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Ecosystem-bedrock 
interaction changes nutrient 
compartmentalization during early 
oxidative weathering
Dragos G. Zaharescu   1,2,3*, Carmen I. Burghelea3, Katerina Dontsova   3,4, 
Jennifer K. Presler3, Edward A. Hunt3, Kenneth J. Domanik5, Mary K. Amistadi6, 
Shana Sandhaus3,7, Elise N. Munoz3,7, Emily E. Gaddis3,8, Miranda Galey3,9, 
María O. Vaquera-Ibarra3,10, Maria A. Palacios-Menendez3,11, Ricardo Castrejón-Martinez3,12, 
Estefanía C. Roldán-Nicolau3,12, Kexin Li3,13, Raina M. Maier4, Christopher T. Reinhard1,2 & 
Jon Chorover3,4

Ecosystem-bedrock interactions power the biogeochemical cycles of Earth’s shallow crust, supporting 
life, stimulating substrate transformation, and spurring evolutionary innovation. While oxidative 
processes have dominated half of terrestrial history, the relative contribution of the biosphere and 
its chemical fingerprints on Earth’s developing regolith are still poorly constrained. Here, we report 
results from a two-year incipient weathering experiment. We found that the mass release and 
compartmentalization of major elements during weathering of granite, rhyolite, schist and basalt 
was rock-specific and regulated by ecosystem components. A tight interplay between physiological 
needs of different biota, mineral dissolution rates, and substrate nutrient availability resulted in 
intricate elemental distribution patterns. Biota accelerated CO2 mineralization over abiotic controls as 
ecosystem complexity increased, and significantly modified the stoichiometry of mobilized elements. 
Microbial and fungal components inhibited element leaching (23.4% and 7%), while plants increased 
leaching and biomass retention by 63.4%. All biota left comparable biosignatures in the dissolved 
weathering products. Nevertheless, the magnitude and allocation of weathered fractions under abiotic 
and biotic treatments provide quantitative evidence for the role of major biosphere components in the 
evolution of upper continental crust, presenting critical information for large-scale biogeochemical 
models and for the search for stable in situ biosignatures beyond Earth.

Vast nutrient and energy transfers between Earth’s geological, hydrological and atmospheric reservoirs sup-
port the evolution of terrestrial life and surface habitability. On modern Earth, this massive, but finely-tuned 
bioreaction continuously consumes reactive minerals, oxygen and atmospheric acidity (as rainwater-dissolved 
CO2) to drive the cycle of most chemical elements through hydrolytic and oxidative weathering. At the catch-
ment scale, weathering of rock to soil and sediment prepares the exposed surface for developing ecosystems by 
physically breaking and chemically transforming rock into regolith, liberating macro and micronutrients from 
primary minerals and transporting rock-derived solutes into flowing water, incorporating these products into 
novel mineral-organic aggregates, and making them accessible to uptake by biota. The structure of colonizing 
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ecosystems depend on the intensity and trajectory of these processes, on the composition of nutrient pools in the 
bedrock, and their feedback relationships with the wider atmosphere and climate1,2.

From Vernadsky’s early recognition of the crucial role of Earth’s biosphere in crustal transformation3, to recent 
efforts to resolve Critical Zone function4, ecotope development5, and biotic impacts on mineral diversification 
through time6, there has been a gradually improving understanding of life’s role in the biogeochemical evolution 
of Earth’s surface. However, whether abiotic processes dominate over biotic or to what extent different compo-
nents of the living world contribute and have contributed to the evolution of Earth’s upper continental crust 
remains poorly constrained.

An interplay between thermal/oxidation/hydraulic fracturing and abiotic dissolution reactions (oxidation 
and hydrolysis) initiates mineral weathering. In the absence of plants, autotrophic microbes — the first mineral 
colonizers and an abundant component of the terrestrial biosphere — start biological weathering by oxidizing 
redox-sensitive elements (Fe and Mn) and fixing CO2 into biomass. They also release CO2 during aerobic respi-
ration, along with secondary metabolites, such as organic acids, surfactants and siderophores, that enhance the 
extraction and sequestration of life-limiting nutrients such as Fe and P7–9 and provide a reduced C source for 
eventual substrate colonization by heterotrophic organisms. While these interactions can accelerate weathering, 
they can also inhibit it by coating reactive surfaces with biopolymers10.

Plant growth adds to microbial effects through biomechanical (e.g., fracturing) and biochemical weather-
ing11–13. Plants fix CO2 from the atmosphere via photosynthesis, transferring it to the rhizosphere as reduced C 
compounds including low molecular mass organic acids that, together with CO2 produced during microbial and 
root respiration, increase the proton and ligand donor pool and accelerate weathering reactions14. Roots also 
release border cells (an immunity mechanism)15 and other cortex exfoliates, which complex mineral-derived ions, 
nurture microbial communities, and induce changes in both the speciation and overall abundance of elements 
dissolved in pore fluids16. The capacity of most land plants to assimilate CO2 and nutrients has evolved in strong 
interdependence with mycorrhizae, a co-evolved plant-fungal symbiosis, which historically enabled vascular 
plants to colonize the land surface17.

Complex interactions at the biotic-abiotic interface, therefore, have the potential to change the stoichiometry 
of weathering and are thus critical drivers of Earth’s global carbon, nitrogen and lithogenic element cycles, con-
trolling both the extent of soil and ecosystem habitability on the planet and the capacity for regolith to develop 
and store in situ biosignatures. The fact that ecosystem health is directly tied to bedrock composition is readily 
illustrated, e.g., through detrimental responses associated with external perturbations such as N input18.

Elements released from rock weathering are subject to several competing fates: removal in flowing water, com-
plexation with organic matter or mineral surfaces, incorporation into secondary minerals, or uptake into growing 
biota. During incipient weathering, such element mass distributions are controlled by their availability in the par-
ent rock, the rates of mineral dissolution, the needs/selectivity of the biota, and the relative saturation of solutions 
with respect to secondary mineral phases. In actively uplifting and eroding topography (e.g. mountains), a larger 
supply of fresh protolith in contact with rain water and higher erosion compared to quiescent landscapes trigger 
comparatively greater aqueous denudation19 and exponentially increased soil production rates20. Fresh protolith, 
typically in large disequilibrium with surface Earth conditions, is therefore among the most bio-reactive terres-
trial substrates and is critical in initiating local and global nutrient cycles.

