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Abstract

Weathering processes are recognized as drivers of soil and water resource sustainability, but

how pedogenesis stage impacts contaminant reactivity and mobility in soils has been minimally
investigated. The primary goal of this study was to quantify how soil development influences
contaminant reactivity. To achieve this goal, soils from two depths (30 and 100 cm) across a
chronosequence (ages 3.5, 20, 69, 140, 200, and 908 ky) in the Oregon Coast Range were
subjected to arsenic (As) adsorption isotherms, with As removal from solution serving as

a proxy for soil-contaminant reactivity. Langmuir models were applied to isotherm data to
quantify relationships between contaminant retention capacity, soil age and soil physicochemical
properties, and data revealed that 20 ky soils from a 30-cm-depth had the greatest affinity for As
sorption (8,474.5 mg kg~1). Chemical extractions revealed that amorphous (oxy)hydroxides were
the dominant mineral phases governing As sorption, even in the presence of abundant crystalline
oxides. Micro-X-ray fluorescence spectroscopy revealed a strong spatial correlation between As
and Fe in reacted soils. The abundance of amorphous minerals within soils is controlled by

the balance between their production from weathering of primary minerals and their loss from
ripening to crystalline minerals, and because the mode, extent and minerals governing contaminant
sorption determine solid-aqueous phase partitioning, this knowledge will assist in improving
models for predicting Critical Zone processes that govern the sustainability of soil and water
quality.
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1. Introduction

The spatial and temporal heterogeneity of weathering complicate projections of contaminant
cycling onto our understanding of water and soil resource sustainability. Weathering
proceeds as parent material becomes fractured, ground, dissolved, and bioturbated into
chemically altered and potentially transportable materials, processes that can take thousands
of years (Buol et al., 2011). At the shortest timescales, chemical reactions taking place at
the mineral-water interface can take seconds to minutes, resulting in the ripening of primary
minerals, but such processes vary from soil particle (millimeter) to landscape (kilometer)
scales (Brantley et al., 2017, 2007; Chorover et al., 2007). Many efforts have been made
towards identifying the influences of weathering on Critical Zone (CZ) processes. However,
CZ weathering and its influences on reactions that govern contaminant fate and transport are
poorly identified and constrained.

Weathering drives the transformation, formation, and accumulation of secondary minerals
that are essential for understanding and predicting contaminant reactivity in soils. For
instance, weathering releases Fe from primary minerals and governs the generation of
secondary Fe oxides, hydroxides, and oxyhydroxides that are dynamic and reactive due to
their surface structures, areas, and charges (Bigham et al., 2002; Bowell, 1994; Brown et al.,
1999; Duckworth et al., 2022). Secondary Fe minerals and their influence over contaminant
reactivity have been the focus of extensive research in pure mineral systems (Dixit and
Hering, 2003; Ona-Nguema et al., 2005; Raven et al., 1998). However, when this knowledge
is upscaled to the field, reactions that govern the sustainability of soil and water quality are
not always consistent due to heterogeneity at various scales within a landscape (Brantley et
al., 2007; Hingston et al., 1971; Peel et al., 2022; Smedley and Kinniburgh, 2002; Vitre et
al., 1991).

Pedogenic Fe-mineral transformations through weathering and their influence on
contaminant sorption have begun to be investigated using chronosequences. In volcanic
soils ages 1.5 to 1,070 ky, amorphous Fe phases (denoted ‘Feo’ for their characterization
via oxalate-based extractions) have been identified as the dominant hosts for sorption of
contaminants, with sorption affinities for copper (Cu) and cadmium (Cd) decreasing with
age as Fe-mineral crystallinity and electrical conductivity increased (Rechberger et al.,
2020; Rechberger et al., 2021). In contrast, the influence of soil weathering on sorption
of dissolved PO;~ in a young volcanic chronosequence (0.77-1.2 ky) found that sorption
increased with soil age, regardless of depth, and was correlated with increasing allophane
concentrations (Lilienfein et al., 2004). Within these systems, the underlying mechanistic
controls of weathering on contaminant reactivity need to be further identified, particularly
for non-volcanic soils.

