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Abstract

Purpose Iron (Fe) oxyhydroxides and their degree of ordering or crystallinity strongly impact the role that Fe plays in ecosystem
function. Lower crystallinity phases are generally found to be more reactive than higher crystallinity phases as sorbents for
organic matter and chemical compounds, as electron acceptors for organic matter mineralization or as electron donors for dysoxic
respiration. We investigated Fe solid phase speciation as a function of soil depth in a redoximorphic upland soil profile.
Materials and methods We examined a redoximorphic upland soil profile, which displayed alternating Fe-enriched and Fe-
depleted zones of the Bt horizons with platy structure from 56 to 183 cm depth at the Calhoun Critical Zone Observatory in South
Carolina, USA. Redoximorphic Fe depletion and enrichment zones were sampled to enable a detailed investigation of Fe
mineralogy during redox transformations. All samples were characterized by total elemental analysis, X-ray diffraction, and
>7Fe Mossbauer spectroscopy.

Results and discussion Total Fe in the Fe-enriched and Fe-depleted zones was 26.3 — 61.2 and 15.0 — 22.7 mg kg ' soil,
respectively, suggesting periodic redox cycling drives Fe redistribution within the upland soil profile. The Mdssbauer data clearly
indicated goethite (56 — 74% of total Fe) and hematite (7 — 31% of total Fe) in the Fe-enriched zones, with the proportion of
hematite increasing with depth at the expense of goethite. In addition, the overall crystallinity of Fe phases increased with depth in
the Fe-enriched zones. In contrast to Fe-enriched zones, Fe-depleted zones contained no hematite and substantially less goethite
(and of a lower crystallinity) but more aluminosilicates-Fe(Il) (e.g., hydroxy-interlayered vermiculite, biotite, kaolinite) with
XRD and Mossbauer data suggesting a shift from oxidized biotite-Fe(III) at depth to hydroxy-interlayered vermiculite plus low-
crystallinity goethite in the Fe-depleted zones in the upper Bt.

Conclusions Our data suggest the varied crystalline states of hematite and goethite may be important for Fe reduction over long-
term time scales. The persistence of low-crystallinity Fe phases in Fe depletion zones suggests that both dissolution and re-
precipitation events occur in the Fe-depleted layers. These variations in Fe phase abundance and crystallinity within similar
redoximorphic features suggest that Fe likely shifts ecosystem roles as a function of soil depth and likely has more rapid Fe
cycling in the upper Bt horizons in upland soils, while serving as a weathering engine at depth.
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1 Introduction

Iron (Fe) oxidation and reduction are driven by both bi-
otic and abiotic processes and are closely linked to the
biogeochemical cycling of carbon (C), phosphorus (P),
nitrogen (N), and many other chemical elements. In
redox-dynamic systems, Fe redox cycling regulates the
mobility and bioavailability of nutrients and contaminants
(Hassellov and von der Kammer 2008; Borch et al. 2010;
Li et al. 2012). Fe also plays an important role in organic
matter (OM) preservation and mineralization (Roden and
Wetzel 1996; Dubinsky et al. 2010; Taylor and Konhauser
2011; Lalonde et al. 2012; Chen et al. 2014). The impor-
tance of Fe redox cycling and its relationship to other
element cycles has received its greatest attention in aquat-
ic sediments and wetland soils (Lovley 1995; Thamdrup
2000; Weber et al. 2006; Cheng et al. 2010). However, Fe
redox cycling can also affect OM decomposition, nutrient
dynamics, and mineral weathering in relatively well-
drained, upland soils (Peretyazhko and Sposito 2005;
Richter et al. 2007; Fimmen et al. 2008; Dubinsky et al.
2010; Yang and Liptzin 2015; Hall et al. 2016b). Multiple
Fe phases can be present in soils including Fe-
aluminosilicates and a variety of Fe(Ill) (oxyhydr)oxides
(hereafter termed as Fe(IIl) oxides) ranging from short-
range-ordered (SRO) ferrihydrite or nano-crystalline goe-
thite phases to well-crystalline minerals such as goethite
and hematite (Cornell and Schwertmann 2003). Any giv-
en Fe(Ill) oxide phase can exhibit a range of crystallinity
(Cornell and Schwertmann 2003; Thompson et al. 2006b,
2011; Vogelsang et al. 2016; Chen et al. 2017), which
correlates with the mineral’s particle size and surface area,
the degree of OM or foreign ion associated with mineral
(e.g., isomorphous substitution, AI** for Fe’*), and the
solubility of the phase. Such variations result in various
reactivities of Fe(IIl) oxides (Postma 1993; Roden and
Zachara 1996; Bonneville et al. 2009) and thus govern
their influence on ecosystem biogeochemistry.