While mass balance approaches can, in principle, trace element pathways and material fluxes in an evolving 
biosphere, the relative contributions of Earth’s abiotic and biotic components, including microorganisms, plants, 
and their associated mycorrhizae, are challenging to disentangle in field systems. To begin closing this gap, we 
performed a two-year controlled mesocosm experiment (Fig. s1). We tested the hypothesis that major element 
compartmentalization among neo-formed solids, aqueous solutions, and biomass during incipient weathering 
of basalt, granite, rhyolite, and schist depends significantly and differentially on the evolutionary emergence and 
activity of microbes (B, bacteria treatment), vascular plants (BG, bacteria-grass treatment), and arbuscular myc-
orrhiza (BGM, bacteria-grass-arbuscular mycorrhiza treatment) relative to the abiotic dissolution of the same 
substrates (C- control treatment). Based on differential nutrient requirements of plants and microbes we also 
hypothesized that less P and Mg would be lost from the system compared to other ions, and this would reflect as 
potential biosignatures. Aqueous geochemical denudation, element allocation to plant biomass, and changes in 
labile solid-phases were measured in biotic and abiotic treatments over the course of two years. The use of a step-
wise treatment design and unreacted geomedia of consistent particle size offered the advantage of greatly simpli-
fying the inherent complexity of an evolved natural weathering environment, allowing us to better constrain the 
impacts of different biotic treatments on mass balance and the production and retention of in situ biosignatures.

Results and Discussion
Substrate characterization.  Analysis of the four fresh rocks, ground and isolated to give consist-
ent particle size distributions prior to the experiment (see methods) revealed distinct physical, mineralogical 
and chemical properties (Fig. 1, Fig. s2, refs21,22). Bulk column density, which is important for plant rooting, 
decreased with increasing pore volume (p.v.) according to: granite (1.34 ± 0.003 g*cm−3, p.v. = 32 ± 0.8%) > 
basalt (1.32 ± 0.03 g*cm−3, p.v. = 33 ± 0.7%) > rhyolite (1.24 ± 0.02 g*cm−3, p.v. = 35 ± 1%) > schist 
(1.04 ± 0.02 g*cm−3, p.v. = 43 ± 1%).

Basalt was rich in amorphous volcanic glass with crystalline inclusions of Ca-Mg-Al pyroxenes, Mg-olivine, 
and Ca-feldspar (Fig. 1; ref.22). Rhyolite was dominated by Na/K feldspars and quartz. Similarly, the granite sub-
strate mainly contained quartz, Na and K feldspar, and smaller amounts of Mg- and Fe-rich biotite. Schist com-
prised quartz and K, Al, Mg, and the Fe-rich micas muscovite, phengite and biotite, which imprinted a foliar 
texture, and exhibited the largest pore volume-to-density ratio among substrates. The molar abundance of major 
elements in the unreacted substrates (and their summed % oxides - indicating their total contribution to rock 
matrix) followed the trends (also Fig. s2A):
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Basalt: Si Al Mg Ca Fe Na Ti K P Mn; 99 82 02%
Rhyolite: Si Al Na K Fe Ca Mg Ti P Mn; 99 03 0 81%
Granite: Si Al K Fe Na Ca Mg Ti Mn P; 99 85 0 78%
Schist: Si Al K Fe Mg Ti Na Ca Mn P; 97 54 0 72%

The geochemical compositions of unreacted substrates were generally consistent with known deviations by 
lithology relative to mean upper continental crust (Fig. s2B). Basalt was enriched in Mg, P, Ca, Ti, Mn, and Fe as 
compared to the crust and the other rocks, providing better biotic colonization opportunities. Rhyolite and gran-
ite were depleted in Mg, Mn, and Fe, whereas schist contained somewhat lower concentrations of Na, P, and Ca 

Figure 1.  Physical and mineralogical differences among unreacted substrates. Physical features of the 
unprocessed (left) and processed (center, scale in mm) rocks used as experimental substrates. Right, electron 
microprobe X-ray reflectance images showing elemental distribution in the granular material. Inset in basalt 
(center) is a stereomicroscope image depicting 1 µm-thick mycorrhiza hyphae connecting plant roots (not 
imaged) to rock particles.
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(Fig. s2). The distinct physical and chemical properties were expected to affect not only abiotic denudation, but 
also plant and microbial biofilm establishment, biomass accumulation, and element stoichiometry in the evolving 
rock-biota system. In turn, compared to the abiotic control (C), biotic metabolism was expected to affect element 
stoichiometry and mineral weathering rates according to biological requirements.

System evolution through time.  Over the experimental window of 20 months, effluent water pH 
decreased by about 0.5–1 log units in all substrates except granite, with greatest shift in the abiotic treatment in 
basalt and schist (Fig. s3A). Electrical conductivity — a synthetic measure of solute production during chemical 
denudation — decreased sharply during the first two months, and it reached the lowest, steady phase after about 
300 weathering days.

With few exceptions, fractional removal of rock-derived cations increased sharply during the first two months, 
after which a number of element-specific patterns developed (Fig. 2). Removal of Si, Al, K, and Mg increased 
slowly but steadily, consistent with the dissolution the rock matrix. Phosphorus (a limiting nutrient) and Mn 
(a micronutrient) in granite and schist leveled off after an initial 60–120 days of leaching (while it continued to 
increase in basalt and rhyolite). Similar trends were observed for anions, with a sharp increase indicating rapid 
loss in total dissolved forms during the first 30–60 days, followed by a plateau (greatly diminished loss) for most 
species, except fluoride and phosphate in basalt and rhyolite which continued to increase (Fig. s4A). Where pres-
ent, a biotic signal started to differentiate treatments during the most active weathering period (first 60 days) in 
both leached cations and anions, plateauing thereafter (Fig. 2 and Fig. s4). Specifically, the clearest positive biotic 
signals were for Mg and Ca in basalt, K in rhyolite, and negative for Cl in rhyolite and Al, Fe, Mn, and Cl in schist.

The largest accretion in plant biomass (above and below ground) occurred during the first four months (with 
the largest occurring in rhyolite, Fig. s5A,B), implying accelerated plant development (nutrient uptake) during 
the period of most rapid nutrient release, followed by little-to-no change. This suggests a biomass conservation 
strategy during the inception of nutrient limitation following initial column exploration, clearly supporting a 
previous model which hypothesized a shift between high geosphere nutrient output (weathering) and high nutri-
ent uptake and recycling (limitation) of stable substrates over longer ecosystem development times23,24, although 
atmospheric N limitation should also be expected in natural settings. This is also supported by significantly larger 
energy investment in root development as compared to shoot (Fig. s1C; ref.20). The biomass in schist followed a 
slow growth over time. Water consumption, reflecting ecosystem metabolism (mostly evapotranspiration), slowly 
increased over the experiment, and a biotic effect (increased retention in subsurface environment) was largest in 
rhyolite (B vs. C) and schist (BG vs. B) (Fig. s5C), highlighting the potentially important role of these substrates 
in water retention and ecosystem development in natural landscapes. Mycorrhiza contributed significantly to 
plant biomass accumulation in rhyolite (Fig. s5B), and subsurface water retention (decreased evapotranspiration) 
in basalt and schist (Fig. s5C), consistent with previous suggestions that mycorrhizae provide access to water in 
mineral pore spaces and help retain water in soil environment25.