The present study seeks to examine contaminant reactivity as a function of weathering in
nonvolcanic soils. We specifically hypothesized that arsenic (As) sorption would increase
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with soil age and depth due to the preponderance of secondary Fe minerals generated
through weathering. To test this hypothesis, we harnessed samples from a well-characterized
chronosequence in the Oregon Coast Range (OCR) in order to link the influences of
weathering on processes that govern contaminant mobility. We sought to quantify (1) arsenic
sorption within the OCR as a function of soil age and depth and (2) the dominant host
phases governing As sorption as a function of age and depth. Our findings reveal that As
sorption onto soils as a function of age and depth did not proceed as initially hypothesized,
with amorphous minerals dominating arsenic sorption but the magnitude of sorption varying
based on weathering stage. This work highlights the need for understanding the intricacies
of weathering-influenced reactions that govern the sustainability of soil and water resources.

Materials and methods

2.1. Study site and soil Samples

Soils from a well-characterized fluvial chronosequence were used to elucidate the influence
of soil pedogenesis on contaminant reactivity (SI Table 1, SI Table 2) (Almond et al.,

2007; Hunter et al., 2023; Lindeburg et al., 2013). Six soil terraces of ages 3.5, 20,

69, 140, 200, and 908 ky were used in this analysis. Soils are derived from the Tyee
Formation, a lithified Eocene-aged sandstone-dominated ramp turbidite sequence found in
the Coast Range of western Oregon, USA (Fig. 1) (Heller and Dickinson, 1985). The
dominant parent material mineralogy of this formation consists of quartz, andesine, calcic
andesine, and lithic fragments (Heller et al., 1985; Lindeburg et al., 2013; Ryu, 2003;
Snhavely et al., 1964). Time-dependent alterations include profile thickness, soil redness, and
accumulation of secondary minerals. Pedogenesis within this chronosequence is dominated
by the transformation of primary minerals to secondary clays and metal (oxy)hydroxides.
Pedogenic Al decreases while Fe increases with terrace age (Fig. 2). Non-quartz Si is either
leached or bound in secondary aluminosilicate clays.

Oregon Coast Range soils from 3.5, 20, 69, 140, 200, and 908 ky terraces were used for
sorption isotherms, and for all but one terrace, 30- and 100-cm-depth soils were tested,;

the exception was for the 3.5 ky terrace because soil did not reach 100-cm depth. These
samples represent all the characterized terrace ages and depth increments from the target
chronosequence (Lindeburg et al., 2013). Soils from each terrace age were used to identify
the influence of soil age on sorption capacities, and 30- and 100-cm depths were utilized
to identify pedogenic variabilities with depth. Soils were all oven-dried for 48 h at 105 °C
and passed through a 2-mm sieve. Amorphous and crystalline Fe and Al were extracted by
0.2 M ammonium acid and oxalic acid buffered at a pH of 3 (McKeague et al., 1971) and
citrate-bicarbonate-dithionite (Mehra and Jackson, 1958), respectively. The resulting data
are presented in Fig. 2 and S| Table 3, with oxalate extractable designating amorphous Fe
and Al (oxy)hydroxide phases, and dithionite extractable designating crystalline Fe and Al
(oxy)hydroxide phases (Lindeburg et al., 2013).

