
display smooth, continuous steep slopes (37%—55%). These
slopes, which extend approximately 400 m from the sum-
mit to mid-backslope positions, are infrequently dissected
by ravines. Furthermore, mountain landforms intercept oro-
graphic storm events and transport large volumes of water as
runoff from rain and summer snowmelt from the mountain
summits (USDA, 1996). Conversely, hill landforms are found
at lower elevations, ranging from 90 to 150 m a.s.l. Slopes
on the hill landforms are generally convex, ranging from 55%
to 60%, and are generally broken hillslopes with continuous
or discontinuous benches that transect the side slopes. These
slopes extend approximately 150 m from the summit to mid-
backslope positions. In contrast to mountain landforms, hill
landforms do not receive rainfall runoff or snowmelt from
mountain summits and cannot yield large volumes of runoff
due to their shorter slopes and smaller areas (USDA, 1996).

Soil formation in this region occurs at some of the fastest
rates worldwide, facilitated by a combination of a perhu-
mid climate and dense coniferous forests (Chandler, 1942;
Crocker & Dickson, 1957). The high levels of precipitation
facilitate extensive chemical weathering, leaching of base
cations, and illuviation of organic matter, Al, and Fe to subsur-
face horizons. Moreover, coniferous forests contribute to soil
acidification through the production of organic acids, which
speeds up chemical weathering and further accelerating soil
formation rates (Alexander & Burt, 1996; Bormann et al.,
1995; Chandler, 1942; Crocker & Dickson, 1957). As aresult,
Spodosols can form on coarse-textured till deposits in South-
east Alaska in under 300 years (Alexander & Burt, 1996;
Chandler, 1942), and in fewer than 400 years on sandy beach
deposits in coastal British Columbia (Singleton & Lavkulich,
1987).

2.2 | Experimental set-up — Reference and
study sites

The quantification of soil redistribution rates takes into
account the reduction or enrichment of the 23°+240Pu invento-
ries (total radionuclide activity per unit area) of a “study site”
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relative to a nearby undisturbed “reference site.” Therefore,
the enrichment or depletion of Pu isotopes in the study site
corresponds to the accumulation or removal of soil particles
(Alewell et al., 2014, 2017). To quantify soil redistribu-
tion rates in old-growth forests across different lithologies
in Southeast Alaska, we selected four study sites in mid-
backslope landscape positions in areas composed of tonalite,
phyllite, slate, and mafic metavolcanic rocks (Figure 1). These
sites are representative of the broader landscape features of the
region, including the occurrence of deep Spodosols that are
common on steep mid-backslope positions across the diverse
lithologies. Sites representing tonalite and phyllite rocks are
located within the Héen Latinee Experimental Forest, north
of Juneau, while those representing slate and mafic metavol-
canic are located to the south, within the Auke Lake and
Montana Creek watersheds, respectively (Figure 1). All study
sites share a northerly aspect, ranging from 325°N to 10°N,
with a convex slope shape and inclinations varying between
37% and 60% (Table 1). These study site locations are the
same as those previously studied by Spinola et al. (2022)
who verified the colluvial origin of the sediments via in-depth
field inspections, petrographic descriptions, and mineralog-
ical composition analyses. Sites with similar characteristics
were intentionally selected to ensure meaningful comparisons
across all study sites.

For our reference sites, we selected two areas located
at the summit above the study slopes, one composed of
tonalite in the Héen Latinee Experimental Forest and the
other of metavolcanic rocks in the Montana Creek Watershed
(Figure 1). The selection of reference sites followed the proto-
cols outlined by FAO/IAEA (2017). Specifically, we carefully
chose undisturbed, flat areas situated at the summit of slopes
with no visible signs of disturbance to ensure that soil erosion
and deposition processes were minimal since the deposition
of Pu isotopes. We accounted for the pit and mound microto-
pography, as these sites were free from the soil disturbances
typically associated with recent tree throw events. Addition-
ally, we used the degree of soil development as a relative
age marker to select undisturbed sites, given that tree throw
events can disrupt soil horizons and soil redistribution pro-
cesses (Bowers, 1987). In Southeast Alaska, buried or broken
organic and Bhs horizons are not visible in the Spodosols after
350 years due to fast pedogenesis rates (Bormann et al., 1995).
Therefore, our reference sites were pedons with O, E, and Bhs
horizons that showed no signs of horizon disturbance.

2.3 | Pedon description and sampling

A total of six pedons were described and sampled, one at each
of the four study sites and two reference sites. Soil pits were
excavated to the C or Cr horizons, and approximately 500 g of
soil (bulk samples) was taken for each soil horizon. For bulk
density determination, two replicates of undisturbed samples
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Characteristics of the reference and study sites.

