Received: 11 April 2022

Revised: 2 August 2022

Accepted: 20 September 2022

DOI: 10.1111/ejss.13310

ORIGINAL ARTICLE

pEan*ournal G
Fopesn i

cience

Significance of phosphorus inclusions and discrete
micron-sized grains of apatite in postglacial forest soils

Gbotemi A. Adediran '~
Jon-Petter Gustafsson’

1Department of Soil and Environment,
Swedish University of Agricultural
Sciences, Uppsala, Sweden

UK Centre for Ecology and Hydrology,
Wallingford, United Kingdom

3Departrnent of Geosciences, Swedish
Museum of Natural History, Stockholm,
Sweden

Correspondence

Jon-Petter Gustafsson, Swedish University
of Agricultural Sciences, Department of
Soil and Environment, SE-750 07 Uppsala,
Sweden.

Email: jon-petter.gustafsson@slu.se

Gbotemi A. Adediran, UK Centre for
Ecology and Hydrology, Wallingford,
United Kingdom.

Email: GboAde@ceh.ac.uk

Funding information

Svenska Forskningsraddet Formas,
Grant/Award Number: 2017-01139;
Sveriges Geologiska Undersokning,
Grant/Award Number: 36-2044-2016;
Vetenskapsradet, Grant/Award Number:
2021-00276

Melanie Kielman-Schmitt? | Ellen Kooijman? |

Abstract

Recent advances in soil phosphorus (P) studies have revealed unique P hot
spots and discrete micron-sized grains at soil microsites, but the significance of
these so-called ‘hot spots’ and grains in P cycling and long-term supply is yet
to be determined. We examined soil particles and pore space distribution at a
micro-scale in two postglacial forest soils by laser ablation ICP-MS imaging.
This allowed us to semi-quantitatively reveal both axial and lateral abun-
dance, distribution, and co-localization of P with elements known to influ-
ence its chemical speciation (e.g., Si, Al, Mn, Ca, and Fe). The results show
topsoil P to be co-localised predominantly with Si, Al, and Fe. However, in
the subsoils, P was co-localised mainly with Ca, Si, Al, and Mg in spots
within Si and Al-bearing minerals and with only Ca in discrete micron-
sized grains. While the spots of P-Ca inclusions were ~ 1000 pm apart and
present at 40-100 cm depth in Tarnsjo, the discrete grains of P-Ca
were ~ 700-1200 pm apart and present at 90-100 cm depth in Tonnersjohe-
den. The P concentrations in these ‘hot spots’ and grains were 7 to 600
times greater than the average soil P concentrations, with the highest
values (3434-8716 mmol P kg ') occurring in the C horizons of the two
soils. When combined with previous P speciation results obtained by syn-
chrotron P K-edge XANES in the same soils, our work confirms geogenic
apatite to have been dissolved in the topsoil and its P transformed to P
adsorbed by Al-Si and Fe phases, and to organic P. Most importantly, our
work shows subsoil spots of P-Ca inclusions and micron-sized grains to be a
long-term source of P and Ca.

Highlights

« The significance of high-P spots and discrete grains to long-term P supply is
largely unknown.

« For the first time, P concentration and speciation was resolved by LA-ICP-
MS multi-elemental analysis.
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the subsoil.

concentrations.
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1 | INTRODUCTION

Phosphorus (P) is one of the most important macronu-
trients that drive the functioning and productivity
rates of the ecosystems and, consequently, the uptake
of atmospheric CO, by photosynthetic processes
(Darcy et al., 2018; Westheimer, 1987). Unlike nitro-
gen (N), which can be fixed by microorganisms from
the large atmospheric N pool, P is mainly released
from the lithosphere to the biosphere through the
weathering of P-bearing minerals (Filippelli, 2008;
Heindel et al., 2018). Over 250 P minerals have been found
in nature but, of these, apatite (Cas(PO4):(F,Cl,0H)) is the
most common and it is found in most igneous, metamor-
phic, and sedimentary rocks (Fisher, 1973; Heindel
et al.,, 2018; Larsen, 1967). Although other P-bearing min-
erals such as vivianite and wavellite could be present in
some soils (Stelly & Pierre, 1943), the P status of unferti-
lized soils is commonly linked to P released by weathering
of apatite (Filippelli, 2008; Walker & Syers, 1976). The
abundance of apatite in soils is therefore one key factor
that governs long-term trajectories of P supply in terres-
trial ecosystems.

Temperate and boreal forest ecosystems in northern
Europe are associated with soils that were formed after the
last glaciation 8000-15,000 years ago. Most of these were
developed in glacial till and glaciofluvial or wave-washed
sand. These forest ecosystems rely on the availability of
geogenic P from the soil. Although the limiting nutrient of
these ecosystems is typically N rather than P (Hogberg
et al.,, 2017), P may be more crucial in the future due to
anthropogenic drivers. While natural processes such as soil
acidification, apatite dissolution, and leaching lead to
slight P losses from these soils, N deposition, as well as
whole-tree and stem harvesting, may accelerate P losses
over time. For example, a mass balance study carried out
for 14,550 Swedish sites revealed that the annual losses of
P from forestry exceed 1 kg P ha ! in the southern part of
Sweden (Akselsson et al., 2008). The potential of postgla-
cial soils to supply the P needed to sustain the growth of
temperate and boreal forests over a long period is therefore
of significant ecological and economical concern.