2.2. Adsorption isotherms

Arsenic sorption isotherms were conducted to quantify how soil age influenced contaminant
reactivity. For each selected soil sample, one gram of soil was mixed with 10 mL of
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solution containing one of seven concentrations of As, ranging from 0 to 1,000 mg L1,
Arsenic was added as Na,HAsO,4-7H,0 (Alfa Aesar crystalline powder), and 0.1 M NaCl
(VWR Chemicals) was also included in the solutions to maintain ionic strength. pH was
maintained at in-situ soil conditions (pH 5 + 0.2) by HCI or NaOH addition every 24 h.
Soil slurries were shaken on a SCI-LOGEX MX-RD-pro shaker at room temperature for
48 h, then centrifuged at 10,000 rpm for 15 min. Soils were then decanted, and resulting
solutions were filtered through 1-um Whatman filter paper before being acidified with one
drop of concentrated HNOs. Solutions were stored in a refrigerator and diluted 100-fold in
2 % HNOg3 for As analysis via inductively coupled plasma-optical emission spectroscopy
(ICP-OES) at Oregon State University’s Keck Laboratory. The detection limit for As on the
Spectros Arcos ICP-OES in side-on view is ~0.05 mg L™1. Starting As sorption solutions
were acidified and refrigerated until analysis, along with triplicate soil blanks to ensure
quality control. All experiments and analyses were conducted in triplicate.

Data generated from sorption isotherms were used to model As sorption characteristics for
each soil sample. Data conformed best to Langmuir models (R2 = 0.99), and the following
equation was used quantify the maximum As sorption capacity (Qmax) for each soil:

_ KLCeqqmax
1= 1+K.C,

In this equation, K|_is the Langmuir constant, Ceq is equilibrium concentration of As
remaining in solution after sorption isotherms, and q is the equilibrium concentration of As
(mg kg~1) that sorbed onto soils. The maximum sorption capacity, 0max, Was derived for
each sample and used as a metric for comparison of As sorption capacities across all tested
soil samples.

2.3. Chemical extractions

Ammonium oxalate/oxalic acid extractions were conducted to target amorphous phases
that served as the host phase for As after sorption incubations. Ammonium oxalate and
oxalic acid extracts target As coprecipitated with amorphous Fe and Al (oxy)hydroxides by
ligand-promoted dissolution (Keon et al., 2001). Extractions were conducted in triplicate on
soils that were dosed with 1,000 mg L™1 of As. Soils used for extractions came from 20-
and 908-ky soils from a 30- and 100-cm depth, as they represented the most contrasting
soils with respect to stage of weathering and arsenic sorption. Soils were air dried after As
isotherms, then 0.4 g of soil and 40 mL of 0.2 M ammonium oxalate and oxalic acid solution
were placed into 50 mL HDPE centrifuge tubes and vortexed before placing on a shaker.
Samples were shaken in the dark on an Orbital Shaker SYC-2102A at room temperature
for 2 h. After the 2-h incubation period, samples were centrifuged at 2,000 rpm for 15 min.
Solutions were then filtered through 1-um Whatman filter paper, acidified, and stored in the
refrigerator. Samples were then diluted 100-fold in 2 % HNO3 and analyzed for As on the
ICP-OES at Oregon State University. All analyses were conducted in triplicate.

Citrate-bicarbonate-dithionite (CBD) extractions were conducted to target crystalline Fe-
(oxy)hydroxides that were associated with As after sorption isotherms (Mehra and Jackson,
1958). Extractions were conducted on 20- and 908-ky soils from 30- and 100-cm depth
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that were dosed with 1,000 mg L1 of As and 0.1 NaCl, as previously described. For each
sample, 0.4 g of dosed soils were placed into 50 mL HDPE centrifuge tubes along with

20 mL of 0.3 M sodium citrate and 2.5 mL of 1 M sodium bicarbonate. Samples were
heated in a hot water bath to 80 °C, then 0.5 g of sodium dithionite were added. Samples
were in the hot water bath for 30 min and shaken intermittently, after which, soils were
removed and centrifuged at 2,000 rpm for 15 min. Solutions were then filtered using 1-pm
Whatman filter paper, preserved with concentrated HNO3, and stored in the refrigerator until
analysis. Samples were diluted 100-fold in 2 % HNO3 and analyzed for As on the ICP-OES
at Oregon State University. All analyses were conducted in triplicate.