TABLE 1

Slope

Slope

Slope aspect

CN)

Latitude/longitude

(N/I’E)

Elevation
(m a.s.l.)
840

Parent
Site/pedon material

PIT

Vegetation

Slope shape

position
Flat

length (m)

Slope (%)

Site type

Mountain hemlock, western hemlock,

blueberry, mosses

Summit

340

58.65095/—134.8327

Reference

Tonalite

Convex/convex Mountain hemlock, western hemlock,

340 37 ~400 Backslope

58.65511/—134.8398

610

Tonalite Study

P2T

blueberry, mosses, lilies, ferns

Convex/convex Mountain hemlock western hemlock,

~400 Backslope

55

Study 630 58.65214/-134.8457 325

Phyllite

P3P

blueberry, mosses

Western hemlock, Sitka spruce,

Flat

Summit

350

58.38475/—134.6251

150

Reference

Mafic

P4 M

blueberry, mosses

metavolcanic

Mafic

Convex/convex Western hemlock, Sitka spruce,

~150 Backslope

60

58.38660/—134.6107 350

90

Study

P5M

blueberry, mosses

metavolcanic

Convex/convex Western hemlock, Sitka spruce,

~150 Backslope

55

Study 90 58.38681/-134.6257 10

Slate

P6 S

blueberry, mosses

Slate.

Mafic metavolcanic, S =

Pedon, T = Tonalite, P = Phyllite, M =

Note: Pedon/Site: P
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were collected from each soil horizon of the pedons using a
cylindrical volumetric core with a volume of 138.5 cm?. Rock
fragments (particles >2 mm) were visually estimated in the
field. Pedon descriptions were done following the USDA-
NRCS protocols (Schoeneberger et al., 2012) and classified
according to the Keys to Soil Taxonomy (Soil Survey Staff,
2014a). We added suffixes T, P, S, and M to each pedon
number to represent the lithology: T for tonalite, P for phyllite,
S for slate, and M for metavolcanic (Figure 1).

For the assessment of soil redistribution using
we collected four replicate samples at each reference and
study site. Using a soil corer, undisturbed samples were taken
at 5 cm increments from a depth of 0-30 cm. We sampled
four experimental sites, two reference sites, four replicates at
each = 24 pits X 6 depth intervals = 144 soil core samples.
These soil core samples were also used to determine bulk
densities for Pu activity calculation. To minimize spatial vari-
ability, the replicate locations were carefully selected to be
approximately 2—5 m apart from the described pedon and were
aligned along contour lines, ensuring a consistent slope shape
and length across sampling locations.

To assess soil redistribution rates for the tonalite and phyl-
lite study sites, we used the Pu inventories collected at the
tonalite reference site. Conversely, for the slate and mafic
metavolcanic study sites, we used the Pu inventories from
the metavolcanic reference site (Table 1). To ensure accurate
comparisons between reference and study sites, we adhered to
the site selection protocols suggested by FAO/IAEA (2017)
and IAEA (2014), which emphasize the importance of main-
taining consistency in environmental factors. Recognizing
that the fallout of Pu isotopes at a location is influenced by
a variety of environmental factors, including climate, micro-
climate, vegetation, altitude, and latitude (Meusburger et al.,
2020), we strategically selected our reference and study sites
to be less than 1 km apart. This proximity was intentionally
chosen to guarantee the consistency of these factors across the
sites, therefore guaranteeing that all sites received a similar
deposition of Pu isotopes.

239+240Pu
ki

2.4 | Soil sample preparation and lab
analyses

Bulk samples from soil horizons, along with bulk density and
soil core samples from the depth increments, were oven-dried
at 70°C for 48 h and sieved to <2 mm to obtain fine-earth
fraction. We calculated the bulk density (g/cm?®) according
to Soil Survey Staff (2014b) guidelines by dividing the dry
weight of the soil core (<2 mm) by the volume of the soil
core. Rock fragments were excluded from the calculation. The
core samples were ground to a fine powder (~60 pm) for soil
organic carbon (SOC), and 23°+240Pu measurements. Soil pH
was determined using a 1:2.5 soil:water solution ratio. Particle
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size distribution was determined by sieving for sand fractions
and pipette method for silt and clay (Gee & Bauder, 1986; Soil
Survey Staff, 2014b). Sand fractions included very fine sand
(100-50 pm), fine sand (250-100 um), medium sand (500—
250 pum), coarse sand (1000-500 um), and very coarse sand
(2000—1000 pm). The total sand content was obtained by sum-
ming these fractions. Before particle size analyses, organic
matter was removed using a 10% hydrogen peroxide solu-
tion (Mikutta et al., 2005). The SOC content was measured
using a continuous-flow isotope ratio mass spectrometer. The
method uses a Thermo Scientific Flash 2000 elemental ana-
lyzer and a Thermo Scientific Conflo IV interfaced with a
Thermo Scientific Delta V Plus mass spectrometer. Quality
controls were measured in every 10 samples. The instrumental
standard deviation was 0.68%. The analyses were conducted
at the Alaska Stable Isotope Facility, University of Alaska
Fairbanks.

