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SUMMARY

Novel sustainable agricultural strategies that enhance soil nutrients and human nutrition are crucial for
meeting global food production needs. Here, we evaluate the potential of “glacial flour,” a naturally crushed
rock produced by glaciers known to be rich in nutrients (P, K, and micronutrients) needed for plant growth.
Our proof-of-concept study, investigated soybean (Glycine max. var. Black jet) growth, yield, and nutrient
content with soil supplementation from glacial flour sourced from Himalayan glaciers (meta-sediment gneiss
bedrock) and Icelandic glaciers (basaltic bedrock). Glacial flour treatment enhanced crop yields by 85% (Hi-
malayan) and 135% (lcelandic), compared to controls. Additionally, glacial flour fortified crops with beneficial
micronutrients zinc and selenium. However, the application of Himalayan flour led to arsenic bioaccumulation
in the crop, underscoring the importance of catchment geology. This study supports using glacial flour as a
soil remediation strategy for sustainable agriculture but emphasizes the need to consider potential toxicity

risks.

INTRODUCTION

Agriculture in the 215 century faces a global challenge to sus-
tainably meet the needs of a predicted world population of 9
billion by 2050." It is proposed that meeting these future food de-
mands will require investment in smallholder practices® and a
global shift toward sustainable intensive agriculture,® whilst
improving crop nutritional content.* One potential method of
rejuvenating soils to enhance productivity is the application of
fresh mineral material,® such as crushed rock (e.g., rock dust
or flour). Existing studies have shown that ground rock particles
can be a source of phosphorus (P),° potassium (K),” and micro-
nutrients (iron (Fe), manganese (Mn), molybdenum (Mo), zinc
(Zn)®) to soils, enhancing crop yields,® plant health,® soil water
retention,'" and soil carbon dioxide (CO,) sequestration capac-
ity.'> However, the impact of crushed rock on crop growth
within typical agricultural soils is constrained by its mineralogical
composition, particle size, and soil pH."”® The adoption of

crushed rock soil amendments is limited by the need to selec-
tively mill rocks (<150 pum)'* of desired mineralogical properties'®
and sourcing of pre-milled material, ' both of which have a non-
trivial carbon footprint and high economic costs.'® The soil
geochemical environment should also be considered with regard
to whether it is suitable for promoting chemical weathering, or
the applied crushed rock and associated nutrient release.’”

A novel alternative to the application of mechanically crushed
rocks is to employ material that has been naturally crushed by
erosional agents, the most powerful of which are glaciers. Gla-
ciers are “sediment factories,” efficiently eroding and crushing
their underlying bedrock to highly reactive, fine particles,'® here-
after referred to as glacial flour. Recent work has shown that
glacial rock flour sourced from Greenlandic glaciers overlying
felsic bedrock (quartz, feldspars, biotite, and minor amphiboles),
to experimental and native soils within Danish organic agricul-
ture'® has successfully increased crop yields. This is due primar-
ily to the provision of K'®?° and magnesium (Mg),>° improved
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water retention’’ and has also shown potential to sequester
CO,?2. However, although these preliminary investigations
have shown positive impacts on crop yields, we identify two
key research gaps.

First, the impact of geologically alternative glacial flours
sourced from contrasting bedrocks upon crop yield and growth
is unknown. Past research into the use of crushed rock for agri-
culture has concluded that plagioclases from basalts are among
the fastest weathering silicate minerals, enhancing nutrient
provision®” and sequestering up to 0.8-0.9 tCO, per ton of
rock dissolved.”*® However, despite being identified as the
“ideal” rock type for large-scale enhanced weathering applica-
tion, the effectiveness of basaltic glacial flour, such as Icelandic
glacial flour, as a soil treatment has not yet been established.

Furthermore, metasedimentary bedrock types are widely
found beneath glaciers in mountain regions such as the
Alps,?*?° Andes,?®?” Canadian Rockies,?® Caucasus Georgia,”’
Hindu-Kush Himalaya (HKH),*%*' Karakoram,*> Rwenzori,>
Scandinavia and Svalbard,** but the potential of glacial flour as
a soil amendment is untested. Past investigations into enriching
soils with crushed rock have sourced metamorphic and sedi-
mentary crushed rock from quarry and mining practices have
shown varied impacts upon crop yields.*® High glacier coverage
over metasedimentary rocks in some regions, such as the HKH>®
and the Karakorum®’ intersects with widespread food security
issues, 9 and highlights an important area for the investigation
of glacial flour effectiveness on crop yields: For example, in the
HKH, concentrations of glacial flour can reach up to 0.5 g L'
in mountainous valley glacier-fed rivers during peak summer
discharge, with monitored glaciers having sediment export of
120 T yr'1 40 In the HKH, increased runoff and sediment loads
are predicted to increase with continued glacier retreat under
climate warming.*' An increase in sediment deposition on agri-
cultural floodplains*? and the potential for agricultural expansion
into deglaciating landscapes, makes it important to determine
the wider impacts of geologically diverse glacial flour on crops.*

Second, although glacial flour has previously been shown to be
rich in bioavailable nutrients** such as nitrogen (N),*° P*7, K'°,
carbon (C),*® Fe*” and trace micronutrients,*® and has the poten-
tial to enhance crop vyields,'®?° the uptake of these elements by
crops and the impact on their nutritional value is unknown. The
addition of beneficial geogenic micronutrients (Fe, Ca, Mg, Zn)
to soils has the potential to enrich crops by “biofortification.”*°
Concurrently, glacial flour treatment may increase geogenic
trace elements to potentially toxic concentrations, e.g., elements
(As, Cd, Co, Cr, Ni, and Pb), in soils.”° It is therefore important to
determine the impact of lithologically contrasted glacial flours on
crop nutrition and its relevance for public health.

Here, we assess the potential of two geologically contrasted
glacial flours to support soil fertility, crop growth, and the nutri-
tional content of the widely cultivated legume soybean (Glycine
max var. Black jet), in a controlled glasshouse investigation using
an artificial soil matrix as a proof-of-concept study. The legume
soybean was selected as a model crop in this investigation, as it
eliminates the need for N fertilization since it fixes N through its
symbiotic relationship with rhizobia in root nodules.”® Despite
some sedimentary bedrocks being N-rich,®" it is unlikely that
rock N transfers directly to the plant in significant amounts.*®
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Soybeans are also one of the most commercially valuables,
widely cultivated global crops: they are important as an oil
seed; a component of human diets; and are used as biofuels
and feedstocks.

Himalayan glacial flour was chosen because of the presence
of metasedimentary bedrocks beneath glaciers, and because
it is agriculturally relevant for the region, due to a reliance on
smallholder agriculture,®? rising food security demands,®® and
increasing threats from climate change.’” Icelandic flour was
selected due to the basaltic geology underlying the glaciers,
with basalts being previously highlighted as having potential
for crop fertilization and carbon capture via enhanced weath-
ering."” The glacial flours investigated in this study were sourced
from contrasting bedrocks to previous studies, which have
focused on the application of Greenlandic glacial flour from
granitic bedrock. 925556

Our proof-of-concept results document the response of crop
yield, plant health, and nutrition following the addition of glacial
flour to a low-nutrient, artificial soil matrix, in comparison to con-
trols (no treatment) alongside traditional chemical fertilizer addi-
tion experiments. The results from our controlled investigation
across one growth cycle rapidly highlight the impacts of glacial
flour upon crops and provide compelling evidence that glacial
rock flour has the potential to be both a source of fertility and
toxicity to agricultural croplands.

RESULTS AND DISCUSSION

Glacial flour mineralogy

Icelandic glacial flour was collected from Sélheimajékull glacier,
Iceland (63.4 °N, 19.4 °W) and originates from flood basaltic
terrain.”” Himalayan glacial flour was sourced from Chhota Shigri
glacier, India (32.3 °N, 77.7 °E) that overlies a metamorphic com-
plex, predominantly composed of migmatites and gneisses
locally penetrated by granitic rocks and overlayed by metasedi-
ments, mostly black slates, phyllites and fine-grained biotite-
schists.”®°? In both cases, the glacial flour was collected from
recently deposited glaci-fluvial material close to the glacier
terminus.