« The P spots exist as dispersed apatite inclusions and micron-sized grains in

« P in these spots and grains were up to 600 times greater than the bulk soil P

apatite inclusions, chemical speciation, discrete particles, elemental co-localizations, LA-
ICP-MS imaging, phosphorus cycling

Apatite is a relatively soft mineral and is classified
among the most easily weathered minerals (Heindel
et al., 2018; Larsen, 1967). Although it is relatively insolu-
ble at near-neutral pH, its solubility and weathering rate
increase rapidly with increasing acidity, and its concen-
tration in soils is therefore often lower compared to the
underlying parent material (Eriksson et al., 2016; Nezat
et al., 2008). The depletion of apatite during pedogenesis
has been widely documented in several chronosequence
studies (Crews et al., 1995; Walker & Syers, 1976; Zhou
et al., 2013). It is perceived that apatite is generally more
depleted in the top (0-30 cm) soils than the subsoils, and
more abundant in young soils (< 20,000 years) than in
older soils (Porder & Hilley, 2011; Prietzel et al., 2013;
Schlesinger et al., 1998; Walker & Syers, 1976). However,
substantial depletion of primary apatite has been
observed in the surface horizons also of some relatively
young soils, especially the ones formed in felsic parent
materials and under acidic soil conditions (Adediran
et al., 2020; Beck & Elsenbeer, 1999; Blum et al., 2002;
Tuyishime et al., 2022). Moreover, depending on the
nature of the primary apatite mineral, soil conditions,
and weathering intensities, apatite in soils could exist as
discrete mineral grains or be preserved as inclusions
(i.e., a mineral within another mineral) in a wide range
of minerals such as quartz, plagioclase feldspars, biotite,
muscovite, and chlorite (Heindel et al.,, 2018; Nezat
et al., 2008; Syers et al., 1967).

Despite the significance of primary apatite in soil P
cycling and long-term supply, the quantification of the
abundance and distribution of apatite in soil grains and
mineral inclusions is difficult. For example, the use of
total Ca and P in a bulk soil digest is insufficient to esti-
mate apatite concentrations in soil because both Ca and
P are not exclusively found in apatite minerals (Nezat
et al.,, 2007). Moreover, apatite inclusions within un-
fractured and weathering-resistant silicate minerals are
not always exposed to soil solutions and may not dissolve
into chemical extractants routinely used in soil P analysis
(Nezat et al., 2007; Syers et al., 1967). Nevertheless, sev-
eral extractants and sequential chemical extraction
methods have been developed to estimate apatite in bulk
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soils (Blum et al., 2002; Nezat et al, 2007; Syers
et al., 1967; Williams et al., 1980). To improve the knowl-
edge of apatite weathering in soils, Heindel et al. recently
used scanning electron microscopy (SEM) to develop
three matrices: aspect ratio, percent crystal faces, and
chemical etching, to estimate the degree of weathering in
an isolated apatite grain (Heindel et al., 2018). Out of
these matrices, only the aspect ratio (defined as the
length of the long axis of an apatite grain divided by the
length of the short axis) was significantly correlated with
soil extraction indices for apatite dissolution, with
rounded apatite grains (low aspect ratios) tending to have
higher levels of HCl-extractable P (Heindel et al., 2018).
While this method provided valuable information about
the morphological characterisation of apatite grains, it is
inefficient in characterising the concentrations and
molecular speciation of apatite that exist as inclusions
in soil.

Apart from the importance of apatite as the primary
source of P in soils, the mobility and bioavailability of P
in soils are governed by its chemical speciation. For
example, once the P in apatite is released upon weather-
ing, it is potentially bioavailable but could also be com-
plexed into other forms by iron (Fe) and aluminium
(Al) (hydr)oxides including allophane/imogolite, which
are ubiquitous weathering products (Gustafsson et
al., 1999; Parfitt, 1989). In addition, P can also be biologi-
cally transformed and stored in soil organic matter (Vin-
cent et al., 2012). Hence, P can exist in a variety of
chemical forms in soils. Accurate knowledge of the exact
P species distribution is required to understand the pro-
cesses that make P available for plants and to determine
the extent of soil P mobilisation and supply over time.