We quantified Fe and Al in the fine earth fraction (<2 mm)
using an ammonium oxalate solution (0.2 M, pH 3) (Schw-
ertmann, 1964) to extract organometallic complexes and
short-range-ordered Fe and Al hydroxides (Fe, and Al,). The
extracts were measured using a microwave plasma-atomic
emission spectrometer (Agilent 4200 MP-AES). The data
were used to calculate the Al, + % Fe, ratio which is
a taxonomic criterion for andic soil properties. Values >
2% are indicative of andic properties (Soil Survey Staff,
2014a). This analysis was conducted for soil classification
and maturity evaluation purposes. Lithologic discontinuities
were identified based on the uniformity of the parent material
along the depth profile, using the percentage of rock frag-
ments and the uniformity value (UV) index (Cremeens &
Mokma, 1986; Portes et al., 2016; Schaetzl, 1998). The UV
index compares particle size fractions from upper and lower
contiguous horizons (Equation 1). UV values closer to 0 indi-
cate similarity to the parent material of the two contiguous
horizons, and values exceeding +0.6 suggest a potential litho-
logic discontinuity (Cremeens & Mokma, 1986). Because the
soils were developed on colluvial deposits, the identification
of lithologic discontinuities provided additional information
regarding their erosional/depositional history at each site.

(%silt+%very fine sand)
(%sand—%very fine sand)

in the upper horizon

UV index = (%silt+%very fine sand) in the lower horizon -1
(%sand—%very fine sand)
ey
2.5 | Sample preparation and measurement

for 239+240py activities

Sample preparation and measurement for 23°+240Pu activ-
ities were performed according to Ketterer et al. (2004).
Five grams of milled soil core samples were dry-ashed for
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20 h at 600°C in 40 mL Pyrex vials to remove organic mat-
ter. Some samples with high organic matter content showed
refractory carbon after the dry-ashing step and required an
additional dry-ashing to complete combustion. A spike of
ca. 49.4 pg (0.08466 Bg/g) of **’Pu tracer solution (NIST
4334) was added to the sample vials. The samples were then
leached using 10 mL of 16 M HNO; in a heating oven
for 20 h. After acid leaching, deionized water was added to
adjust the acidity to ~8 M HNO;, the sample-solid suspen-
sions were filtered using 47-mm-diameter 0.45-pm cellulose
nitrate membranes, and the filter cakes were rinsed with small
amounts of additional water to achieve volumes of ~25 mL
and ~6 M HNO; concentration. The filtered solutions were
transferred to 50 mL polypropylene centrifuge tubes; Pu
species were adjusted to a Pu** oxidation state using an acidi-
fied FeSO,.7H, O solution (2 mg/mL of leached solution) and
NaNO, solution (20 mg/mL of solution). The Fe?* solution
was added first and subsequently, the sodium nitrite solution
was added. The addition of NaNO, (aq) to HNOj; solutions
produces toxic NO, (g), which must be vented in a suitable
fume hood. Thereafter, the samples were heated at 75°C, and
uncapped for 2 h in a vented convection oven. After cooling,
100 mg of TEVA resin (EIChrom) was added to each sample
and shaken using a horizontal shaker for 2 h so that the TEVA
uptakes the tetravalent Pu. Thereafter, the resin was collected
using a 23-mL “jumbo” polyethylene transfer pipette con-
taining a glass wool plug. The resin columns thus formed
were rinsed to remove contaminant actinides (i.e., U and Th)
using acid solutions in the following sequence: 16 mL of 2 M
HNO;; 10 mL of 8 M HCl, and 6 mL of 2 M HNO;. Pu was
eluted from the sample columns into microcentrifuge tubes
using the following sequence: (i) 0.4 mL H,O, (ii) 0.4 mL of
0.05 M ammonium oxalate, and (iii) 0.4 mL H,O. The result-
ing solution was directly analyzed without any further dilution
or evaporation/reconstitution.

Data quality was evaluated using control samples: five
“negative controls” (Pu-devoid sandstone) to serve as blanks;
three Certified Reference Material IAEA-384 (Fangataufa
lagoon sediment), seven reagent-only blanks, and 25 repli-
cates of individual soil samples. The measurements of
Pu isotopes were conducted using a Thermo X Series II
quadrupole inductively coupled plasma-mass spectrometry
equipped with a high-efficiency desolvating nebulizer system
APEX HF at Northern Arizona University. The 235, 238, 239,
240, and 242 masses were measured; the extent of mass dis-
crimination was corrected using a mass bias factor determined
from measurements of 2U/?3U for a natural U solution
(0.00725 in nature). A 238UTH*/238U+ correction factor was
determined using a 23U solution, and the resulting factor
was used to subtract small isobaric contributions of 28U'H*
to signals observed at m/z 239. The >*°Pu/>°Pu atom ratio
was determined to ascertain the source(s) of Pu contamina-
tion, for example, global versus regional fallout sources from
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Chernobyl or the Nevada Test Site (Ketterer et al., 2004).
The source of Pu contamination is critical as it influences the
total 23°+240Py inventories, serving as an additional approach
to evaluate the suitability of reference sites. The masses
of 239Pu and 2*°Pu were determined relative to the known
mass of 2*2Pu tracer, and subsequently converted into activity
concentrations (Bg/kg) and expressed as a summed 23°+240py
activities.