The early treatment effects on element mobilization (Fig. 2 and Fig. s4) reflected rapid biotic modulation 
of incipient oxidative weathering, which largely depended on the physical and geochemical properties of the 
substrate. The observed initial pulse in solute output may be due, in part, to preferential dissolution of fine par-
ticles that could have adhered to larger grain surfaces despite attempts to develop a particle size-controlled sub-
strate. However, it can also be attributed to the fact that the substrates all comprised freshly exposed mineral 
surfaces and micro-fractures could have developed during incipient interaction with water (hydration) and air 
(oxidation). Electron microprobe analysis of rock grains (abiotic control) before and after the experiment, com-
pared with field-weathered basalt collected from the same material excavation site, further hint at an incipient 
physical effect (e.g., cracking developed during oxidation/hydration of mineral surfaces; Fig. s4B). Evidence of 
micron-scale surface spalling, associated with minimal secondary mineral deposition has been reported for sub-
surface basalts in the field26, and for laboratory experiments (repulsive forces during water-rock interaction)27, 
indicating an incipient physical effect. However, secondary mineral nucleation (and subsequent crystal growth 
by ion sequestration), if present, should also have occurred during early, high relative saturation phase of the 
experiment, as the activation energy barrier for critical nuclei formation is more easily met.

Surprisingly, aqueous speciation and saturation index (SI) calculations with respect to potential secondary 
mineral phases by Visual Minteq (J. P. Gustafsson; https://vminteq.lwr.kth.se/) identified conditions for second-
ary mineral formation consistent across substrates. Effluents of all igneous rocks indicated supersaturation with 
respect to Fe, Mn, and Mg oxides (hematite, bixbyite, magnesioferrite) and Ca-phosphate (carbonate fluorapatite 
- CFA and hydroxyapatite in all but granite) at SI >10. To a lesser extent (5 < SI < 10), they also favored forma-
tion of Fe (hydr)oxides (maghemite, goethite, lepidocrocite, ferrihydrite) and the secondary aluminosilicates 
kaolinite, halloysite, and imogolite (less so in granite), and also hydroxyapatite (in granite). Effluent solutions 
from metamorphic schist indicated favorability of precipitation of Fe and Mn-Fe oxides (bixbyite, hematite; SI 
>10), and CFA, Fe and Mg (hydro)oxides (maghemite, goethite, lepidocrocite, magnesioferrite), and kaolinite 
(5 < SI < 10). Similarly, conditions favored dissolved organic matter-ion complexation, particularly with Ca, in 
all rocks. However, a lack of observed secondary mineral formation on grain surfaces during electron microprobe 
analysis (Fig. s4B) suggests kinetic limitation of secondary phase precipitation. Further analysis of fine particles 
(not shown here) and sequentially extracted fractions should shed more light on potential secondary mineral 
formation during incipient weathering.

Substrate controls on solute export.  Total dissolved cation loss by rock type in the abiotic con-
trol followed the trend granite > basalt > rhyolite > schist, while total anion loss decreased in the order gran-
ite > schist > basalt > rhyolite (Table s1). The cationic trend was consistent with a parallel decrease in electrical 
conductivity (a synthetic measure of ionic strength) and an increase in proton export (lower pH), consistent 
with an abiotic co-dependence of solid dissolution and pore water acidity. The loss of major cations in effluent 
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solutions (total µmoles) from the abiotic control (and their abundance in initial rock) over the 20-month exper-
iment followed the order:

Basalt: Na > Ca > Si > Mg > K > P > Al > Mn > Fe > Ti (Si > Al > Mg > Ca > Fe > Na > Ti > K > P > Mn);
Rhyolite: Si > Ca > Na > Mg > K > Mn > P > Al > Fe > Ti (Si > Al > Na > K > Fe > Ca > Mg > Ti > P > Mn);
Granite: Ca > Na > Si > K > Mg > P > Mn > Al > Fe > Ti (Si > Al > K > Fe > Na > Ca > Mg > Ti > Mn > P);
Schist: Ca > Na > Si > K > Mg > P > Al > Mn > Fe > Ti (Si > Al > K > Fe > Mg > Ti > Na > Ca > Mn > P).

Figure 2.  Cumulative fractional removal in the dissolved load. Time-lapse trends of cation fractional leaching 
from rock substrate in pore water over the two-year weathering experiment (X axis in days). Values represent 
cumulative column means of total element loss in pore water per sampling event as a fraction of the total 
(molar) mass of a given element present in rock at the beginning of each experiments. Treatments are: (C) 
control, (B) bacteria, (BG) bacteria - grass, (BGM) bacteria - grass - mycorrhiza. Error bars (+/−2 SE of column 
triplicate) and color-coding are for all plots. N = 60 sampling events.

https://doi.org/10.1038/s41598-019-51274-x
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According to above results, all substrates leached comparatively more Na, Ca, and Si than other major cations 
(regardless of their rock abundances), due to limited precipitation of Na and Ca – bearing solids and high abun-
dance of Si. Fractional release order (quantified by the total moles released in solution divided by the total moles 
in rock) showed that Fe, Ti, and Al leached an order of magnitude less than the rest of structural elements from 
all substrates (Fig. 3). Basalt preferentially exported K, rhyolite preferentially exported Mg and Mn, and schist 
preferentially exported Ca, Na, P, Fe, and Ti (Fig. 3A), which should have further impacted biological uptake. 
Abundances of dissolved organic and inorganic C and total N increased initially, then plateaued and showed 
rock-specific biological effect (Fig. s3B).

Multivariate analysis of pore water solute concentrations in abiotic controls identified element groups with 
similar dissolution patterns (Table s2). Most elements in basalt grouped together (PC1), which is consistent with 
dissolution of glass, driven primarily by hydrolysis and carbonation reactions (70.2% of total variance in pore 
water element content, Table s2). The clustering of Group II elements Ca and Mg (PC2) is consistent with their 
similar electronegativity (1.36 and 1.31, respectively) controlling their co-dissolution. Carbonation and hydrolysis 
reactions also dominated in rhyolite (78.6% of total variance; PC1, 2 and 3) and schist (57.6% PC1 and PC2, when 
excluded TOC), while in granite the influence of TOC ligands was greater (PC1, 38% of total variance; Table s2). 
Organic and inorganic forms of C and N have been documented in igneous terrestrial and lunar rocks before28–30, 

Figure 3.  Substrate and biotic effects on cation export in pore water. (A) Rock-normalized total denudation 
(preferential leaching) of major cations in pore water in un-inoculated control, summed across the 60 sampling 
events, and (B–E) across biological treatments in the 4 tested rocks. Means and standard errors are calculated 
from column triplicates. Excessive Mn SE bars are due to one triplicate displaying consistently high values 
throughout the sampling period. Elements are arranged in order of decreasing values.
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and they were also present in our unreacted materials (the following values in µg kg−1: basalt TOC = 0.029, 
TIC = 0.037, TN = 0.00085; rhyolite TOC = 0.039, TIC = 0.055, TN = 0.0087; granite TOC = 0.01, TIC = 0.12, 
TN = 0.002; and schist TOC = 0.0091, TIC = 0.017, TN = 0.0014), although the source of the organic fraction in 
the un-inoculated material is still unclear. It therefore appears that in ‘mineral-only’ weathering environments, on 
the early Earth, in present day uplift areas of intense incipient weathering (e.g. volcanoes and mountain tops), and 
perhaps on Mars, geochemical cycles of major bedrock elements would be dominated by carbonation of highly 
soluble silicate-rock constituents with important contribution (most likely through oxidation) of redox-sensitive 
elements. These abiotic drivers of weathering should also underlie further biological effects in the wider terrestrial 
biosphere.