Grain size analysis showed a significant (p < 0.05) difference
between the Icelandic and Himalayan glacial flour. The Icelandic
particle size diameter was 33.7 + 1.7 um, compared to 112.4 +
2.3 um for Himalayan flour (Table S1). Both flours are coarser
than previous glacial flour crop work, e.g., the Greenlandic
glacial flour used by Gunnarsen et al.>° had a median particle
size diameter of 2.6 pm'®. The glacial flour used in these exper-
iments is nevertheless within the range of particle sizes investi-
gated with crushed rock for crop work. '35

Mineral analysis via light microscopy indicated that Icelandic
glacial flour primarily comprised fine grained olivines and pyrox-
enes, some plagioclase feldspars, clay minerals, and iron oxides
weathering crusts. Himalayan glacier flour appeared as medium
grained sand, containing mostly quartz and minor amounts of
biotite, feldspars, iron oxides, and oxyhydroxides indicated via
weathering crusts, ilmenite, and rutile. Scanning electron micro-
scopy (SEM) with energy dispersive spectroscopy (EDS) analysis
of iron oxyhydroxides in Himalayan glacial flour indicated
they were predominantly oxidation products of sulfides, as
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Figure 1. Himalayan glacial four arsenopy-
rite grain analysis, scale of 100 um shown
is applicable to all images

(A) Backscattered electron (BSE) image of an
isolate arsenopyrite grain from the Himalayan
glacial flour showing a fresh core and weathering
rim.

(B) Scanning electron microscopy (SEM)-EDS map
of oxygen reflects that the rim is composed of
oxides or oxyhydroxides.

(C) SEM-EDS map of sulfur confirms that the core
is composed of a sulfide mineral phase.

(D) SEM-EDS map of iron shows that weathering
did not affect the mobility of this element.

(E) SEM-EDS map of arsenic confirms that the
core is composed of preserved arsenopyrite while
arsenic was mobilized from the rim (that is
composed of Fe-oxyhydroxides) during weath-
ering (oxidation processes).

ments, such as arsenic (As), to crops after
weathering.®’ Investigating the accumu-
lation of these potentially toxic elements
from glacial flour by crops is therefore
critical in assessing potential health risks

they formed weathering crusts around pyrite, pyrrhotite, and
arsenopyrite particles (Figure 1). Visual inspection alongside
thin section light microscopy of rocks collected from the Himala-
yan proglacial zone suggests that sulfides are associated with
hydrothermal veins, which is consistent with the hydrothermal
alteration of minerals in geothermal regions of the HKH.®® The
presence of sulfide minerals such as arsenopyrite in the Himala-
yan flour has the potential to act as a source of toxic trace ele-

to humans.

Glacial flour enhanced crop yields
Himalayan and Icelandic flour treatments
increased soybean yield (dry weight (g))
above control experiments (no treatment)
by 85% and 138% respectively (p < 0.05)
(Himalaya; 36.0 + 2.9 g m 2, Iceland;
474 + 21 g m2 Control; 19.9 =
3.4 g m™? (Figure 2A; Table 1) when
applied to a low nutrient soil matrix at a
practical application rate (2 Tha™', equiv-
alent to 0.125-0.146 mm covering farm-
land).®'" Furthermore, the glacial flour
application rate, between 0.5 T ha™" and
20 T ha™', was significantly positively
correlated with soybean vyield (R? = 0.80,
p < 0.05, n =3) (Figure 2B). The crop yield
exceeded that of low-application rate
chemical fertilizer treatments (N-P-K
added at 10 kg ha™ " Figures 2A; Table 1).
Crop yields achieved in this experiment
are comparable to previous glacial flour
crop yield gains for the same application
range. "%

The higher crop yield achieved when the soil matrix was sup-
plemented with Icelandic flour (p < 0.05) compared with the Hi-
malayan flour for the same application rate is likely due to two
factors. First, Icelandic flour contained higher total concentra-
tions of key plant nutrients (P, Fe, S, Mg, Ca, Mn; Table 2) than
Himalayan flour — although it was depleted in K compared with
the Himalayan flour, reflecting the different bedrock lithologies
(Table 2). Concentrations of highly labile exchangeable nutrients
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Figure 2. Soybean and glacial flour crop yield and efficiency results
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(A) Soybean crop yield (g m~2) across a range of treatments, including glacial flour applications at 2 T ha™" (n = 12, error bars are SEM).
(B) rate relationship between soybean yield and glacial flour application rate (n = 3, 95% confidence intervals represented by dashed line).

(C) elemental efficiency (EE-P) of P (g g~ ).

(D) elemental efficiency (EE-K) of K (g g~ '). The gray shaded horizontal regions in (C and D) are regarded as the optimum AE in farming [1]. The darker colored bars
in c and d are EEs calculated using the total K and P, and lighter colors are the EE calculated using the exchangeable EE-K values (these bars are not available for
EE-P because the values calculated were beyond that of reasonable values, see main text). Agronomic efficiency calculations are calculated using the whole pot

nutrient values of exchangeable or total nutrients, including the soil matrix.

(Ex-P; 24.6 + 2.7 ng g~ !, Ex-K 1060 + 94.6 pg g~ ', Ex-Fe 4.0 +
0.08 mg g™ ") in Icelandic flour were more than double those in
the Himalayan flour (Ex-P; 5.6 + 0.8 pg g~', Ex-K 383 =
67.7 ng g~ ', Ex-Fe 1.40 + 0.02 mg g~ ") (Table 2; Table S2).?
Second, Icelandic flour had a smaller mean particle size, sug-
gesting a greater reactive surface area (mean p.s.d = 33.7 =
1.7 um), compared with Himalayan flour (mean p.s.d = 112.4 +
2.3 um) (Table S1).

We calculated experimental element efficiency (EE) indices
(Figures 2C and 2D) to evaluate the effectiveness of glacial flours

Table 1. Soybean crop yield results

Soybean Above ground
yield Change in biomass Nodule
Treatment (@m™™  FvFm (%) (gperplant) count n
Control 199+34 -311+15 1.24+0.17 283 6
N 205+34 -234+27 1.56+0.08 311 4
P 341+19 -205+1.8 1.95+0.06 869 4
K 264+26 -246+12 1.84+0.10 796 4
PK 34.3+1.0 NA 1.71 £ 0.26 913 5
NPK 31.3+15 -246+19 1.91+0.12 518 6
Himalaya flour 36.0+2.9 -17.6+2.1 1.92+0.02 1049 6
Iceland flour  47.4+21 —-162+19 220+0.16 1498 6

Glacial flour treatments shown are those for 2 T ha-1 application rate.
Results shown are the mean and the standard error of the mean.
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in increasing crop yield. These indices are analogous to the widely
applied metric ’agricultural efficiency’, which is used to assess the
impact of applied elemental chemical fertilizers on crop vyield.®
Agricultural efficiency metrics (Equation 2) determine a rate be-
tween the difference in two yields (e.g., Treatment Yield — Control
Yield) and the mass of nutrient applied (e.g., Chemical P applied
(kg m?). A high EE score suggests high yields compared to the
mass of nutrients applied, whilst low values indicate inefficient
fertilization and yield response. EEs were calculated using both
the exchangeable (Ex-P, Ex-K) and total P and K®® concentrations
associated with glacial flours with the latter used to infer potential
enhanced mineral weathering in the experiment.