2.4. Micro-X-Ray fluorescence imaging

Micro X-ray fluorescence (u-XRF) elemental mapping was conducted on Beamline 2-3

at the Stanford Synchrotron Radiation Lightsource (SSRL) to identify spatial relationships
between As and soil elements. Two soils with contrasting ages and depths were analyzed:

20 ky from a 30-cm-depth and 908 ky from a 100-cm-depth. Soils were dosed with 1,000
mg L™1 of As, dried, and then thin-sectioned at Spectrum Petro-graphics. Thin sections were
mounted onto quartz glass slides using Epotex-301 resin. p-XRF mapping was conducted

in fluorescence mode using a harmonic rejection mirror and a channel-cut Si(l11) mono-
chromator. The beam was 2 pm by 2 um beam size. Elemental maps were created with 7 um
step sizes and 25 ms dwell times at an incident energy of 12 keV. Data were analyzed via
Sam’s Microprobe Analysis Kit (Webb, 2011).

3. Results

3.1. Adsorption model

The sorption of As onto soils of 30- (Fig. 3a) and 100-cm (Fig. 3b) depths as a function

of soil age is presented in Fig. 3. Experimental data conformed to L-curves and were best

fit to a Langmuir sorption models (R2 > 0.99). Parameters derived from Langmuir fits are
presented in Tables 1 and 2. Variability in As sorption was more apparent across the soils
from 30-cm than it was in the 100-cm soils. Langmuir-calculated As sorption maximum
(Gmax) Was lowest in the youngest soil (3.5 ky, 30 cm), with a value of 1,666 mg As kg1

but was greatest in the next-youngest soil examined (20 ky, 30 cm), with a value of 8,475 mg
As kg1 (Table 1, Fig. 4). As soils got older, calculated gax values clustered from 6,622 to
7,143 mg As kg1 in 30-cm samples. Soils at depth (100 cm) had sorption maxima that were
clustered between 5,000-7,900 mg As kg1, with the greatest As sorption observed with the
200 ky sample (Table 2, Fig. 4).

Maximum As sorption capacity per amorphous and crystalline Fe and Al from 30- and
100-cm soils is presented in Fig. 5. Concentrations of Feo, Fed, Alo, and Ald, indicative

of amorphous and crystalline Fe and Al, were provided by Lindeburg et al. (2013) and
summed. Arsenic sorption per Fe and Al-phases in 30- and 100-cm soils decreased with

soil age, from 1,549 to 870 mg kg~L. The highest As sorption per Fe and Al phases was in
20-ky soils from a 100-cm depth and the lowest sorption was in 200-ky soils from a 100-cm
depth. Arsenic sorption per Fe and Al phases decreased more rapidly in soils from a 100-cm
depth than from 30-cm depth, and both soil depths remained relatively consistent in As
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sorption capacities between 200 and 908 ky. Arsenic sorption per Fe and Al was relatively
consistent in soils from 30-cm depth 3.5 to 20 ky and then gradually decreased with soil age.
In 100-cm soils, As sorption per Fe and Al decreased substantially between 20- and 200-ky
soils, and thereafter, As sorption decreased minimally with soil age.

3.2. Arsenic host phases

Chemical extractions revealed that after incubation of 1,000 mg L= As solution, amorphous
materials (ammonium oxalate and oxalic acid extractable) were the dominant host-phases of
sorbed As (Fig. 6). The highest concentration of As extracted was from oxalate extractions
in 20-ky soils from a 30-cm depth (4,842.7 mg kg™1), followed by 20-ky soils from a
100-cm depth (3,781.6 mg kg™1); these soils sorbed 64-69 % of As from solution. Oxalate
extractions of As-doped, 908-ky soils from 30- and 100-cm-depth yielded 1,736.3 mg kg1
and 1,786.5 mg kg~ of As, respectively, indicating that 27-31 % of added As sorbed

to amorphous phases. Citrate-bicarbonate-dithionite extractions, indicative of As sorbed to
crystalline oxide phases, yielded less As than all oxalate extractions, with As extracted
ranging from 215.1 mg kg1 (908 ky, 100-cm-depth) to 724.2 mg kg™ (20 ky, 30-cm depth).