Biotic controls on element export.  Through interaction with the abiotic substrate, microbes, plants and 
associated mycorrhiza are expected to change element stoichiometry through individual and synergistic effects, 
which can potentially be captured in pore water chemistry. Electric conductivity (EC), a synthetic measure of 
total ion concentration, generally increased from chemical-only to BGM dominated systems in basalt (48.5%), 
rhyolite (17.9%) and granite (26.5%), but decreased in schist (−32.9%), coinciding with similar trends in cation 
and total nitrogen (TN) export (Table s1). Under the same treatment conditions, column retention of water 
(less evapotranspiration) and total anions (less water loss) increased in all rocks. Values of pH were decreased in 
both control and biotic treatments according to: basalt > granite > rhyolite > schist (Table s1). A reduction in pH 
inter-substrate variation coefficient from 7.6% (control) to 3.8% (biota), hints to a buffering capacity of life when 
colonizing various abiotic substrates, bringing them to a pH range more suitable to growth.

The introduction of an active microbial community increased Mg and Mn export from basalt, Na, P, K and F 
from rhyolite, and P from schist, relative to the un-inoculated control (Fig. 3B–E, Fig. s6). Conversely, it decreased 
aqueous export of Ti in basalt, Mg, Ca, and Fe in rhyolite, K, Ca, and Mn in granite, and Mg, Al, and Mn in schist. 
The addition of vascular plants increased (relative to microbes only) Fe export in rhyolite, K, Ca, Mn, and Fe in 
granite, and Na, Mg, Si, K, Ca, and F in schist, while decreasing Cl release from basalt, S, Cl, and Br from rhyolite, 
S from granite, and P, Mn, Cl, and Br in schist. Arbuscular mycorrhiza stimulated Mn loss in pore water in basalt, 
Mg and Ca in rhyolite, and Mn and Fe in schist. Conversely, Na, Al, Si, P, Ti, Fe, and F in rhyolite, and Na, Mg, 
Si, K, Ca, and F in schist were lost in smaller amounts under the effect of mycorrhiza (Fig. 3B–E, Fig. s6). These 
results support the hypothesis that arbuscular mycorrhiza are active components of the terrestrial weathering 
engine, selectively influencing element cycles31. Manganese, a redox-sensitive element, displayed consistently 
high values in some column effluents, which resulted in high triplicate variability. Similarly, nitrite and nitrate, 
displayed a peak in leaching during the first 2 months and close to 0 values after that (Fig. s4), explaining its high 
average variability (Fig. s6).

Analysis of ion co-dissolution by treatment revealed that Na+ and SO4
2−- two highly soluble ions - generally 

grouped together in the major PCs (interpreted as major element sources in minerals and dominant dissolution 
process; Table s3); however, a nuanced biotic-specific pattern emerged. Microbial inoculation modified P and Br 
PC group membership (Table s3) compared to the abiotic control (Table s2) in all substrates but schist (PC1), and 
nitrite membership in all substrates but granite. Grass affected Mg (a component of photosynthesis) group mem-
bership in all rocks (PC2) and phosphate, essential for cell division and energetics, in all rocks but schist (PC3 and 
PC4), likely due to their increased uptake. The mycorrhiza effect was mostly rock-specific (Table s3). While only 
exploratory in nature, PCA results indicate an important role of ecosystem’s biological constituents in modifying 
the inter-elemental relationships during their mobilization in ways different than the abiotic background. This 
clearly supports a previous hypothesis that biological stoichiometry drives changes in mineral weathering stoichi-
ometry23, providing the potential for in situ biosignatures.

In analyzing the likely drivers of element leaching in the system, we observed that carbonation and its nested 
variables H2CO3, bicarbonate (HCO3−−), carbonate (CO3−2), pH (H+), appear to dominate dissolution in all 
biotic treatments and rocks, except granite (% variance explained by predictors for each PC, Table s3, summa-
rized in Fig. s7). This reflects a H2CO3-dominated low-organic weathering system under incipient ecosystem 
colonization. Bicarbonate, the first anion in the dissolved CO2 metabolism (resulting from H2CO3 dissociation), 
was the dominant cation charge balancing anion, and it explained the largest variation of the element groups 
(PC1). Its influence in the system increased from un-inoculated to microbial treatments in all rocks, clearly sup-
porting a buffering capacity of pore environment by microbiota, further enhancing element dissolution. Under 
grass, bicarbonate influence on element leaching increased over microbes in basalt and rhyolite and decreased 
in granite and schist, while under mycorrhizae it decreased with respect to grass in all rocks but schist (Table s3, 
Fig. s7). Moreover there was a significantly (ANOVA p < 0.05) higher total moles of bicarbonate released in the 
biotic versus abiotic systems, which is important to mention, since bicarbonate is an often used measure of silicate 
weathering by carbonation reactions32. Carbonate, an indicator of further alkalinization had the opposite effect 
to bicarbonate, i.e., decreasing its influence on element leaching from abiotic to added ecosystem complexity, 
and this was clearly visible in basalt (Fig. s7). Overall, carbonic acid had a greater influence in the biotic system 
than control. The influence of pH was generally greater in the abiotic control, further supporting a buffering of 
weathering environment by biota. In granite, the role of organic C in element complexation appeared to be greater 
than the inorganic pathway.

Taken together, these results show that in an oxic weathering environment, the systematic introduction of 
different ecosystem components produces differences in incongruent leaching of major rock constituents, despite 
the stabilizing effects of proton concentrations. This is largely rock-specific and seems to depend on physiological 
needs of different life forms. However, carbonic acid appears to drive incipient bioweathering across substrates, a 
process which is enhanced by biotic respiration.
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Plant uptake and the effect of arbuscular mycorrhiza.  Appropriate substrate chemistry (e.g. pH and 
solute availability) is essential for biotic establishment and can dictate element cycles through the developing 
ecosystem. Plant-essential nutrients such as P, K and Mg decreased substantially in biomass over the growth 
period (Fig. s8), suggesting nutrient limitation. This was also supported by lower element abundances in tissues 
with increasing biomass, particularly N, Al, Ti in basalt, N, P, K, Mg in granite, N, P, K in schist, and K in rhyolite 
(Fig. s9). Shoots appeared to more directly reflect nutrient limitation, in line with previous findings on Mg defi-
ciency in Arabidopsis thaliana33.