2.6 | Determination of 23*+24'Py inventories
and conversion into soil redistribution rates

We determined the total soil 2**+>49Pu inventories (Bq/m?)
using the following equation:

A(s) = é Z M;,C, )

where A(s) is the 229+240Pu inventories (Bg/m?), S is the cross-
sectional area of the soil core (m?), My; is the total mass of the
ith sample depth increment (kg), and Ci is the activity of the
ith subsample depth increment (Bg/kg).

We used the Profile Distribution Model (PDM) (Equa-
tion 3) according to Walling and Quine (1990) and Zhang et al.
(1990) to convert 239+240Py inventories into soil redistribution
rates:

AP (X) = A (1 —e%> 3)

where A/(x) is the amount of isotope inventory above depth
x (Bg/m?), x is the depth from the soil surface expressed as
the mass between the top and actual depth (kg/m?), A, is
the reference inventory, expressed as a mean of all reference
sites (Bq/m?), and h, is the profile shape factor (kg/m?) that
describes the rate of exponential decrease in inventory with
depth for soil profiles in reference sites. We excluded the 0-5
cm increment of the mafic metavolcanic reference and study
sites because those samples were mostly fresh plant debris and
not part of the O horizon. We calculated soil redistribution
rates based on a comparison of 23°+240Py isotopes inventories
from the study and reference sites.

The soil redistribution rate ¥ was calculated according to
Walling and He (1999) and Zhang et al. (1990):

y = 19 xln(l—i)xho )
t— 1, 1

where Y is erosion or deposition rate (t/ha/year), ¢ is the year of
sampling (i.e., 2019), f, is a reference year for thermonuclear
weapon testing (i.e., 1963—global fallout peak) commonly
used for 23°+240Py analyses, and X is % reduction or increase
in total inventory (A, [Bq/m?]) in relation to the reference
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site value [(A,.; — A,)/As X 100]. The uncertainties for the
239+240py total inventories at the reference and study sites, as
well as for the soil redistribution rates, are reported as 1-sigma
standard error (SE). This was calculated for each dataset by
dividing the standard deviation by the square root of the num-
ber of replicates, which is four for all reference and study
sites.

3 | RESULTS

3.1 | Soil morphological, physical, and
chemical characteristics

All pedons show a typical horizon sequence for Spodosols
with O, E, Bh, Bhs, and/or Bs, C horizons (Figure 2; Table 2).
Soil depth at reference sites was shallower compared to study
sites. At reference sites, soil depths were 45 and 50 cm for P1
T and P4 M pedons, respectively. Soil depths were more het-
erogeneous in study sites; P5 M was the deepest with 158 cm,
followed by P6 S (140 cm), P2 T (110 cm), and P3 P (87 cm).
The thickness of O horizons was similar across all pedons,
including reference and study sites, ranging from 3 to 15 cm.
Only P1 T at the study site had a thinner O horizon, with
3 cm. They are composed mainly of mosses, fibers, and weak
to moderately decomposed plant materials. Organic horizon
bulk densities ranged from 0.05 to 0.23 g/cm?>.

Likewise, E horizons were also consistent across the
pedons, averaging 5 cm thick. Spodic horizons (i.e., the com-
bination of Bh, Bhs, and Bs) were thinner at reference sites
than at study sites. At reference sites, the thickness of the
spodic horizons was 32 cm for tonalite and 29 cm for the
metavolcanic pedon. The thickness of spodic horizons at study
sites ranged from 91 cm in P5 M, 76 cm in P6 S, 72 cm in P2
T, and 37 cm in the P3 P pedon. The bulk density of mineral
horizons, including E, B, and C horizons, ranged from 0.23 to
0.84 g/cm’.

All pedons shared similar trends in terms of pH, SOC con-
tents, and structure. The pH was acidic, ranging between 3.7
and 5.7, and increasing with depth. SOC contents were very
high in the O horizons, ranging from 359.2 to 473.5 g/kg.
The SOC contents in the spodic horizons were relatively
high, ranging from 13.5 to 152.5 g/kg (Table 2). All pedons
showed an abundance of very fine to very coarse roots that
are concentrated mostly in the upper horizons (up to ~25 cm
deep).

All pedons met the requirements for the Spodosol order and
the Cryic suborder (Soil Survey Staff, 2014a). P1 T and P6 S
meet the requirements for the Humic great group, which is
defined by organic carbon content >6% for at least 10 cm of
the spodic horizons. The other pedons are Haplic. Except for
P1 T and P2 T, all pedons have andic soil properties, as evi-
denced by values higher than 2% for the Al + %2 Fe,, ratio in
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P1- Tonalite - Ref. P2- Tonalite - Study

FIGURE 2

Typical terrain of the reference and study sites (upper) and the sampled pedons (lower). Dashed lines in the sampled pedons

represent the soil horizon boundaries. The pedons selected as reference and study sites show a general sequence of O, E, Bhs, Bs, and C horizons.

the B horizons, low bulk density (<0.90 g/cm?), and meeting
the thickness requirements for the Andic subgroup (Table 2).

