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ARTICLE INFO ABSTRACT

Handling Editor: K. Vancampenhout. Mineral weathering is an important soil-forming process driven by the interplay of water, organisms, solution
chemistry, and mineralogy. The influence of hillslope-scale patterns of water flux on mineral weathering in soils

Keywords: is still not well understood, particularly in humid postglacial soils, which commonly harbor abundant weath-

M”(;eral ‘(’j"elathe“ng erable primary minerals. Previous work in these settings showed the importance of lateral hydrologic patterns to

Hydropedology

hillslope-scale pedogenesis. In this study, we hypothesized that there is a corresponding relationship between
hydrologically driven pedogenesis and chemical weathering in podzols in the White Mountains of New Hamp-
shire, USA. We tested this hypothesis by quantifying the depletion of plagioclase in the fine fraction (<2 mm) of
closely spaced, similar-age podzols along a gradient in topography and depth to bedrock that controls lateral
water flow. Along this gradient, laterally developed podzols formed through frequent, episodic flushing by up-
slope groundwater, and vertically developed podzols formed through characteristic vertical infiltration. We
estimated the depletion of plagioclase-bound elements within the upper mineral horizons of podzols using mass
transfer coefficients (t) and quantified plagioclase losses directly through electron microscopy and microprobe
analysis. Elemental depletion was significantly more pronounced in the upslope lateral eluvial (E horizon-
dominant) podzols relative to lateral illuvial (B horizon-dominant) and vertical (containing both E and B hori-
zons) podzols downslope, with median Na losses of ~74 %, ~56 %, and ~40 %, respectively. When comparing
genetic E horizons, Na and Al were significantly more depleted in laterally developed podzols relative to
vertically developed podzols. Microprobe analysis revealed that ~74 % of the plagioclase was weathered from
the mineral pool of lateral eluvial podzols, compared to ~39 % and ~23 % for lateral illuvial podzols and
vertically developed podzols, respectively. Despite this intense weathering, plagioclase remains the second most
abundant mineral in soil thin sections. These findings confirm that the concept of soil development as occurring
vertically does not accurately characterize soils in topographically complex regions. Our work improves the
current understanding of pedogenesis by identifying distinct, short-scale gradients in mineral weathering shaped
by local patterns of hydrology and topography.

Podzolization
Forest soils

1. Introduction soluble minerals and exposed surfaces (Slessarev et al., 2019). Beyond
age, the interplay of topography, soil structure, and hydrology is known

Weathering reactions provide life-sustaining nutrients to ecosystems, to shape the weathering evolution of soils (van der Meij et al., 2018).
control streamwater chemistry, sequester carbon, and build soils. Young The relationship between water and weathering is frequently framed in
soils (<25,000 years old) formed from glacial sediments represent po- terms of variations in precipitation and evapotranspiration (Anderson
tential hotspots for mineral weathering because of the prevalence of et al., 2018; Chadwick et al., 2003; Norton et al., 2014), whereas few
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Fig. 1. At left, a map representing the locations of sampled soil pits, well pits, and deep C horizon cores in Watershed 3, Hubbard Brook, New Hampshire, USA. The
map insets labeled “A”, “B”, and “C” represent the soil pit transects. On the map insets, stars represent podzols that were incrementally sampled and from which soil
clod thin sections were collected; circles represent soil pits dug to install shallow groundwater wells that were included to improve the power of our statistical
analysis as described in Section 2.3. Blue arrows represent the average direction of shallow lateral groundwater flow (Benton et al., 2022). The inset at the lower right
shows the location of Hubbard Brook Experimental Forest, New Hampshire, USA. The inset at the upper right shows an example schematic of the hillslope distri-
bution of lateral podzols (E podzols and Bhs podzols; 1 and 2) and vertical podzols (Typical podzols; 3). Soil colors (tan, brown, light gray, and black) represent soil
horizons, while rock is represented in gray-green. Lateral and vertical flow is shown by arrows, after Bailey et al. (2014), Gannon et al., (2014), and Gannon et al.
(2017). In this study, lateral E podzols consist of thick E horizons with no B horizons; lateral Bhs podzols consist of a thick Bhs, with or without a thin E above it;
Typical podzols consist of a thin (<10 cm) E, thin Bhs, followed by a Bs. The vertical and horizontal scale bars represent 0.5 m and 10 m, respectively.

field studies examine the influence of local gradients in water and
associated solute flux on primary mineral weathering in soils. This may
be particularly important in mountainous, forested systems, where soil
expression and saturation conditions change rapidly over short distances
(Gannon et al., 2014; Villars et al., 2015). Weathering rates depend on
water flux and water residence, with shorter water residence times
producing higher weathering rates (Maher, 2010). In turn, topography
and catchment geometry affect water flux and water residence (McGuire
et al., 2005; Remondi et al., 2019). For these reasons, it is necessary to
look beyond precipitation and evapotranspiration to understand
weathering in soils at the hillslope scale.

Weathering studies frequently consider soil as forming from rock and
regolith through top-down processes (e.g., Brantley and White, 2009;
Yoo and Mudd, 2008). In soil-mantled landscapes at steady state, where
groundwater is limited to a deep saturated zone, many biogeochemical
models assume infiltration is essentially vertical (Wallman et al., 2005).
These assumptions fail where subsurface lateral water flow is important,
such as in coarse-textured soils over shallow bedrock, where the land
surface is steeply sloping, where a restrictive soil horizon limits vertical
infiltration, or in low-lying areas (Benton et al., 2022; Do Nascimento
et al., 2008; Freer et al., 2002; Weyman, 1973). In such environments,
weathering products are transported laterally and the degree of pedo-
genesis is reflective of local patterns of subsurface flow (Bailey et al.,
2014; Bourgault et al., 2017; Lin et al., 2006; Park and Burt, 2002). In
tropical podzols, lateral pedogenesis was discovered to be linked to

lateral weathering across gradients in drainage and topography,
demonstrating a relationship between local hydrologic patterns and
weathering (Chauvel et al., 1987; Fritsch et al., 2011). Although the
effects of lateral subsurface flow have been considered within hydro-
logic and hillslope evolution models (e.g., Harman and Cosans, 2019;
Salve et al., 2012), such models often assume soil properties are constant
across the hillslope and tend to focus on weathering reactions along deep
flowpaths rather than in the shallow solum.

Bailey et al. (2014), working in the White Mountains of New
Hampshire, USA, found that soil morphology was linked to the domi-
nance of lateral flow within shallow podzols in a steep catchment. They
observed that the water table rose into the solum (E and B horizons) of
shallow podzols dominated by either a thick E or a thick B horizon
during rain events. In contrast, the water table never entered the solum
in deeper, well-drained podzols, implying a link between saturation
dynamics and pedogenesis. A number of studies have observed lateral
podzolization in topographically complex areas in Europe and the USA,
suggesting that this process is a widely distributed phenomenon among
temperate podzols (Bourgault et al., 2015; Jankowski, 2014; Sommer
et al., 2001; Sommer et al., 2000). In studies examining temperate
lateral podzolization, lateral eluvial (E horizon dominant) podzols are
common at the top of the hillslope, lateral illuvial podzols (Bhs horizon
dominant) are located immediately downslope from eluvial podzols, and
vertical podzols occur in downslope areas that are not significantly
influenced by lateral water fluxes in the solum (positions 1, 2, and 3 in
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Fig. 2. Pedons sampled within the study. Within soil pit labels, letters represent transects, and 1 represents E podzols, 2 represents Bhs podzols, 3 represents Typical
podzols. Horizons were sampled at every increment displayed. For simplicity, genetic horizons are aggregated and labeled according to the horizon described in the
field. R represents bedrock. Only samples obtained above 100 cm are shown for legibility.

the catena image in Fig. 1). Laterally formed podzols experience
frequent, episodic saturation by shallow, acidic groundwater, whereas
vertical podzols rarely saturate fully (Bailey et al., 2014; Gannon et al.,
2017). Given the influence of water on relative weathering intensity, we
hypothesized that a mineral weathering gradient occurs across the
hillslope.

The goal of this work was to compare primary mineral weathering in
podzols across this hypothesized lateral weathering gradient, with a
focus on plagioclase because of its abundance and solubility. We pre-
dicted that plagioclase weathering would be most pronounced in later-
ally developed soils that experience high saturation frequency and least
pronounced in vertically developed soils where groundwater rarely rises
above the C horizon. To test this, we measured plagioclase weathering in
the fine fraction of soils (<2 mm). Our work builds on prior studies in the
same study area that investigated hillslope differences in soil
morphology, chemistry, and hydrologic behavior (e.g., Bailey et al.,
2014; Bourgault et al., 2015; Gannon et al., 2014).

2. Materials and methods
2.1. Site description

Soils were examined at three field sites in Watershed 3, in the
northeastern part of the Hubbard Brook Experimental Forest (HBEF), a
long-term ecological research site in central New Hampshire, USA, with
a stream chemistry record spanning six decades (Fig. 1). Watershed 3 isa
gauged watershed that serves as the hydrologic reference catchment for
the long-term HBEF study. The annual average precipitation at HBEF is
1400 mm, and the climate is currently classified as humid continental
with mean daily temperatures of —8.3 °C in winter and 18.7 °C in
summer (A.S. Bailey et al., 2003). Tree cover in shallow-soil areas is
mainly mixed coniferous, consisting of Abies balsamea (L.) Mill. (balsam

fir), Picea rubens Sarg. (red spruce) and Betula cordifolia Regel (mountain
white birch), and transitions in deeper soils to a Northern mixed hard-
wood forest containing Fagus grandifolia (American beech), Betula alle-
ghaniensis Britt. (yellow birch), and Acer saccharum Marsh. (sugar
maple).

The soil parent material consists of same-aged sandy loam glacial till
deposited during glacial retreat at the end of the Wisconsinan phase of
Pleistocene glaciation, ca. 14,000 years ago. The till was deposited on
top of bedrock consisting of sillimanite-grade pelitic schist and calc-
silicate granulite of the Silurian Rangeley Formation (Burton et al.,
2000). The main contributing lithology to the parent material is
Devonian-age Kinsman granodiorite, followed by schists of the Rangeley
Formation, Ordovician-age Ammonoosuc volcanics, and minor amounts
of local diabase dikes and pegmatite (S.W. Bailey et al., 2003). Though
glacial drift is relatively uniform in composition across the HBEF
experimental watersheds, it varies in thickness across the landscape,
resulting in soil depths of 0-3 m. Upslope soils are dominated by organic
mats over bedrock and soils with eluvial (E) horizons that are either
lacking a B horizon or have E horizons proportionally thicker than the
cumulative underlying B horizons (corresponding to lithic Histosols and
E podzols named by Bailey et al. (2014), respectively). These soils are
accompanied by frequent saturation with acidic water enriched in dis-
solved organic carbon (DOC) and cations including aluminum (Al) and
iron (Fe), the latter which are hypothesized to be products of bedrock
weathering (Bailey et al., 2019a). Immediately downslope, Bhs podzols
contain illuvial B horizons that are proportionally thicker than the
overlying E horizons, when present, with the lowest B horizon underlain
by bedrock or C horizon of variable thickness. Further downslope, the
most common soils are characteristic of podzols generally (Typical
podzols), with an E horizon overlying a sequence of B horizons (often
Bhs-Bs-BC) that are thicker than the E horizon. Here, the thickness of
glacial drift overlying bedrock varies up to ten meters and the water
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Abbreviated pedon descriptions and chemical data for solum mineral horizons of the podzols sampled within this study. The chemical properties of fourteen C horizon
samples are averaged at the bottom of the table and represent the reference used for calculating depletion. C horizon was collected from the base of two Bhs podzol pits,
three Typical podzol pits, and three deep boreholes. Bedrock was encountered at the base of all three E podzol pits, and one Bhs podzol pit. Asterisks represent horizons
that were sampled incrementally. Where horizons were sampled incrementally, chemical analyses were depth-averaged.