The chemical reactions and trajectories of Fe mineral dif-
ferentiation depend on environmental redox conditions.
Under anoxic to dysoxic conditions, even well-ordered
Fe(IIl) oxide crystals are subjected to reductive dissolution
(Bonneville et al. 2004, 2009). This process results in the
formation of mobile Fe(Il) (sometimes chealated by
sideriphores) in soil solution, which is transported within soils
by both lateral and vertical diffusion. Fe(Il) is rapidly oxidized
and re-precipitated as Fe(IlI) oxides following contact with O,
or to a much lesser extent other electron acceptors such as
NO;~, SO,*", and Mn(III). This re-precipitation, which de-
pends on the temporal and spatial variability of soil moisture
regimes and C availability, results in the formation of relative-
ly “Fe-depleted” and “Fe-enriched” microsites with distinct
redoximorphic features (Cornell and Schwertmann 2003;
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Wiederhold et al. 2007; Fimmen et al. 2008; Mansfeldt et al.
2012). Redoximorphic soils are often influenced by strong
redox fluctuations, which induce periodic dissolution and re-
formation of Fe oxides. The mineral composition of soils sub-
jected to alternating oxic and anoxic conditions has been in-
vestigated using a variety of techniques and found to be
strongly influenced by the broader physiochemical properties
(e.g., pH, Fe(Il) concentrations, solution Al, Si or OM com-
position, bulk soil mineral composition, etc.) (Thompson et al.
2006b; Wiederhold et al. 2007; Fimmen et al. 2008;
Thompson et al. 2011; Mansfeldt et al. 2012; Noél et al.
2014; Schulz et al. 2016; Vogelsang et al. 2016; Chen et al.
2017). SRO Fe minerals are often formed during oxidative
precipitation at the oxic/anoxic interface in wetlands or when
paddy surface soils are drained, likely because of the high OM
content (Thompson et al. 2011; Ko6lbl et al. 2014; Vogelsang et
al. 2016; Chen et al. 2017; Winkler et al. 2018). Conversely,
Fe phases formed in the subsoil are typically more crystalline,
likely due to the longer persistence of dissolved Fe(II) and its
promotion of Fe(Il)-catalyzed Ostwald ripening (Zhang et al.
2003; Thompson et al. 2006b; Cheng et al. 2009; Mansfeldt et
al. 2012; Vogelsang et al. 2016).

Iron reduction and oxidation also appear to be relatively com-
monplace in many upland soils as evidenced by redoximorphic
mottling (Veneman et al. 1998; Jacobs et al. 2002; Richter et al.
2007; Fimmen et al. 2008; Lindbo et al. 2010; Schulz et al.
2016). Several studies have documented Fe reduction in subsoils
using morphological observations and geochemical analysis
(Fimmen et al. 2008; Schulz et al. 2016). The combination of
periodically perched water and/or root C inputs to clay-rich
subsurface horizons appeared to promote Fe reduction and ox-
idation and generates prominent visual redoximorphic features
indicative of Fe redox cycling that are strongly depth-dependent.
Fe-depleted zones in upland soils have been found to be
enriched in heavy Fe isotopes, whereas Fe-enriched zones ex-
hibited enrichments of light Fe isotopes suggest that Fe-enriched
microsites accumulate the light Fe preferentially mobilized from
Fe-depleted microsites by reductive dissolution (Wiederhold et
al. 2007; Mansfeldt et al. 2012; Bacon 2014; Schulz et al. 2016).
Despite these observations, the impact of Fe reduction and ox-
idation on Fe mineralogy in upland redoximorphic soil is still
not well explored (Fimmen et al. 2008; Schulz et al. 2016). Such
knowledge is needed to understand the influence of the pedo-
genic redistribution process of Fe on the C dynamics and nutri-
ent cycling in the terrestrial ecosystems.

Our objective is to use Mdssbauer spectroscopy and X-ray
diffraction to investigate Fe speciation and mineral composi-
tion as a function of soil depth along an upland soil profile,
which displayed visible redoximorphic features. Separation of
Fe-depleted zones (grayed stripes) and Fe-enriched zones
(reddish stripes) during sampling (Fig. 1) enabled a detailed
investigation of small-scale variations during redox transfor-
mations (Bacon 2014).



J Soils Sediments (2019) 19:785-797

787

Fig. 1 a The sampled soil profile (a)
(0 to > 240 cm) at the Calhoun
Critical Zone observatory
(adapted from Fimmen et al.
2008). This soil profile has depth-
dependent horizons that contrast
in texture, mineralogy, structure,
and biogeochemical process. b
The subsurface horizons (e.g.,
130 — 150 cm) displayed promi-
nent visual redoximorphic fea-
tures with distinct Fe-depleted
zones (greyed stripes) and Fe-
enriched zones (reddish stripes)

2 Materials and methods
2.1 Site descriptions and field sampling

The upland soil was excavated with a backhoe (>2 m) in a
granite-gneiss-derived Ultisol in the Calhoun Critical Zone
observatory (CZO), Union County, SC, USA. The soil is of
the Cataula series, derived directly from the underlying
granite-gneiss bedrock, and has well-developed horizons in-
cluding coarse-textured A and E horizons, acidic Bt horizons
with prominent redoximorphic features and deep saprolite C
horizons (Fimmen et al. 2008; Fig. 1). The soil and underlying
weathering profile is ancient, estimated to have a residence
time of >2 million years (Bacon et al. 2012) and resides on

M. Hofmockel, photographer

a geomorphically stable interfluve with <5% slope). The
groundwater table fluctuates seasonally but is generally >
5 m depth, in what is now a subtropical-temperate climate.
However, during winter and occasional summer rain events,
the soil become epi-saturated above and within Bt horizons
due to permeabilities that have saturated hydraulic conductiv-
ity (K measured at <0.1 cm h™" from 100 to 200 cm depth
(Table A1, Electronic Supplementary Material). The vegeta-
tion is dominated by loblolly pine (Pinus taeda L.) planted in
1975, after cotton cultivation for over a century (Richter et al.
2000). The soils are well studied in physical, biological, and
chemical properties and in their dynamics of biogeochemical
change at time scales of years to decades (e.g., Richter et al.
1994; Markewitz et al. 1998; Markewitz and Richter 2000;
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Richter and Markewitz 2001; Richter et al. 2007; Li et al.
2008; Mobley et al. 2015). None of these previous studies
have examined Fe mineralogy in its detail.