At the study sites P2 T and P3 P, the soil parent material
comprises tonalite and phyllite colluvial deposits, respec-
tively, with angular rock fragments overlying compact glacial
till. In contrast, the soil parent materials at the study sites PS5 M
and P6 S consist of colluvial deposits of mafic metavolcanic
and slate, respectively. The reference site P1 T is primar-
ily composed of glacial till, consisting of rounded pebbles,
cobbles, and boulders, with a predominant tonalite com-
position, along with a minor proportion of mafic rocks.
Meanwhile, the P4 M reference site was formed from mafic
metavolcanic sediments.

Lithology had some influence on particle size distribution.
Metavolcanic and slate pedons were finer, with silt loam to
loam textures, tonalite pedons were coarser showing sandy
loam to loamy sand texture and phyllite pedons had a more
widespread distribution, ranging from silt loam to loamy sand.
No differences in texture were noticed between the reference
and study sites. Overall, all pedons had a high percentage of
rock fragments (>2 mm), ranging from 15% to 70% (Table 2).
Lithologic discontinuities were identified in all pedons, except
P2 T. Some discontinuities were detected in the field while
others were identified using the UV index (Table 2). In the
field, abrupt textural change and/or abrupt presence/absence
of large rock fragments were the most striking feature used to
recognize a discontinuity. Although lithologic discontinuities
indicative of different depositional periods were observed

within the soil profiles, the lithology, from which these layers
were derived remained consistent across the varying strata.

3.2 | 240py/23Py atom ratio and 2+t24Py
inventories

The average 2*°Pu/?*’Pu atom ratio for all samples from the
reference and study sites measured 0.18 + 0.005 (Figure 3).
Similar average values of the >*°Pu/?**Pu ratio were found
for all depth increments. Of note are the scattered values at
greate depths. This is primarily due to an artifact of the ana-
lytical procedure. As the soil depth increases, the Pu activities
decrease, leading to fewer ion counts at m/240 of the deeper
intervals. Consequently, the measured ratios are constrained
by weak signals in the soil.

The 23°+240Py inventories of all reference and study sites
exhibit a similar depth distribution, where most of the Pu iso-
tope inventory (75%—89%) is concentrated at the soil surface
(0-15 cm) and inventory decreases exponentially with depth
(Figure 4). The total 239+240Py inventories were also similar
for the reference and the study sites for both hill and mountain
landforms. For the mountain landform, the tonalite reference
and study sites exhibit similar values: 103.4 + 14.7 Bq/m* and
103.8 + 13.4 Bq/m?, respectively. A slightly higher value was
found for the phyllite study site (130.9 + 12.6 Bq/m?). For the
hill landform, almost identical values were found for the mafic
metavolcanic reference and study sites (126.2 + 14.9 Bg/m?
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FIGURE 3

240pu/23Pu atom ratios for all samples (reference and study sites) as a function of sampling depth. The dashed line and gray area

indicate the average global fallout value (0.18 + 0.014) and its range, respectively (Kelley et al., 1999). The average 2*°Pu/>*°Pu ratio for all our soil

samples is 0.18 + 0.005, which coincides with the global fallout average value.

and 125.5 + 17.2 Bg/m?, respectively) and a slightly lower
value for the slate study site (115.5 + 14.4 Bq/m?; Figure 4).

3.3 | Rates of soil erosion and deposition

All Spodosols across the study sites exhibit similar soil redis-
tribution rates (Figure 5), ranging from 0.43 to —0.51 t/ha/year
with negative values indicating erosion and positive values
indicating deposition. The standard error is also similar across
all study sites, ranging between +0.90 and 1.16 t/ha/year.

4 | DISCUSSION

4.1 | Spodosol development

All the pedons investigated across our study sites display
morphological and chemical characteristics consistent with
Spodosols, regardless of lithology and landform. These soils
have developed distinct eluvial and illuvial horizons, with rel-
atively thick spodic horizons along with high SOC content, all
of which meet the requirements for the Spodosol order (Soil
Survey Staff, 2014a). Except for the pedons developed from
tonalite, all pedons display andic soil properties, as evidenced
by high Al + Y2 Fe, ratio values (>2%) in the B horizons,
low bulk densities (<0.90 g/cm3), and sufficient thickness to
meet the Andic subgroup criteria. Although P-retention was
not measured in this study, the observed Al + Y2 Fe_ and bulk

density values align well with those found in other Spodosols
with andic properties across Southeast Alaska (Alexander
et al., 1993; Spinola et al., 2022).