Pedon Soil unit Horizon Top (cm) Base (cm) Ca (mg/kg) Na (mg/kg) Al (mg/kg) Ti/(Ti + Zr) 1Ca TNa TAl
Al E podzol E* 8 32 4100 8900 44,300 0.92 -0.77 -0.73 -0.63
A2 Bhs podzol Bhsl 13 21 4900 10,000 46,600 0.93 —0.63 —0.60 —0.47
Bhs2* 21 35 5400 10,200 53,600 0.94 —-0.57 —0.57 —0.36
Bhs3* 35 62 7600 13,300 57,700 0.93 -0.24 -0.31 -0.14
A3 Typical podzol E 16 24 4600 11,700 48,900 0.93 —0.62 —-0.50 —0.40
Bhsl 24 33 5100 11,700 50,000 0.95 —0.64 —0.57 —0.47
Bhs2* 33 43 5800 11,100 48,600 0.94 —0.45 -0.38 —-0.26
Bh* 43 57 7300 8200 43,300 0.93 -0.15 -0.14 +0.04
B1 E podzol E1* 13 26 2500 12,300 51,400 0.93 —0.86 -0.78 —-0.63
E2 26 30 2500 14,200 59,900 0.93 —-0.85 -0.77 —0.64
B2 Bhs podzol E 9 15 4600 7900 45,300 0.91 —0.68 —0.59 —0.49
Bhsl 15 20 4600 7400 41,400 0.95 -0.71 -0.73 —-0.59
Bhs2* 20 46 6600 11,500 53,800 0.93 —0.49 —-0.53 —-0.38
B3 Typical podzol E 16 26 4300 11,400 44,900 0.92 —0.60 —0.45 —0.37
Bhs 26 31 5200 12,000 48,000 0.95 —0.52 —0.42 —0.34
Bsl 31 36 5900 12,100 51,000 0.92 -0.43 -0.38 —-0.25
Bs2* 36 55 6100 12,300 54,500 0.93 -0.28 -0.24 —-0.05
Cl E podzol E* 16 31 7100 10,300 49,300 0.96 —0.68 -0.75 —-0.66
Cc2 Bhs podzol Bhsl 17 20 5800 11,800 55,500 0.94 -0.63 —0.60 —0.46
Bhs2* 20 34 6200 12,300 52,800 0.93 —0.51 —-0.49 —0.38
Bhs3* 34 49 6600 13,300 51,200 0.93 -0.34 —0.30 —-0.23
C3 Typical podzol E 15 20 4800 11,600 45,400 0.92 -0.62 —-0.51 —0.46
Bhs 20 24 6500 12,500 49,800 0.93 —0.54 —0.53 —0.47
Bs* 24 53 7400 14,000 58,200 0.93 -0.36 -0.36 —-0.24
Reference average - C - - 9300 17,700 62,200 0.93 - - -

table rarely rises above the C horizon. The lateral distance from the lithic
Histosols and E podzols to the nearest Typical podzols typically ranges
from 40 to 200 m.

The distribution of these soils is strongly predicted by lidar-derived
topographic metrics, enabling spatial patterns to be modeled with
high accuracy (Gillin et al., 2015a). The topographic metrics that are
most effective at modeling soil distribution include topographic posi-
tion, topographic wetness, Euclidean distance to bedrock, and upslope
accumulated area. The effectiveness of these specific metrics in pre-
dicting soil type within the study area reflects the tight relationship
between topography, water table behavior, and soil patterning (Bailey
et al., 2019a; Gillin et al., 2015b). Areas of bedrock outcrops and asso-
ciated shallow soils in this area have been successfully modeled using
similar metrics (Fraser et al., 2020). These predictive models informed
our preliminary fieldwork and sampling design.

2.2. Field sampling

Nine soil pits were dug within Watershed 3 (Fig. 1). With reference to
the soil model developed by Gillin et al. (2015a), soil pit sites were
selected to include 3 E podzols, 3 Bhs podzols, and 3 Typical podzols
(starred locations on the map in Fig. 1). The R package aqp was used to
display profiles for reference in Fig. 2 (Beaudette et al., 2013). One soil
selected as a Typical podzol keyed out as a different type of podzol based
on the presence of a Bh horizon below the Bhs horizon (Bimodal podzol;
refer to Bailey et al., 2014), but according to nearby well data, it
matched the well-drained characteristics of Typical podzols. All soil pits
were described in the field by genetic horizon according to Schoene-
berger et al. (2012). The full profile descriptions are given in Bower et al.
(2023a).

Descriptive characterization of soil pedons included moist Munsell
color (determined under sunlight when possible), texture, structure,
moist consistence, presence of redoximorphic features, rooting density,
depth to root restriction, and coarse fragment content. Soils were
characterized using a color-based approach following Bailey et al.

(2014). When describing genetic B horizons, an ‘s’ subhorizon desig-
nation was assigned for a hue 7.5YR or redder; ‘h’ if value and chroma
were both 3 or less; and ‘hs’ if both conditions applied. An ‘h’ alone
horizon designation was described using the original classification for a
soil color 3 or less in value and chroma and 10YR in hue. Munsell color
and texture were also used to describe variation within deep subsoil
samples. When laboratory data were received after sampling for labo-
ratory analysis using the methods described below, Oa horizon desig-
nations were revised to A horizons if they contained less than 200 g kg !
organic carbon by weight, and vice versa in accordance with NRCS
taxonomic criteria (Bower et al., 2023a; Soil Survey Staff, 2022).

To detect variations in elemental concentration by depth within
genetic horizons, soil samples were collected using the following
approach. If a solum horizon (excluding BC and C horizons) was greater
than 10 cm in thickness, it was subsampled by dividing it into in-
crements of 6-10 cm to detect potential intra-horizon chemical variation
(VandenBygaart et al., 2007). Intact, oriented soil clods were gently
gathered in duplicate from pit locations by genetic horizon. Due to
complications processing soil clods, four pits were re-sampled for soil
clods by re-digging pits less than a meter away and confirming the soil
horizons in new pits agreed with the previous pit descriptions. C hori-
zons were sampled with a 51 mm diameter bucket auger or 51 mm
diameter Shaw drill by depth interval at pit bases if bedrock was absent.
In addition, deep cores were collected from 51 mm split-spoon samples
incrementally obtained by depth during well installation using a track-
mounted drill rig with 102 mm hollow-stem augers. These deep cores
were located near pits (locations marked with black triangle symbols in
Fig. 1). The location of all sampling points was determined using a
Trimble GPS unit with an external hurricane antenna and post-
processing for 1 m precision.

2.3. Soil chemical analyses

The following chemical analyses were conducted upon dried soil
samples sieved through 2 mm mesh, except where noted. pH was
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Fig. 3. Upper: total Na, Ca, and Al from elemental digestion of samples from 17 podzols compared by podzol type (E podzol n = 6; Bhs podzol n = 6; Typical podzol
n = 5). Note the difference in y-axis scales between plots. The horizontal lines represent the median, colored boxes show the interquartile range, vertical lines give the
minimum and maximum, and dots are outliers. For the purposes of comparing profiles, E, Bh, Bhs, and Bs horizons were included in analysis. The letters a and b
denote significant differences among medians at p < 0.05. Lower: Boxplots comparing elemental depletion among podzols. Letters indicate significance, with a and b
differing significantly at p < 0.05. Again, O, A, Bw (only in one pit), BC, and C horizons were excluded from analysis (with E, Bh, Bhs, and Bs horizons remaining).

determined with a glass electrode in a 2:1 solution of 0.01 M calcium
chloride to dry soil (Richter et al., 1988). Soils were combusted for total
carbon using an Elementar Vario Max CNS Elemental Analyzer at Vir-
ginia Tech to confirm field determination of mineral horizon identity
and estimate bulk density. Bulk density was calculated from carbon
concentrations using the strong relationship identified for HBEF soils,
supported by later analysis (Federer et al., 1993; Brousseau, unpublished
data). To obtain total concentrations of major and trace elements, 20 mL

of soil samples were sent to Activation Laboratories in Ancaster, Canada.
There, samples were fluxed with lithium metaborate/tetraborate,
diluted in a weak nitric acid solution, and analyzed by ICP-OES and ICP-
MS for major and trace elements. To enhance the statistical power of
between-horizon elemental depletion comparisons, soil samples from 8
additional pits representing the podzol types of interest (circle locations
in Fig. 1) described and sampled by the same team that worked the
original 9 pits were digested by Activation Laboratories using the same
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Fig. 4. Change in Na (tn,) plotted against depth for the 9 pits that were subsampled by horizon. The dotted line represents 0 net depletion of Na, with —1 rep-
resenting total depletion and 1 representing a doubling of Na. The 95% confidence interval for the reference samples used to calculate depletion is in light gray and
error bars estimated from deep reference samples are shown as horizontal bars around points. The bottom of the solum as defined in this manuscript is given by lines
labeled by R (indicating the bedrock interface) and BC (indicating the top of the transitional horizon above C horizon).

method. These soil pits were excavated during the process of installing
shallow wells near the original soil pits and were selected to represent
the same soil types. They would have totaled 9 like the original pits, but
one soil did not meet the morphology criteria because it was in the
middle of an ephemeral stream and so was removed from our analysis.

Before testing for chemical differences, data were assessed for
normality using the Shapiro-Wilk test, and nonparametric tests were
chosen for statistical analysis. We compared the significance of differ-
ences between soil profiles and genetic horizons using the Kruskal-
Wallis analysis of variance and Dunn’s post-hoc test for pairwise com-
parisons, corrected by the Holm-Bonferroni method. When multiple
incremental samples were taken from the same genetic horizon, they
were depth-weighted and averaged. This was performed by multiplying
each value by the incrementally sampled horizon thickness, summing,
and dividing by the total genetic horizon thickness. In the case of whole
profiles, every horizon was depth-weighted down to the top of the BC or
C horizon (base of solum). Only E, Bh, Bhs, and Bs horizons were sum-
med (Fig. 2). All calculations were done in R using the reshape package
and packages from the tidyverse set of packages (R Core Team, 2022;
Wickham, 2007; Wickham et al., 2019).