Depth-integrated, whole-horizon samples were taken from
the A (0 — 15 cm) and E (15 — 45 cm) horizons, as no specific
Fe-depleted and Fe-enriched zones could be identified be-
cause the whole soil matrix at these depths was depleted in
Fe. The Bt horizon exhibited distinct redoximorphic features
and was thus chosen for collecting the separate samples of the
Fe-enriched and depleted zones. At Bt horizon, the depth-
integrated samples of Fe-depleted and Fe-enriched samples
were taken at 56 — 81, 81 — 107, 107 — 132, 132 — 158, and
158 — 183 cm. Fine roots and OM fragments were removed
from the samples. Soil samples were air-dried and sieved with
a 2-mm screen prior to analyses.

2.2 Total element and XRD analysis

The total soil elemental concentrations were measured by in-
duction coupled plasma mass spectrometry (ICP-MS) follow-
ing Li-metaborate fusion (Hossner et al. 1996) (Acme Labs,
Vancouver, BC Canada). Loss and gain of Fe, Si, and Al were
calculated using a simplified version of the open-chemical-
system transport function (Chadwick et al. 1990), which ig-
nores physical collapse and dilation of the soil column. The
mass fraction of elements lost (or gained) from a soil horizon
relative to the original elemental mass present in the parent
material is calculated from the equation (Kurtz et al. 2000):

me C[.w
mw — : - -1 1
= (Cmﬁp . Ci,p) ( )

where C is the concentration of an element (subscript m) in
grams per kilogram, the subscript w refers to the weathered
material, the subscript p refers to the parent material, and
subscript i refers to the least mobile element. For the Gneiss
parent material that underlies the Calhoun forest, we selected
Ti as the least mobile element after comparing the relative
abundance of Nb, Ti, and Zr. Fresh parent rocks were retrieved
from the area near the Hansen Aggregate quarry located in
Clinton, SC and the average of three used as the parent mate-
rial for all horizons. Negative values of 7, ,, indicate loss of an
element from that soil horizon, while positive values indicate
enrichment.

Samples were analyzed for mineralogy by X-ray diffrac-
tion (XRD) using a Bruker D8 Advanced diffractometer. All
samples were prepared by firmly pressing ground powder
materials in the slides for bulk powder mounting (Moore
and Reynolds 1997) and analyzed from 2° to 70° 26 at a rate
0f 0.02° 20 per second using CoK« radiation with an FeKf3
filter. All data analysis was conducted in the EVA software
package (Bruker).
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2.3 *’Fe Méssbauer spectroscopy
2.3.1 Mdssbauer data collection

The Fe mineral composition of soils was assessed using >'Fe
Mossbauer spectroscopy collected at room temperature (RT,
295K), 77 and 5 K. The 57Fe Mossbauer spectra were record-
ed in transmission mode with a variable-temperature He-
cooled cryostat (Janis Research Co.) and a 1024 channel de-
tector. A °’Co source (~ 50 mCi) embedded in an Rh matrix
was used at room temperature. The velocity (i.e., y-ray ener-
gy) was calibrated using «-Fe foil at 295 K, and all center
shifts (CSs) and peak positions are reported with respect to
this standard. The Mdssbauer data for the bulk samples at A
(0—15 cm) and E (15-45 cm) was not successfully collected
due to very low Fe concentrations.

2.3.2 Mossbauer spectral analysis approach

Massbauer spectral fitting was performed using the Voigt-
based fitting method of Rancourt and Ping (1991) as imple-
mented in the Recoil™ software. All fitting parameters are
given in the Electronic Supplementary Material (Tables A2
to A6). The relative abundance of each Fe site population
(e.g., mineral phase) was extracted from the spectral fitting
as a fraction of the total Fe spectral area. All errors in
Mossbauer fitting parameters are two-standard deviation
(20) errors, as calculated by Recoil™. Quantifying Fe phase
abundance in this manner assumes equal Mdssbauer recoilless
fractions of all detected phases; this assumption is expected to
be valid at cryogenic temperatures and also to be a good ap-
proximation at least up to 295 K with dry samples (Lalonde et
al. 1998; Rancourt 1998).