Phosphorus, C, and N, three critical elements supporting life34, are required in stoichiometric balance for the 
maintenance of body mass, protein and enzyme architecture, energy fluxes (ADP-ATP), and, as part of DNA 
and RNA, for cell physiology and reproduction. While C can easily be acquired through photosynthesis, N is an 
“expensive” nutrient fixed by oxygen-sensitive nitrogenase in free-living and symbiotic microbes, with relatively 
smaller amounts originating in the weathering substrate itself30. Phosphorus, Mg, and K as well as the other major 
elements are strictly limited by availability and solubility of the requisite mineral phases. Magnesium, forming 
0.2–0.4% of dry biomass (mostly part of chlorophyll) is strictly necessary for plant growth, and is a necessary acti-
vator for many critical enzymes, including ribulosbiphosphate carboxylase (RuBisCO) - and phosphoenolpyru-
vate carboxylase (PEPC), both essential in CO2 fixation35,36. Potassium regulates plant growth through protein 
synthesis, and maintaining cytosol turgescence by anion/cation balance37,38. Despite the possibility of major nutri-
ent limitation (N:P:K:Mg), plants grown in our system managed the available resource in ways that sustained 
their development and stimulated mineral dissolution, albeit at the cost of small body mass (Fig. s5A,B).

Aluminum, P, Ti, and Fe all exhibited high fractional partitioning from water to tissue, due to their lower 
dissolved abundances (Fig. 4). Mycorrhiza clearly stimulated the preferential uptake and transfer to shoot of P 
and the transfer of Si in basalt and rhyolite, and inhibited them in schist, which has interesting evolutionary impli-
cations as same fungal species seems to reflect either, mutualism or competition (parasitism) with the same host 
when substrate changes14. Mycorrhizae also stimulated the uptake of other elements including Al (toxic at high 
concentrations) and Ti in basalt and rhyolite, and Na transfer to shoot in rhyolite and schist, while decreasing 
Mg plant uptake in basalt and Na in rhyolite and schist. It also inhibited the uptake and transfer of Mn in basalt 
(Fig. 4). Overall, the element concentration results suggest a tight interplay between fungal physiological needs, 
plant physiological needs, mineral dissolution rates, and nutrient availability in the granular substrate. This results 
in an intricate elemental compartmentalization pattern, even though the system was designed to greatly reduce 
the complexity of the natural environment.

Figure 4.  Preferential plant uptake. Water-normalized element uptake in plant (root and shoot) with (GBM) 
and without (GB) arbuscular mycorrhiza, on different rock substrates. Treatment effect is significant at 
**+/−2SE and *+/−1 SE levels.
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Formation and preservation of in situ biosignatures.  Incongruent mineral dissolution modulated by 
abiotic and biotic processes should leave identifiable geochemical traces in weathering byproducts39. To help 
distinguish the effect of different ecosystem components on incongruent element mobilization, and hence to 
establish a biological fingerprint, we propose a biological signature index, BSI (E. 1), with x detailed in E. 2. The 
numerator of x represents the moles element (i) to moles total cations {Na, …, Fe} in the extracted fraction (f), 
while the denominator represents the moles of element to moles total cations in rock (r). Z is the abiotic fraction 
of x (0–100 scaled), and it is rock specific (Table s4).

The index is unitless, can take values from −100 (negative values for less extracted element fraction compared 
to control, 0) to 100 (positive values for more extracted fractions compared control, 0).
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BSI distributions for water, exchangeable and poorly crystalline fractions, were rock-specific (Fig. 5). BSI 
revealed a well-differentiated microbial fingerprint in water, (both for incongruent leaching and column reten-
tion as shown by values above and below the abiotic reference line in Table s4) for all rocks, mostly for group IA 
and IIA elements of relatively low electronegativity and high solubility (Ca, Mg, Na), which is a strong signature 
of biologically catalyzed weathering (Fig. 5). Vascular plant growth had a pronounced fingerprint in all rocks 
but rhyolite, mostly from Si, an element of strong electronegativity that is vital for cell walls. The presence of 

Figure 5.  Formation and preservation of biological signatures. Effect of different ecosystem components on 
incongruent leaching and retention of elements in water (top), exchangeable (middle) and poorly crystalline 
(bottom) fractions, at the end of the two – year experiment, as measured by the Biological Signature Index 
(E s.1). Horizontal line is set at abiotic control. Treatment effect is significant at 99.5% level (Fisher’s least 
significant difference, ANOVA) for *B vs. C, *GB vs. B, *GBM vs. GB comparisons.
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mycorrhizae had the strongest stoichiometric signature in water in rhyolite; however, it affected less soluble tran-
sitional metals, such as Ti across rocks.

The exchangeable fraction, which comprises weakly bound bioaccessible elements, contained less apparent 
biosignatures than the dissolved fraction; however, a strong microbial fingerprint developed in rhyolite for group 
IA- IIIA elements and within the redox-sensitive Fe-Mn group. Biosignatures due to grass growth in this fraction 
were only present in schist suggesting a weathering system still in its early phases. A fungal biosignature was 
strong in rhyolite and schist, particularly for Ca, K, and Al (Fig. 5).

The more stable, poorly-crystalline fraction generally stored less obvious biosignatures than the exchangeable 
and dissolved fractions, which is unsurprising since a higher signal/noise is expected for incipient weathering. 
However, it had a marked microbial and fungal fingerprint in rhyolite, and plant in schist. Phosphorus, a crit-
ical element for all components of the biosphere, showed elevated biosignature index values in all biological 
treatments (microbes, grass and mycorrhiza) mostly in rhyolite and schist, and in all fractions under microbial 
presence only in rhyolite. From our results, it is clear that as weathering initiates, the biological fingerprint is 
strongest in leached pore water, and it decreases as elements bind to mineral and mineral-organic surfaces, then 
nucleate in poorly crystalline fractions, with rhyolite and schist better integrating information of life’s presence. 
This is most likely because major elements enter more and more complex organic and inorganic functions, which 
will ultimately dictate ecosystem development in the landscape and major biosphere cycles on longer timescales.