2.4. Quantification of elemental depletion

Bulk elemental concentrations in soil samples were used in
conjunction with deep (>1 m) C samples to estimate fractional loss
based on the mass loss approach developed by Brimhall and others
(Brimhall et al., 1991; Brimhall and Dietrich, 1987). This method was
applied to all 17 pits for which elemental data was available. Losses or
additions of the element of interest are represented by tau (tj), calcu-
lated from the proportion of the concentration of the element of interest
(j) to the concentration of the index element (i) in weathered (w) ma-
terials (representing solum horizons) and parent (p) materials (repre-
senting C horizons; Eq. (1)).

)

U x i)

Depletion of the element of interest is indicated by values less than 0,
with enrichment indicated by values greater than 0.

This method assumes negligible loss or additions of the selected
index element and homogenous composition of the parent material.
After evaluating Ti, Zr, and Nd as potential index elements, Ti was
chosen for t calculations because it was highest in concentration and
thus less influenced by analytical error. Although mineral phases con-
taining index elements are resistant to dissolution, the assumption of
immobility does not always hold, such as when index-element-bearing
minerals are fractionated into particle sizes that are more susceptible
to transport (Taboada et al., 2006). Microscopic analysis provided some
insight into the size fractionation of Ti-bearing minerals within this
study, which is discussed further in Appendix A. Variation of index el-
ements with depth was compared by calculating the normalized ratio,
represented below by R, of Ti and Zr concentrations:

T =

@

[Ti]

Rrijtivzy = =7 15
/(2 = T (2]

(2)

This ratio indicates preferential mobilization of one element over the
other (Bern et al., 2011). There appeared to be slight mobility of Ti and
Zr with respect to each other within certain profiles, an observation that
is discussed in full detail in Appendix A. The scripts used to calculate tau
are available online (Bower, 2023).

2.5. Microscale approach

To examine mineral weathering directly at the mineral grain scale,
intact (unsieved) soil clods around 4-6 cm at their widest diameter were
prepared and analyzed using the following techniques. After collection,
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Letters indicate significant differences among medians, with a and b differing
significantly at p < 0.05. Although C horizons are shown, they were not
included within the comparison because t is based on their average, thus they
have no letter denoting significance.

intact soil clods were dried at 70 °C, impregnated with Scotchcast™ #3
electrical resin in a desiccator under vacuum, and cured overnight in an
oven at 105 °C. A total of 65 soil and subsoil clods and 3 additional
subsoil cores were shipped to Spectrum Petrographics for thin section
preparation. Thin sections were ground to 30 um and polished for x-ray
analysis. Thin sections were digitally scanned in high resolution using a
macroscope and investigated using petrographic and micromorpholog-
ical approaches described by Stoops (2021) and Delvigne (1998).
Alteration of plagioclase grains was described for selected thin sec-
tions in transect A (8 slides total) using a JEOL 6060 Scanning Electron
Microscope (SEM) with Oxford Energy Dispersive Spectroscopy (EDS)
attachment at the University of Vermont Microscopy Imaging Center.
Within each slide, 15-20 plagioclase grains were chosen from 4 to 6
areas because of their proximity to minerals investigated with SEM to
validate electron microprobe analysis (EPMA) maps, as described later.
The degree of alteration was classified on a scale of 0—4 by modifying the
approach by Stoops et al. (1979) for describing mineral alterations.
Given the young age of these soils, the scale presented by Stoops et al.
(1979) for describing alteration was subdivided into 0.5-point sub-
divisions to allow for a finer resolution of description. Class O represents
an unaltered or nearly unaltered mineral; class 1 represents a slightly
altered mineral; class 2 represents a moderately altered mineral; class 3
represents a strongly altered mineral; and class 4, which is unobservable
in the case of dissolution, would represent a completely altered (dis-
solved) mineral. No classes beyond 2.5 were observed. Examples of
plagioclase grains and their corresponding alteration grades are given in
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Fig. Al.

EPMA with Wavelength Dispersive Spectroscopy (WDS) was per-
formed by a Cameca SX-five-Tactis with five wavelength dispersive
spectrometers at the University of Massachusetts at Amherst. Twenty-six
soil thin sections were scanned in full (~20 mm x 17 mm) using a 30 ym
by 30 um pixel resolution. Thin sections were selected to include one
from each genetic horizon of the solum for all pits and five total subsoil
samples, three of which came from >2 m drilled boreholes. The ele-
ments measured by WDS were Si, Al, Fe, Na, and Ca. In tandem with
WDS, energy dispersive spectrometry (EDS) was used to collect a spec-
trum at each pixel, from which semi-quantitative estimates of additional
elements were gathered using a peak fitting approach. These additional
“hypermap” elements included K, Mg, Mn, P, Ce, and Ti, and were
collected across all slides except for two, which were scanned before the
hypermap approach was employed. The procedure for quantifying the
WDS elements is described in Appendix A. Hypermap elements esti-
mated from EDS spectra were not quantified but instead retained as raw
counts to enable coarse detection of relative abundances. The goal of this
approach was not to achieve a high accuracy quantitative analysis of
every mineral present, but rather to evaluate mineral abundances and
compare compositional and mineralogical trends.

EPMA data were used to estimate mineral abundance for each slide
by modifying the method described by Bailey et al. (2019b). Minerals
were identified by importing cluster information into R (R Core Team,
2022), estimating the elemental content of each cluster using the stan-
dard curves described above using packages from the tidyverse set of
packages (Wickham et al., 2019), and using a series of scripted rules to
identify mineral species based on the presence, abundance, and pro-
portion of certain elements. Additional details regarding this process are
given in Appendix A. SEM-EDS was used to groundtruth mineral as-
signments and identify unknown minerals to refine rule-based cluster
identification using an iterative approach described in Appendix A.
During this exercise, we identified secondary oxides as well as phases
with stoichiometry suggestive of organometallic complexes. No clay
minerals were found using this process, in line with other findings of low
(<5%) clay content in podzols of the Northeast (April et al., 1986),
although minor amounts of clays were likely present.

Mineral abundance and stoichiometry were used to calculate
elemental abundance using a series of calculations following the
approach by Bailey et al. (2019b). The percentages of each of the five
main (non-EDS) elements were converted to percent oxides and summed
to estimate the total oxide composition within each cluster. Phases were
aggregated according to cluster identity and summed by pixel number,
with mineral content and void also summed. Area mineral abundance
was converted to mass percent by accounting for the specific gravity of
individual minerals using Deer et al. (2013). Because storage of Na in
secondary phases and exchange sites is low, and it is commonly used as a
proxy for plagioclase, it was selected for additional calculations. The
percentage of Na in each phase was multiplied by the mineral area of
each phase to estimate the Na content of the mineral-only fraction. This
was then divided by the sum of Na for all phases to estimate the percent
contribution of each phase to the total. The Na contribution from each
phase in mg kg ! was estimated by multiplying the Na contribution from
each mineral by its abundance in mass percent. This was summed and
total Na of each slide was compared to total Na obtained from elemental
digestion.

The proportion of Na contributed by plagioclase in thin sections was
used in conjunction with total elemental data to estimate fractional mass
loss of plagioclase within each pit. Quartz and plagioclase mass per-
centages were separately used to estimate fractional mass loss of
plagioclase for comparison. A greater volume of sample was collected at
a higher resolution for total elemental analysis than epoxied soil clods,
and therefore per-mineral Na mass percentages attained by EPMA were
used to partition digestion-derived total Na into mineral pools. EPMA
results were applied to similar genetic horizons within pits (e.g., the
same proportion used for all Bs horizons in a pit given coarse sampling
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Fig. 6. Weathering features in plagioclase grains shown through SEM microphotographs. Alteration scale ratings are given in the white numbers highlighted in black.
Clockwise from top left: a. two plagioclase grains showing evidence of mycorrhizal tunneling; b. heavily pitted plagioclase grain; c. plagioclase grain showing
microporosity around myrmekite (small worm-shaped quartz intergrowths); d. plagioclase grain showing microporosity around tabular sericite grains. The top left
image is from a BC horizon at the base of a Bhs podzol and the other three images are from horizons of a Typical podzol.

density) and averaged for transitional horizons. After partitioning total
elemental data by phase, a stoichiometric scaling factor determined
from SEM-EDS results (0.81 mol Na per 1 mol plagioclase) was
employed to estimate mineral abundance in mg kg~'. This enabled
analysis of plagioclase depletion based on the index element method
described above. It should be noted that this approach assumes there is
negligible Ti in plagioclase, which was confirmed here through point
analysis with SEM-EDS and WDS. Independently, quartz was used as an
index to estimate plagioclase losses in soil clods. These were compared
with Ti-based values, and not scaled to whole pits.

3. Results
3.1. Elemental trends

Soil elemental composition showed expected weathering-induced
differences between solum horizons (i.e., excluding BC and C hori-
zons) and parent material (C horizons), as well as differences between
podzol types. Na, Ca and Al were lowest in E podzols, except for one pit
that was high in both Ca and Ti (Table 1). Concentrations in the solum
for all three elements increased downslope within each transect (Fig. 3).
A nonparametric Kruskal-Wallis test revealed this increase to be signif-
icant when comparing the median Na and Al content of E podzols
against the medians of Typical podzols (p = 0.004 and p = 0.044,
respectively). Complete data are given in Bower et al. (2023b).

Depletion trends of Na, Ca, and Al differed when comparing different
soil types along the transects, but closely matched depth trends of t for
other pits in the same soil type. Horizon t values are presented in
Table 1, with complete data given in Table A1l Depth trends for Ty,

among soil types are shown in Fig. 4. Calculated E podzol t values for all
three elements were negative, around —0.6 to —0.9 (Table 1; Table A1),
and uniform with depth until bedrock (29-32 cm). This contrasted with
7 values of Bhs and Typical podzols, which were negative near the soil
surface and gradually approached the dotted line, representing zero
depletion, towards the base of the solum (defined as the top of the BC or
C horizon, 46-62 cm; marked with lines on Fig. 4). In the case of Na, Bhs
podzols were more depleted than Typical podzols near the soil surface,
with t values reaching —0.6 for Bhs podzols vs. —0.5 for Typical podzols.
One Bhs podzol that contained bedrock at the pit base (50 cm) exhibited
a similar depth trend and similar t values as deeper Bhs podzols until the
soil-bedrock interface, without attaining a net zero-depletion value of
0 as in the case of the others.

By comparing 7 of genetic horizons, we found significant differences
in depletion among the medians of laterally and vertically developed
horizons. Laterally eluviated horizons were found to be significantly
more depleted in Na (median = —0.74) than vertically eluviated hori-
zons (median = —0.50; p = 0.040; Fig. 5). Lateral E horizons were also
found to be more depleted in Na than vertical B horizons (p = 0.035). In
the case of T4 and t¢y, lateral eluvial horizons trended slightly more
depleted than vertical eluvial horizons, differences that were not sta-
tistically significant (p = 0.258 and 0.720, respectively). Median
depletion in lateral eluvial horizons trended lower than median deple-
tion of lateral illuvial and vertical illuvial horizons for all three elements,
a difference that was significant for Na in vertical illuvial horizons and
Al in lateral illuvial horizons (Fig. 5).