EEs calculated using only Ex-P (Ex-P EE: Himalaya flour EE =
3100 + 212 g g, Icelandic flour EE = 4609 + 240 g g~ ) were
two orders of magnitude higher than International Fertiliser As-
sociation (IFA) target AE values (15-40 g g~ ').%* These values
are unrealistically high and suggest that P is likely to be supplied
from mineral P in glacial flours, Extractions performed on the
glacial flours indicate the majority of P (>95% for both flours)
is held in a HCl-extractable phase, which is commonly assumed
to represent apatite-group minerals. Experimental EE scores
using total P were closer to the recommended agricultural effi-
ciency p values (Himalaya flour TP EE = 121 + 26.1 g g ', Ice-
landic flour TP EE = 173 + 25.9 g g~ ). Both glacial flours were
more efficient per gram of Ex-K than chemical K treatments
(Ex-K EE: KEE=17.1+39gg ,PKEE=81+16gg |,
NPK EE = 315 + 7.3 g g~ ', Himalaya EE = 759 + 172 g g,
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Table 2. Measured mean glacial flour concentrations of plant essential exchangeable (uncrushed, labile extractions) and total nutrients (crushed, total extraction)

Total-Mg Total-Mn Total-S Total-Si Total-Zn Total-Ni Total-As

Total-Ca

Exch-N Total-P(Exch-P)  Total-K(Exch-K)  Total-Fe (Exch-Fe)

Glacial
flour

(ugg™
232422 86.9+2.9 2.59+0.03

(mgg™)
152 + 3 (4.05 =

<LOD

27.4+£0.08 33.5+0.09 2.50+0.04 3.56+0.04

6.76 + 0.15(1.07 +

2.85a+ 0.04
(0.024 + 0.003)

<LOD

Iceland

0.08)
20.5 + 0.2(1.49 =

0.09)
8.41 + 0.26(0.38 =

< LOD 1.02+0.17 114+31 128+0.2 73.8+8.0

< LOD

2.35+0.06 3.47 +0.06

2.24 +0.10
(0.006 + 0.001)

Exch, exchangeable; LOD, limit of detection.

<LOD

Himalaya

0.02)

0.07)

Values from this study are presented to three significant figures.
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Table 3. Element efficiency of P (EE-P) and K (EE-K)

EE-P EE-K EE-ExchK

Treatment 997" n

P 54.3 + 3.46 - - 12

- 6.15+5.15 17.1+£6.15 12

PK 32.5+6.59 225+4.73 8.11+056 12

NPK 455+123 11.4+6.21 31.6+7.28 12

Himalaya (2 T ha™") 121 +26.1 13.4+9.34 759+17.2 12

Iceland 2 T ha™") 173 +259 249+6.72 84.3+16.1 12
FAO recommendations 15-40 16-20

AE, agronomic efficiency; Exch, exchangeable; SD, standard deviation of
the mean.

Relevant efficiency data is presented. EE-P was calculated based on To-
tal P concentrations. EE-K was calculated from Total K, EE-Exch-K is
presented based on sequential K extractions. Values from this study
are presented to three significant figures. EE Recommendation levels
also shown. Error shown is SD.

Iceland AE = 84.3 = 16.1 g g~ ') and all treatments other than the
PK chemical fertilizer treatment met the recommended AE rat-
ing for K (16-20 g g ") (Figures 2D; Table 3).°° These results
suggest that glacial flour efficiently increased crop yields. The
high EE values may be due to be due to factors other than P
and K availability, such as micronutrient availability. Soybeans
treated with chemical fertilizers may have experienced micronu-
trient limitations impacting crop yields, and the low EEs may
reflect competition between the crops and microbial soil com-
munities for nutrient uptake, or sorption to the artificial soil
matrix.®®

While these results indicate that Himalayan and Icelandic glacial
flours have the potential to efficiently release elements required by
crops from mineral phases, our experiments were only performed
over a single crop cycle. Quantifying the use of each element and
the potential long-term weathering effects of glacial flour could not
therefore be evaluated. We might expect the release of nutrients
from mineral phases to persist over multiple crop seasons, but
this should be a topic for further study.'®

Glacial flour improved N fixing capability and maintained
the photosynthetic efficiency of crops

To assess the effect of glacial flour application on biological ni-
trogen fixation (BNF) and maintenance of photosynthetic effi-
ciency in the soybean plants, root nodule counts and inferred
photosynthetic capacity of the soybean plants were measured®’
(Fv/Fm; the ratio between variable fluorescence and maximum
fluorescence, representing the maximum potential quantum effi-
ciency of Photosystem Il if all capable reaction centers were
open). Both BNF and Fv/Fm parameters correlated positively
with crop yield in all experimental treatments (o < 0.05, /# =
0.85andp < 0.05, = 0.62, respectively) (Figures 3A and 3B; Ta-
ble 1; Tables S3 and S4). Over the first 30 days of growth, there
were reductions in Fv/Fm across all treatments (Figures 3C;
Table S8), which suggests that nutrient limitation constrained
photosynthetic efficiency. However, the plants receiving the
glacial flour treatments (2 T ha ") had the smallest reduction in
Fv/Fm. Final Fv/Fm ratios for Himalayan flour (0.655 + 0.003)

iScience 28, 111476, January 17, 2025 5




¢? CellPress

OPEN ACCESS

© Control
1504 O N
AP (0]
- AK
S 1001 @ NPK O @
3 © Himalaya A
© Iceland
3 A ® R?-085
8 50 A
z
o /%f’o‘
’ g
7
10 20 30 40 50 2
Average Soybean Yield (g m™?) =S
[
£
B ®
=)
O Control _ S
— onN <
2 -107/ap Oo ® o
= AK o
e onN
S —151| © Himalaya AN
L @ Iceland
L lcelant o Rz - 062
g,-20 Ay
5
5 -25 ©
@ O

10 20 30 40

Average Soybean Yield (g m™)

50

Figure 3. Nodule counts and Fv/Fm for soybean yield experiment

-5

-10

-15

!
n
=]

-25

iScience

+ HKH Flour
~— + Iceland Flour

15 20 25 30

Day

(A) Linear regression of soybean nodule count and average yield across all experiments, R® = 0.85.
(B) Linear regression of the percentage change in Fv/Fm compared to Day 0 and average soybean yield (g m2).
(C) Time series of Fv/Fm (%) over the first month of the experiment for all treatments (27 days).

and Icelandic flour (0.662 + 0.004), were 16.2 + 0.5% and 17.6 =
0.8% lower than the start of the experiment, compared to 31.1
1.5% lower Fv/Fm in the control treatment and chemical fertilizer
treatments (Fv/Fm results, N treated = 23.4 + 2.7%, P treated
20.5 + 1.8%, K treated 24.6 + 1.2%, and NPK treated 24.6 +
1.9%, Table 1; Table S3). The glacial flour-treated soybeans
also displayed the highest mean nodule counts, with average
nodule counts of 105 11 (Himalaya) and 150 + 19
(Iceland) compared to the control (28 + 18) and chemical fertil-
izers (N (31 + 22), P (87 + 25), PK (91 + 23), NPK (52 + 17))
(Figures 3A; Table 1).

The success of glacial flour in enhancing BNF capacity and
supporting plant growth, compared to chemical fertilizers, is
likely due to three factors. First, the low-N soil matrix and glacial
flour treatments may have up-regulated nodule development,
whereas chemical N treated pots likely had nodule development
down-regulated, which is commonly observed in chemical
N-fertilised cropland.®® Second, it is likely that soybeans with
lower nodule counts remobilized N from their leaves to the grain,
diminishing their photosynthetic capacity as indicated by a steep
reduction in Fv/Fm, and subsequently limiting crop yield.®® For
example, chemical N-treated pots were likely to have taken up
the N rapidly into crop biomass at the start of the experiment,
but further N supply later in the experiment was unavailable for
growth. Third, prolific nodule growth and biological nitrogen
fixation are dependent on the availability of P and micronutrients
(Fe, S, Mo, and V), potentially supplied by glacial flour but not by
chemical fertilizers,”® which is a hypothesis explored in more
detail later in discussion.