Micro X-ray fluorescence (U-XRF) analyses revealed that As was strongly associated with
Fe in both 20-ky, 30-cm-depth soil and 908-ky, 100-cm-depth soil (Fig. 7). In 20 ky soils,
As was less homogenously associated with Fe and there were more independent zones of As
whereas As sorption in 908 ky soil was more homogenously associated with Fe, reflected by
the slightly higher R? values quantifying spatial correlation between the elements (0.99 for
908-ky soil and 0.91 for 20-ky soil).

4. Discussion

4.1. Progre

ssion of soil weathering

Soil weathering in the OCR chronosequence is dominated by the conversion of primary
minerals into secondary minerals and oxides. The percentage of oxalate-extractable Fe in
soils minimally varies with age and depth (0.32—1.25 % oxalate-extractable Fe); the highest
concentration was in 20 ky soils from a 30-cm depth while the lowest was in 908 ky soils
from a 30-cm depth (Fig. 2). Except for 908 ky soils, all soils had higher concentrations

of oxalate-extractable Fe at a 30-cm depth than at 100-cm depth (Fig. 2). Relatively stable
concentrations of oxalate-extractable Fe that persist in soils throughout pedogenesis are
maintained by a balance between the rates of Fe weathering from primary minerals to
amorphous oxides (oxalate extractable) and the ripening from amorphous to crystalline
Fe-oxide phases (dithionite extractable). Dithionite-extractable Fe concentrations in OCR
soils increase with soil age from ~0.5 to 6 % Fe. Between 200 ky and 908 ky, soils at depth
(100 cm) appear to reach steady-state concentrations of dithionite-extractable Fe, which is
likely limited by primary mineral weathering rates (Fig. 2), although Feo:Fed decreases

(SI Fig. 2). Aluminum varied minimally with pedogenesis and at depth; oxalate-extractable
Al (0.21-1.56 %) and dithionite-extractable Al (0.18-1.37 %) were highest in soils from a
30-cm-depth. Between 3.5 and 20 ky, soils increase in oxalate- and dithionite-extractable Al,
which is likely indicative of the ripening of primary Al-minerals (Fig. 2).
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The development of secondary oxides within the OCR chronosequence is consistent with the
general model of pedogenesis in non-volcanic soils. Oxalate-extractable Fe concentrations
are highest in moderately young soils and slightly decrease with soil age and depth
(McFadden and Hendricks, 1985). Accumulation of dithionite-extractable Fe from 69 to 200
ky in OCR soils is consistent with other chronosequences, where the increasing dithionite-
extractable Fe was observed from 105 to 490 ky and was attributed to the release of

the Fe-containing primary minerals through weathering (Fig. 2) (Lawrence et al., 2015;
Schulz et al., 2010). After the rapid accumulation of dithionite-extractable Fe, steady-state
concentrations are reached due to exhumation of primary Fe-bearing minerals; in OCR
soils, this was observed between 200 and 908 ky, and this has been reported in other
chronosequences between 300 and 600 ky (Fig. 2)(Aniku and Singer, 1990).

4.2. Arsenic sorption as a function of soil age and depth

The rates of weathering and generation of amorphous-secondary minerals ultimately

govern contaminant fate in the subsurface environment. We initially hypothesized that

the preponderance of Fe-oxide minerals present in OCR soils would result in increased

As sorption with soil age and with depth. However, contrary to our hypothesis, we

did not observe a correlation between soil age and As sorption maxima but rather, As
sorption per (oxy)hydroxide Fe and Al (oxalate- and CBD-extractable Fe) decreased
through pedogenesis after 3.5 ky (Fig. 5). Although crystalline Fe- and Al-oxide phases

are well-established sorbents for As (Giménez et al., 2007; Grafe et al., 2001; Ladeira

and Ciminelli, 2004; Mamindy-Pajany et al., 2009; Smedley and Kinniburgh, 2002), oxalate-
extractable phases, indicative of amorphous Fe-oxide and possibly amorphous Al-oxide
phases, disproportionately influenced contaminant sorption in our samples, regardless of soil
age and depth. Comparing samples from different depths, 30-cm soils had a higher affinity
for As sorption than 100-cm soils until 200 ky, after which trends reversed (Fig. 3).