In Mossbauer spectra, each spectral component corre-
sponds to one Fe-bearing solid phase or to a group of unre-
solved Fe-bearing solid phases. These components take the
form of a doublet, sextet, octet (none resolved here), or a
collapsed sextet—indicating a solid phase near its magnetic
ordering temperature (7y). Solid phases well above (doublet)
or below (sextet) their Ty will not exhibit any vertical (i.e.,
count axis) distance between the peak troughs and the base-
line. When Fe solid phases are near their Ty, they exhibit an
intermediate shape between a doublet and full sextet, which
fills the area between the upper baseline and the inverse
troughs of the peaks. We approximate this by using a separate
collapsed sextet component (i.e., a sextet with exceedingly
large line widths and Bp¢=0 T).

Fe(IID) oxides of lower crystallinity require lower measure-
ment temperatures to magnetically order (and hence form a
sextet) than Fe(IlI) oxides of higher crystallinity. The ordering
temperature of Fe(IIl) oxides can be decreased by
coprecipitation with OM (Schwertmann et al. 2005;
Eusterhues et al. 2008; Mikutta et al. 2008; Chen et al.
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2015), by small particle size, as well as by substitution of Fe
by Siand Al (Murad and Schwertmann 1983; Schwertmann et
al. 2004; Thompson et al. 2011). The area of Fe(Ill) sextet
increases as the measurement temperature decreases since
Fe(IIl) oxide phases of lower crystallinity—still represented
by a doublet at a higher measurement temperature—are added
to the respective sextet at the lower measurement temperature.
The proportions of magnetically ordered Fe(Ill) oxide were
quantified by the area of the respective Fe(Ill) oxide sextet
measured at a certain temperature. Fe(Ill) oxide that have
not yet ordered at a specific measurement temperature appears
as either a collapsed feature or as part of the Fe(IlI) doublet in
the Mossbauer spectrum. In the 5 K spectra, if we assume all
the Fe(Ill) oxides have magnetically ordered, we can refine
the Fe(Ill) quadrupole doublet to correspond to Fe(Ill) com-
plexed with OM or in aluminosilicates. However, since total C
concentrations in these samples are low (<0.3%), OM-
complexed Fe(IIl) is unlikely. Therefore, we attributed the
Fe(III) central doublet at 5 K to Fe(IIl) in the aluminosilicates.
The Fe(Ill) sextets (goethite-like and hematite-like) would
represent phases with clear distinctive similarity to goethite
and hematite, whereas the most disordered Fe oxide phases
would be represented by the partially collapsed Fe(III)

(@) (b)

“sextet” having their superparamagnetic blocking tempera-
tures near 5 K. No ferrous doublet was detected for any of
the samples. We calculated the abundance of each Fe-bearing
phase from the spectral area of each respective component in
the 5 K spectra.

3 Results and discussion

We take advantage of the unique repeating horizontal se-
quence of enriched iron layers (Tyger stripes) to discern the
influence of soil depth on the crystallinity and speciation of Fe
minerals (Fig. 1).

3.1 Depth distribution of soil Fe speciation
in Fe-enriched zones of the Bt horizons

Collection of Mdssbauer spectra at RT (295 K), 77 K, and 5 K
allows us to characterize the crystallinity-continuum of the
Fe(Ill)-oxide solid phases in the samples (Figs. 2 and 3, Al,
and A2). The more crystalline portions of Fe(IIl) oxides are
magnetically ordered at higher temperatures (and hence form
a sextet) than Fe(Ill) oxides of lower crystallinity. The

g &
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Fit

Aluminosilicate-Fe"+paramagnetic Fe"'oxides
Goethite and Hematite

Fe"" oxides (T, < RT)

Data

Fit
Aluminosilicate-Fe
Goethite

Hematite

Fe"" oxides (T, < 77 K)
Data

"+paramagnetic Fe"oxides

Fit
Aluminosilicate-Fe
Goethite

Hematite

Most disordered Fe" oxides
Data

10 -10 -5 0
Velocity (mmy/s)

-10 -5 0 5
Velocity (mm/s)

Fig. 2 Fitted Mossbauer spectra of Fe-enriched samples at room temperature (RT), 77 K, and 5 K at soil depth of a 56 — 81 cm and b 132 — 158 cm,
respectively. The spectral fitting parameters are shown in the Appendix Tables A2-A4
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Fig. 3 Fitted Mossbauer spectra of Fe-depleted samples at room-temperature (RT), 77 K, and 5 K at soil depth of a 56 — 81 cm and b 132 — 158 cm,
respectively. The spectral fitting parameters are shown in the Appendix Tables A5—-A7

Massbauer spectra of Fe-enriched soils at RT (295 K) were
dominated by a Fe(IlT) doublet with a small sextet (Figs. 2 and
Al, Electronic Supplementary Material). At RT, we can re-
solve only one sextet with parameters intermediate of hematite
and goethite (Table A2, Electronic Supplementary Material),
which is indicative of the presence of well-crystalline hematite
and goethite (Murad and Cashion 2004; Thompson et al.
2011; Chen et al. 2017). With increasing soil depth, i.e., be-
tween 56 and 132 cm, we observed a general increase in
Massbauer spectral area of the RT-sextet relative to the central
Fe(IIl) doublet for the Fe-enriched samples (Figs. 2 and Al
and Table A2, Electronic Supplementary Material), indicating
that the well-crystalline large hematite and goethite is more
abundant deeper in the profile.