Previous studies in the region have also noted the homoge-
neous evolution of Spodosols across a wide range of other par-
ent materials, such as granodiorite, phyllite, basalt, volcanic
ash, and limestone (Heilman & Gass, 1974; Spinola et al.,
2022). The interaction of wet, cool climate and coniferous
forest vegetation in Southeast Alaska is optimal for driving
podzolization despite the mineral and geochemical compo-
sition of the parent material, enhancing (1) acidification of
soil solution caused by organic acid compounds that enhance
chemical weathering; (2) release of bases, Al, Fe, and Si from
soil minerals; (3) leaching of bases and organic compounds;
and (4) translocation of Al, Fe, and organic compounds from
upper horizons and immobilization in B horizons (DeCon-
inck, 1980; Spinola et al., 2022; Ugolini & Dahlgren., 1987).

The development of Spodosols observed across the study
sites is facilitated by various physical characteristics that
enhance soil drainage. These features include coarse tex-
tures such as silt loam and sandy loam, high content of
rock fragments, and dense root systems. The high content of
rock fragments (from 15% to 70%) and the moderate/high
root density of these coarse-textured Spodosols increased soil
porosity and water permeability, facilitating eluvial and illu-
vial processes to occur (Musielok et al., 2021; Schaetzl, 1991).
Moreover, the medium-sized subangular blocky structure and
the lack of hydromorphic features also indicate well-drained
conditions.
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FIGURE 4  Average of the vertical distribution of 2*+?*9Pu inventory (= standard error) with soil depth and total inventory of the reference

and study sites.

The notably low bulk density values observed in the
mineral horizons of these Spodosols, ranging from 0.23 to
0.84 g/cm?, can be attributed to high SOC content. These
results align with those obtained from other Spodosols across
the NPCTR (Alexander & Burt, 1996; Alexander et al., 1993;
D’Amore et al., 2012; Spinola et al., 2022). For instance,
Alexander et al. (1993) reported bulk densities varying from
0.34 to 1.13 g/cm? for E and spodic horizons in soils formed
from different lithologies in the same region.

The presence of lithologic discontinuities in all study sites,
except P2 T-LS, indicates episodes of instability took place
before the last cycle of Spodosol development, which is not

covered by the Pu isotopes timespan. Despite the steep slopes
of our study sites, results from Pu isotopes indicate these soils
have remained stable over decadal timescales. This stability
contrasts with evidence of gross redistribution indicated by
the presence of the colluvial deposits and lithologic discon-
tinuities, which point to more significant soil redistribution
events in the past. According to Bormann et al. (1995) and
Bowers (1987), forested soils in Southeast Alaska generally
have a complex history of soil development mainly due to tree
uprooting and to a lesser extent, mass wasting (Bormann et al.,
1995; Bowers, 1987). In a broader context of soil redistribu-
tion, it is important to differentiate between the mechanisms
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FIGURE 5 Soil redistribution rates (erosion and accumulation) for the study areas with included data from previous research on undisturbed

forests and forest-to-crop conversion sites, all located on steep slopes. Negative values indicate soil erosion and positive values indicate soil

accumulation. Error bars indicate standard error. Our study rates were calculated using the Profile Distribution Model (Walling & Quine, 1990;

Zhang et al., 1990).

and their associated timescales. Mass wasting events, while
infrequent, can result in the rapid movement of a large vol-
ume of soil, whereas tree throw typically results in localized
but recurrent disturbances (gamonil et al., 2019). In contrast,
sheet, rill, and overland erosion are less intense processes that
are typically captured by FRNs (IAEA, 2014). Our findings
underscore the differential impact of erosive mechanisms over
various timescales, offering a window into the complex his-
tory of soil dynamics in this region. Future applications of
FRNs in natural settings could recognize the layered history
of soil movement and use multiple temporal scales and dat-
ing techniques when assessing soil stability within forested
landscapes, thereby shedding more light into how hillslopes
change over time.

4.2 | Source and distribution of Pu isotopes

The 2*°Pu/?*Pu atom ratio is one of the most commonly
used tools for tracking the origin of Pu contamination. This
isotopic signature can vary considerably depending on its ori-
gin (e.g., global fallout, mostly from nuclear tests during the
1960s; regional fallout, usually from power plant accidents,
such as Chernobyl in 1986) (Kelley et al., 1999; Ketterer et al.,
2004). The 2*°Pu/?*Pu atom average of 0.18 + 0.005 found
in the Juneau soils coincides with the global fallout range