The use of synchrotron-based X-ray fluorescence
(p-XRF) microscopy in combination with micro-focused
P K-edge X-ray absorption near edge structure (XANES)
spectroscopy is gaining attention and allows for spatially
resolved P chemical speciation in soils at the microscale
(Hesterberg et al., 2017; Werner, Mueller, et al., 2017;
Yamaguchi et al., 2021). Synchrotron P K-edge micro-
spectroscopy was recently used to reveal P hot spots and
dust-derived apatite grains in acidic, highly weathered
Hawaiian soils (Vogel et al., 2021). We also recently com-
bined P p-XRF imaging with P K-edge XANES to study P
geochemistry in two postglacial forest soils in Sweden
(Adediran et al., 2020). This revealed spatial heterogene-
ity in P species distribution with most of the P being com-
plexed by Al, Fe, and as organic P in the topsoil. It also
revealed hot spots of Ca-bound P consisting of apatite
inclusions and discrete micron-sized grains in sub-soils
(Adediran et al., 2020). While the combination of p-XRF
and P K-edge XANES has been useful in resolving P spe-
ciation in soil microsites, the approach is insufficient in

resolving the concentrations of P in these so-called ‘hot
spots’ and grains. The significance of the P in these spots
and grains and their potential contributions to long-term
P supply in soils remains largely unknown.

Laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) imaging is a relatively new ele-
mental characterisation and visualisation tool in soil
analysis (Arroyo et al., 2009; Arroyo et al., 2010). It is
increasingly gaining attention as a sensitive analytical
technique with imaging capabilities to characterise the
compositions, concentrations, and distributions of multi-
ple elements in soil microsites (Santner et al., 2015;
Zaeem et al., 2021). In principle, an LA-ICP-MS system
consists of a laser that is used to ablate a sample, which
is analysed for elemental composition by an inductively
coupled plasma mass spectrometer. The system can be
used to generate elemental images by proper synchroni-
sation of the laser ablation unit and the ICP-MS to record
transient element intensities at discrete positions on the
sample (Santner et al., 2015; Zaeem et al., 2021). Despite
the analytical sensitivity, affordability, and high availabil-
ity of LA-ICP-MS for soil analysis (compared to synchro-
tron X-ray absorption spectroscopy), the extent to which
(semi)quantitative and multi-elemental LA-ICP-MS
imaging could be used to deduce soil P abundance, distri-
bution, and speciation, either as a standalone analytical
system or in combination with synchrotron XAS, is yet to
be investigated.

The objectives of this study are to:

1. Investigate the use of LA-ICP-MS to quantify the con-
centrations of P at high-P spots and micron-sized
grains, and compare the results with average P con-
centrations in the bulk soils, across soil depths.

2. Utilise spatial multi-elemental imaging and co-locali-
zation to resolve the chemical speciation of P and
compare the results with direct P speciation analysis
by synchrotron P K-edge XANES spectroscopy in the
same soils.

3. Combine information from the use of quantitative
LA-ICP-MS imaging with synchrotron P K-edge X-ray
fluorescence microscopy and spectroscopy to expand
the knowledge of P geochemistry in forest soils.

2 | MATERIALS AND METHODS

2.1 | Soil sampling and sample
preparation

Soil samples from two soil profiles were collected from
coniferous forests at Tdrnsjo and Ténnersjoheden (coor-
dinates: 60.14° N 16.92°E and 56.42° N 13.40°E
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respectively) in Sweden. These soils are relatively young
(<12,000 years old) and were formed under a temperate cli-
mate. The predominant trees at these sites are Pinus sylves-
tris L. and Picea abies Karst (Gustafsson et al., 2015;
Zetterberg et al., 2013). The soil at Térnsj6 is an Albic Pod-
zol that was formed in wave-washed sand, whereas the soil
at Tonnersjoheden is a podzolized Dystric Arenosol devel-
oped in sandy glaciofluvial material (IUSS Working Group
WRB, 2014). The P speciation in these soils was recently
characterised by both bulk XANES spectroscopy and syn-
chrotron X-ray micro-spectroscopy making them ideal for
further studies to achieve the objectives highlighted above
(Adediran et al., 2020; Tuyishime et al., 2022). The general
soil chemistry of these soils including pseudo-total (HNO;-
extractable) P, ammonium oxalate-extractable P, Al, Si, Fe,
and Ca, percentage organic carbon (C), and total nitrogen
(N) has also been recently characterised (Adediran
et al., 2020; Tuyishime et al., 2022).

At Térnsjo, an eluvial (E) horizon of about 2 cm thick
was present beneath the organic horizon. This E horizon
was not used in this study since it was highly depleted of P
(Adediran et al., 2020). For the current study, B horizon (2-
10 and 10-20 cm) and C horizon (40-50 and 90-100 cm)
samples were used. The Tonnersjoheden pedon did not
have an E horizon, only an A horizon with a gradual transi-
tion to the underlying B horizon. The soil samples were
gently sieved (<5 mm) to remove stones and debris before
air-drying for 72 h. Representative samples from each depth
were then embedded in high-purity epoxy resin. Micro-
polished petrographic thin sections of 30 pm thick were
prepared at TS Lab & Geoservices snc, Cascina, Italy. This
sample preparation approach is identical to the one used to
prepare the same soils for synchrotron X-ray microspectro-
scopy in our previous study (Adediran et al., 2020).