Mass balance analysis.  Upon release from rock, elements were partitioned into one of five biogeochemical 
compartments: dissolved, plant tissue (roots and shoots), surface-adsorbed (targeted here by ammonium acetate 
extraction, AAE), and secondary minerals (the poorly-crystalline fraction of which was targeted here by acid 
ammonium oxalate extraction, AOE). Generally, extracts of the solid-phase, particularly the poorly-crystalline 
fraction, dominated over the total mobilized (water and biomass) pools by an order of magnitude (Figs 6, 7), 
even though their biosignatures were weak. The fractional distribution of most abundant rock constituents (Si, 
Mg, Na, K, and Ca) were higher in the solid phase extracts, followed by water and plant biomass. Calcium in all 
rocks, Na and Mg in rhyolite, Na, Mg, and Mn in granite, and Mg and Mn in schist were similar or more abundant 
in the exchangeable than the poorly-crystalline fraction, reflecting their enhanced bioavailability. Interestingly, 
Fe and Mn were retained significantly in the solid phase (extractable in AOE) over other fractions, illustrating 
their oxidation (and precipitation from solution) to Fe(III) and Mn(IV) from Fe(II) and Mn(II) found in rock. 
Phosphorus, Al, Ti, Mn, and Fe, the least abundant of major elements in rock, were generally more abundant in 
plant tissue than in water. Root tissue concentrations exceeded those of shoots, representing a vital energy invest-
ment in the nutrient-poor environment. This is important as P is a critical element for life, and high absorption 
affinity from relatively low environmental abundances has significant consequences across the biosphere. The 
four elements are also expected to be significantly constrained by biosphere during their planetary cycles.

Compared to the abiotic control, microbes increased weathering (i.e., extractable plus dissolved plus biomass) 
in basalt and schist by 7.5% and 5.5%, respectively and decreased it in rhyolite and granite (by 21.6% and 5.9%; 
overall decrease across all rocks of 8.5%), while also decreasing total ion mobilization in water by 23.4% across 
rocks. This implies that microbes inhibited weathering by coating active mineral surfaces and retaining elements 
in biofilms and/or secondary minerals, potentially by stimulating (either by active or passive mechanisms) the 
nucleation of secondary minerals40. The retained element pool could be further used by other ecosystem com-
ponents, e.g. plants and protozoans, once primary minerals are weathered9. However, microbes decreased total 
weathering of Fe and Mn in rhyolite, Mn in schist (potentially by forming biogenic manganese oxides, e.g. birne-
site41, not extracted by AOE) and Ca in rhyolite and schist, and stimulated leaching of Mg, Ca, and Mn in basalt, 
Na, K, Si, and Ti in rhyolite, P in rhyolite, granite and schist, and Al in rhyolite and granite.

Plant colonization increased total mobilization (water + plant) of all elements in the four rocks by a factor of 
10 in many cases (overall mobilization across rocks of 63.4%), with largest effect in schist. This enhanced mobili-
zation was associated with an increased extractable pool and total weathering only in granite (exception: Mg, Ca, 
and Mn) and schist (exception: Mg). In contrast, plants decreased total weathering (water + plant + exchangea-
ble + poorly crystalline) of all elements but Ca in basalt, and most elements in rhyolite, and this was due to gen-
eral decrease in solid fractions (AAE and AOE). These substrate-dependent effects on weathering would have had 
a transformative impact on Earth surface environments and global biogeochemical cycles when vascular plants 
colonized the land during the early Phanerozoic, the overall effects of which have only been partially explored42.

Compared to the effect of plants, fungi (where present) reduced overall total leaching across all rocks by about 
7%, basalt being a remarkable exception where fungi stimulated leaching, total mobilization, and total weathering 
of most cations (consistent with increased Ca leaching from basalt in mature forests31), and this was also related 
to increased size of solid pools. With few exceptions (Fe, Mn, P, and Ca), mycorrhizae diminished weathering and 
mobilization in rhyolite and schist, where solid pools were also lower than in grass-microbes. This rock variability 
in allocation of weathering pools (i.e., compartmentalization) under abiotic and biotic treatments suggests that 
the three major ecosystem components, i.e., microbial communities, vascular plants, and mycorrhizae, all played 
crucial but differential roles in element redistribution during various epochs of land colonization by an expanding 
biosphere.

It is noteworthy that in the unreacted rock, the solid pools (targeting exchangeable and poorly-crystalline 
secondary minerals) were larger than in the abiotic and biotic treatments, particularly in basalt (Figs 6, 7). While 
this was initially surprising, it is most likely related to the higher reactivity of fresh crystal faces, fine particles and 
microfractures resulting from rock grinding, which are susceptible to rapid dissolution in AAE and AOE.

Contribution of the biosphere to global weathering.  Considering our leaching data for the four major 
crustal rocks, global fluxes derived from major world rivers, and the relative contribution of the four broad rock 
types to Earth’s exposed land surface (E. s1), we estimate a total global denudation rate by abiotic chemistry alone 
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of about 6.1 Tmoles major cations yr−1 (SI 2.5). An aerobic, microbial-dominated world, i.e., Early Proterozoic 
(~2.45 Ga), present-day mountain tops, receding glaciers, fresh lava fields and deep biosphere would contrib-
ute 11.5% over abiotic (6.8 Tmoles yr−1 microbes + abiotic) while one with vascular plants (but without myc-
orrhizae), would yield 97% of that by microbes (6.6 Tmoles yr−1 abiotic + microbes + plant) with a clear net 
retention in plant biomass of 0.17 Tmoles yr−1. A more complex world, e.g. Phanerozoic (0.54 Ga to present), 
where microbes, fungi and vascular plants evolved symbiotic interactions (0.45 Ga), contributes about 6.2 Tmoles 
yr−1 to the planetary cation cycle, meaning that microbial and fungal components of biosphere accelerate den-
udation while plants increase retention within evolving ecosystems. Because mountain topography (covering < 
10% of the modern planetary surface) contributes > 50% of the weathered solutes to oceans43, our study is most 
likely to model those regions of primary ecosystem succession and more active soil genesis, as well as the simpler 
ecosystems and active bedrock surfacing characteristic of earlier periods of Earth history.

Figure 6.  Fractional compartmentalization of biological weathering products in basalt and rhyolite. Cation 
distribution in biomass, aqueous, exchangeable, poorly crystalline, and residual pools across the four biotic 
treatments after two years of biological weathering. Aqueous values are means of treatment triplicates summed 
across the 60 sampling events. Solid fraction and biota were analyzed at the end of the experiment. T = 0, initial 
rock. Treatments: C, control; B, microbes; BG, microbes-grass; BGM, microbes-grass-arbuscular mycorrhyza.
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Conclusions
An incipient ecosystem developed sustainably on granular rock substrates using unrecycled nutrients from pri-
mary minerals. After plant germination, there was an initial high flux of elements readily available from open 
mineral structures which lasted 3–4 months and coincided with a dramatic biomass buildup. This was followed 
by a lower, but steady release of dissolved solutes and an increased plant deficiency in the N:P:K:Mg series over 
time, which shows the critical connection between an emerging near-surface geosphere and the developing bio-
sphere. Such initial high denudation period supports the notion that in areas of mountain uplift, fresh volcanic 
fields, or uncovered glacial bedrock with primary ecosystem succession, early mineral exposure, fast bedrock 
fracturing, and biologically - aided carbonation drawing C from the atmospheric reservoir are contributing larger 
amounts of nutrients to environment than older, lowland areas. It is also implicit that periods of active orogeny 

Figure 7.  Fractional compartmentalization of biological weathering products in granite and schist. Percent 
fractionation of major rock cations in liquid, solid and biological phases among the four biotic treatments. 
Water values represent means of treatment triplicates summed across the 60 sampling events (603 days 
experimental period). Solid fraction and biota were analyzed at the end of the experiment. C, control; B, 
microbes; BG, microbes-grass; BGM, microbes-grass-arbuscular mycorrhyza; T = 0, initial rock.
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and exposed land early in Earth history have contributed large nutrient fractions to the environment with effects 
rippling throughout the developing biosphere.