Cooling the samples to 77 K generated increased sextet
area with two distinct components relative to the doublet
(Figs. 2 and Al, Electronic Supplementary Material). We
were able to clearly identify goethite and hematite with sim-
ilarly negative quadruple splitting (QS) value (-0.10 mm/s for
goethite and -0.13 mm/s for hematite) and distinctive hyper-
fine field strength (Byp) of 44.5 — 46.6 and 52.4 — 529 T at
77 K, respectively (Table A3, Electronic Supplementary
Material). At 5 K, the relative spectral area of the hematite
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(QS=~-0.1 mm/s; Bpy=~53 T) remained the same as at
77 K, and the goethite component (QS =~-0.12 mm/s;
Bns=~49 T) has only slightly higher spectral area relative to
77 K spectra (3 — 10% difference) (Tables A3 and A4,
Electronic Supplementary Material). This indicates all he-
matite and most goethite are magnetically ordered at
77 K or above. Fe(Ill) oxide phases that are blocked or
near their blocking temperature at 5 K, which were
modeled as a collapsed sextet, likely representing the most
disordered Fe(Ill) oxide phases such as ferrihydrite or
nanogoethite (Murad and Cashion 2004; Thompson et al.
2011; Chen et al. 2017). Fe(IIl) atoms in aluminosilicates
are too distant from each other to order magnetically and
thus produce a doublet at 5 K (Murad and Cashion 2004;
Schwertmann et al. 2005; Thompson et al. 2011; Chen et
al. 2017). Hence, when all Fe(III) oxides have ordered into
a (collapsed) sextet at 5 K, the remaining doublet repre-
sents Fe(IIl) in aluminosilicates. In the Fe-enriched sam-
ples, the 5 K-doublet is a minor component of the spectra.
In Fe-enriched zones, >90% of total Fe was hosted by
Fe(Ill) oxides such as goethite (56 — 74%) with a much
lower contribution of hematite (7 — 31%) and the most
disordered Fe(IIl) oxides (Tx <5 K) (8 — 14%) (Fig. 4).
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Fig. 4 Fe fraction (% of total Fe)
and concentration (g kg ' soil)

(@)

Fraction of total Fe (%)

Fe concentration (g kg 'soil)

from Mdssbauer spectroscopy 0 20 40 60 0 10 20 30 40
along the depth gradient in the a 0 ' ' ' ' ' ' '
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zones, respectively. The fraction 304 7 Hematite i
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o
[
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The ratio of magnetically ordered hematite and goethite
measured at RT to those measured at 5 K increased with
soil depth and reached maxima at depth of ~ 120 cm for Fe-
enriched zones (Fig. 5); if we consider this ratio between
sextets at 77 and 5 K, Fe-enriched samples below ~90 cm
have a higher crystallinity ratio (77 K/5 K) than the soils
near the top of the Bt. Taken together, this indicates that
Fe(III) oxides in the Fe-enrichment zones closer to the top
of the Bt horizon tend to have a lower crystallinity or
smaller particle size, relative to Fe phases in the deeper
soil profile. Although these subsoils have low C content
(<0.3%), total C concentration closer to the top of the Bt
horizon is slightly higher than that deeper in the soil profile
(Fig. A3, Electronic Supplementary Material). In addition,
soils near the top of the Bt have a much higher Si concen-
trations than deeper soils (Fig. 6). Previous studies have
demonstrated that Si substituted in ferrihydrite structure or
sorbed OM on ferrihydrite can result in a decrease in

ferrihydrite particle size and crystallinity (Eusterhues et
al. 2008; Mikutta et al. 2008; Dyer et al. 2012; Cismasu
et al. 2014; Chen et al. 2015) and also prevent ferrihydrite
transformation to more crystalline, thermodynamically sta-
ble forms (Schwertmann and Thalmann 1976; Mayer and
Jarrell 1996; Jones et al. 2009; Chen et al. 2015). Goethite
and hematite are considered thermodynamically more sta-
ble phases than ferrihydrite (Cornell and Schwertmann
2003). But it may be that like ferrihydrite, interactions
between Si or OM and Fe retard the Ostwald ripening pro-
cesses of goethite and hematite by blocking dissolution
sites on the goethite and hematite or hindering the nucle-
ation of more crystalline mineral phases (Schwertmann and
Thalmann 1976; Schwertmann and Cornell 1991).
Therefore, at a deeper depth, lower OM or Si concentra-
tions may facilitate the formation of well-crystalline
hematite and goethite during the Fe redox cycling likely
in these soils. Thompson et al. (2011) observed the
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0.2 04 0.6 0.8 1.0
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Fig. 5 Ratio of magnetically ordered Fe(Ill) oxides at room temperature
(RT) and 77 K to Fe(Ill) oxides ordered at 5 K in the Fe-enriched and
depleted zones, based on Mdssbauer spectroscopy analysis for all soils
studied. The abundance of the magnetically ordered Fe(IIl) oxides was
derived from the spectral area of the sextet components in RT, 77 K, and
5 K spectra, respectively

accumulation of less-crystalline nanogoethite in soils with
climates having relatively high rainfall and attributed this
to the high concentration of OM in surface soils and Si or
Ti in subsoils.