+

Glacial flour was a source of macro and micronutrients
to crops

Our data suggest that glacial flours can act as a source of both
plant macro and micronutrients in controlled growth experi-

6 iScience 28, 111476, January 17, 2025

ments. Principal Component Analysis (PCA) was used to explore
associations between the supply of essential plant nutrients
(P, K, Fe, Mg, Ca, Si, Mn, Zn, Ni, and S) and the soybean crop
yield. The first two components of our PCA accounted for
>99% of the total variability in the total metal concentrations in
the glacial flours: PC1 77.1%; and PC2 22.0% (Figure S1). Ice-
landic flour was heavily loaded onto PC1, likely due to the strong
enrichment of Icelandic flour with the mafic rock-associated
trace elements. This pattern was reversed for PC2, with Hima-
laya flour more heavily loaded on this component. Elemental
loadings on PCs reinforce the likely importance of micronutrients
in plant growth. PC1 had high loadings for Zn (0.99), Ni (0.97), Ca
(0.95), P (0.93), S (0.92), Mn (0.92) and Mg (0.90) (all high in Ice-
landic flour), while PC2 had a higher loading for Si (0.97), likely
reflecting the higher concentration of aqua regia digestible sili-
cates in Himalayan flour (Total Si 1.02 + 0.17 mg g~ ) (Table 2).
Furthermore, although K and Fe had relatively high loadings in
PC1 (0.81 and 0.89), they were the only nutrients with strong
loadings in PC2 (0.58 and 0.45). We then combined the PCA
with a subsequent stepwise regression analysis which showed
that 77.1% of the variance in soybean crop yield can be ex-
plained by PC1 and 22.0% of the variance by PC2 (Total
PC1 + PC2 = 99.9%, p < 0.0001, 2 = 0.91), suggesting that
glacial flour supplied both essential macro and micronutrients
to support crop and plant health in our experiments. While prior
research into crushed rock for agriculture has focused on the
enhancement of P and K in crop growth experiments, our results
suggest that glacial flour improves soil fertility by increasing both
the soil macro- and micro-nutrient content.

Glacial flour as a source of beneficial and toxic trace
elements

Enhancing the nutritional value of soybeans by boosting micronu-
trient concentrations (“biofortification””") may have significant
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Figure 4. Enrichment factors of trace elements (Zn, Se, and As)
within the soybeans from the glacial flour crop yield investigation
(A) Zn (Zn-EF); (B) Se (Se-EF); and (C) As (As-EF) for glacial flour (0.5-20 Tha™")
and NPK amended experiments. The shaded regions indicate the dose with
the highest EF, yellow for Himalayas and purple for Iceland. An EF of 1 is
plotted, where points above and below the line are enriched and depleted
respectively in the element in question. Data points for Se-EF in Himalayan
glacial flour treatments are plotted as single points since undetectable levels
were recorded in some pot replicates. As-EF reports only Himalayan data
since As in both NPK and Icelandic treatments were below detection.

benefits in addressing micronutrient malnutrition (e.g., Zn),””
which has particular relevance for rural communities in low and
middle-income countries.”® Conversely, some trace elements
may be detrimental to human health when present at high con-
centrations, with previous research expressing concern related
to the potential mobilization of toxic metals (e.g., Cr, Ni, As, and
Pb) from crushed rock within the soil matrix.'? Here, we focus
on two beneficial trace elements, zinc (Zn)’* and selenium
(Se),”® sourced from rock weathering within the soil. We also eval-
uated concentrations of chromium (Cr), nickel (Ni), lead (Pb), and
arsenic (As) in the soybean crop since these have been shown to
cause adverse human health impacts in Asia.”® Potential bio-
accumulation of trace elements in our soybean experiments
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was calculated using enrichment factors (EF), where the concen-
tration of an element in a soy bean (e.g., Znmg g~ ') amended with
glacial flour or chemical ferilizer was divided by the concentration
in the control experiment (mg g~ ") (Equation 3).””

Both glacial flours showed the potential to drive the bio-
accumulation of beneficial trace elements in soybean crops.
The beneficial trace elements Zn and Se had an EF above the
chemical fertilizer NPK treatment (Figures 4A and 4B; Table 4,
p <0.05). NPK treated soybeans displayed a lower concentration
of all trace elements compared to the control and glacial flour
treatments. Low EFs may reflect a limited trace element load in
the artificial soil matrix. The crop yield of the NPK treatment
may also have resulted in a proportional decrease in the concen-
tration of trace elements in the crop. Soybeans had mild Zn
enrichment (EF < 1.5) in all glacial flour treatments, which was in-
dependent of both the glacial flour application rate, and the total
Zn concentration in the flour (Icelandic flour 232 + 2.2 ng g~ ", Hi-
malayan flour 114 + 3.1 ug g~ ") (Figure 4A Table 4). There was
significant enrichment of Se in Icelandic flour treated beans
with high levels of enrichment (EF > 2) across all doses and
was dose dependent. However, no significant enrichment in Se
was observed for Himalayan flour treated beans (Figure 4B),
which may be due to the lower Se concentrations in Himalayan
flour compared to Icelandic flour (3.5 + 0.5 ug g~ ' compared
t0 6.0 = 0.2 pg g~ ') and slower mineral dissolution rates.

World Health Organization recommended daily allowances
(RDA) for Zn are between 6.5 and 9.4 mg day ', and dietary Se is
classed as deficient at < 40 ug day ' and toxic at > 400 pg day™'-’®
The total theoretical dietary supply (i.e., not the human digestive
bioavailable fraction), of Zn and Se for a portion of raw soybeans
(35 g) grown in our experiments was calculated using the total
element concentration of the soybeans. A portion of soybeans
grown in Himalayan flour applied at a low dose of 1 Tha™" (yellow
shaded area, Figure 4A) could provide 33.0 + 2.4% of the recom-
mended Zn daily dietary intake (3.19 + 0.37 mg of total Zn) but no
significant Se intake. However, Icelandic flour applied at the same
dose (1 T ha~") would supply 35.4 + 2.9% of daily dietary Zn and
952 + 72.7% of the recommended intake of Se. Consumption of
the beans grown in 1 T ha™' Icelandic flour would result in an
intake of 1940 + 450 ug of Se, which is above the daily recommen-
ded intake limit of 400 pg.”® The beans could be regarded but it
should be noted there is considerable uncertainty surrounding
recommended dietary Se consumption. Moderately high Se diets
(>100 png) have been shown to be anticarcinogenic, highlighting
additional work is needed to establish safe dietary Se intake.”®
It is also important to ascertain whether these Se enrichment
levels are achieved under real-world conditions. Nevertheless,
low doses of glacial flour appear to biofortify crops with beneficial
elements.