As ecosystem complexity (and development) increased, the substrates retention capacity for water, cations and 
anions also increased, which had a major impact on the allocation of dissolved ions to exchangeable fraction as 
well as the Al-silicates and Fe-oxyhydroxides. This is direct evidence of biologically driven incipient secondary 
mineral nucleation, implying an important effect of an emerging biosphere on nutrient cycles terrestrialization.

The formation of biosignatures was substrate-specific. Inter-elemental patterns emerged under different biota, 
and varied between weathering pools; nonetheless some element-specific trends were present. The clearest sig-
natures of microbial colonization (compared to abiotic) were in the dissolved and exchangeable pools with the 
Ca signature in water being consistent across rock types. Compared to microbes alone, vascular plants altered Si 
stoichiometry across rocks in water, and showed a strong Ti signature in exchangeable and amorphous pools from 
schist, overlapping variation in other elements. Where present, fungal influence resulted in a Ti signal (different 
than that of plant) in water across rocks and Ca-K-Al in the exchangeable pool.

Overall, our results aim to more accurately constrain regolith and planetary evolution models where mass 
contributions from abiotic and different biosphere components are to be precisely known, and to better constrain 
biosignatures formation on Earth and beyond. Since basalt used in this study could represent Lunar and Mars soil 
replicates, our results could aid in better understanding the nutrient compartmentalization during terraforming 
in long-duration planetary missions.

Methodology
Rock substrate.  Rocks used in the experiment were collected from Santa Catalina Mountains, Tucson, 
Arizona (granite and schist), Jemez River Basin, New Mexico (rhyolite) and Merriam crater, Flagstaff, Arizona 
(cinder basalt). These sites are associated to Critical Zone Observatory and Landscape Evolution Observatory, 
two large-scale multidisciplinary studies (catchment and hill slope scales) at the University of Arizona. Except 
for basalt, which was ground at the mining site, the rocks had weathered surfaces removed by a tungsten carbide 
- tip air hammer, before being crushed in a jaw crusher. Resulted material was dry sieved, then wet sieved using 
a FRITSCH Vibratory Sieve Shaker (Idar-Oberstein, Germany) to retain the 250–500 µm fraction, passed on a 
Wilfley gravity water table to remove potential contamination from grinding, mixed and rinsed several times with 
nanopure-grade water, and dried in air flow ovens at 70 °C.

To identify mineral composition of each rock and map element distribution in minerals, about one gram of 
granular rock was mounted in an epoxy block, polished to obtain a mirror-like surface, and analyzed for major 
element distribution and abundances using CAMECA SX100 Ultra and CAMECA SX50 electron probe microa-
nalyzers (Lunar and Planetary Sciences Laboratory, University of Arizona, USA). Minerals were identified using 
Energy Dispersive Spectrometry (EDS) which simultaneously collects all x-ray wavelengths (energies) emitted 
by the mineral during the point analysis mode, and their chemical formula inferred from oxygen-normalized 
element abundances.

We estimated rock total element contents by total digestion using lithium metaborate/tetraborate fusion - 
ICP/MS at Activation Laboratories Inc., Ancaster, Ontario, Canada.

Microbial inoculation.  To avoid introducing significant amount of secondary minerals, a native microbial 
consortium was extracted from fresh granular basalt collected from a pristine site at Merriam crater, Flagstaff, 
N. Arizona (35°20′3.23″N; 111°16′45.48″W). The inoculum was prepared by mixing 1.0 g basalt with 95 mL of 
sterile ultrapure water20. The mixture was vortexed for 2 min to separate rock particles and bath sonicated (VWR 
Aquasonic 250D model; 120 V, 4 A, 40 Hz) for 2 min to further separate the microbiota. Heterotrophic bacte-
ria abundance was assessed by plating the inoculum on R2A agar. About 90 ml of living inoculum (containing 
1.43 × 105 colony forming units mL−1) was passed through 25 µm sieve to remove potential native mycorrhiza, 
and mixed with sand substrate in each treatment replicate except control. In control the microbial extract was 
sterilized to keep a chemical inoculation similar among treatments.

Plant and mycorrhizal material.  A low nutrient - tolerant perennial grass, buffalo grass (Bouteloua dacty-
loides) and an arbuscular mycorrhiza (AM) fungus, Rhizophagus irregularis (formerly Glomus intraradices) were 
used as model mycorrhizal association in this study. Grass seeds (purchased from Western Native Seed, Colorado, 
U.S.A.) were dehusked, surface sterilized in 95% ethanol and 2% sodium hypochlorite, rinsed with 0.1% sodium 
thiosulfate solution and nanopure water, and pregerminated in sterile water before planting them into granular 
rock substrates (Fig. s1B,C). Sterile spores of AM (MYKE, Premier Tech Biotechnologies, Canada) were used to 
inoculate buffalo grass seedlings directly on substrate (Fig. s1D). Colonization percentage of roots for the exper-
iment period was 0–85%.

Experiment design and growth conditions.  A modular design comprising six mezocosm chambers, 
provided with purified air flow (Fig. s1I) and purified watering systems (Fig. s1H) were set up in the Desert Biome 
at University of Arizona Biosphere 2 facility in Oracle, Arizona (Fig. s1A). Each chamber contained Plexiglas 
experimental columns (solid-state bioreactors) 30 cm/5 cm internal diameter (Fig. s1E) filled with granular rock 
material, in which 4 biotic treatments were placed: un-inoculated control (C), rock microbes (B), microbes-grass 
(BG) and grass-microbes-mycorrhiza (BGM). To avoid potential cross-contamination, the control was placed 
first in the direction of air flow, with the rest of the treatments distributed randomly in the module. Potential 
experimental edge effect was addressed by using tilted chamber walls.

The experiment was run for 570 days under natural photoperiod, with mean temperature in the biome for 
the whole period of 19 ± 4 °C and relative humidity of 48 ± 19%, at natural O2/CO2 saturation conditions. Sterile 
nanopure (18 MΩ) water was applied biweekly to each column by 120 mL syringe (Fig. s1H) at a rate of 4 mL s−1 
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(a total of 100–120 mL column−1 added each time) by a dripping system designed to avoid preferential flow 
(Fig. s1G), bringing granular rock profiles to half-full capacity each time. The syringe was pre-sterilized for each 
watering and the connection sterilized using ethanol. Pore water was sampled gravimetrically (Fig. s1F) biweekly 
for the first two months, and monthly thereafter, generating 30–50 mL column−1.