Iron reduction rates often scale with the crystallinity of
Fe oxide phases, with less-crystalline oxides more avail-
able for microbial reduction (Roden and Zachara 1996;
Roden and Wetzel 2002; Bonneville et al. 2009). Our data
provided evidence that Fe(Ill) availability may decline
with depth, potentially constraining Fe reduction. This
supports a recent study, which showed that Fe reduction
declined by two orders of magnitude below 1 m in an
upland tropical soil likely due to the limited C availability,
even though soil O, was lower at depth (Hall et al. 2016a).

Total Fe concentration

Total Al concentration

Thus, we propose that Fe redox cycling and associated C
and nutrient dynamics (Peretyazhko and Sposito 2005;
Dubinsky et al. 2010; Buettner et al. 2014; Hall et al.
2016a, b) are likely more rapid near the top of the Bt than
at depth and likely serves different roles in Critical Zone
function. Clearly, the Fe-depleted and Fe-enriched zones at
depth are direct evidence of Fe cycling, but their higher
crystallinity (relative to the top of the Bt) suggests a dif-
ferent timescale of Fe redox cycling or suggest other pro-
cesses—for instance Fe**-promoted re-crystallization—
function to a greater degree at depth than near the surface.

3.2 Formation of goethite versus hematite
during pedogenesis

We observed a proportional increase in hematite f_re, coin-
cident with a proportional decrease in goethite f;or, With in-
creasing soil depth, while fi,.r. assigned to the aluminosili-
cate-Fe(IIl) and the most disordered Fe(IIl) oxides (7 < 5 K)
remained relatively uniform along the vertical soil profile
(Fig. 4a). Due to a distinct enrichment peak in total Fe at a
depth of ~ 150 cm (Fig. 6), the Fe concentration of all four Fe-
bearing group assignments displayed maxima at this depth (~
150 cm) (Fig. 4a). Because weathering of aluminosilicate min-
erals has probably produced goethite plus some hematite, the
increasing percentage of hematite concomitant with a decrease
in goethite along the vertical profile suggests potential pedo-
genic transformation of goethite to hematite. Hematite very
rarely occurs as the sole oxide in a soil, but it is often associ-
ated with goethite (Cornell and Schwertmann 2003). The di-
rect (solid-state) transformation of goethite to hematite at typ-
ical soil temperature and water activity may be
thermodymically favorable in certain circumstances, but it is
kinetically inhibited (Langmuir 1971; Yapp 1983; Trolard and
Tardy 1987) and it is not known to occur in natural
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Fig. 6 Depth profiles of total Fe, Al, and Si concentrations and the Al/Si molar ratio in Fe-enriched and Fe-depleted zones in the subsurface and the bulk

samples in the surface
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environments. However, hematite can form under soil condi-
tions from a ferrihydrite precursor (Bao and Koch 1999).
Important factors influencing the relative proportions of he-
matite and goethite are temperature, moisture content, OM
content, and other ions in solution (Schwertmann and Taylor
1989; Schwertmann 1985; Cornell and Schwertmann 2003).
In this upland profile, soil saturated hydraulic conductivity
(Kgqap) largely dropped from ~2.6 cm h™" at the near-surface
E horizon to ~0.5 cm h™! in the upper Bt horizon (~80 cm)
and ~0.03 at 105 cm (Table Al, Electronic Supplementary
Material). It is likely that water ponds above ~105 cm and
thus soils in deeper horizon might be relative drier. Low mois-
ture content may favor the dehydration of ferrihydrite to he-
matite (Torrent et al. 1982; Zhang et al. 1998), compared to
transformation of ferrihydrite to goethite formation via
Ostwald ripening. In addition, slightly lower OM content in
deeper profile relative to the top Bt (Fig. A3) may also facil-
itate hematite formation rather than goethite formation
(KAmpf and Schwertmann 1983).

A similar pattern of alternative Fe-enriched and Fe-
depleted layers generated from the dissolution of reduced Fe
forms (e.g., sulfides) has been documented to occur at depths
of 100s of meters below the surface in large-scale kaolinite
deposits local to the southeastern USA (Schroeder 2018;
Schroeder et al. 1997, 2004). Phase characterization of the
Ti- and Fe-bearing phases in these kaolinite-rich rocks re-
vealed the transition from reduced Fe(Il) clays, to Fe-
enriched clays, to Fe-depleted clays, with the Fe-enriched
clays dominated by hematite (although SRO nanogoethite or
ferrihydrite would not have been detectable by XRD). This
layering is often termed liesegang banding and observed in
many different weathered rock types (Merino 1984). The pat-
terns of Fe-enriched and Fe-depleted layers observed in the Bt
horizons of the Calhoun CZO may in part reflect inherited
distribution of Fe in the form of amphibole-rich foliations,
which are then subsequently redistributed via redox cycling.