2.2 | LA-ICP-MS instrumentation and
calibration for (semi)quantitative
measurement

LA-ICP-MS analysis was performed at the Vegacenter at
the Swedish Museum of Natural History using an ESI
NWR193 ArF eximer based laser ablation system (Ele-
mental Scientific Lasers, Bozeman, MT, USA) coupled to
an Attom high-resolution ICP-MS (Nu Instruments Ltd,
Wrexham, UK). The shortest possible transfer line
between the two instruments was used to achieve a fast
washout time and facilitate optimised spatial resolution
and fast analysis. Pre-ablation of the entire soil area was
done at a frequency of 2 Hz with a laser spot size of
100 pm x 100 pm and a translation rate of 150 pms .
Micron-scale resolution maps (1600 pm x 1600 pm) of
Na, Mg, Al Si, P, K, Ca, Mn, and Fe were then acquired
at an ablation frequency of 20 Hz with a spot-size of

15 pum x 15 pm, fluence of 3.5 Jcm 2 and a scanning
speed of 30 pm s™'. The optimised parameters for the
LA-ICP-MS measurements are presented in Table S1.

To evaluate the suitability of LA-ICP-MS for quantita-
tive imaging of multiple elements at soil microsites, a pri-
mary multi-elemental calibration was performed using
the National Institute of Standards and Technology
(NIST) standard reference material 610. The quantifica-
tions were validated using ERM-CC141 loam soil certified
reference material. The certified soil material was embed-
ded in high-purity epoxy resin and a micro-polished pet-
rographic thin section of 30 pm thick was prepared the
same way as the experimental soil samples. To account
for possible instrument drift during analysis, the certified
reference soil material was measured after each of the
experimental soil samples.

2.3 | LA-ICP-MS data analysis

Qualitative (counts per second) and semi-quantitative
(ppm) concentrations of the elements were processed using
Iolite 4 software for processing inorganic mass spectrometer
data (Paton et al., 2011). Visualisation of multi-elemental
abundance and distribution was done using XMapTools, a
MATLAB®©-based program for electron microprobe X-ray
image processing and geothermobarometry (Lanari
et al., 2014). This links visualisation with multi-elemental
concentration. For example, using the mouse to click on a
spot within a map reveals the concentrations of all detected
elements at that spot. For every sample analysed, the
XMapTools software reports the highest elemental concen-
trations as well as the average elemental concentrations
across the area mapped. This average elemental concentra-
tion by LA-ICP-MS is referred to as spatially resolved aver-
age concentrations. Two dimensional (2D) images of spatial
co-localization of multiple elements in the soils were done
using ImageJ (Collins, 2007).

3 | RESULTS

3.1 | LA-ICP-MS analysis of reference
material

The result of multi-elemental quantification by LA-ICP-
MS imaging compared to the concentrations of the ele-
ments in the certified reference soil materials is presented
in Figure 1.

The concentrations of Na, K, and Si were underesti-
mated by LA-ICP-MS imaging (Figure 1). However, the
concentrations of P and the major elements that are
known to influence its speciation (Ca, Fe, and Al) agreed
well with the certified values, with a relative standard
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average concentrations (n = 10) of repeated measurements and error bars are standard deviations

deviation (RSD) of 28%, 39%, 8% and 3% for P, Ca, Fe and
Al, respectively. Furthermore, results of repeated multi-
elemental quantification in the reference soil material
after every experimental soil sample analysis (error bars
in Figure 1), show that the LA-ICP-MS measurements
were consistent throughout the analysis.

3.2 | Spatially resolved multi-elemental
distributions and concentrations in the
forest soils

The average P concentration in the forest soils was spa-
tially resolved by LA-ICP-MS imaging and compared
with the pseudo-total (HNOs-extractable) P concentra-
tions in the same soils (Table 1).

The difference between the pseudo-total P and spa-
tially resolved average P concentration ranged from 0.4 to
122 mmol kg™' and from 2.0 to 26.1 mmol kg~' at
Tdrnsjo and Tonnersjoheden, respectively. At Tarnsjo,
both the spatially resolved and pseudo-total P concentra-
tions were highest at 10-20 cm depth. However, pseudo-
total P increased from 11.8 mmol kg™~ ' at 40-50 cm depth
to 17.2 mmol kg~ at 90-100 cm depth, whereas the spa-
tially resolved P decreased from 15.3 to 5.0 mmol kg .
At Tonnersjoheden, both the spatially resolved and
pseudo-total P followed a similar abundance pattern,
with P increasing with depth and reaching maximum
concentrations at 20-50 cm depth before the concentra-
tion decreased.

Apart from the spatially resolved average-P reaching
the highest concentration at 10-20 cm depth in Térns;jo,
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spatially resolved average Na, Al, and Si concentrations
were also highest at this depth, whereas Fe and Mn
reached the maximum concentration at 40-50 cm depth.
However, the spatially resolved average Ca and Mg con-
centrations in Tédrnsjo had different abundance distribu-
tion patterns. They increased with depth and reached
maximum concentrations at 90-100 cm depth. At Ton-
nersjoheden, spatially resolved P, Al, Si, and Fe all
reached maximum concentrations in the B horizon at
20-30 cm depth. Ca and Mg were of a similar distribution
pattern with the Bs horizons having higher concentra-
tions than the 0-10 cm and 90-100 cm depths. The Mn
concentration was highest at 0-10 cm depth and
decreased with depth, whereas Na and K were lowest at
90-100 cm depth.