Plant elemental analysis.  After 135, 253, 465 and 583 days, triplicate columns were sacrificed, and plants 
were harvested and separated into above and below-ground biomass. Roots were gently washed in 18 MΩ nano-
pure water three times to remove rock grains attached to their surface. A further microscope examination of the 
roots confirmed particle removal. Dry biomass was determined for shoot and root after oven-drying at 70 °C for 
72 h. About 30 randomly selected root fragments (1 cm) were stained using trypan blue to determine mycorrhizal 
infection rate (by optical microscopy) in each planted column20. Shoot and root were digested separately in 70% 
HNO3 Aristar plus-BDH and 40% H2O2 J.T. Baker’s Ultrex (1:1 mixture, microwave assisted), and analyzed for 
Na, Mg, Al, Si, P, K, Ca, Ti, Mn, and Fe concentations by inductively coupled plasma mass spectrometry (ICP-MS; 
Perkin Elmer, Elan DRC-II). Quality control checks included sample blanks, certified reference material (apple 
leaves CRM 1515) and triplicate sample analysis.

Analysis of drainage solution.  The volume of drainage solution was measured each water sampling events 
and water consumption capacity (evaporated and uptaken by biota) was estimated as the difference between input 
and output volumes. Samples were further analyzed for dissolved inorganic and non-purgeable organic carbon 
(IC and NPOC), and total nitrogen (TN) by Shimadzu TOC-L system, and acidified and analyzed for same suite 
of elements as in plants by ICP-MS. Solution pH and conductivity were also measured each sampling time. Major 
anions, (bromide, sulphate, phosphate, fluoride and chloride) were analyzed by ion chromatography (Dionex). 
Additionally, pH and conductivity were measured by electronic pH and conductivity probes for each sample.

Secondary solid phase analysis (sequential extraction).  At the end of the 20 months experiment, bulk 
rock samples (3 replicates per each rock and each treatment) were subjected to a two-step operationally-defined 
chemical extraction of (step 1) easily bioavailable/exchangeable and carbonates (by 0.2 M ammonium acetate 
adjusted to pH 4.5), and (step 2) amorphous and Fe(III) oxyhydroxides (using 0.2 M ammonium oxalate adjusted 
to pH 3.0) following ref.44.

One gram of homogenized granular rock was added to 50 ml polypropylene centrifuge tubes. To extract the 
exchangeable fraction, 40 ml of 0.2 M ammonium acetate (NH4OAc) was added to sample, vortexed to assure 
suspension and shaken (7 rpm) at room temperature on a reciprocal shaker (VWR Advanced 3750 shaker) for 
60 min. Samples were further centrifuged at 4700 rpm for 20 min to separate supernatant and pellet. The super-
natant was filtered through PALL GHP Acrodisc 25 mm 0.45 µm syringe filters (prewashed with nitric acid) into 
VWR metal-free tubes. The pellet was rinsed with 15 ml deionized water, vortex to resuspend and centrifuged for 
20 min. The new supernatant was filtered and saved in VWR tubes pre-washed with 1% nitric acid solution. Mass 
of each tube and pellet were recorded before step 2 (i.e., amorphous fraction extraction).

The amorphous-to-poorly crystalline fraction (step 2) was extracted by adding 40 ml of 0.2 M ammonium 
oxalate adjusted to pH 3.0 to pellet resulted from step 1, vortexed to resuspend, shaken at room temperature for 
2 hours and 7 rpm and further centrifuged for 20 min at 4700 rpm. The supernatant was filtered through 0.45 µm 
PALL GHP Acrodisc syringe filters prewashed with nitric acid. Filtrates were captured in preweighted VWR tube. 
Pellets were rinsed with 15 ml 0.1 M acetic acid, vortexed, centrifuged at 4700 rpms for 20 min and collected in 
clean VWR tubes.

Extracted solutions (supernatant) from each step were acidified with 50% Omni-trace nitric acid to pH 2 and 
analyzed by ICP-MS for same suite of elements as in plants.

Modeling of precipitation condition.  To evaluate conditions for element precipitation in pore waters, an 
analysis of ionic equilibrium in the aqueous pore environment was applied to the average element concentrations 
(across biological treatments) normalized to water balance (input − output), for each rock, using Visual Minteq 
v. 3.1 (https://vminteq.lwr.kth.se/). The model computes the % distribution among dissolved and adsorbed ion 
species for each element, and derives ion saturation indexes with respect to possible precipitated phases.

Weathering budget calculation and statistical analysis.  Nutrient budget in mass balance analysis 
was determined by summing the total element masses in the different weathering pools: drainage solution, plant 
uptake (root and shoot), and solid phases (exchangeable and poorly crystalline). Results were expressed in moles 
throughout the analyses, to allow element abundance comparisons.

Preferential leaching/denudation was calculated by dividing total mass element in water to total mass element 
in original rock and it is assumed to be a reflection of weathering capacity of different rock minerals. Preferential 
uptake was given by dividing total element in plant (mass) to total removal/leaching in water (mass).

After eliminating outliers (discussion on statistical behavior of a number of columns is in SI 1.2) signifi-
cance (*; p < 0.05) of treatment effect on preferential element denudation was derived stepwise (C-B, B-BG, and 
BG-BGM) from nonparametric Mann-Whitney U test comparisons with Dunn-Sidak adjustment (which cor-
rects the significance for multiple comparison error). To evaluate biotic and rock effects on preferential uptake as 
well as their effect on different weathering pools ANOVA with Fisher’s least significant difference (LSD) posthoc 
test were applied on inter-treatment comparisons. Principal component analysis (PCA) together with Automatic 
Linear (regression) Model (ALM) helped to find important correlates in pore water element contents, which 
could explain their dissolution behavior. PCA is a multivariate technique that clusters measured variables into 
functional groups denoting independent processes, and has successfully been used in various studies on ele-
ment geochemical sources22,45. ALM is an improved multiple regression model, which provides an automatic data 
preparation algorithm for big data sets, including removing outliers (3σn from the mean cutoff), and identifying 
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the most influential predictor sets46. In ALM, regression factor scores from PCA were modeled against predictors 
displaying significant (p < 0.05) Pearson correlation with PCA variables. To maximize the model accuracy, a 
bootstrap resampling method was used.

Statistical tests were conducted in SPSS 17.0 following the assumption of a general linear model factorial 
design. Mass balance differences among rocks and treatments were analyzed with one way ANOVA and LSD 
multiple comparisons testing for effects of rock type and AM/non-AM treatment type.
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