Previous studies that have investigated the influences of weathering on contaminant
reactivity have observed peak sorption maxima at a younger stage of pedogenesis than
what was observed in the OCR soils. In volcanic soils, contaminant sorption is highest at
an earlier stage of pedogenesis (1.2—1.5 ky), while OCR soils reached maximum sorption
in 20 ky soils (Fig. 3) (Lilienfein et al., 2004; Rechberger et al., 2020; Rechberger et

al., 2021). In these studies, soil sorption maxima of Cd and Cu decreased with increased
soil weathering (Rechberger et al., 2020; Rechberger et al., 2021). The delayed maximum
sorption affinities in OCR soils are likely due to differences in volcanic and non-volcanic
parent material weathering rates; poorly crystalline volcanic parent materials weather more
rapidly and generate higher concentrations of amorphous materials that have been linked to
increased contaminant reactivity at early stages of pedogenesis (Buol et al., 2011; Shoji et
al., 1993). Our results highlight the delayed generation of oxalate-extractable minerals in
non-volcanic soils that disproportionately influence contaminant reactivity.

4.3. Factors governing arsenic sorption

Chemical extractions revealed that the dominant host-phase of As was the oxalate-
extractable fraction in all soils, regardless of age or depth (Fig. 6) and u-XRF imaging
revealed a strong spatial correlation between As and Fe (Fig. 7). Arsenic, as arsenate, has
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a high sorption affinity for secondary Fe-minerals and sorbs as an inner-sphere complex
(Smedley and Kinniburgh, 2002; Strawn et al., 2015). Arsenate sorption onto oxalate-
extractable Fe-minerals, such as ferrihydrite, has been thoroughly investigated because of
the mineral’s high surface area and affinity for contaminant sorption (Jain et al., 1999;

Vitre et al., 1991; Waychunas et al., 1996; Wilkie and Hering, 1996). In pure mineral
studies, ferrihydrite can sorb ~3.02 mol of As(V) per kg~ of Fe at pH 4.6 to 5 (Grafe

et al., 2002, 2001; Ladeira and Ciminelli, 2004; Raven et al., 1998) whereas crystalline
phases of Fe, such as goethite, sorb 0.33 mol of As(V) per kg~ Fe (Grafe et al., 2001).
Though As sorbs as inner-sphere complexes in both cases, differences in Fe-oxide surface
area influence sorption capacities, as ferrihydrite’s surface area can range from 100 to 700
m? g~1 whereas goethite and hematite have surface areas ranging from 6 to 115 m2 g1
(Barron et al., 1988; Bigham et al., 2002; Cornell and Schwertmann, 2003; Torrent et al.,
1990). Although p-XRF imaging highlights the strong positive correlation between As and
Fe and chemical extractions revealed a strong dependence on amorphous phases (Fig. 6, Fig.
7), extrapolating measurements from pure systems to experiments with natural materials is
complicated by confounding factors, and in our study, it is probable that aluminum oxides
and organic carbon, among other soil components that wouldn’t be detectable by the u-XRF
techniques employed, may have also contributed to As sorption at given soil properties and
experimental conditions (Manning and Goldberg, 1997; Smedley and Kinniburgh, 2002;
Vitre et al., 1991).

Based on measured concentrations of oxalate- and dithionite-extractable Fe and Al in

the OCR soils, as well as published As sorption capacity values for pure Fe and Al

oxides, we calculated the maximum As sorption we would expect for the OCR soils.