of 0.18 + 0.014 for Northern Hemisphere mid-latitude fall-
out, indicating a stratospheric/global fallout Pu source without
evidence of other potential sources such as Chernobyl or
the Nevada Test Site (Kelley et al., 1999; Ketterer et al.,
2011; Matisoff et al., 2011). The origin of Pu affects the total
239+240py inventories, which, when aligned with inventories
from other reference sites at similar climates, altitudes, and
latitudes, serve as an additional approach to evaluate their reli-
ability. Similar Pu signatures have been reported at reference
sites in other Northern Hemisphere mid-latitudes soil ero-
sion studies, showing comparable total inventories (Alewell
et al., 2014; Musso et al., 2020; Raab et al., 2018; Zollinger
et al., 2015). This consistency ensures a uniform baseline of
239+240py inventories in our reference sites. Such uniformity is
essential for accurate soil erosion assessments, supporting the
assumption that the reference sites have experienced minimal
erosion and deposition. Conversely, studies in the Western
United States have reported 2*°Pu/>3Pu atom values that indi-
cate regional contamination sources from the Nevada Test Site
(Ketterer et al., 2004; Portes et al., 2018). For instance, Portes
et al. (2018) reported 23°+240Py inventories averaging around
200 Bg/m? at reference sites, substantially higher than global
fallout range found elsewhere (Alewell et al., 2014; Musso
et al., 2020; Raab et al., 2018; Zollinger et al., 2015). As
expected, the depth distribution of Pu isotopes (Bg/m?) of
the reference sites exhibited a pattern that is typically found
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at undisturbed sites: higher inventory at the soil surface and
a clear exponential decrease with depth (see, e.g., Alewell
et al., 2014; Lal et al., 2013; Meusburger et al., 2016; Musso
etal., 2020; Portes et al., 2018; Samonil et al., 2019; Zollinger
et al., 2015). The pattern of the exponential depth distribution
of Pu isotopes observed in the pedons confirms the suitabil-
ity of the reference inventories. Over the past few decades,
these reference sites have remained undisturbed, unaffected
by erosion or deposition, since the initial Pu isotopes fallout
input. In the absence of such stable conditions, disturbances in
the soil profile could have led to significant perturbations in
the Pu depth distribution (FAO/IAEA, 2017). Furthermore,
the total 23°+240Py inventories reported here (i.e., reference
inventories of 103 and 126 Bq/m?) agrees well with the global
fallout range of 80—150 Bq/m? for reference inventories found
in mountain areas in Europe, underscoring the stability of the
reference sites (Meusburger et al., 2016, 2020; Musso et al.,
2020; Zollinger et al., 2015). Research conducted by Meus-
burger et al. (2020) illustrates the variability of 23+240Py in
reference sites across Europe and shows highest inventories
in mountainous regions and other areas with high precipi-
tation levels, corresponding with the trends observed at our
reference sites. Although we found exponential depth func-
tions for Pu inventories, we observed a greater downward
migration of Pu isotopes at our sites (>30-cm deep) com-
pared to other studies (<20-cm deep) (i.e., Ketterer et al.,
2004; Musso et al., 2020; Portes et al., 2018; Zollinger et al.,
2015). These studies reported negligible Pu inventory below
15- to 20-cm depth. However, we expected higher mobility of
Pu in the studied soils due to the fast rates of the eluviation—
illuviation processes in Southeast Alaska (Alexander & Burt,
1996; Bormann et al., 1995). Therefore, we sampled down
to 30-cm depth to ensure that all 23°+240Py was included in
our samples. Nevertheless, we found 3.4%-5.1% of the total
239+240py inventory was present in the 25-30 cm depth incre-
ments, which suggests there may be some Pu inventory below
30 cm and, accordingly, a slight underestimation of the total
inventories at all sites.

The vertical mobility of Pu isotopes could be related to
the mobility of organic matter, Fe3*, A1>*, and Mn3* oxides
downward in the soil profile. Fallout Pu isotopes have a
strong affinity for these soil components (Ketterer et al., 2011;
Lujaniene et al., 2002; Qiao et al., 2012), which are known
to migrate from E horizon to the B horizon by eluviation—
illuviation processes. The higher vertical mobility of Pu
isotopes in the studied soils could be attributed to rapid
rates of podzolization processes in this region. For instance,
incipient E horizon and Bs horizons form on well-drained
moraines within only 70 years (Alexander & Burt, 1996),
which coincides with the timespan since intense global Pu
deposition in the 1950s and 1960s. Less pronounced Pu down-
ward migration rates have been reported in Spodosols with
slower formation rates. The formation of Spodosols with well-
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expressed eluvial and illuvial horizons takes place after 3 ka of
soil formation in the Swiss Alps (Egli, Fitze et al., 2001; Egli,
Mirabella et al., 2001; Zollinger et al., 2015) and after 12 ka of
soil formation in the Central Rocky Mountains (Portes et al.,
2018).

Despite the higher Pu mobility in Southeast Alaska soils,
Pu exhibits a well-developed exponential depth distribution,
which is an assumption used by the PDM to convert 23°+240py
inventories into soil redistribution rates (Alewell et al., 2017,
Walling & He, 1999; Walling & Quine, 1990; Zhang et al.,
1990). Therefore, the conversion model used here can be
considered suitable for estimating soil redistribution rates in
Southeast Alaska Spodosols.