3.3 Depth distribution of soil Fe speciation
in Fe-depleted zones in the Bt horizons

In the Fe-depleted zones, the only feature in the RT
Mossbauer spectra was a paramagnetic doublet (Figs. 3 and
A2, Electronic Supplementary Material), indicating a com-
plete loss of well-crystalline large-size hematite and goethite.
However, at 77 K, a considerable sextet structure was formed,
with derived Mssbauer parameters (QS =-0.09 to -0.13 mm/
s; Bhr=43 — 45 T) (Table A6, Electronic Supplementary
Material) consistent with goethite (no hematite sextet was
detected, Figs. 3 and A2, Electronic Supplementary
Material). As temperature decreased from 77 to 5 K, the rela-
tive area of the goethite sextet (QS=-0.11 to -0.13 mm/s;
Bnr=48.6-49.8 T) increased from 32 to 49% to 50 — 75%
with a concurrent decrease in the central Fe(III) doublet area

(Figs. 3 and A2 and Tables A6 and A7, Electronic
Supplementary Material), thus providing evidence that a con-
siderable fraction of low-crystallinity nanogoethite (< 8 nm) is
present in these samples, because this phase exists as doublets
at 77 K but as sextets at 5 K (Janot et al. 1973). In the Fe-
depleted zones, 50 — 75% of the total Fe is contained in this
low-crystallinity goethite, whereas aluminosilicate-Fe(III) and
the most disordered Fe(I1I) oxides (7 < 5 K) accounted for 7
—28and 18 —23% of total Fe, respectively (Fig. 4b). The ratio
of magnetically ordered goethite measured at 77 K to that
measured at 5 K showed little variation with soil depth
(Fig. 5). Therefore, unlike the Fe-enriched zones, the crystal-
linity of goethite is less affected by soil depth in Fe-depleted
zones. With depth, the proportion and concentration of the
most disordered Fe(Ill) oxides (Ty< 5 K) did not exhibit a
significant trend (Fig. 4b). However, both the percentage
and concentration of aluminosilicate-Fe(IIl) increased with
soil depth, concurrent with a decrease in the proportion and
concentration of goethite (Fig. 4b). The deeper Bt horizons
were enriched in aluminosilicate-Fe(IlI), with corresponding
depletion of low-crystalline goethite. We observed similar
fitting parameters of the aluminosilicate-Fe(III) doublet for
all the samples. The aluminosilicate-Fe(II) doublet at 5 K
has a CS value of 0.44-0.48 mm/s and a QS value of 0.54 —
0.60 mm/s (Tables A4 and A7, Electronic Supplementary
Material), typical of octahedral Fe(IIl) substituted in alumino-
silicates (Dyar et al. 1987; Murad and Cashion 2004).
Mossbauer parameters of the aluminosilicate-Fe(IIl) in this
study are similar to that reported for subsurface sediments
containing illite/muscovite/vermiculite (Kukkadapu et al.
2006), the kaolinite/halloysite-rich subsurface soils
(Thompson et al. 2011), and vermiculite/illite/kaolinite-bear-
ing wetland soils (Chen et al. 2017). XRD displayed the dom-
inance of kaolinite with less presence of hydroxyl-interlayered
vermiculite- and biotite-like aluminosilicates in these soils
(Figs. A4 and A5, Electronic Supplementary Material). The
Fe(III) could substitute in any of these aluminosilicate phases
and all exhibit similar Mssbauer parameters (Greenwood and
Gibb 1971; Fysh et al. 1983), consistent with our observa-
tions. In the Fe-depleted zones, total Si concentration gener-
ally decreased with soil depth; however, total Al increased
with depth (although both remained a net loss relative to par-
ent rock, see Fig. A6, Electronic Supplementary Material),
leading to an increasing Al/Si ratio with soil depth (Fig. 6).
Increasing Al/Si ratios are due to the pedological processes of
lessivage (Quénard et al. 2011), which results in a substantial
vertical transfer of fine particles with mainly aluminosilicates
from A and eluvial E horizons to an illuvial Bt horizon.
Consequently, lessivage caused strong enrichment of quartz
in the near-surface A and E horizons. XRD showed relatively
more secondary aluminosilicate clay minerals including kao-
linite and biotite in the deeper soil profile (Fig. A4, Electronic
Supplementary Material), which may contribute to the
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enrichment of aluminosilicate-Fe(Ill) in the deeper soil pro-
file. In addition, we do see strong evidence of the depth-
dependent weathering of biotite to vermiculite in these soils
(see Section 4 of the Appendix and Figs. A4 and AS) with
oxidized biotite present at the deepest Bt horizons being re-
placed by vermiculite in the Fe-depleted Bt horizons near the
top of the Bt.

3.4 Differences in Fe speciation between Fe-enriched
and depleted zones of the Bt horizons

There was significantly more Fe in the enriched Bt horizons
than in the depleted zones (26.3 —61.2 and 15.0 — 22.7 mg Fe
kg ! soil in Fe-enriched and Fe-depleted zones, respectively,
Fig. 6). Many have proposed that differentiation between the
Fe-enriched and depleted zones reflects mobilization of
Fe(Ill) between adjacent layers [i.e., diffusion and leaching
of Fe from the depleted zones coupled to precipitation in the
enriched zones] (Richter et al. 2007; Wiederhold et al. 2007,
Fimmen et al. 2008; Mansfeldt et al. 2012; Bacon 2014;
Schulz et al. 2016). Despite lower total Fe concentrations,
the depletion zones contained more aluminosilicate-Fe(I1I)
than the Fe-enriched zones (Fig. 4). XRD detected
vermiculite-like minerals in the depleted zones (Fig. A4,
Electronic Supplementary Material) but not in the enriched
zones (Fig. AS, Electronic Supplementary Material). In addi-
tion, Al/Si ratio was higher in the depleted zones than in the
enriched zones, largely driven by inverse trends in Al and Si
with depth in the depleted zones (Fig. 6). Fe-depleted zones
contained more clay-sized particles than Fe-enriched zones
(Fimmen et al. 2008). These differences may result from par-
ticle sorting associated with colloid dispersion/coagulation
during Fe reduction and oxidation events (Thompson et al.
2006a; Fimmen et al. 2008) and synthesis and precipitation
of clay minerals.