To gain insight into the chemical composition of the
spots with the highest P concentration across the soil pro-
files, the concentration of P and other elements at these
spots were revealed by LA-ICP-MS (Table 1). Although
the concentrations of important elements such as tita-
nium, fluorine, barium, strontium, sulfur, and carbon
were not measured, the elements (Si, Al, Fe, Ca, Na, Mg,
K, P, and Mn) that were quantified at these spots are
among the twelve most abundant elements in the Earth's
crust (Fleischer, 1953; Yaroshevsky, 2006). In the spot
with the highest P concentration in Térnsjo 2-10 and 10—
20 cm depths, Al, followed by Si and Fe were the most
abundant. Together with P, these elements accounted for
99% and 95% of the total elements measured in the spots
at these two depths, respectively. Instead of Fe, Ca fol-
lowed by Si and Al were the most abundant elements in
the spot with the highest P concentration in Térnsjo 40—
50 cm, and Mg followed by Ca and Si were the most
abundant elements at the spot with the highest P concen-
tration in Tdrnsjo 90-100 cm. The spots with the highest
P concentration in the topsoils of Tonnersjoheden were
also enriched in Fe. The concentration of Fe at these
spots was 73% and 17% of the total elements measured at
the spots in Ténnersjoheden 0-10 and 10-20 cm, respec-
tively. At these depths, Fe, Al, Si, and P accounted for
94%-96% of all measured elements in the spots with the
highest P concentration. A similar pattern was observed
at Tonnersjoheden 30-40 and 40-50 cm. However, Ca
was the most enriched element in the spots with the
highest P concentration at Ténnersjoheden 20-30 cm and
90-100 cm, accounting for 65 and 56% of all the elements
measured in the spots at these depths, respectively.

The concentrations of P at the spots with the highest
P concentration within the soil microsites were compared
to their spatially resolved average concentrations in the
two soil profiles (Table 1). In Térnsjo, P in these localised
spots was between 35 and 513 times greater than the
average soil P concentrations, with the highest values

(3434 and 2542 mmol P kg ') occurring at 40-50 cm and
90-100 cm depths, respectively. At Tonnersjoheden, the
P concentrations of the spots with the highest P concen-
tration were between 7 and 600 times greater than the
average soil P concentrations, with the highest value
(8716 mmol P kg ') occurring at 90-100 cm depth.

3.3 | Phosphorus speciation revealed by
spatial multi-elemental co-localizations

Of the elements known to influence the chemical specia-
tion of P in soils, the concentration of Al was the highest
across the soil profiles (Table 1). A tricolour co-localiza-
tion analysis of P (red), Al (blue), and other elements
(green) was therefore used to depict the spatial distribu-
tion of P species in the soils. In the Térnsjo Bs horizons
(2-10 and 10-20 cm depths), P was mostly retained in
the pore spaces and at the edges of soil grains (Figure 2).

In these horizons, P was mainly co-localised with Al,
Si, and Fe (the white patches in Figure 2), and to a lesser
extent with Mn, Mg, and K (the white patches in
Figure S1). In the Tdrnsjo C horizons (40-50 and 90-
100 cm depths), P in the pore spaces and the edges of soil
grains were mainly co-localised with Si and Al. However,
in spots where the P concentrations were higher than
those of the pore spaces and grain edges, P was found to
be co-localised with Ca, Mg, Si, and Al, and existing as
inclusions within Al and Si-bearing soil particles (point
1-9 at 40-50 cm and point 1-4 at 90-100 cm depths in
Figure 2 and Figure S1). The soil area occupied by each
of these P hot spots ranged from 25 to 40 pm?.

In the soils at Tonnersjoheden, P at the A and B hori-
zons were also retained at the pore spaces and the edges
of soil grains. In these horizons, P was co-localised pre-
dominantly with Al, Si, and Fe (Figure 3).

Although there was evidence of P co-localization with
Mn and Mg at the 10-20 and 20-50 cm depths, respec-
tively (Figure S1), P co-localizations with Al, Si, and Fe
were the dominant P associations. P co-localization with
Ca was sporadic in these horizons as only a few spots of
P-Ca associations were noticeable (pl and p2 at 20-30 cm
and 40-50 cm). In the C horizon in Ténnersjoheden, P in
the pore spaces and at the grain edges was also co-loca-
lised mainly with Al, Si, and to a lesser extent with Fe.
However, in areas where P concentrations were higher
than those at the pore-spaces and grain edges (pl to p3),
P was co-localised mostly with Ca in discrete soil grains.
The sizes of these P-Ca grains at spots (p1), (p2), and (p3)
were 72 x 50 pm, 100 x 50 pm, and 152 x 100 pm,
respectively.