4.3 | Soil redistribution rates and slope
stability

The calculated 23°+240Py soil redistribution rates are close
to zero (0.43 to —0.51 t/ha/year) indicating that the investi-
gated Spodosols are in a near-stable condition in terms of soil
redistribution processes. Soil parent material and related land-
forms do not appear to affect redistribution processes in these
well-developed soils. Our findings agree well with Portes
et al. (2018) and Musso et al. (2020) who reported negligi-
ble soil redistribution rates for moderately to well-developed
soils in mountainous areas. Portes et al. (2018) found that
as soils develop from Entisols to Spodosols on granitic
moraines, Spodosol development stabilizes hillslopes, and
soil redistribution rates become negligible. Musso et al.
(2020) reported that even less developed soils (i.e., Incepti-
sols with a weak to moderate B horizon development) formed
from siliceous and calcareous parent materials have reached
quasi-stable conditions with erosion rates ranging from 0.3 to
2 t/ha/year.

Our findings also align well with other studies focused
on undisturbed forest environments, which reported mini-
mal decadal soil erosion rates in steep hillslopes (Figure 5).
Wakiyama et al. (2010) calculated '3’Cs soil redistribution
rates ranging from 0.58 to 1.24 t/ha/year in steep hillslopes
(40%) in coniferous forests in Japan. Kaste et al. (2007)
reported steady-state denudation rates and consequently low
erosion rates for Spodosols located on steep slopes in a mixed
temperate forest in New England. Conversely, other studies
have reported higher soil erosion rates for steep hillslopes
in undisturbed forest environments, suggesting a non-steady
state condition. For example, Khodadadi et al. (2023) and
Ayoubi et al. (2021) estimated soil erosion rates using '37Cs
for forested hillslopes in oak forests in western Iran and found
rates of 5 and 9 t/ha/year, respectively (Figure 5). These
studies showed that following the conversion from the oak
forest into agricultural ecosystems, erosion rates increased
by five times, up to roughly 26 t/ha/year in Khodadadi et al.
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(2023) and 50 t/ha/year in Ayoubi et al. (2021), indicating a
substantial impact of deforestation on slope stability.

The stability of these slopes in Southeast Alaska has sig-
nificant implications for the storage and persistence of SOC.
Hunter et al. (2024) demonstrate that both total SOC stocks
and the mineral-associated fraction of SOC decrease exponen-
tially with increasing erosion rates in hilly and mountainous
areas in the Northwest Pacific coast. Thick and highly altered
soils, such as the Spodosols across Southeast Alaska, exhibit
low erosion rates and provide long mean residence times
allowing higher mineral association of SOC (Hunter et al.,
2023, 2024), therefore, acting as carbon sinks. Considering
the characteristics of the Southeast Alaska environment, the
stabilization of the steep slopes in Southeast Alaska could be
related to the interplay between soil development, root sys-
tems, and vegetation cover. The pedons we studied have a
high content of coarse fragments and exhibit loamy textures,
blocky structures, and high root densities. These character-
istics increase soil porosity, promote water infiltration, and
therefore inhibit erosion processes. Furthermore, superficial
roots prevent soil erosion by excretioning exudates, which
induce soil aggregation (Amézketa, 1999; Gyssels et al.,
2005; Hudek et al., 2017) and mechanical fixation of soil
particles (Greenway, 1987; Heilman & Gass, 1974). More-
over, roots increase shear strength in soils located on steep
slopes by anchoring the soil mass (Swanston, 1974). Veg-
etation also plays an important role in protecting the soil
surface from water erosion. The dense conifer forest, under-
story, and moss cover intercept raindrops, therefore enhancing
water infiltration and preventing soil detachment and redis-
tribution processes (Gyssels et al., 2005; Musso et al., 2020;
Portes et al., 2018). Therefore, these combined factors seem to
contribute to the resistance of soils against erosion and depo-
sition processes on steep slopes across varied lithologies in
the region.

S | CONCLUSIONS

Our study presents the first quantification of soil redistri-
bution rates in temperate rainforests of Southeast Alaska to
understand how lithology and landform control soil develop-
ment and soil erosion processes. Overall, all soils share similar
morphological and chemical properties regardless of soil par-
ent material (i.e., tonalite, phyllite, mafic metavolcanic, and
slate). The 23°+240Py results support our hypothesis that deep
Spodosols formed from different lithologies and landforms
across the Juneau area are in a steady-state condition in terms
of medium-term soil redistribution rates. Spodosols showed
negligible 23°+240Pu soil redistribution rates, ranging from
erosion rates of 0.51 t/ha/year to deposition rates of 0.43
t/ha/year, which suggests that these surfaces are stable on a
decadal timescale. The interplay between soil development,

PORTES ET AL.

root systems, and vegetation cover contributes to the stabi-
lization of the steep slopes. Therefore, our results suggest that
lithology and landform do not seem to affect soil redistri-
bution rates in Spodosols located on convex steep slopes in
Southeast Alaska.
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