When we depth-weighted 7 for the entire solum and compared soils
(Fig. 3), we found significant differences in depletion. The largest losses
of Na and Ca were observed in E podzols, with median depth-integrated
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Fig. 7. Results of cluster-based EPMA mineralogical identification for a Bs horizon from a Typical podzol. Major mineral phases are given in the key. Black pixels
represent voids.

Table 2
EPMA-determined abundance, in weight %, of the six most common minerals in soils of this study, organized by horizon and pit for 26 thin sections. Together, these six
minerals make up ~ 98.8 % of the identified mineral matter. Quartz-based plagioclase depletion (calculated from EPMA data alone) is presented in the last column.

Pedon Soil unit Horizon Quartz Plagioclase Microcline Muscovite Biotite/Chlorite Actinolite
Al E podzol E 72.60 % 12.50 % 11.00 % 2.30 % 0.20 % 0.80 %
A2 Bhs podzol Bhs 49.70 % 10.00 % 7.40 % 18.50 % 11.30 % 1.10 %
A2 Bhs podzol Bhs 56.90 % 14.10 % 8.40 % 7.00 % 9.30 % 2.20 %
A2 Bhs podzol BC 61.30 % 17.30 % 11.50 % 2.80 % 2.90 % 1.80 %
A3 Typical podzol E 65.30 % 17.00 % 14.10 % 1.80 % 0.10 % 0.50 %
A3 Typical podzol Bhs 61.30 % 18.10 % 13.70 % 3.00 % 0.50 % 1.10 %
A3 Typical podzol Bh 56.90 % 20.50 % 14.50 % 3.20 % 1.00 % 2.30 %
B1 E podzol E 70.40 % 9.30 % 16.60 % 2.90 % 0.20 % 0.20 %
B2 Bhs podzol E 63.10 % 14.70 % 17.50 % 4.30 % 0.00 % 0.10 %
B2 Bhs podzol Bhs 57.50 % 16.90 % 10.40 % 1.80 % 11.30 % 1.80 %
B2 Bhs podzol Bhs 50.50 % 21.90 % 11.50 % 2.50 % 9.80 % 1.90 %
B2 Bhs podzol BC 49.00 % 27.40 % 15.10 % 3.30 % 1.60 % 1.60 %
B3 Typical podzol E 74.30 % 12.60 % 10.90 % 1.20 % 0.00 % 0.30 %
B3 Typical podzol Bhs 65.30 % 16.70 % 13.40 % 210 % 0.30 % 0.70 %
B3 Typical podzol Bs 62.90 % 20.30 % 11.50 % 2.30 % 1.00 % 1.20 %
C1 E podzol E 64.80 % 13.90 % 15.50 % 4.90 % 0.20 % 0.30 %
Cc2 Bhs podzol Bhs 39.60 % 22.10 % 10.70 % 11.90 % 12.80 % 2.60 %
c2 Bhs podzol Bhs 59.60 % 18.60 % 12.90 % 2.70 % 1.90 % 1.60 %
c3 Typical podzol E 70.20 % 13.40 % 13.10 % 1.90 % 0.00 % 0.40 %
C3 Typical podzol Bhs 67.70 % 19.00 % 9.10 % 2.30 % 0.40 % 0.80 %
C3 Typical podzol Bs 53.00 % 24.70 % 15.30 % 3.50 % 0.90 % 1.40 %
c3 Typical podzol BC 50.10 % 24.80 % 17.90 % 2.60 % 1.50 % 2.10 %
A3 Typical podzol C 45.10 % 30.70 % 18.30 % 2.50 % 0.90 % 1.50 %
AD Drilled well C 43.10 % 31.90 % 17.50 % 3.40 % 1.80 % 1.10 %
BD Drilled well C 41.00 % 37.20 % 15.30 % 3.30 % 1.00 % 1.50 %
CD Drilled well C 43.60 % 27.60 % 19.10 % 4.40 % 1.70 % 1.80 %
T values to the base of the solum of —0.74 and —0.73, respectively, significant for all three elements (p < 0.005; Fig. 3). Differences in
compared with —0.56 and —0.54 in Bhs podzols and —0.40 and —0.41 in medians between E podzols and Bhs podzols were significant in the case

Typical podzols. Aluminum losses differed in magnitude from Na and of t51 (p = 0.016; Fig. 3).

Ca, reflecting the influence of pedogenic Al, but exhibited a similar

pattern, with a median depth-integrated t of —0.61 for E podzols, —0.34

for Bhs podzols, and —0.28 for Typical podzols. Differences of median © 3.2. Micromorphological features

between E podzols and Typical podzols were determined to be
Micromorphological assessment of mineral alteration in soil clods
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Fig. 8. EPMA-derived mineral abundances and mineral ratios for the three most common soil minerals (plagioclase, quartz, orthoclase), compared among genetic
horizons. Mineral abundances are given in weight %, and bars represent standard errors. LE = lateral E horizon (from E podzols); LB = lateral B horizon (from Bhs
podzols); VE = vertical E horizon (from Typical podzols); VB = vertical B horizon (Typical podzols); DC = deep C horizon (samples >100 cm from Bhs podzol and

Typical podzol soil pits).

from the A transect showed plagioclase grains in the E horizon of the E
podzol had the highest average degree of alteration (0.97 on a scale of
0 - 4, with 4 representing complete dissolution), followed by the Typical
podzol E horizon (0.80), Typical podzol Bhs horizon (0.74), BC horizon
of the Bhs podzol (0.66), Bhs horizon of the Bhs podzol (0.56), and
finally C horizon had the lowest average degree of alteration (0.11). All
plagioclase alteration appeared to be isomorphous, preserving the
original shape and size of the mineral, and most of the alteration showed
an irregular linear pattern, following the terminology of Stoops et al.
(1979).

Three main patterns of weathering were observed in plagioclase
grains: hyphal tunneling, pitting, and porosity around the grain
boundaries of inclusions (Fig. 6). Tunneling morphology was consistent
with hyphal features (Jongmans et al., 1997; Leyval and Berthelin,
1991), with tunnels showing a constant diameter and rounded end

10

(Fig. 6a). Tunneling was observed in all three soils of the A transect but
was most common in the E podzol. We observed increased microporosity
within plagioclase grains containing small inclusions of other minerals
in soil clods of solum horizons. We also observed increased micropo-
rosity around grain boundaries of sericite (fine white micas) from ser-
icitization of plagioclase during hydrothermal alteration (Fig. 6d),
quartz from myrmekite (worm-like intergrowths) (Fig. 6¢), and micro-
cline (potassium feldspar) in perthite (a rock texture involving inter-
growth of sodic alkali and potassium feldspars; Fig. Al). Sericite and
myrmekite inclusions were present in plagioclase grains of all three soils
regardless of depth. However, in plagioclase grains of C horizon thin
sections, these features lacked the accompanying grain boundary
microporosity found in solum plagioclase grains.
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Fig. 9. Representation of plagioclase depletion in the nine pits studied at three locations along the hillslope. Note the y axis, which represents 7, with O representing
no net loss of plagioclase, and —1 representing total loss of plagioclase. Red bars show whole-pedon (excluding BC and C horizons) plagioclase depletion. Gray bars
represent remaining plagioclase. EPMA-derived estimates of plagioclase content per horizon were used to estimate the fraction of total Na bound in plagioclase.
Plagioclase depletion was then calculated from total elemental data with Ti as an index element. Sample sizes for the number of horizons included within each
integrated pit value are as follows, from right to left. E podzols: n = 4; n = 3; n = 2; Bhs podzols: n = 6; n = 5; n = 6; Typical podzols: n = 6; n = 5; n = 5.

3.3. Microprobe-based mineralogical and elemental quantification

An example of a thin section microphotograph and associated
cluster-based EPMA mineralogical analysis is shown in Fig. 7. Consid-
ering soil heterogeneity and the small sample volume of intact soil clods,
EPMA is not an appropriate method for estimating the total elemental
concentration of soil horizons. Still, using the stoichiometry determined
by SEM-EDS, we found that total Ca and Na calculated by EPMA were
not unlike the results of total elemental digestion, with mean differences
of 12 % and 10 %, respectively. These differences were not systematic.
Average concentrations of relatively high-solubility minerals were
higher in C horizons than solum horizons as expected, with plagioclase,
actinolite, and apatite showing the largest reductions in concentration
compared to C horizons. Quartz was the major mineral phase in all soils,
followed by plagioclase, orthoclase, muscovite, biotite/chlorite, actin-
olite, iron oxide, epidote, almandine, and others (Table 2). Plagioclase
concentrations ranged from 9 % to 37 % (wt. %) within identified ma-
terial, with an average of 18 % for solum horizons and 32 % for C ho-
rizons. Plagioclase was the second most common mineral in 23 out of 26
soil thin sections, after quartz, and was third following microcline in the
remaining 3 thin sections, which were eluvial horizons of laterally
developed soils.

Quartz and plagioclase showed opposite trends with depth, with
plagioclase concentrations decreasing and quartz concentrations
increasing toward the soil surface (Fig. 8). The average ratio of plagio-
clase to quartz and plagioclase to orthoclase was lowest in E horizons of
E podzols, followed, in increasing order, by E horizons of Typical pod-
zols, Bhs horizons of Typical podzols, Bhs horizons in Bhs podzols, and C
horizons (Fig. 8). Mass losses of plagioclase (Tplagioclase), calculated using
quartz as a reference element, showed similar depletion values to Ti-
based Ty, (Fig. A2). A positive linear relationship was observed be-
tween Tplagioclase aNd TNa, With Spearman’s rank correlation coefficient of
0.65 (p < 0.001). Estimated losses for E horizons of E podzols were
highly correlated, with t differing by less than 5 %, while Bhs horizons
were the least correlated. Despite the close spacing of soils in each
transect (84-163 m), Ti-based plagioclase losses differed significantly
when comparing whole profiles (Fig. 9). Whole profile Ti-based esti-
mates of Tyjagioclase differed by podzol type and followed similar patterns
to depth-weighted mean ty, values presented in the previous section.
Close to three-quarters of the plagioclase in the original mineral pool of
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E podzols has been lost since deposition (mean of 3 pits = —0.74),
compared to under half for Bhs podzols (mean of 3 pits = —0.39) and
around a quarter for Typical podzols (mean of 3 pits = —0.23).

4. Discussion
4.1. Elemental patterns

The elemental trends exhibited by soils organized along a catena in
this study reveal a spatial ordering of chemical weathering that is
strongly linked to soil morphology, which has formed as a function of
the hydrologic regime created by topographic position and depth to
bedrock. The strongest patterns within t and total elemental concen-
tration were observed in the case of Na (Table 1; Figs. 3 and 5). Trends in
Ca and Al were less significant, reflecting the influence of non-
plagioclase reservoirs for these elements. Ca is found in a range of
common primary minerals (albeit in lower abundance compared to
plagioclase), secondary non-crystalline phases (Bel et al., 2020), cation
exchange complexes, and is actively biocycled. Al is a major component
of common abundant primary minerals, secondary non-crystalline
phases, and cation exchange complexes. Sodium has been used as a
proxy to study plagioclase weathering in granitic terrains because it
doesn’t bioaccumulate significantly in soil and there are few other Na-
bearing minerals of high abundance (Rasmussen et al., 2011), which
was confirmed for this study.