To deduce the type of Ca-P minerals and their poten-
tial geochemical transformations at the spots of P
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(b) P speciation (%)
by synchrotron P K-edge
XANES of bulk soils

P-org P-Al P-Fe P-Ca
3+3 836 14+5 0

P-org P-Al P-Fe P-Ca
4+4 76+8 206 O

P-org P-Al P-Fe P-Ca
0 32+2 17+4 51+3

P-org P-Al P-Fe P-Ca
0 28%2 4+4 68%3

FIGURE 2 Spatial co-localization of P with Si, Al, Fe, and Ca as revealed by LA-ICP-MS imaging and (b) P speciation by bulk soil P K-
edge XANES in Tidrns;jo soil profile. Figure shows points (p1-p9 at 40-50 cm and p1-p4 at 90-100 cm depths) of apatite inclusions. For the P
K-edge XANES, P-org represent organic P, P-Al represents aluminium phosphate or P sorbed by allophane, P-Fe represents iron phosphate
or P bound by ferrihydrite, and Ca-P represents apatite or calcium phosphate

inclusions and discrete grains, the concentrations of P
and other elements were estimated from the same point,
on and (~10 pm) around the highest P concentrated spot
at several areas of P inclusions and discrete grains. Rela-
tive elemental abundance, as well as spot-wise Ca/P
ratios, were then calculated (Table S2).

In the spots of P inclusions in Tédrnsjo 40-50 cm
depth, Si, followed by Ca and Al had the highest concen-
trations with a relative abundance that ranges between
20%-48%, 13%-45%, and 11%-22% respectively. These ele-
ments with P accounted for up to 86% of total elemental
concentrations at these spots. The Ca/P ratio at these
spots ranged from 1.60 +0.3 to 6.92 + 0.4 with an

average of 4.32 + 0.5 across the spots (Table S2). How-
ever at 90-100 cm depth of the Térnsjo soil, Mg followed
by Ca and Si was the most concentrated, with a relative
abundance that ranged between 29%-53%, 18%-32%,
and 4%-34% respectively across the points of P inclu-
sions. These elements with P accounted for 89% of all
measured elements at these spots. The Ca/P ratio at
these spots ranged from 3.12 + 0.4 to 5.57 + 1.4 with an
average of 4.73 + 0.8 across the spots. Furthermore, Ca
was the most abundant element of the discrete P grains
in Tonnersjoheden 90-100 cm. While the relative abun-
dance of Ca alone ranged between 64 and 71% in these
grains, Ca with P accounted for 93% of all detected
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FIGURE 3 (a) Spatial co-
localization of P with Si, Al, Fe,
and Ca as revealed by LA-ICP-
MS imaging and (b) P speciation
by bulk soil P K-edge XANES in
Tonnersjoheden soil profile.
Figure shows points (p1-p3) of
discrete apatite grains at the C-
horizon. For the P K-edge
XANES, P-org represent organic
P, P-Al represents aluminium

phosphate or P sorbed by
allophane, P-Fe represents iron
phosphate or P bound by
ferrihydrite, and Ca-P represents
apatite or calcium phosphate

elements at these grains. The average Ca/P ratio of these
grains was 2.88 + 0.3. However, the Ca/P ratio at the
largest grain (p3) in Tonnersjoheden was 2.14 + 0.60
(Table S2). The relationships between the average con-
centrations of Ca and P at the spots of P-Ca inclusions

European Journal of 90of14
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P speciation (%)
by synchrotron P K-edge
XANES of bulk soils

P-org P-Al P-Fe P-Ca
24+5 33+543+t6 O

P-org P-Al P-Fe P-Ca
23+3 498 28+8 0

P-org P-Al P-Fe P-Ca
16+5 64+5 20+8 6+5

P-org P-Al P-Fe P-Ca
9+7 5418 23+9 15+4

P-org P-Al P-Fe P-Ca
0 53+821+726%6

P-org P-Al P-Fe P-Ca
0 21+523+356%3

and micron-sized grain in the C horizons of the soils are
presented in Figure 4.

This shows that the Ca concentration at these spots
increased with increasing P concentrations by 2.8-fold
(Figure 4).

85U8017 SUOLIWIOD A ERID @ |gedt|dde 3y Aq peueob 88 D1 VO (88N JO S3|NJ I} ARIQIT BUIUO 4811/ O (SUORIPUOD-PUE-SWBIALIOD" A3 IMARR1q | pU1jUO//SANY) SUORIPUOD PUe SWe L 84} 88S *[2202/TT/0T] uo ARigiTauliuo ABjim ‘ssouens eimnoLby JO ASBAIN USIPEMS Aq OTEET SSB/TTTT 0T/I0p/W00"A8|IM AXe1dq 1 pU1UO'S N0 SSa//SANY Woiy papeoiumod °G ‘2202 ‘68EZSIET



10 of 14 E el ¢ ADEDIRAN ET AL.
wos | WILEY-FRire
12000 -
£ 10500 { To; C90-100cm
z ’
= Ca/P=4.528 — /
= . °
5] 9000 - E.g., Ca7(S|O4)2(PO4)2 o ,
» . Ve
g s
§ , /7
E 7500 + ..: /7
N [ ]
3 ,7
=9 o
S 6000 1 T2; C90-100cm ) /7 Ca/P =2.156
,g K 7 E.g., Cas(PO4)3(CI/F/OH)
% ... /
S as00 P
E " /
o Ta; C 40-50
b " ®
= 3000 ; . /7
(=] .
= K Ve
£ s /
S 1500 { / /7
R
7
0 . z . z . . . . .
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