To approximate As(V) sorption onto amorphous Fe- and Al-minerals (oxalate-extractable)
sorption capacities of ferrihydrite or allophane were used, and based on OCR concentrations
of oxalate-extractable Fe and Al, we expect the range of As sorption to be between 0.016
and 0.085 mol of As sorbed to ferrihydrite and allophane per kg1 of soil (Table 3) (Arai et
al., 2005; Raven et al., 1998). These calculated values were well matched to our measured
values of oxalate-extracted As from As-doped soils (Fig. 6), which ranged from 0.02 to

0.06 mol of oxalate-extractable As kg™t OCR soil. In order to estimate As(V) sorption onto
crystalline Fe- and Al-minerals (CBD extractable), goethite and gibbsite’s sorption maxima
were used, and sorption capacities were expected to range from 0.002 to 0.022 mol of As
sorbed to goethite and gibbsite per kg1 of soil (Table 3) (Grafe et al., 2001; Ladeira and
Ciminelli, 2004). Measured citrate-bicarbonate-dithionite-extractable As from OCR soils (20
and 908 ky soils from a 30- and 100-cm depth; Fig. 6) overlapped on the lower end of these
calculated values, ranging from 0.002 to 0.009 mol of CBD-extractable As kg~ OCR soils.

The expected sorption capacity of As(V) onto oxalate- and dithionite-extractable Fe- and
Al-minerals ranged from 0.018 to 0.096 mol of As sorbed to ferrihydrite, allophane,
goethite, and gibbsite per kg1 of soil, while maximum As sorption capacities in OCR
soils, as determined by Langmuir gmax Values from our measured isotherms, ranged from
0.022 — 0.113 mol As per kg~1 of OCR soil (Fig. 8). In general, sorption capacities
observed in OCR soil isotherms were higher than those calculated from pure minerals,
which may be attributed to pedogenic ferrihydrite having a greater capacity for As sorption
than synthesized ferrihydrite, additional phases—such as organic matter—contributing to As
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sorption, and the overall heterogeneity of soils vs. pure mineral systems (Dzombak and
Morel, 1991; Hingston et al., 1971; Pierce and Moore, 1982; Smedley and Kinniburgh,
2002; Vitre et al., 1991). Still, the order-of-magnitude agreement of measured As sorption
maxima with values calculated from As sorption capacities to pure minerals highlights, in
this case, a particularly strong connection between measurements from idealized and field
samples.

In general, measured (Fig. 6) and calculated (Table 3) As sorption onto oxalate-extractable
phases was frequently over 10 times the As sorption to CBD-extractable phases, which
highlights the disproportionate influence of amorphous phases over crystalline phases in
governing contaminant sorption. Moreover, differences in phases controlling As sorption, as
demonstrated by oxalate vs. CBD extractions, demonstrate how stage of pedogenesis, which
creates different quantities and ratios of amorphous and crystalline phases, is a critical driver
of contaminant reactivity.

Amorphous Fe and Al concentrations that ultimately govern contaminant mobility in OCR
soils are maintained by the rates of primary mineral weathering and the proportion that are
transformed towards crystalline-oxide phases (Bigham et al., 2002; Hingston et al., 1971;
Smedley and Kinniburgh, 2013). Crystalline Fe- and Al-oxide minerals sorb contaminants
by an order of magnitude lower than their amorphous precursors. Our findings suggest that
the concentration of amorphous phases, which can be in a roughly steady state balanced by
rates of their production from primary mineral weathering and ripening-driven destruction,
is the key factor controlling contaminant retention, and this value is therefore critical for
assessing contaminant availability and threats to environmental quality within a given soil
system. Future research should be directed towards understanding Fe- and Al-oxide genesis
in varying soil forming conditions and environments that ultimately govern contaminant
reactivity in the subsurface.

5. Conclusion

Soil weathering processes influence the sustainability and quality of soil and water resources
in the environment. In using As removal from solution as a proxy for soil-contaminant
reactivity in soils from a chronosequence in the Oregon Coast Range (3.5 to 908 ky from

a 30- and 100-cm depth) we highlight the strong dependence on short-range-order minerals
that disproportionally govern contaminant fate in our environment. Chemical extractions
and p-XRF spectroscopy revealed the strong dependence on amorphous solid-host phases
and the strong spatial correlation between As and Fe, respectively. Arsenic sorption
capacities are most greatly governed by the concentrations of amorphous (oxy)hydroxide
mineral phases, even when crystalline oxides and oxyhydroxide minerals are abundant.