The significant differences in © observed for Na between laterally
developed E horizons and vertically developed E horizons at similar
depths of soils only 100 m apart suggest that eluviation, and therefore
pedogenesis, does not proceed uniformly within soils along the hillslope
(Table 1; Fig. 5). The absence of a significant difference between Ty, and
Tca Of vertical E and vertical Bhs horizons (Fig. 5) is surprising, given the
eluviation involved in podzolization. Greater differences between these
horizons were observed for quartz-based Tpjagioclase than Ti-based tna
and Tc,. When E horizons were present above Bhs horizons, Ti concen-
trations were often slightly enriched in Bhs horizons relative to over-
lying E horizons, a phenomenon observed for seven out of the nine Bhs
and Typical podzols, which may indicate minor translocation of Ti.
Because Ti is only one component of the ratio used to calculate fractional
mass loss, this enrichment resulted in a more negative 7 in Bhs horizons
relative to E horizons within four of the nine Bhs and Typical podzols. It
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Fig. Al. Images depicting the scale used to help assess alteration in plagioclase grains, and as one microfeature not included in the main body of the article. The
alteration grades are given as follows. Upper left: 0.5; upper right: 1; middle left: 1.5; middle right: 2; bottom left; 2.5. Bottom right: grain of perthite showing

intergrowth of potassium and sodic feldspars.

is possible that the hypothesized slight translocation of Ti from E to Bhs
horizons could deflate the magnitude of the difference in estimated tna
and tc, between these horizons. This likely would not influence the
comparison between E horizons of E podzol and Typical podzols,
assuming Ti translocation operates uniformly in the landscape, an
assumption that is discussed in more detail in Appendix A. Our finding
that quartz-based Tpagioclase and Ti-based Ty, were positively correlated
atr = 0.65 (p < 0.001) is low (Fig. A2), given that the samples were
collected from the same horizons. This is likely due to random variation
given the magnitude of the 2D mineral area surveyed by the soil thin
sections (~12.5 cm?) in comparison to the 3D volume submitted for
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total elemental analysis (~20 cm®).

The range of Ty, observed in this study is in the same range as other
estimates of Ty, in podzols at HBEF (Nezat et al., 2004) and elsewhere in
the Northeastern USA (Jersak et al., 1995). Despite losses, an average of
51 % of the Na and Ca remains in mineral horizons of E podzols
compared to the Na and Ca content of the parent material (C horizon).
Less than 2 % of this resides in the exchangeable fraction, and organic
matter in these soils is low, revealing that the remaining mineral content
still constitutes a significant base cation pool. The size of the remaining
mineral pool might appear to contradict our finding that 71 % of Na and
Ca is depleted according to 7, which is explained by examining the
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fractional mass loss approach. As described in our methods, the mass
loss approach measures weathering by expanding the comparison of soil
to parent material using index constituents, which are enriched in the
soil as other materials weather. Therefore, T shows the depletion of the
element of interest relative to this index element. In this case, the pro-
gression of congruent weathering reactions led to higher depletion
values using t than those attained by comparing Ca and Na in soil to Ca
and Na in parent material through a simple ratio. This reflects the
concentration of the index element over time, as Ca and Na dissolve and
leave Ti behind.

4.2. Microscale weathering

In addition to the type and chemical composition of minerals pre-
sent, the micromorphological investigation revealed mineralogical fea-
tures that influence weathering susceptibility. Plagioclase inclusions
represent an important microfeature due to the potential priming effect
of inclusions on weathering. The boundaries (separation planes) of these
inclusions create areas of mechanical weakness and are important for
the development of intramineral porosity and subsequent internal
weathering (Delvigne, 1998; Stoops et al., 1979). Sericite and myrme-
kite inclusions observed in plagioclase are probably derived from the
main till source lithology, Kinsman granodiorite (Barker, 1961). Due to
its prevalence and the small size of sericite grains, sericitization is ex-
pected to have enhanced the expansion of porosity within plagioclase
through the formation of microporosity along grain boundaries. These
features illustrate how parent material properties can potentially affect
pedogenesis and soil weathering at the microscale, not just through
macroscale properties such as hydraulic conductivity and bulk

Fig. A3. Example microphotographs of sagenitic biotite and chlorite grains. The image in the upper left is a biotite grain with chlorite intergrowths collected from
the BC horizon of a Bhs podzol. Sagenite inclusions are circled and are black in color with a needle-like (acicular) habit. At the upper right is a close-up view of a
biotite/chlorite grain from a soil-embedded rock fragment of Kinsman granodiorite, which is the major contributing till lithology. Sagenite, likely composed of rutile
and/or titanite, is once again black and acicular. The same grain is shown via SEM microphotograph in the lower two microphotographs, collected at different
resolutions. In this view, the inclusions appear much smaller because of the large spot size and low depth of field.
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Full 1, extractable ion, and carbon information for horizons analyzed. Values of t differ slightly from the values presented in the main body because the main body table

was calculated from raw data, whereas the values presented in this table were calculated from the values adjusted for significant figures.