All glacial flour treated soybeans had undetectable levels
of toxic heavy metals Cr, Ni, and Pb (Limit of detection
(LODs): Cr2.75ugg~ ", Ni6.28 ugg ™", Pb 2.79 ng g ). Icelandic
flour treated soybeans had undetectable As levels (LOD
<0.8 ng g~ ). However, there was a significant As enrichment
(EF = 410 = 0.36 at 20 T ha™") in Himalayan flour-treated
beans with clear dose dependency for application rates above
0.5 T ha " (Figures 4C; Table 4, p < 0.05). High As enrichment
in the Himalayan flour treated soybeans is consistent with the
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Table 4. Soybean concentrations of chosen metals, uptake, and enrichment factors (EF)
Zinc Selenium Arsenic
Zn Conc Zn Uptake Zn-EF Se Conc Se Uptake Se-EF As Conc As Uptake As-EF
Treatment  (hg g™ (ng) CEm) (kg9 (1g) 997 (kg9 (ng) 9g) n
Control 732 +5.2 23.8+5.8 N/A 421+85 13.1+2383 N/A < LOD N/A N/A 3
NPK 412+89 424+159 056+0.12 514+26.7 335+7.2 0.22+0.21 <LOD N/A N/A 3
Himalaya (T ha™")
0.5 956 +7.7 59.5+6.9 1.31 £0.11 < LOD N/A N/A < LOD N/A N/A 3
1.0 105+12.0 88.0+12.6 1.43+0.17 < LOD N/A N/A (1.02) (0.73) (1.28) 3
2.0 92.7+19.2 924+204 1.27+0.26 (110) (107) (2.63) (1.03) (1.02) (1.28) 3
5.0 86.2 + 6.4 112 £ 9.1 1.18 £ 0.09 (115) (144) (2.74) 1.77£0.14 229x022 221=x0.17 3
10.0 80.5+ 8.0 124 +8.7 1.10+0.11 (79.0) (132) (1.88) 2.37+0.38 3.67+061 296+047 3
20.0 82.7+1.8 135+ 15.0 1.13+0.02 (96.5-208) (137-350) (2.29-4.94) 3.28+0.29 534+0.56 4.10+0.36 3
Iceland (T ha™")
0.5 88.7+6.0 66.4+10.7 1.21+0.08 105+139 495+6.3 2.51+0.33 < LOD N/A N/A 3
1.0 86.6 + 5.1 78.0+84 1.18+0.07 125+9.5 113+12.2 297 +0.32 <LOD N/A N/A 3
2.0 92.7+7.8 101 +£20.1 1.27+0.11 116+14.7 77.3+56 2.77+0.35 < LOD N/A N/A 3
5.0 87.9+52 113 +5.2 1.21+£0.07 130 +6.1 167 +10.5 3.09 +0.14 < LOD N/A N/A 3
10.0 90.1 £ 5.1 146 £11.6 1.23+0.07 147+7.0 237=x152 3.50x0.17 < LOD N/A N/A 3
20.0 85.9+2.6 168 + 3.1 1.18+0.04 133+109 257+20.0 3.13+0.26 <LOD N/A N/A 3

Conc, concentration; EF, enrichment factor; NPK, Nitrogen + Phosphorous + Potassium chemical fertiliser; LOD, limit of detection.
Values from this study are presented in three significant figures. Values in brackets are single replicate results only. Where the control treatment was
below the LOD for Total As, the method detection limit was used, shown in italics, for enrichment factor calculations only.

identification of As containing sulfide minerals in the glacial flour
identified by SEM/EDS. Additional LA-ICP-MS spot analysis on
representative sulfide phases isolated from the flour indicated
that the As in Himalayan flour treated beans was sourced from
sulfide minerals such as arsenopyrite, pyrite and pyrrhotite (Ta-
ble 5). The presence of As rich sulfide minerals indicates that
these are the likely source of As from the Himalayan glacial flour
to the soybean crops.

Toxic levels of As in humans that can cause chronic health
impacts (arsenicism) are believed to occur at doses of
>100 pg day %% This value is likely to be a conservative
estimate because it is calculated from drinking water concentra-
tions whereas is likely to be highly bioavailable.?” Soybeans grown
in Himalayan flour at a dose required to achieve Zn biofortification
(0.5 T ha™") did not have a measurable total As concentration.
However, a portion (35 g dry weight) of soybeans grown in Hima-
layan flour at a high dose rate (5 T ha~") would result in an As
intake of 44.2 + 1.8 ng. Although this falls below the daily limit
for arsenicism, the cumulative impact of consuming all an individ-
ual’s dietary needs from crops enriched in As is likely to exceed

toxic limits. Although total As levels alone do not indicate high
toxicity to humans, As speciation (e.g., organo-As species, As®*
and As®") plays a critical role in potential toxicity, for example,
organic arsenicals are much less toxic than inorganic As®* and
As®*, and should be investigated in the farm to fork cycle.®?

The enrichment of As in glacier flour-amended soybeans also
highlights the potential of Himalayan glacial flour as an of As
contamination to rural communities, either via the cultivation
of formerly glaciated soils or the use of glacial flour from
such geological provinces in crop fertilization.® For smallholder
subsistence farmers with a diet mostly sourced from crops,
this low level of arsenicism may be of concern. These findings
indicate a need to better understand the potential toxicity of
soils within deglaciated landscapes and on glacial sediment
floodplains. This is of particular importance in regions where
glaciers have overly metamorphic/sedimentary bedrocks, for
example in the Punjab floodplain and the high Himalayas.®®
Improving the temporal and spatial understanding of glacial
flour micronutrient and trace element supply is critical to inform
future work.

Table 5. LA-ICP-MS analysis of Fe and As concentrations (mean, (range)) (ppm) measured in sulfides isolated from Himalayan glacial

flour
Element Concentration (ppm)

Mineral Fe S As n
Pyrite 500,000 (500,000) 256,000 (195,00-320,000) 1280 (700-1900) 2
Pyrrhotite 660,000 (600,000-700,000) 370,000 (6,500-450,000) 1850 (18-3500) 8
Arsenopyrite 352,000 (350,000-370,000) 276,000 (18,000-350,000) 510,000 (180,000-670,000) 8

Number of samples (n) is shown.
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Figure 5. Conceptual diagram of glacial flour as a soil amendment or potential source of toxic elements

As glacial flour weathers two extreme end member scenarios are possible — (i) either glacial flour releases nutrients into the soil which stimulates a cascade of
positive impacts upon the soil health and then crop growth and yield, and/or (i) glacial flour releases toxic elements that negatively impact soil, crop yields, and
human health. In practice, a combination of i and ii is possible, as evidenced in our experiments. Hypothetically, the enhanced crop health and yield results in a
reduction of intensive farming strategies, shifting toward more sustainable agricultural methods. However, glacial flours that are high in toxic elements may result
in farmers looking to amend soils with conventional practices. Greater use of chemical fertilizers and enhanced the bioaccumulation of potentially toxic elements

(e.g., As, Se), results in high cost — low resilience unsustainable farming.

Limitations of the study

Limitations of our study include that our investigation only inves-
tigates a single plant growth study, in controlled conditions in
a greenhouse. Future work should seek to perform field trials
within natural agricultural soils to understand the effects of
glacial flour within soils.

The future of glacial flour and agriculture
The agricultural application of glacial flour has primarily focused
on Greenlandic igneous felsic rocks.'®?"°>°¢ However, the im-
pacts of glacial flour from diverse bedrock sources, such as
those from the Himalayas (metamorphic/sedimentary) and Ice-
land (basalts) remain largely unknown. Our research indicates
that both Himalayan and Icelandic glacial flour has the potential
to increase crop yields (by 85% and 135% respectively at a min-
imum 2 T ha~" application rate) and enhance plant health acting
as a source of nutrients. Our results also indicate glacial flour can
act as a source of trace elements, in some cases enhancing
nutritional value (e.g., Zn) and in others increasing toxicity (e.g.,
As). We also found that beneficial micronutrient enrichment
in the crop occurred at low glacial flour application rates,
<2 Tha™', suggesting a potential use within small-scale organic
farming networks to improve nutritional quality in a sustainable
way. This is supported by current research investigating Green-
landic glacial flour within organic agriculture.’® These findings
provide foundational insights for further investigation of glacial
flour effectiveness in agriculture across a broader range of lithol-
ogies and geographical regions (Figure 5).

However, alongside these benefits, caution is warranted due
to the presence of toxic trace elements within glacial flour,

notably As, sourced from sulfide minerals. Himalayan flour
treated beans were significantly enriched in As, and at high appli-
cation rates (>5 T ha~") consumption of the crop would have
been above recommended safe As limits.®* This study highlights
the pivotal role of Himalayan glaciers and the delicate relation-
ship between geology and human health. These glaciers are
the source of many major Asian rivers that irrigate crop lands
that feed up to 38 million people.®® Himalayan glacier-derived
sediment deposited across low-lying pan-Asian flood plains
has been inferred as the source of As in groundwater wells,
responsible for “the largest poisoning of a population in his-
tory,”®® over 100 million people.®”*® As climate change con-
tinues to transform glaciated regions, glacial flour exports are
expected to increase with unknown downstream impacts.*’ To
mitigate potential adverse effects on crops and ecosystem
health glacial flour requires further study.