P (mmol kg) at hot spots of P-Ca inclusions and grains

FIGURE 4 Relationships between the average concentrations of Ca and P at the hot spots of P-Ca inclusions (red dots) and micron-
sized grain (blue dot) in the C horizons at Térnsjo (Ta) and Tonnersjoheden (To) respectively

4 | DISCUSSION

An observation that is common in most high-resolution
microscale studies of P is that the P abundance is not
evenly distributed in soils, as there are commonly unique
spots of high P intensities even at the microscale (Ade-
diran et al., 2020; Hesterberg et al., 2017; Vogel
et al.,, 2021; Werner, Mueller, et al., 2017; Yamaguchi
et al., 2021). The significance of spatial heterogeneity in
the concentrations of P at the microscale is, however,
understudied. Here, we calibrated and validated the
application of LA-ICP-MS for semi-quantitative multi-
elemental analysis using ERM-CC141 certified reference
soil material. We spatially resolved the concentrations of
P and some elements known to influence its chemical
speciation (e.g., Ca, Fe, and Al) in two Swedish forest
soils. For these elements, the relative standard deviation
(RSD) between the LA-ICP-MS measurements and the

certified concentrations ranged between 3% and 39%. In
the work of Arroyo et al., where the use of LA-ICP-MS
for soil analysis was evaluated and validated using soils
that were grounded and well homogenised, an RSD of
8%-15% was reported (Arroyo et al., 2010). The precision
of repeated multi-elemental measurements in our study
ranged from 8%-15%. This range is similar to the 7%-15%
reported by Arroyo et al. (2010).

Spatially resolved LA-ICP-MS imaging overestimated
the pseudo-total P concentrations by a factor of ~1.02
across the depths in Tédrnsjo, and by 2.22 and 1.16 at the
0-50 cm and 90-100 cm depths, respectively, at Ténners-
joheden. This difference in LA-ICP-MS measurements
between the two soils is likely due to the differences in
their texture and structure. For example, the Tdrnsjo soil
profile is (~97%) sandy, whereas the soils at the 0-50 cm
depths of Tonnersjoheden are made up of ~86% sand,
10% silt, and 4% clay (Hansson et al., 2011). The soil
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macropores are also more prominent in Tdrnsjé than in
Tonnersjoheden (Figures 2 and 3). Probably, P at Ton-
nersjoheden was incompletely extracted since P bound to
constituents is not always completely dissolved by HNO;
extraction. In turn, that P was likely detectable by LA-
ICP-MS. This interpretation is supported by a recent sur-
vey of P interactions with soil particle fractions, which
shows P to be more preserved in clay than in sand-sized
fractions (Spohn, 2020). Moreover, considering that the
elemental concentrations in the soil reference materials
used for our LA-ICP-MS calibration were analysed on
ground soil, our results of multi-elemental concentrations
obtained by spatial imaging of un-ground soils are within
an acceptable range for semi-quantitative analysis.

Our results show that the P concentrations at the
high-P spots are 7 to 600 times greater than the average P
concentrations. The estimation of average nutrient con-
centrations by bulk soil chemical extraction is the most
widely used approach for assessing soil nutrient status.
Therefore, these results are of significance to the interpre-
tation of nutrient concentrations from bulk soil chemical
extractions as most P concentrations obtained by tradi-
tional extraction methodologies may be from just a few
micro-sized hot spots and discrete grains of high P inten-
sities. Specifically, the results demonstrate that the soil
system is a network of microsites with unique elemental
concentrations. This agrees with the soil micro-chemical
reactor concept, which states that “each soil microsite
represents an independent but interconnected micro-
reactor of unique chemical composition” (Hesterberg
et al., 2011).

The distribution of P chemical species in the two soil
profiles was previously studied by both spot-wise and
bulk soils P K-edge XANES. This revealed inorganic P
species as the predominant (~86% and 76% of the total P
at Tédrnsjo and Tonnersjoheden respectively) P forms in
the soils (Adediran et al., 2020). Out of these inorganic P
species, P K-edge XANES suggests apatite to be present
mainly in the C horizons. P-Al was the most abundant P
species in the B horizons of the soils, with most of the P-
Al existing as phosphate bound to allophane (Adediran
et al.,, 2020). These results are in agreement with the
results of indirect P speciation analysis by multi-elemen-
tal imaging and co-localization presented in this study.
This shows P to co-localise with both Al and Si mostly at
the pore spaces and grain edges in the B horizons of the
two soil profiles (Figures 2b and 3b). In our previous
study, only one spot of apatite inclusion and one discrete
grain of apatite were found in Tdrnsjé and Tonnersjohe-
den respectively. This spot and grain were found only at
the 90-100 cm depths of the two soils. However, the
pXRF imaging in the previous study covered a soil area
of 360 mm?, whereas a much larger soil area of

2560 mm® was analysed by LA-ICP-MS imaging in this
study. The LA-ICP-MS imaging in this study shows that
the Si and Al particles that are bearing the spots of P-Ca
inclusions are about 1000 pm apart (e.g., point 1 to point
5 at 40-50 cm depth). This study also shows that these P-
bearing particles are present in the Tarnsjo C horizon
from 40-50 cm to 90-100 cm depth. Similarly, at 90-
100 cm depth in Tonnersjoheden, the discrete grains of
P-Ca were about 700-1200 pm apart.