Pedon Horizon FieldName pH C (%) Ca (cmol kg™!) Na (cmol kg'l) Al (cmol kg!) Ti/(Ti + Zr) Ti (mg kg'l) TAl tCa TNa
Al Well El 42_2 PFM_E1 3.3 5.5 0.03 0.02 1.82 0.93 5100 —-0.63 -0.75 —-0.76
Al Well E2 42_2 PFM _E2 3.6 0.64 0.01 0.01 0.59 0.92 2970 -0.39 -0.4 —0.49
Al A 422 V2.1 A NA 10.2 0.36 0.1 0.38 0.94 3240 -0.59 -0.67 0.7
Al E.1l 422 V2.1 E.1 3.2 115 0.04 0.01 0.59 0.93 5010 —0.63 -0.78 -0.73
Al E.2 422 V2.1 E.2 3.4 094 0.01 0.01 1.2 0.93 5180 -0.63 -0.8 -0.74
Al E.3 422 V2.1E3 3.4  0.69 0.01 0.01 1.54 0.93 5300 -0.64 -0.78 -0.76
Al E.4 422 V2.1 E.4 45 05 0.01 0.01 1.12 0.92 4140 -059 -0.71 —0.69
A2 Well A 42 3 PFM_A NA 16.9 0.36 0.07 2.45 0.93 2270 -0.39 -0.5 —0.55
A2 Well Bhsl 42_3_PFM Bhs1 3.7 5.69 0.04 0.01 3.06 0.93 3170 -0.39 -0.52 -0.57
A2 Well Bhs2 42_3_PFM_Bhs2 3.8 4.6 0.03 0.01 3.99 0.92 3570 -0.38 -0.59 -0.6
A2 Well Bhs3 42_3_PFM _Bhs3 3.9 5.08 0.05 0.02 4.29 0.93 3400 -0.33 -0.55 —0.6
A2 Oa 423 V3.1 .0a NA 247 NA NA NA 0.95 1850 -0.37 —-0.61 -0.63
A2 Bhsl 42.3 V3.1 Bhsl 3.7 4.88 0.03 0.02 1.56 0.93 3640 -0.47 -0.63 0.6
A2 Bhs2.1 42_3.V3.1_Bhs2.1 4.1 3.83 0.04 0.01 3.28 0.93 3970 -0.48 —-0.67 —0.65
A2 Bhs2.2 42 3 V3.1 Bhs2.2 NA 5.02 0.05 0.01 4.34 0.95 3100 —0.24 —-0.47 -0.5
A2 Bhs3.1 42_3 V3.1 Bhs3.1 4.4 428 0.04 0.01 4.35 0.94 2730 -0.13 -0.34  -0.37
A2 Bhs3.2 42_3 V3.1 Bhs3.2 43 337 0.03 0.01 3 0.92 2840 -0.17 -0.26  -0.32
A2 Bhs3.3 42_3.V3.1 Bhs3.3 4.2 267 0.03 0.01 2.6 0.92 2750 -0.13 -0.13 -0.23
A2 BC.1 423 V3.1.BC.1 43 199 0.03 0.01 2.41 0.94 2340 0.02 —-0.01 —0.02
A2 BC.2 423 V3.1.BC.2 43 1.86 0.03 0.01 2.51 0.91 2370 0 0.03  —0.05
A2 BC.3 423 V3.1.BC.3 43 113 0.01 0 1.84 0.92 2310 0.07 0.1 0.07
A2 D.2 42.3V3.1.D.2 43 04 0.01 0.01 2.05 0.94 2780 0.02 0.07 —0.04
A2 D.10 42.3V3.1.D.10 NA  0.21 0.05 0.04 2.02 0.95 2680 0.02 -0.08 -0.05
A3 Well E 42 4 PFM_E 3.1 2.36 0.15 0.02 0.34 0.93 3130 -0.38 —-0.49 -0.45
A3_Well Bhsl 42_4 PFM_Bhs1 3.2 6.59 0.12 0.05 2.81 0.95 3400 —0.45 —0.54 —0.56
A3 Well Bhs2 42_4_PFM _Bhs2 3.6 552 0.08 0.02 5.04 0.93 3420 -0.33 -0.5 —0.46
A3 Well Bh 42_4 PFM_Bh 4.1 3.15 0.05 0.01 3.41 0.93 2630 -0.08 -0.14 -0.25
A3 Well BC 42_4 PFM_BC 42 314 0.04 0.01 2.42 0.92 2400 —0.01 0.03 -0.13
A3 A 42.4V4.1A 2.6 189 2.44 0.03 0.21 0.95 1540 -0.34 -0.36 —-0.44
A3 E 42.4V4.1E 3.1 1.37 0.1 0.01 0.41 0.93 3380 -0.4 -0.62 -0.5
A3 Bhsl 424 V4.1 Bhsl 3.3 283 0.14 0.01 2.48 0.95 3930 -0.47 -0.64 —-0.57
A3 Bhs2.1 42.4 V4.1 Bhs2.1 3.5 4.6 0.13 0.02 3.77 0.95 3060 -0.28 -0.51 —0.41
A3 Bhs2.2 42.4.V4.1 Bhs2.2 3.7 479 0.12 0.02 3.74 0.93 2710 -0.24  -0.38 -0.35
A3 Bh.1 424 V4.1 Bh.1 39 437 0.08 0.01 5.89 0.93 2400 —-0.01 -0.19 -0.18
A3 Bh.2 424 V4.1 Bh.2 4 3.75 0.04 0.01 5.36 0.92 2380 0.08 -0.11 —0.09
A3 BC 42.4V4.1 BC 42 208 0.03 0.01 5.48 0.92 2370 0.11 —-0.08 0.03
A3 C.2 42.4V41C.2 NA  0.36 0.01 0.01 1.69 0.92 2480 0.01 0.05 0.02
A3 D.4 42.4V4.1D.4 44 02 0.03 0.01 1.03 0.91 2370 0.09 0.1 0.15
A3 D.9 42.4V4.1D.9 NA 017 NA NA NA 0.92 1880 0.31 0.18 0.38
B1_Well Oa 52_2 PFM Oa NA  31.2 NA NA NA 0.98 893 -0.39 -054 0.7
B1_Well E 52 2 PFM_E 3.2 272 0.11 0.02 1.64 0.94 5560 -059 -0.82 -0.77
Bl Oa 522 X2.1 Oa NA 25.1 NA NA NA 0.96 3040 —0.63 —0.87 —0.83
Bl El.1 522 X2.1 F1.1 3.3 1091 0.03 0.01 0.73 0.93 5530 -0.64 —0.87 -0.78
Bl El.2 522 X2.1 E1.2 3.4 1.09 0.03 0.01 0.82 0.93 4680 -0.62 -0.86 —0.77
Bl E2 522 X2.1 E2 3.4 044 0.02 0 0.74 0.93 4690 -0.64 —-0.85 —0.77
B2 Well Oa 52_3_PFM _Oa NA 202 0.23 0.16 3.45 0.95 2940 -0.5 -0.67 —-0.69
B2_Well Bhsl 52_3_PFM Bhsl 32 837 0.11 0.04 1.99 0.94 4290 -0.55 -0.72 -0.7
B2_Well Bhs2 52_3_ PFM _Bhs2 3.8 1.66 0.06 0.01 1.15 0.92 4210 —0.51 —-0.51 —0.58
B2 A 52.3X3.1A 2.9 11.2 0.35 0.03 0.77 0.92 2940 —0.43 -0.63 —0.55
B2 E 52 3X3.1.E 33 1.85 0.04 0.01 1 0.91 3960 -0.49  —0.68 -0.59
B2 Bhsl 52_3 X3.1_Bhsl 35 857 0.09 0.02 5.14 0.95 4380 -0.59 -0.71 —0.73
B2 Bhs2.1 52_3 X3.1_Bhs2.1 3.7 6.54 0.07 0.03 4.86 0.93 3630 -0.49 -0.63 —0.64
B2 Bhs2.2 52_3.X3.1 Bhs2.2 3.8 6.54 0.05 0.03 4.61 0.93 3700 -0.4 -0.5 —-0.56
B2 Bhs2.3 52_3.X3.1 Bhs2.3 4 4.68 0.05 0.01 7.65 0.93 3480 -0.26 035 0.4
B2 BC.1 523 X3.1.BC.1 4.2 248 0.03 0.01 5.82 0.92 3240 -017 -0.26  —-0.27
B2 BC.2 52_3 X3.1 BC.2 4.3 1.15 0.02 0 4.34 0.91 3650 —-0.32 -0.23 —0.36
B2 D.1 52.3X3.1.D.1 48 027 0.34 0.09 1.04 0.94 2870 —0.03 -0.12 -0.07
B2 D.2 52.3X3.1.D.2 NA NA NA NA NA 0.96 4000 -0.19 —0.38 —0.43
B2 D.3 52.3X3.1.D.3 4.8 0.05 0.22 0.04 0.13 0.95 2150 0.07 0.03 0.08
B3 A 52 4 X4.1 A 28 115 0.16 0.04 0.3 0.91 2590 -0.43  -0.57 —-0.49
B3 E 52 4 X4.1E 3.3 098 0.03 0.01 0.79 0.92 2970 -0.37 -0.6 —0.45
B3 Bhs 524 X4.1 Bhs 3.5 5.25 0.06 0.02 4.08 0.95 2980 —0.34 —0.52 —0.42
B3 Bsl 524 X4.1 Bsl 3.8 467 0.06 0.02 5.76 0.92 2820 -0.25 —0.43 -0.38
B3 Bs2.1 524 X4.1 Bs2.1 4 5.91 0.06 0.01 6.8 0.94 2260 0 -0.3 —-0.21
B3 Bs2.2 524 X4.1 Bs2.2 4.1 5.01 0.05 0.01 6.04 0.92 2480 -0.09 -0.27 -0.28
B3 BC.1 524 X4.1 BC.1 4.3 2.58 0.03 0.01 4.47 0.92 2470 —-0.01 -0.19 —0.14
B3 BC.2 524 X4.1 BC.2 4.4 234 0.03 0.01 4.87 0.93 2590 -0.05 -0.23 -0.17
B3 D.3 52 4 X4.1D.3 45 043 0.02 0.01 1.55 0.93 1830 0.18 0.25 0.19
B3 D.6 52 .4 X4.1.D.6 4.6 0.33 0.02 0 1.48 0.95 1350 0.5 0.46 0.59
B3 D.8 524 X4.1D.8 45 028 0.03 0.01 4.71 0.93 1410 0.51 0.36 0.65
B3 D.9 524 X4.1 D.9 46 015 0.03 0.01 0.96 0.91 2520 —-0.02 0.17 0.08
B3 D.16 52 4 X4.1.D.16 49  0.05 0.84 0.04 0.15 0.92 2880 —0.09 0.02  —0.04
C1_Well Oa 86_2 PFM_Oa NA 30.1 1.59 0.06 0.5 0.99 1060 —0.54 —0.59 -0.73
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Table A1 (continued)
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Pedon Horizon  FieldName pH C(%) Ca(cmolkg!) Na(cmolkg')  Al(cmolkg)  Ti/(Ti+Zr) Ti(mgkg!) Al tCa 7Na
C1_Well E 86_2 PFM_E NA 0.48 0.03 0.01 0.21 0.9 3070 —0.46 -0.5 —-0.57
Cl Oa 86_2_ W2.2 Oa NA 34 2.84 0.1 1.4 0.99 222 0.13 0.78 —-0.47
C1 E.l 862 W2.2 E.1 3.6 0.66 0.02 0.01 2.08 0.95 5130 -0.59 —0.67 -0.69
C1 E.2 86_2 W2.2 E.2 3.6 0.72 0.03 0 2.26 0.96 7090 —-0.72 —0.69 -0.8
C2_Well Oa 86_3_PFM _Oa 3.2 25.5 0.3 0.05 8.63 0.97 641 0.63 —0.54 —0.61
C2_Well Bhsl 86_3_PFM_Bhsl NA 17.8 0.25 0.06 13.1 0.95 1570 0.07 —0.54 —0.57
C2_Well Bhs2 86_3 PFM Bhs2 3.9 6.28 0.12 0.02 7.55 0.94 3630 -0.37 —0.55 —0.54
C2_Well C 86_3_PFM_C 4 1.24 0.04 0.01 2.8 0.92 2680 -0.2 —0.09 -0.2
Cc2 Oa 86_3_ W3.2 Oa NA 32.8 291 0.09 1.19 0.98 557 -0.33 -0.12 —0.63
C2 A 86_3 W3.2 A 3.2 10.7 0.41 0.03 3.2 0.95 3800 —0.47 —0.59 -0.57
C2 Bhsl 86_3_W3.2 Bhsl 3.4 8.01 8.52 22.4 5.41 0.94 4270 —0.46 —0.63 —-0.6
Cc2 Bhs2.1 86_3_W3.2 Bhs2.1 3.5 6 0.11 0.01 3.88 0.93 3550 -0.39 —0.52 —-0.49
Cc2 Bhs2.2 86_3_ W3.2 Bhs2.2 3.6 5.88 0.13 0.02 8 0.93 3470 -0.37 —0.51 —-0.49
C2 Bhs3.1 86_3 W3.2 Bhs3.1 3.7 2.39 0.06 0.01 5.52 0.93 2700 -0.23 —0.33 -0.3
Cc2 Bhs3.2 86_3_W3.2 Bhs3.2 3.7 2.42 0.07 0.01 5.99 0.93 2820 —0.24 —0.36 -0.3
C3_Well Oa 86_4_PFM_Oa NA 24.7 1.22 0.06 3.68 0.95 647 0 -0.27 —-0.6
C3_Well E 86_4 PFM_E 3 1.26 0.21 0.01 0.35 0.92 3980 —0.55 —0.67 —0.61
C3_Well Bhs 86_4_PFM Bhs 3.2 7.91 0.39 0.02 3.4 0.95 3840 —0.52 —0.58 —-0.6
C3_Well Bs 86_4_PFM _Bs 3.9 6.1 0.12 0.01 9.08 0.94 3250 —-0.28 -0.4 —-0.49
C3_Well BC 86_4_PFM _BC 3.9 5.12 0.12 0.03 9.75 0.95 4390 —0.42 —0.53 —0.58
C3 Oa 86_4_W4.1 Oa 2.8 28.6 4.24 0.05 0.43 0.96 863 —0.34 -0.13 —0.55
C3 E 864 W4.1 E 3 1.24 0.21 0.01 0.7 0.92 3440 —0.46 —0.62 —0.51
C3 Bhs 86_4_ W4.1_Bhs 3.2 5.29 0.46 0.02 3.71 0.93 3870 —-0.47 —0.54 —0.53
C3 Bs.1 86_4_W4.1 Bs.1 3.6 2.82 0.1 0.01 6.52 0.92 3350 —0.32 —0.36 -0.38
C3 Bs.2 86_4_ W4.1 Bs.2 3.7 3.15 0.08 0.01 7.91 0.93 3150 —-0.25 —0.35 —0.36
C3 Bs.3 86_4_W4.1_Bs.3 3.9 4.05 0.08 0.02 5.51 0.93 3070 -0.16 -0.36 —0.34
C3 BC.1 86_4_ W4.1 BC.1 4 4 0.06 0.01 NA 0.93 3100 —0.11 —0.32 -0.3
C3 BC.2 86_4_W4.1 BC.2 4.1 2.69 0.05 0.01 13 0.92 3110 -0.17 —0.25 —-0.23
C3 D.1 864 W4.1 D.1 4.2 1.47 0.05 0.01 14.2 0.92 2740 —0.06 —0.15 -0.1
C3 D.2 86_4 W4.1.D.2 4 1.24 0.06 0.01 11.9 0.92 2890 -0.16 -0.14 —-0.16
C3 D.4 864 W4.1 D.4 4.2 0.59 0.03 0.01 8.59 0.92 2390 0.03 0.01 0.08
AD_Well 2 42 4.d1.2 NA 0.04 NA NA NA 0.92 2601 0.03 —0.05 0.02
BD_Well 3 52 4.d2 3 NA 0.04 NA NA NA 0.93 3141 —-0.14 -0.01 —0.12
CD_Well 2 86.3.d22 NA 0.11 NA NA NA 0.93 2979 —0.07 -0.23 -0.21

mineralogy. The identification of similar inclusions in plagioclase grains
throughout the three soils studied suggests that the weathering gradient
we find is not attributable to variation in microscale weathering fea-
tures, but instead due to differences in pedogenesis.

4.3. Mineralogical patterns

Along with the similarity in © between Na and Ca, the correlation
between Ty, and Tplagioclase indicates that plagioclase weathering is the
principal reaction controlling the formation of a hillslope weathering
gradient (Tables 1 and 2; Fig. A2). Our findings support the hypothesis
by Likens et al. (1998) that plagioclase is the main mineral supplying Ca
at HBEF (Table 2). Dominance of plagioclase in chemical weathering is a
common finding in soils developed from granitic parent material in
other contexts (Ferrier et al., 2010; Rasmussen et al., 2011; White et al.,
2001).