The concentration of amorphous minerals is balanced by rates of their production from
weathering of primary minerals and rates of loss from ripening to more crystalline phases,
which accumulate through pedogenesis. This knowledge can assist in improving models for
predicting CZ processes that govern the sustainability of soil and water quality, and future
work could aim to understand the influences of different environments on soil weathering, in
order to ultimately determine contaminant fate in the environment.
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Fig. 1.
Location of fluvial chronosequence analyzed along the Siuslaw river in the Siuslaw National

Forest in western Oregon, USA. Soils range in age from 3.5 ky to 908 ky and elevation
varies by 163 m (Almond et al., 2007; Hunter et al., 2023; Lindeburg et al., 2013).
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Fig. 2.

(Left) Percent of dithionite-extractable and oxalate-extractable Fe from 30- and 100-cm
depth in OCR soils. (Right) Percent of dithionite extractable and oxalate extractable Al from
30- and 100-cm depth in OCR soils. Data were obtained from (Lindeburg et al., 2013).
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Experimental data (symbols) and Langmuir models (lines) of As sorption in varying aged
soils from two depths, 30 (3a) and 100 (3b) cm. Soils were incubated in 0-1,000 mg L1
As solution. Experimental data is averaged from triplicate samples and standard error is
calculated from triplicate samples.
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Fig. 4.

Arsenic sorption maxima (gmax) as a function of soil terrace age from 30- (black symbols)
and 100-cm (white symbols) soils. Maximum capacity for As sorption (gmax) Was calculated

using experimental data and the Langmuir model.
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Maximum As sorption per amorphous (Feo and Alo) and crystalline (Fed and Ald) phases in
30- and 100-cm soils from the OCR chronosequence. Concentrations of Feo, Fed, Alo, and

Ald were provided by Lindeburg et al., 2013.
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Concentrations of oxalate- and CBD-extractable As. Extractions were conducted on soils
that were 20- and 908-ky old, from both 30- and 100-cm depths. Soils were dosed with
1,000 mg L~1 As for 48 h prior to extractions. Error bars represent standard error of
experimental triplicates.
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Fig. 7.

Sc?lid phase bicolor elemental maps and correlation plot based on counts of As and Fe
obtained from p-X-ray fluorescence elemental mapping of OCR soils dosed with As. Left:
As-Fe spatial correlation plots; grey diamonds represent 20-ky soils from 30-cm-depth
and black circles represent 908-ky soils from 100-cm-depth. Right: As and Fe elemental
distribution maps; 20-ky (top) and 908-ky (bottom) soils, with red and blue coloration
representing As and Fe counts, respectively.
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Actual and calculated As sorption onto OCR soils from 30- (black symbols) and 100-cm
(white symbols) depths. Actual As sorption capacities (circles) are derived from sorption
isotherm data and is also presented in Fig. 3. Calculated As sorption capacities (triangles)
were calculated using literature As (V) sorption values for ferrihydrite, allophane, goethite,
and gibbsite and are based on concentration of Feo, Alo, Fed, and Ald that was presented in
Lindeburg et al., 2013.
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Langmuir model parameters calculated from As sorption isotherms for 30-cm-depth soils. qmax represents the

maximum sorption capacity and K, is the Langmuir constant.

Terrace Age (Ky) Omax (Mg kg™)  Kp R?

35 1666.66 0.0078 0.998
20 8474.58 0.0098 0.995
69 6622.52 0.0113 0.999
140 6944.44 0.0073  0.999
200 7142.86 0.0109 0.995
908 6666.67 0.0080 0.995
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Langmuir model parameters calculated from As sorption isotherms for 100-cm-depth soils. gmax represents the

maximum sorption capacity and K, is the Langmuir constant.

Terrace Age (Ky) Omax (Mg kg™)  Kp R?

20 6756.76 0.0116 0.994
69 6250.00 0.0171 0.998
140 6666.67 0.0228 0.997
200 7936.51 0.0378 0.993
908 6944.44 0.0226  0.997
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