Our previous study considered only qualitative imag-
ing of P-Ca co-localization. In this study, we utilised spa-
tially resolved LA-ICP-MS imaging to semi-quantitatively
appraise the abundance of multiple elements at the spots
of P inclusions and grains in the two soils. This shows
that while Ca was the only enriched element in the dis-
crete P grains in Tonnersjoheden, the spots of P inclu-
sions in Tirnsjo are enriched not only in Ca but also in
Si, Al, Mg and to a lesser extent, Fe. The Ca/P ratio in the
two soils is consistent with those of apatite minerals, and
these were probably inherited from the glaciofluvial par-
ent material that formed the soils. This agrees with ear-
lier research in which apatite was identified in glacial till
with electron microscopy (Nezat et al., 2008).

Weathering in these soils is more intense in the A/E
and B horizons and podzolisation processes have led to
the enrichment of Fe and Al oxides/hydroxides and allo-
phane/imogolite in the B horizons (Adediran et al., 2020;
Tuyishime et al., 2022). The P concentration at some
microsites in the A-B horizons was between 7 and 191
times larger than the average soil P concentration. How-
ever, in the C horizons where podzolization and weather-
ing effects were less intense, there were spots, being 225
and 603 times more enriched in P than the average soil.
Likely, due to the less intense weathering than in overly-
ing horizons, part of the apatite still resides in the C hori-
zons, either as inclusions within other mineral phases or
even as discrete pure grains of apatite. Our results, there-
fore, affirm soil weathering and podzolization as the
major factors governing the microscale heterogeneity in
P speciation and concentration in these forest soils. By
contrast, in the upper surface horizons, much of the
rock-inherited apatite has been already weathered since
the beginning of soil formation. The apatite weathering
and podzolization processes were more intense in the A/
E and B than in the C horizons. The speciation of the o-
phosphate ions released from apatite was therefore
strongly influenced by adsorption to the surfaces of allo-
phane/imogolite and Fe hydrous oxides which are ubig-
uitous products of podzolization processes in the B
horizons (Lundstrom et al., 2000). This interpretation is
consistent with previous observations in soils of many
temperate regions in which primary apatite was found to
be absent or highly depleted in the upper 40 cm of the
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soils (Eriksson et al., 2016; Walker & Syers, 1976; Werner,
de la Haye, et al., 2017).

The Ca concentration at the P-Ca spots increased 2.8-
fold with increasing P concentrations (Figure 4). As weath-
ering intensifies, potential apatite dissolution in these soils
is therefore of significance not only to P nutrition but also
to the bioavailability and leaching of Ca (Akselsson
et al., 2008; Yanai et al., 2005). It is expected that apatite
inclusions will be more resistant to weathering than apatite
grains because the release rate of included apatite depends
to a large extent on the weathering rate of the host mineral
(Syers et al., 1967). This is particularly important for apatite
inclusion in minerals such as quartz, magnetite, and ilmen-
ite as these are relatively resistant to weathering. For exam-
ple, apatite enclosed in quartz was shown not to be affected
by prolonged digestion with HCI and apatite inclusions in
feldspar were found to persist even in a strongly acidic E
horizon of a Dutch Podzol (Fry, 1913; Van Breemen
et al., 2000). It is therefore likely that more P and Ca will be
released from the apatite grains at Tonnersjoheden than
from the P-Ca inclusions in Térnsj6 with progressing
weathering.

5 | CONCLUSIONS

Micro-scale spatial distribution of P concentration and its
co-localization with other elements has been successfully
achieved by LA-ICP-MS analysis allowing us to for the first
time characterise micron-sized areas of high P intensities.
The P concentrations in these areas were 7 to 600 times
greater than the bulk soil P concentrations. They exist as
dispersed (~1000 pm apart) spots of P-Ca inclusions and
discrete grains at 40-100 cm depth and 90-100 cm depth in
Térnsjo and Tonnersjoheden respectively.

Furthermore, P speciation analysis using co-localiza-
tion with other elements agrees with previous speciation
analysis by synchrotron XANES. In surface-near hori-
zons, much of the P is bound to Al-Si and Fe phases,
while in deeper horizons the P is mainly associated with
Ca, Si, Al, and Mg (likely due to apatite inclusion within
primary aluminosilicate mineral) and exclusively with Ca
in discrete grains, likely consisting of pure apatite. Our
results suggest that deeper soil horizons still hold sub-
stantial portions of apatite, while most apatite in the sur-
face near horizons is already weathered. These findings
reflect the state of pedogenesis of the studied soils.
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