Our proof-of-concept findings underscore the dual nature of
glacial flour as both a potential soil amendment strategy with
beneficial human health impacts within mountain agriculture,
but also as a potential source of concern for flours sourced
from sulfide-rich deglaciated terrains due to high toxic element
concentrations. Our experiments underscore the importance of
further research aimed at unraveling the complexities of glacial
flour behavior within agriculture. Future research should include
analysis of a wider range of lithologically contrasting flours, scru-
tiny of the biogeochemical mechanisms controlling nutrient
release from mineral matrices, trials over single and multiple
cropping cycles, and a consideration of both crop yield and trace
element bioaccumulation impacts. By leveraging the beneficial
aspects of glacial flour application and mitigating potential risks,
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there is potential in harnessing glacial flour to sustainably bolster
food security in the face of climate change.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

Soybean (Glycine max) ‘Black jet’ seeds LegumeFix, UK N/A

Bacteria and virus strains

Bradyhizobium japonicum inoculum

LegumeFix, UK

N/A (microbial inoculum used for root nodule formation)

Chemicals, peptides, and recombinant proteins

Ammonium Nitrate (NHNO)
Phosphorus Pentoxide (PO)
Potassium Oxide (KO)

Sodium Acetate (NaOAc)
Magnesium Chloride (MgCl)

HCI, HNO, HO (Trace Metal Grade)

Analytical grade
Analytical grade
Analytical grade
Analytical grade
Analytical grade
Trace Metal Grade Chemicals

Used for chemical nitrogen fertilizer

Used for chemical phosphorus fertilizer

Used for chemical potassium fertilizer

Used in metal extractions as per Tessier et al. method
Used in phosphorus and potassium extraction

Used for aqua regia and extractions

Software and algorithms

GLITTER Software
DataGraph Software
R Statistical Software

Australian National University
Visual Data Tools
R Foundation

Software for data processing in LA-ICP-MS
Used for generating graphical figures
http://www.R-project.org

BioRender Software BioRender License number: FS26X5S5BD for Figure 5 images
Other
Vermiculite Local supplier Used for initial germination

Perlite (Silvaperl P35 Grade)
Reverse Osmosis (RO) Water
Malvern Mastersizer 3000

Nu AttoM SC-ICP-MS

Excite 193 ArF laser-ablation system
Imaging-PAM M-Series Mini fluorimeter
LaChat QuikChem 8500 FIA system
Agilent 710 ICP-OES

Agilent 7500 ICP-MS

Mars 6 Microwave Digestion System
Whatman® GD/XP PES filters

Hach Pocket Pro pH meter
Commercial Seedling Compost

Hoben International, UK

In-house supply

University of Bristol

Nu Instruments Ltd., UK

Photon Machines, San Diego, USA
Walz

LaChat Instruments, Loveland, CO
Agilent Technologies

Agilent Technologies

CEM Corporation

Whatman

Hach

Melcourt and Levingtons, UK

Expanded, inorganic, amorphous volcanic glass

N/A

Used for particle size analysis

Used for trace element analysis

For LA-ICP-MS analysis

For chlorophyll fluorescence imaging

Used for nitrogen and phosphorus colorimetric analysis
Used for exchangeable K and trace element concentration
Used after microwave digestion for trace element analysis
Used for microwave digestion of sediment samples

0.45 um 25 mm filters used for extraction solution

Used for measuring pH in artificial soil matrix

Low-nutrient compost for experimental soil matrix

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Glacial flour sites and sampling

All sediment samples were collected from the banks of meltwater streams as close to the glacial portal as possible using sterilized
trowels. Sediment was immediately transferred into Whirl-Pak bags and stored in a refrigerator (~2°C-4°C) until further analysis and
crop growth experiments. Glacial flour was collected from two glacier field sites.

(1) Icelandic Flour: This sample was collected from Sélheimajokull, Iceland (63.4 °N, 19.4 °W) during October 2016, near the end
of the ablation season. Sélheimajokull is a land-terminating outlet glacier of the Myrdalsjokull ice cap, which lies above the
Katla volcanic system. The bedrock at this site comprises relatively young (<0.7 million years) basalts known to contain

elevated concentrations of elements such as Mg, Fe, Ca, Mn, Ni, Co, Zn, P, and

S 57,89,90

(2) Himalayan Flour: Collected from Chhota Shigri (32.3 °N, 77.7 °E), a typical low-latitude Himalayan glacier located in the Chandra
Bhaga river basin of the Lahaul and Spiti Valley, Pir Panjal range, Hindu Kush Himalayas, NW India. Samples were obtained at the
end of the ablation season in September 2017. The geology of Chhota Shigri is complex, comprising migmatites and gneisses
with granitic intrusions, overlain by metasediments including black slates, phyllites, and fine-grained biotite-schists.”’
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METHOD DETAILS

Soil and sediment analytical methods
e Particle Size Analysis
o Particle size was determined from five replicates of each sample using a Malvern Mastersizer 3000 at the School
of Geographical Sciences, University of Bristol. Prior to analysis, a sonication probe was used to aid in sediment
disaggregation. The sediment was dispersed in ultra-pure water before being introduced into the Mastersizer. Particle
size distribution was then determined using laser diffraction, and results were tabulated (see Table S1 for full data).
® Mineralogical Composition
o All glacial flour samples were air-dried before analysis. Heavy minerals were separated from the dried samples using a 50%
v/v lithium tetraborate solution, followed by manual handpicking of minerals under a binocular microscope at the Depart-
ment of Geosciences, UiT — The Arctic University of Norway. Handpicked grains were further analyzed under a reflected
light microscope (Leica DM LM equipped with 2.5x, 5x, 10x, and 63x objectives) and a Hitachi Tabletop SEM. Detailed
elemental mapping of mineral grains was conducted, and individual mineral grains were selected for LA-ICP-MS spot anal-
ysis, performed at the Geological Survey of Finland (GTK).

Trace element analysis by LA-SC-ICPMS
e Laser Ablation-ICP-MS Analysis

o Trace element analysis of sulfide minerals was performed using a Nu AttoM SC-ICP-MS (Nu Instruments Ltd., Wrexham,
UK) and an Excite 193 ArF laser-ablation system (Photon Machines, San Diego, USA) at Geological Survey of Finland (GTK).

o Thelaser operated at a pulse frequency of 5 Hz and a pulse energy of 5 mJ with 40% attenuation, producing an energy flux of
2.9 J cm~2 on the sample surface with a 40 um spot size.

o Each analysis began with 5 shots of pre-ablation followed by a 20-s baseline measurement. This was followed by laser abla-
tion for 40 s for signal acquisition. Analyses were made using time-resolved analysis (TRA) with continuous acquisition of
data for each set of points (typically following the scheme of primary standard, quality control standard, and 10-20
unknowns).

o For sulfides, the synthetic pressed nanopellet sulfide standard UQAC FeS-1 was used for external standardization, [https://
sulfideslasericoms.wordpress.com/rm-available/] with FeS-5 and FeS-6 nanopellet standards used as quality controls.
Measurements covered 65 isotopes across 38 elements at low resolution (AM/M = 300) using the Fastscan mode. For
Fe and Fe-Ti oxides, GSE glass was used as the primary external standard, with BHVO-2G, BCR-2G, and GSD as reference
materials for quality control.

o Data reduction was performed using GLITTER™?® software, allowing baseline subtraction, integration of the signal over a
selected time-resolved area, and quantification using known concentrations of the external and internal standards. Both
sulfide and oxide data were calibrated with®” Fe as an internal standard, assuming stoichiometric composition. Data was
then presented as the total element concentration of the minerals.