The concentration of hematite-Fe in the enriched zones
ranged from 2.4 to 10.9 g kg ', whereas no hematite was
detected in depleted zones (Fig. 4). Goethite-Fe concentra-
tions ranged from 15.5 to 40.0 g kg™ ' in the enriched zone
but decreased to 11.5 — 17.0 g kg™ in the depleted zone. Both
Fe-enriched and depleted zones had ~ 60% of total Fe as goe-
thite phases of variable crystallinity. If we assume that the
protolith oxidatively weathered to secondary Fe(Ill) oxides
that eventually transformed to crystalline goethite and hema-
tite, these results would suggest a complete reductive dissolu-
tion of hematite and partial dissolution of goethite in the de-
pleted zone, along with the mobilization of Fe(Il) via diffusion
and water percolation and its subsequent oxidation and pre-
cipitation to Fe(Ill) oxides in adjacent, more oxidizing sites
that become enriched in Fe. Iron depletion under O,-limited
pedogenesis is predominantly mediated by dissimilatory Fe
reducing bacteria, which are able to use Fe(Ill) oxides as al-
ternate terminal electron acceptors (Lovley et al. 2004). The
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reducibility of crystalline Fe(Ill) oxides like goethite and he-
matite is much lower than that of SRO Fe(Ill) oxides like
ferrihydrite (Postma 1993; Roden and Zachara 1996;
Bonneville et al. 2009). Therefore, previous studies emphasize
that SRO Fe phases play a central role in sustaining soil Fe
redox cycling in the critical zone and any associated impacts
on C or nutrient dynamics (e.g., Hall et al. 2016b; Ginn et al.
2017; Barcellos et al. 2018). However, we conclude that crys-
talline Fe phases of both hematite and goethite may also be
important for Fe reduction, especially over long-term
timescales.

We noted that the goethite in the Fe-depleted zones has a
lower crystallinity than the average goethite in the Fe-enriched
zones (Figs. 2, 3, and 5). This observation is unexpected, as
lower crystallinity Fe phases should be reductively dissolved
preferentially relative to more crystalline phases (Postma
1993; Roden and Zachara 1996) and result in selective reten-
tion of more kinetically stable, large crystalline goethite in the
Fe-depleted zones. Therefore, we surmise that selective disso-
lution alone does not govern the composition of iron in these
profiles and instead regeneration and re-precipitation reactions
are critical. Periods of reducing conditions are ephemeral
within the Fe-depleted zones, and O, associated with promi-
nent drying events may well help oxidize residual Fe(II) that is
likely sorbed onto soil surfaces in the Fe-depleted zone. Since
these depleted zones have a much higher OM content than the
Fe-enriched zones (Fig. A3), this is likely to favor the regen-
eration of low-crystallinity nanogoethite (Chen and
Thompson 2018) relative to more crystalline phases and also
to inhibit the further ripening of nanogoethite to well-
crystalline large goethite. In fact, the regeneration of low-
crystallinity nanogoethite in the Fe-depleted zone may accel-
erate subsequent Fe reduction when reducing conditions re-
establish (Ginn et al. 2017; Barcellos et al. 2018; Chen et al.
2018).

4 Conclusions

Mottles (or discrete zones of Fe-enriched and Fe-depleted
soil) are a common occurrence in uplands soils of humid re-
gions. In a soil profile with depth-dependent sequence of Fe-
enriched and Fe-depleted Bt horizons, we found Fe-enriched
zones primarily had a Fe mineral composition dominated by
hematite and goethite, whereas in Fe-depleted zones, Fe was
concentrated in aluminosilicates or low-crystallinity goethite.
The persistence of low-crystallinity Fe phases in the Fe-
depleted zones suggests re-precipitation events may not be
limited to the Fe-enriched zones and active Fe redox cy-
cling—rather than unidirectional Fe reduction—is likely in
the Fe-depleted horizons. More pronounced is our finding that
Fe phase crystallinity increases with depth in the Fe-enriched
zones and low-crystallinity Fe(IIT) oxides are more abundant
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at the top of Bt horizons in the Fe-depleted zones. Near-
surface horizons that are highly enriched in OM are frequently
found to have lower crystalline Fe phases than subsoils; how-
ever, here, we find this phenomenon extends well below sur-
face horizons. Indeed, our evidence suggests that a decreasing
Fe crystallinity with depth may occur in Bt horizon (~50 —
200 cm) even without high OM concentrations. Furthermore,
the presence of low-crystallinity Fe(III) oxides in the upper Bt
horizons suggest these horizons may have a greater sorption
capacity for nutrients (e.g., P, N) or OM and greater ability to
sustain anaerobic microbial Fe reduction than previously
understood.
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