The bulk soil mineralogy determined in this study agrees with other
studies conducted at HBEF. Nezat et al. (2004) estimated 47 % quartz
and 27 % plagioclase in parent material samples, close to this study’s
findings of 43 % quartz and 32 % plagioclase within identified material
in parent material samples (Table 2). Actual plagioclase loss may be
higher than EPMA-estimated plagioclase loss due to the presence of
subpixel internal microporosity, such as mycorrhizal tunnels, which
tend to be ~5 pm in diameter, and microporosity around mineral in-
clusions (Fig. 6). Because of the high Ca concentration of apatite, it was
almost always well differentiated from other minerals. We found no free
(not occluded within minerals) apatite in solum horizons. Only one
mineral inclusion of apatite was identified in a solum horizon, a lower Bs
horizon, which suggests that mineral inclusions of apatite do not persist
significantly in the solum. This contradicts the assertion by Nezat et al.
(2007) that 30 % of the original apatite in HBEF parent material remains
in mineral inclusions of upper solum horizons. It is unlikely that apatite
inclusions were overlooked with EPMA and unlikely that they would
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also have been overlooked during our investigation with SEM-EDS.
Because of the range in chemical compositions, certain minerals such
as garnet species (almandine, grossular) were identified in SEM but
difficult to quantify via EPMA. This led them to sometimes be classified
into other mineral classes, such as chlorite and epidote. Overall, the
sandy texture of HBEF soils gave a high accuracy of mineral identifica-
tion, given that most particles were greater in size than the pixel reso-
lution (3030 um). This allowed us to confirm the presence of a mineral
weathering gradient at the microscopic scale and identify plagioclase as
the dominant weathering mineral.

4.4. Ecological relevance

The plagioclase weathering gradient we observe is accompanied by
patterns in vegetation and solution chemistry. Mixed coniferous vege-
tation, mosses, and lichens are frequently found in shallow bedrock soils
in our study area. These are associated with lower pH and higher DOC
concentrations in streamwater and soils of our study area, and in New
England (Bailey et al., 2019a; Fakhraei and Driscoll, 2015; Johnson
et al., 2000; LoRusso et al., 2021), in contrast to downslope soils which
are dominated by deciduous species. The higher DOC and acidity asso-
ciated with the coniferous vegetation area are expected to contribute to
the enhanced weathering in shallow soils.

Our work has implications for mineral nutrition of plants at the
pedon scale. Regionally, soil Ca was depleted by acid deposition in the
decades prior to the passage of the Clean Air Act in the United States,
which limited anthropogenic sources of strong acids in rain (Federer
et al., 1989). The spatial nature of the plagioclase weathering gradient
could influence the ongoing recovery of the plant-available and
exchangeable Ca fractions. Notwithstanding the intensity of plagioclase
depletion in soils at the upper end of the hillslope, it remains a dominant
primary mineral in the soil. The remaining plagioclase contains Ca of
local importance, especially to stationary organisms such as plants.
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Fig. A4. Top: Divergence between Ca determined through elemental digestion vs. Ca determined through EPMA. Bottom: Divergence between Na determined

through elemental digestion vs. Na estimated through EPMA. Note that elemental digestion involved analysis of ~20 mL volume of sample, whereas EPMA involved
analysis of ~6 cm? of sample.

4.5. Pedogenic implications plagioclase dissolution (Table 2; Fig. 9) is highly related to contrasts in

water table regimes and aqueous trends in DOC and acidity previously
identified at Watershed 3 in HBEF (Bailey et al., 2019a; Benton et al.,
2022; Gannon et al., 2014). Lateral water flow in E podzols and Bhs
podzols is facilitated by the shallow depth to bedrock, proximity of

The spatial patterning of weathering intensity observed in this study
is reflective of soil properties organized by the intersecting influences of
soil-forming factors and local hydrologic patterns. The gradient in
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bedrock outcrops upslope, and low storage and infiltration. These soils
experience saturation in the solum much more frequently than in
Typical podzols, implying enhanced eluviation in E podzols and trans-
location of weathering products to Bhs podzols (Bailey et al., 2014).
Gannon et al. (2015) determined that acidic DOC concentrations were
highest in laterally formed soils, including bedrock Histosols and E
podzols, and DOC concentrations declined across the hillslope. Pardo
et al. (2022) identified similar trends in DOC and acidity and found that
bedrock-controlled areas acted as hotspots for elevated acidic DOC
concentrations. Given that DOC within our study area has been shown to
be effective at chelating Al (Fakhraei and Driscoll, 2015), a structural
element in plagioclase, it likely plays an important role in facilitating the
formation of a plagioclase weathering gradient.

Our results agree with the conceptual model proposed by Bailey et al.
(2019a) based on streamwater chemistry measurements at HBEF, which
proposes that mineral weathering is promoted by organic acids in
shallow soils in the upper parts of the watershed. These organic acids are
hypothesized to be partially neutralized by the products of weathering
in bedrock Histosols and E podzols. Afterwards, they are hypothesized to
precipitate with metals as organometallic complexes in Bhs podzols or
be exported from upland soils into riparian and fluvial areas (Bailey
et al., 2019a; Bourgault et al., 2017; Bourgault et al., 2015). Our work
showing a plagioclase weathering gradient from E podzols to Bhs pod-
zols to Typical podzols, therefore, supports the idea that shallow
bedrock Histosols and E podzols act in concert as a “weathering engine”
in the watershed. Groundwater that reaches E podzols is enriched with
organic acids, has low mineral contact time, and undergoes frequent
cycles of saturation and recession, in contrast to deeper soils, where
groundwater rarely rises above the interface of the lower B horizon/
upper C horizon (Bailey et al., 2019a, 2014; Benton et al., 2022; Possi-
nger et al., 2020). Overall, stream solute measurements indicate that
long water residence times and increased soil thickness are the main
factors controlling the export of dissolved weathering products (Johnson
et al., 2000; Jutebring Sterte et al., 2021; Likens et al., 1998). Benettin
et al. (2015) found that they needed to simulate subsurface mixing to
depths of at least 3 m in Watershed 3 of HBEF in order to predict Si and
Na concentrations using a catchment-scale solute transport model. Still,
water younger than 30 days represented the overall driver of streamflow
concentration dynamics. When comparing elemental losses among
pedons, we find that weathering intensity is highest in laterally devel-
oped E podzols and Bhs podzols, where groundwater is highly respon-
sive to precipitation and water-soil contact time is short, and which
likely represent a significant fraction of young water (Figs. 2 and 3;
Table 1; Benettin et al., 2015; Gannon et al., 2014).

The difference in t© between the most depleted (E podzol) and least
depleted (Typical podzol) profiles is comparable to depletion differences
between the oldest and youngest soils in glacial chronosequences in
Europe and the western USA (Table 1; Fig. 3; Bain et al., 1993; Taylor
and Blum, 1995). The highest Na and Ca losses estimated in this study
exceed losses estimated for soils developed from postglacial parent
material under a precipitation gradient in New Zealand (Dixon et al.,
2016), with the upper end of precipitation more than triple that of HBEF
(~4700 mm vs. 1400 mm). This suggests that climate (e.g., mean annual
precipitation) is a poor predictor of chemical weathering intensity for
the soils within our study. A key variable is the transition from shallow
bedrock to deep soils. The impermeable nature of the soil-bedrock
interface can facilitate much higher water fluxes in convergent zones
of the upper part of the hillslope than in lower soils where bedrock is as
much as 6 m deep. Because of this, the laterally developed soils in our
study affected by shallow flowpaths likely receive higher water fluxes
than predicted by precipitation or water availability alone.

The chemical weathering gradient we observed occurs in similar-
aged, closely spaced (40-200 m) soils affected by similar temperature
and precipitation. This implies that water residence time and solution
chemistry can be important factors in chemical weathering at the
catchment scale. Our work, therefore, provides field-based support for
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findings from reactive transport modeling by Maher (2011). The orga-
nization of chemical weathering intensity in our system shows that
pedogenesis is occurring laterally in the upper parts of the hillslope,
emphasizing the need to account for patterns of soil development in
topographically complex areas within models that include soil, hydrol-
ogy, or weathering parameters.

5. Conclusions

Our work demonstrates that the progression of plagioclase weath-
ering in temperate podzols is strongly connected to lateral spatial pat-
terns in soil morphology that are reflective of local hydrology, solution
chemistry, and topography. Hillslope trends in depletion of Na, Ca, and
Al and mineralogical data reveal a gradient in plagioclase weathering
that occurs along a catena. The influence of lateral flow on the weath-
ering of plagioclase, the dominant Ca source in these soils, has signifi-
cant implications for the biogeochemistry of Ca, an ecologically
significant element that experienced historic depletion from soils in the
Northeastern USA. The weathering gradient we discovered contradicts
the dominant paradigm of soil weathering as occurring as a top-down
process, showing that lateral patterns in eluviation and illuviation are
pedogenically significant. Our work reinforces a need to incorporate
lateral soil processes in landscape and soil development models.
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Appendix A

Variation in C horizon and index element concentration

The number of C horizon samples collected within this study (17)
enabled us to test the assumption that C horizon material is mineral-
ogically homogenous with depth and remove outliers from the reference
pool if significant deviation was observed. Although in some cases
multiple samples were collected from the same pit, intra-pit elemental
variation was comparable with inter-pit elemental variation and thus
was not expected to add significant bias to the reference value. One deep
C horizon was determined to have a titanium concentration that was
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over 1.5 times the interquartile range (differing more than 2.7 standard
deviations than the other samples) and was excluded from the reference
pool. Two deep C horizon samples were enriched in silica over 1.5 times
the interquartile range after calculating ts; and were excluded from the
reference pool. After removing these samples, elemental averages were
determined from 14 remaining deep C horizon samples (representing
samples obtained from the base of 5 soil pits and 3 deep well cores) and
used as reference values for calculating .

Before estimating elemental depletion, variation in reference ele-
ments and C horizon composition was inspected. After evaluating Ti, Zr,
and Nd as potential index elements, Ti and Zr were chosen for com-
parison because they were highest in concentration and thus less influ-
enced by analytical error. Bern et al. (2011) used Rri/(Titzr) as a
fingerprint to identify and quantify colloidal redistribution of material
and reveal bias in the mass balance approach. In our samples, Rri/(ti+zr)
of C horizon samples varied randomly as expected for well-mixed sedi-
ments. When compared to the average Rri/(ti+zr) of C horizon samples,
two of the six E podzols were found to have the highest and lowest Rrj,
(ti+zr) of all digested samples, located within 50 m of each other on the
west side of the watershed (Table A1l). Horizons in the pit with the
highest Rri/(tit+zr) value contained Ti concentrations that were 25 %
greater than other E podzols, Zr concentrations that were 28 % lower
than other E podzols, and Na concentrations that were 46 % greater than
other E podzols. Horizons in the other four E podzols had Rri/(ti+zr)
values that were consistent with the average Rri/(ti+zr) of C horizon
samples. Bhs and Typical podzols showed similar patterns with depth.
For the majority of Bhs and Typical pits, an increase in Rri/(ri+zr) Was
observed in upper Bhs horizons, reflecting an increase in Ti relative to
Zr, while fluctuations in Rri/(tit+zr) Were observed in the lower B hori-
zons, reflecting increases and decreases in Zr relative to Ti (Table Al). In
contrast, Zr concentrations remained relatively stable in upper horizons
but exhibited jagged variability relative to Ti in lower Bhs, Bs, and BC
horizons in 5 Bhs and Typical podzols. Since potentially non-
weathering-derived variations in both index elements were detected,
and Ti concentrations were more abundant and thus generally more
consistent with depth in the lower B horizons, Ti was selected for use as
an index element for estimating Na depletion.