Nitrogen concentration determination

o Method: Exchangeable total nitrogen (Ex-N), including nitrate (NOs™-N) and ammonia (NH4*-N), was determined using a 2M KCI
solution as described by Maynard et al.®® The extraction solutions were filtered through 0.45 pm 25 mm Whatman GD/XP PES
filters. NOs™-N and NHa*-N concentrations in the extraction solution were determined colorimetrically using a LaChat QuikChem
8500 Series 2 FIA system with QuikChem methods 31-107-06-1-1 for NH4*-N and 31-107-05-1-K for NO3™-N.

® Precision and Accuracy: Precision for NOs™-N was +1.8% (n = 12) with an accuracy of +1.1%, based on six replicate matrix-
matched standards across concentrations of 1, 5, 10, 25, 50, 100, 250, and 500 ng L' NOs™-N. For NH4*-N, precision
was +3.2% (n = 12) and accuracy +0.9%, based on matrix-matched standards across the same concentration range. Detection
limits for NH4*-N and NOs™-N were 0.12 and 0.09 ug g™' for dry sediment, respectively.

Metal extractions and determination (P, K, Fe, Ca, mg, Mn, S, se, Zn) for sediments and beans
e Phosphorous Extraction: Method: Sequential extraction for P was conducted using methods adapted from Stibal et al.°* and
Hawkings et al..°® Four extractions were performed:
o Extraction 1: Loosely sorbed P was removed using 1M MgCl..
Extraction 2: Fe— and Al-bound P, potentially biolabile, was removed with 0.1M NaOH.
Extraction 3: Ca- and Mg-bound P was removed with HCI, often associated with apatite.
Extraction 4: Residual and organic-bound P was extracted using potassium persulfate/sulfuric acid digestion.
Sediments (50 mg) were suspended in 1.5 mL extraction solution, filtered through 0.45 um Whatman GD/XP PES filters,
washed x6 with ultrapure water, and centrifuged at 3000 rpm for 5 min to a pellet and then supernatant filtered as above
and added to the extract filtrate.
o Soluble reactive phosphorus in extracts was measured colorimetrically on a LaChat QuikChem 8500 analyzer. (QuikChem
method 31-115-01-1-I).

O O O O
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o Solutions were diluted prior to analysis, with dilution factors as follows, extraction 1 d.f. x2, extraction 2 d.f. x5, extraction
3 d.f. x50.

o Precision was +0.5%, +0.4%, +0.2% and accuracy was —0.5%, +0.3%, +1.4% based on six replicate standards for extrac-
tions 1, 2, 3. Standards used were matrix matched and concentrations spanned 1, 5, 10, 25, 50, and 100 ug L~! PO,-P".
Standards were checked by independent reference check standards and monitored for drift throughout analytical runs
(50 and 100 pg L~ PO,-P).

@ Exchangeable Potassium: Method: Following the method by Tessier et al.,° exchangeable K was determined using a sequen-
tial method.

o Extraction 1: 0.5M MgClzloosely sorbed trace elements

o Extraction 2 1M sodium acetate (NaOAc) metals bound to carbonates

o Approximately 100 mg of sediment was used, with supernatants filtered (0.45 pm 25 mm Whatman GD/XP PES filters) and
then the sediment was washed with 2 mL of MQ which was filtered as above and added to the extract filtrate (dilution factor
(d.f) x2).

o Syringe filters (Whatman GD/XP 25 0.45 um) were acid washed using 20 mL 0.01M HCl followed by 30 mL MQ before flush-
ing with air and leaving for 12 h to ensure drying in a trace element clean laminar flow (Class 100).

o The combination of both extraction 1 (e.g., MgCI-K) and extraction 2 (e.g., NaOAc-K) are termed ‘exchangeable K’

o Trace element concentrations in the extracts were determined on an Agilent 710 ICP-OES. All extraction solutions were
diluted by a d.f. X100 in 0.1M HNO3 before running on the ICP-OES.

o Standards covered concentrations from 0 to 500 pg L™, with results recorded in Table S2.

o Precision was +0.8%, +0.5%, +1.3%, +3.2 and accuracy was +2.2%, +1.6%, +2.8%), —2.4 based on six replicate matrix
matched standards for extractions 1, 2. Matrix matched standards for all element concentrations ranged from the 0.1 M
HNO; blank (0), 1 5, 10, 25, 50, 100, 250 pg L.

o Total element (P, K, Fe, Ca, Mg, Mn, S, Se, Zn): Method: Microwave Digestion and ICP-MS determination

o 0.1-0.5 g of sediments were digested in modified aqua regia (2 mL of 30% w/v H20z, 2.5 mL 37% w/v HCI, and 10 mL 67%
w/v HNO:s)
Digestions were carried out in pressurized Teflon vessels using a Mars 6 microwave.
For each digestion, the temperature was ramped for 20 min to 210°C, where it was held for 15 min.
Samples digests were filtered through Whatman grade 41 filter papers and diluted to 50 mL before analysis.
Filtered samples were diluted to 50 mL before analysis with an Agilent 7500 ICP-MS
The ICP-MS was configured with a micromist nebulizer, a cooled double concentric spray chamber and nickel cones. Drift
was monitored and corrected for using a 50 ppb In internal standard added in line to each sample using a T-junction inline
mixing kit. Polyatomic interferences were removed using kinetic energy discrimination in a collision-reaction cell with
He gas.

o Precision for each element was P +2.6%, K +2.9%, Fe + 0.8%, Ca +5.9%, Mg +2.6%, Mn + 2.2%, S +9.1%, Se +1.9%,
Zn £1.9%, As +2.2%. Accuracy for each element was as follows P +0.2%, K +2.5%, Fe +1.1%, Ca +0.4%, Mg +3.8%,
Mn +0.7%, S +4.1%, Se +11.1%, Zn +6.6%, As +6.7 %, based on 6 replicate matrix matched standards covering the range
of concentrations. Certified reference materials (JCR) were also run to ensure standards were correct.

® Bean trace element concentrations

O O O O O

Following crop growth experiments the soybean plant material was extracted and analyzed as per the sediment extraction
methods outlined above using microwave digestion and ICP-MS (Newcastle University).

Crop yield experiments
Soybean plant material and growth preparations
® Soybean Germination and Inoculation
o Soybean (Glycine max) ‘Black jet’ seeds were stratified at 4°C for 3 days to break dormancy, then sown into vermiculite bags
and propagated in a growth chamber at 25°C with 100% humidity until germination (visible chitting, typically 5-8 days). Each
germinated seed was then coated with a microbial inoculum of Bradyhizobium japonicum carried by peat (LegumeFix, UK)
to encourage root nodule formation, simulating a natural soil microbial ecosystem.
® Soil Preparation and Treatment
o Atrtificial soil was prepared using a 9:1 volume-to-volume ratio of perlite to commercial seedling compost (Silver Sand,
Melcourt and Levingtons Seedling Compost) to create a low-nutrient matrix.'* Expanded perlite (Silvaperl P35 Grade,
Hoben International, UK) was chosen due to its high water-holding capacity and sufficient pore space for root growth.
This combination of low-nutrient compost and perlite provided a chemically inert matrix with minimal external nutrient
interference.®
o Preliminary trials using quartz sand as an inert medium (9:1 with compost), resulted in root rot, waterlogging and soybean
death. Although perlite is not truly chemically inert,”” we performed sequential and total extractions on both the compost
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and perlite (Table S4). The artificial soil matrix had low nutrient concentrations comparative to agricultural soils, supporting
our experimental use.

o All materials were chosen for their low nutrient content comparable with most other plant growth matrixes to minimise
external variables.

o Prior to planting, artificial soils were mixed in sterile ziplock bags to ensure a homogeneous matrix and then added to each
pot 48 h prior to planting, where they were watered with reverse osmosis (RO) water to saturation point.

o When soils were mixed, treatment components were applied and left to equilibriate, briefly, these were as follows; both
glacial flours were applied at 0.5, 1.0, 2.0, 5.0, 10.0 and 20.0 T ha~' equivalents which have been determined as the
most widely used crushed rock application rates.'”

o Fertilisers were applied at the follow rates; Chemical N at 10 kg ha™", Chemical P at 10 kg ha™" and Chemical K at
10 kg ha™"'. Treatments are outlined via Table S5. Chemical N fertiliser addition was achieved through the application of so-
lutions of Ammonium nitrate, NH4NO3, chemical P through P>O5 and chemical K through K50, all reagents were analytical
grade with <0.5ppm heavy metals, dilute solutions were made using RO water. To ensure accurate treatment, solutions
were added to each individual pot using a syringe.

o Experimental Design

o Treatments were applied to individual pots, which were then left to equilibrate for 7 days in a growth chamber before trans-
planting seedlings. The experiment was conducted three times with four replicates for growth comparison between 2 T ha™'
glacial flour, control, and chemical fertilizer treatments. A separate dose-response experiment was conducted for glacial
flour application rates from 0.5t0 20.0 T ha'.