Lithologic influences on index element concentration

Enrichment of Ti in Bhs horizons relative to overlying E horizons,
though minor, was an unexpected finding, as Ti tends to concentrate
within horizons experiencing the most weathering, which we would
anticipate to be the E horizons in this system. The accumulation of
amorphous organometallic complexes in the Bhs horizon would be ex-
pected to dilute Ti concentrations relative to E horizons. Increased Ti in
Bhs horizons might be reflective of colloidal transport, a phenomenon
that has been observed in the case of Ti within much older soils (Bern
et al., 2015). Through SEM analysis, three Ti-bearing phases were
identified: rutile, titanite, and ilmenite. On average, identifiable phases
were present as 50-240 um grains. Upon further examination of soil
clods and the major till lithology, a minor proportion of biotite and
chlorite possessed a sagenitic texture, defined by well-oriented, acicular
inclusions of titanite and rutile (Shau et al., 1991; Fig. A3). These in-
clusions measured 1-10 um x 10-50 pm and could have precipitated
during retrograde metamorphism of Kinsman granodiorite, the principal
source lithology of the parent material. It is possible that during soil
formation, fragments of colloidal titanite and rutile were released by
dissolution of biotite and chlorite and physically transported from E
horizons into Bhs horizons along with amorphous organometallic com-
plexes. The needle-like acicular crystal habit could be more susceptible
to physical breakdown than the non-sagenitic rounded grains otherwise
encountered and thus more easily transported. The high organic matter
content of Bhs horizons (up to 30 %) might be expected to increase the
sensitivity of Ti concentrations to translocations, as there is less mineral
content per mass unit soil. Regardless of the origin, any translocated Ti
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would artificially inflate depletion estimates for Bhs horizons and
depress depletion estimates for overlying or upslope E horizons, with the
assumption that translocation processes are uniformly distributed and
operate similarly to the movement of amorphous organometallic com-
plexes in lateral and vertical settings. If this is the case, the significant
differences we observed between lateral E and Bhs horizons would
represent conservative estimates of actual differences in depletion.
Using the same logic, Ti translocation may be responsible for the
absence of a significant difference in depletion between vertical E and
Bhs horizons. In contrast, variation in Zr content relative to Ti content
would have significantly influenced depletion estimates for Bhs and
Typical podzols on a per-solum basis if Zr had been selected as an index
element. Spikes in Zr content may derive from minor sorting of glacial
deposits during or shortly after deposition, as heavier minerals often
settle out first. If Zr and Ti exhibited similar enrichment patterns in
certain horizons, sorting would likely have a greater effect on Zr con-
centrations due to Zr being an order of magnitude lower in concentra-
tion than Ti, and due to the presence of Ti within minerals with a wider
range of densities than Zr. Despite variation in both index elements, the
age of these soils would be expected to limit the extent of colloidal
redistribution. Increased Ti in Bhs horizons only led to a calculation of
more intense depletion in Bhs horizons relative to E horizons in four of
the nine pits with both horizons. This increase is close in proportion to
the estimated error, and these horizons are generally thin, so the
magnitude of this effect is expected to be small (Table A1).

The E podzol with unusually elevated Ti, elevated Ca, and the highest
Rri/ri+zr) values may reflect variation in the parent material. Though
elevated, the concentrations of Ti and Ca within this pit are proportional
to values observed in the other E podzols. Rock fragments containing
sagenitic biotite and chlorite were observed in a nearby Bhs podzol, but
not within the E podzol pit. No titanite was observed within the
observable fine fraction of soil, and plagioclase constituted the dominant
Na-bearing mineral, representing the highest proportion of Na observed.
The low ratio of plagioclase to quartz observed for this soil and corre-
spondingly high estimate of quartz-based plagioclase loss, like other E
podzols, supports our Ti-based estimate of Na loss. Due to the thickness
of the E horizon in E podzol soils and the magnitude of estimated losses,
this pit still shows greater net depletion than Typical podzols for both Na
and plagioclase on a per-depth basis.

Because storage of Na in secondary phases and exchange sites is low,
and it is commonly used as a proxy for plagioclase, it was selected for the
following additional calculations. The percentage of Na in each phase
was multiplied by the mineral area of each phase to estimate the Na
content of the mineral-only fraction. This was then divided by the sum of
Na for all phases to estimate the percent contribution of each phase to
the total. The Na contribution from each phase in mg kg~ was estimated
by multiplying the Na contribution from each mineral by its abundance
in mass percent. This was summed and total Na of each slide was
compared to total Na obtained from elemental digestion.

Total Ca estimated from EPMA and Ca from total elemental digestion
differed by a median amount of 21 % (Fig. A4). For all but two slides,
EPMA-estimated Ca was lower than elemental digestion Ca. The greatest
deviation between EPMA and digestion Ca was observed in an E podzol
exhibiting high Ti and Ca content, followed by Bhs horizons with high
concentrations of amorphous organometallic complexes. The smallest
deviation was observed in E, Bs, and C horizons. Total Na estimated from
EPMA and Na from total elemental digestion differed more, with a
median difference of 49 %, and EPMA-estimated Na was lower for all
thin sections (Fig. A4). As described in the paper, when Ca and Na were
estimated from plagioclase content using the stoichiometry determined
by SEM-EDS, total Ca and Na estimated by EPMA were closer to diges-
tion Ca and Na than they were from pixel-based elemental estimates,
with median differences of 12 % and 10 %, respectively.
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Detailed procedures for quantifying mineralogy with SEM and EPMA

Edge artifacts, non-clod minerals embedded in epoxy, and clasts
greater than 2 mm in size were removed from EPMA scans using FIJI
before analysis (Schindelin et al., 2012). Beam intensity did not vary
appreciably throughout the slide scan, due to the use of a newer
microprobe instrument, so the procedure for averaging and correcting
elemental counts described in Bailey et al. (2019b) was not necessary.
Each set of scans was imported into Multispec (Biehl and Landgrebe,
2002) and converted to an 11-channel or a 5-channel image depending
on whether the scan was a hypermap or a non-hypermap. To identify
minerals, a clustering approach was performed in Multispec following
the instructions of Lydon (2005). Cluster classification was performed
on the whole image area, using a threshold of 25, and employed the
ISODATA algorithm. Clusters were initiated within the eigenvector
volume using a convergence of 98 %, a minimum cluster size of 11, and a
starting number of 60 clusters. If 60 clusters were not enough to separate
certain low-area minerals (for example, apatite and sphene), the process
was re-run with a larger number of clusters, with 120 being the
maximum.

To relate WDS-acquired elemental counts collected on a per-pixel
basis with weight percent elemental content of mineral species, 3 high
resolution small maps were collected at a 5 yum by 5 um resolution. Small
maps, chosen to represent a broad diversity of minerals, were selected
from large maps of two soil thin sections, as well as from a large map
thin section constructed from a local Rangeley schist bedrock core.
Bedrock was included to enable access to larger grains and unaltered
mineral surfaces. These focused maps allowed for targeting individual
mineral grains of interest for spot WDS analysis, which revealed the
stoichiometry and elemental content of each mineral. Pixel-based
elemental counts from whole slide maps for each mineral of interest
were then plotted against point elemental content and used to establish
standard curves relating pixel elemental concentration to mineral
elemental concentration for each of the five main (non-hypermap) ele-
ments of interest.

Our scripts for determining mineral identity through EPMA enabled
us to detect void phases (sum of oxides <9 %), non-crystalline materials
such as amorphous organometallic complexes, and partition edge pixels
into mineral and void fractions. It is important to note that estimated
void content is overestimated for minerals composed of a significant
proportion of elements that were not scanned with WDS (e.g., micro-
cline, muscovite, apatite, due to these phases containing significant
amounts of K and P), although this is not expected to have significantly
altered the results of our analysis. Although the five elements selected
for quantitative analysis represent the most common elements within
these soils (excluding K, which was mapped with EDS), this approach
excludes certain crystalline non-silicate minerals such as non-Ca-bearing
phosphates (monazite) and non-Fe- and non-Al-bearing oxides (birnes-
site, rutile), although the abundance of these phases is trace (<1%)
according to EPMA and SEM estimates. For phases containing less than
85 % oxides, the percent mineral content and percent void were esti-
mated and converted to area units (number of pixels) before summing.

Peak deconvolution of EDS spectra was calibrated with an Astimex
MINM25-53 standard puck with 53 embedded minerals, enabling
semiquantitative estimation of elemental abundance and determination
of mineral stoichiometry. In general, the elemental content estimated
from pixel counts using standard curves was well correlated to SEM-EDS
point analyses. Based on SEM groundtruthing, the identities of some
clusters were manually changed to correct for the influence of high
concentrations of amorphous organometallic complexes and amorphous
oxides coating mineral grain edges, which inflated the iron and
aluminum content of mineral pixels. Mineral identification was most
accurate for abundant, large mineral grains that were composed of the
elements analyzed by WDS (Ca, Al, Si, Fe, Na), such as plagioclase. Small
proportions of less-common minerals with variable composition, such as
garnet, pyroxene, and hornblende, were often classified within more
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abundant phases such as chlorite, epidote, and actinolite, an effect that
was reduced by expanding the number of clusters and ground-truthing
mineral identity with SEM, but not eliminated entirely. The presence
of amorphous organometallic complexes complicated efforts to measure
muscovite and biotite, due to the compositional similarity between
biotite mineral edges and muscovite mineral edges and amorphous
organometallic complexes. For the most part, iterative SEM investiga-
tion resolved initial ambiguity within the EPMA cluster analyses. Iden-
tification of mineral phases with EPMA was most complete in solum
horizons with less than 10 g kg™! organic matter predominated by
mineral grains >30 pm in diameter, achieving an identification success
of over 90 % in 21/26 slides. Identification was less successful in C
horizons, with 74-79 % (area %) mineral content identified despite a
high density of crystalline minerals (up to 81 % of the total slide area).
Identification success was also reduced in Bhs horizons, with these clods
only containing 9-14 % crystalline mineral content within the total slide
area. Low porosity and the difficulty of identifying mixed pixels con-
taining the edges of closely packed adjoining phases lowered the success
of mineral identification in C horizons. The composition of unidentified
pixels, being mostly edge, is therefore probably close to the identified
mineralogy.
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