Growth conditions
o Controlled Environment Setup

o Plants were grown in controlled GroDome chambers (Unigro) with a 12:12 h light photoperiod, 50% humidity, and 20°C
ambient temperature. Supplemental lighting was provided by Attis7 LED grow lamps (<206 W, photon flux density of
100 umol m=2s~"). All soybean experiments were conducted from November to March 2018 to ensure consistent light levels.

o Plants were hand-watered daily with RO water to maintain optimal moisture levels while minimizing nutrient addition. Pots
were placed in individual trays to collect water runoff and reduce nutrient leaching. Once weekly, 100 mL of RO water was
applied directly to the base of each plant as per Mohammed et al.'* At the end of the experiment post-harvest, all
plants were recovered from the soils and root nodules were counted as an indicator of microbial soil health and nutrient
availability.'*

Soil matrix characteristics
Physical and chemical properties of soil
® Soil Composition and Preparation
o The artificial soil matrix used in the crop experiment consisted of a 9:1 perlite to compost ratio. The characteristics of both
components are presented in Table S4.
® Soil pH Measurement
o pH of perlite and compost was determined by adding 30 g of each component to a 100 mL flask, saturating with RO water
(pH neutral), and measuring with a Hach Pocket Pro pH meter.
® Moisture Content Determination
o Soil moisture was assessed by weighing ~5 g of soil into a ceramic container, drying at 105°C for 24 h, and weighing imme-
diately upon removal. The soil moisture (%) was calculated based on the mass difference between the wet and dry samples.
@ Loss on Ignition (LOI)
o LOIl was determined by weighing out 1 g of dried soil and heating it in a furnace at 550°C for 1 h to remove all organic matter.
The difference in mass before and after heating was used to calculate LOI (%).

Chlorophyll fluorescence imaging
Measurement of photosynthetic Activity
o Methodology
o Chlorophyll fluorescence imaging was used to assess photosynthetic efficiency in the soybean plants. The first fully
expanded leaf from the top of each plant was measured to evaluate the photosynthetic efficiency of Photosystem II
(PSII) at multiple intervals (2, 7, 12, 17, 22, and 27 days from the start of the experiment). Leaves were not detached, ensuring
non-destructive measurement.
e Equipment and Setup
o Measurements were conducted at a leaf temperature of 20°C after plants were dark-adapted in a fully dark chamber for
30 min. Chlorophyll fluorescence was then measured using anpulse modulated fluorimeter, Imaging-PAM M-Series Mini
fluorimeter (Walz).
o Data Analysis
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o Fv/Fm provides information about the relative capacity of photosystem II, which is the first protein complex in the light-
dependent reactions of photosynthesis.®” Fv/Fm test compares the minimum fluorescence (Fo) to maximum fluorescence
(Fm). The fewer reaction centers available, the lower the photosynthetic efficiency. The difference between Fo and Fmis Fv,
variable fluorescence. Fv/Fm is a normalised ratio that reports the maximum potential quantum efficiency of photosystem Il
if all available photosynthetic reaction centers were open. Fv/Fm was measured from four separate regions of interest on the
lead that was selected for measurement. The % change in Fv/Fm was calculated compared to the day 0 score for that plant,
the day the seedling was transplanted into the soils.

Glacial flour application rates to soil
Calculation of application thickness
® Method
o We calculated the potential thickness of glacial flour when applied at a2 T ha-1 application rate to demonstrate the addition
as follows:
o 2Tha™'=0.0002Tm™?
0 0.0002Tm2=200gm2=02kgm2
o Using the standard silt density = 1.366 g per cubic centimeter = 1366 kg m~° and standard sand density = 1602 kg m~3 the
thickness of the flour layer was estimated:
o eg., ifweuse2Tha 'asanexample:2Tha '=02kgm™
o If using the density of sand = 1602 kg m~2, Thickness = 0.125 mm.
o If using the density of silt = 1366 kg m~3, Thickness = 0.146 mm

2

Agricultural calculations
Crop yield and elemental efficiency
o Crop yield calculation
o At the end of the experiment (50 days), plants were harvested, dried for 7 days at 65°C and separated to record biomass.
Crop yield (g m?) was calculated using the agricultural standard yield estimation (Equation 1).°® Soybean yields were calcu-
lated for each separate experiment run.

100 x seed weight (9)
seed yield (m?)

(Equation 1)

® Uncertainty in the crop yield
o Variation in the experiment was likely to be driven by random inter-plant variability in response to the growth environment
and application treatment response. The larger variation in uncertainty in the control and chemical N treatment was driven
by a random individual plants generating significantly low yields in each experimental run (Table 1).
o Elemental efficiency (EE)
o EE was calculated using crop yield to assess efficacy of treatments (Equation 2). We used these theoretical calculations to
determine element availability and efficiency in generating observed crop yields in our experiments.

EE = (Y -Yo)/F (Equation 2)

o Where, Y is the yield of the crop with additional nutrient applied (in units of g m~2), Y is the yield with no nutrient applied in
control experiments (in units of g m~2), and F is the mass of nutrient applied (in units of kg m—2).%1°

® Enrichment factors (EF)
o Enrichment factors (EF) for treatments were determined following the analysis of the trace element content of plant material,
where enrichment factors >1 indicate the transfer of metals from treatment to the crop.””

EF = My/Mjy (Equation 3)
o Where, Mg is the metal concentration in the no treatment control experiment. M, is the metal concentration experiments
treated with glacial flour or chemical fertiliser. Where the no treatment control was below the limit of detection of the
ICP-MS extraction method, the calculation was determined using the method limit of detection.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
@ Software and Approach
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o Statistical analysis was performed using R (R Core Team, 2013) R: A language and environment for statistical computing.
R foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/.)

o Tests for significance set at p < 0.05. Patterns of yield, nodules, Fv/Fm parameters were tested using a combination of
the coefficient of determination (r?) values, further supported using a test for significance, a p value <0.05 is determined sig-
nificant. This combination approach was used to increase confidence and to avoid inclusions of correlations that are weak
due to low sample numbers.

e Statistical Method

o Significance was evaluated using the combination of correlation coefficients and significance tests, enhancing confidence

and minimizing weak correlations due to low sample sizes.

Principal component regression (PCR)
o Methodology

o Principal component regression (PCR) was applied using the pls package in R to identify relationships among complex data-
sets.

o PCRis a data transformation technique used to determine underlying relationships in complex datasets. PCR achieves this
by reducing data dimensionality, forming new principal components (PCs), which are then used as predictors to fit a linear
regression (stepwise) model

e PCR Application

o Predictors were normalized by dividing each by its standard deviation. PCs were calculated on the normalized total concen-
tration of elements detected. If elements were below detection limits, method detection limit concentrations were used.

o The PC were not rotated due to high correlation between variables.

Imaging

Graphical figures were generated using Datagraph software and R studio. Figure 5 images were created using BioRender license
number: FS26 x 5S5BD. Graphical abstract also created in BioRender. Tingey, S. (2024) https://BioRender.com/f17t106.
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