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Clay minerals and soil potassium 

•  Cation exchange capacity 
–  Exchangeable K (plant-

available) 
•  K fixation 

–  Nonexchangeable K 
–  Strong adsorption of K by 

high layer-charge clays 
–  e.g., vermiculite, illite 

Image source 
http://www.ipni.net/ppiweb/bcrops.nsf/$webindex/117C71F7BF9D1C460625795D006E55CD/$file/Page+16+BC+4+2011.pdf 



Classical paradigm of mineral 
weathering 

•  Loss of Si and mobile cations (K, Ca, Mg) 
– Formation of kaolinite and gibbsite 

•  K loss: illite  smectite 
•  Si loss: 2:1 clays  kaolinite 

From McLean and Watson, 1985 



A horizons remain SiO2 rich 

From Barré et al., 2009 

No loss of silica in surface 
horizon over time 

Smectite 

Gibbsite 

Surface horizons higher in 
silica 

Mississippi coastal plain, USA Glacial moraine, Switzerland 



Plant interactions and nutrient uplift 

Image source 
https://openclipart.org/detail/90025/tree-branches-and-root-01r 
https://commons.wikimedia.org/wiki/File:Illstruc.jpg 

Element 
translocation 

by roots 

Element 
return to soil 

surface 

Leaching loss 

Weathering 
or stable? 

Positive effect on Si, K, 
Ca, Mg mass balance 
and mineral formation? 

Root exudates 



PHREEQC model 
•  Addition of Si, K, Ca, Mg, oxalic acid by plants 
•  Weathering by rainfall 
•  Changes in clay mineral composition 



System inputs: Generic grassland 

Image source 
https://openclipart.org/detail/90025/tree-branches-and-root-01r 
https://openclipart.org/detail/22004/weather-symbols-rain 

Temperate grassland 
Net primary productivity 

10 t/ha/yr 

Rainfall 
750 mm/yr 

Biomass translocated to 0-10 cm depth 
2.5 t/ha/yr 

Element addition (t/ha/yr) 
K    0.125 
Si    0.01875 
Ca    0.025 
Mg    0.01  
Oxalate  0.5 

Rainfall and element addition divided 
into 12 monthly batch-reaction events 



Batch-reaction pathway 

From Barré et al., 2009 



Model parameters 
From Barré et al., 2009 



Solution reactants 

Initial pore solution 

Monthly addition: 
 Root exudates/elements 
 Rain water 

Clay (plus calcite) composition 



Adding oxalate to the model 

•  Oxalate: C2O4
2- 

–  Not defined in 
PHREEQC database 

•  Mg-, Ca-, & Al-oxalate 
complexes 

From Harrison and Thyne, 1992 



Model structure 
•  SOLID_SOLUTIONS 

–  Defined mass added (mol) 
–  Keep track of mass 

•  REACTION 
–  Element mass added (mol) 

•  EQUILIBRIUM_PHASES 

•  Cycle ran 12 times using 
previous solid solution 



Model output 
Initial solution equilibration 



Model output 
Cycle 1: Element addition 
& mineral re-equilibration 



Model output 
After 12 cycles 

Initial 
(mol) 

Final 
(mol) 

Δmol Relative amount (%) 

Illite 16.28 16.2 -0.080 99.5 
Ca-mont 17.05 16.5 -0.550 96.8 
Kaolinite 24.21 25.0 0.790 103.3 
Calcite 62.45 62.1 -0.346 99.4 

Cumulative change 



Discrepancies with Barré et al., 2009 

•  Database: PhreeqC vs. SUPCRT92 
•  Original clay mineral assemblage not defined 

Δmmol/kgw 
Barré et al., 2009 Model attempt 

Illite  0.205 -0.38 
Ca-mont -0.063 -2.59 
Kaolinite -0.182 3.72 
Calcite -1.63 



Synthesis of additional minerals? 
SI after 1 cycle SI after 12 cycles 

Supersaturated in: 
 K-feldspar    ↓
 K-mica         ↑ 
 Talc         ↓ 



Refitting model for 
K-mica, K-feldspar, talc 

Start 
(mol) 

Initial 
equilibration 

(mol) 

Final 
(mol) 

Δmol 
final 

Illite 16.28 0.0344 0.0346 0.0002 
Ca-mont 17.05 23.5 22.8 -0.7 
Kaolinite 24.21 23.5 23.7 0.2 
Calcite 62.45 61.4 60.7 -0.7 
K-mica 0.0 7.1 7.5 0.4 
K-feldspar 0.0 2.7 2.6 -0.07 
Talc 0.0 1.35 1.37 0.02 

Cumulative change: 
Equilibration to final 

Initial equilibration 

After 12th cycle 



Temperature grassland: Model failure 

•  Parameters of Barré et al., 2009 
– Failure to synthesize illite 
– Synthesis of kaolinite backs up classical 

weathering theory 
•  Allowance for K-mica, K-feldspar, talc 

–  Immediate re-equilibration to those minerals 
–  Illite, kaolinite, K-mica, and talc synthesized 
– Kinetic considerations 



System inputs: Eastern ND 

Image source 
https://openclipart.org/detail/90025/tree-branches-and-root-01r 
https://openclipart.org/detail/22004/weather-symbols-rain 

Tallgrass prairie 
Net primary productivity 

8.6 t/ha/yr 

Rainfall 
500 mm/yr 

Biomass translocated to 0-10 cm depth 
2.15 t/ha/yr 

Element addition (t/ha/yr) 
K    0.1075 
Si    0.016125 
Ca    0.0215 
Mg    0.0086  
Oxalate   0.43 

Rainfall and element addition divided into 
12 monthly batch-reaction events 

From Whitman and Wali, 1975 



Eastern ND: Model semi-success 

Soil analysis Initial 
(mol) 

Final 
(mol) 

Δmol 

% of clay fraction 
Illite 20 12.66 12.7 0.04 
Ca-mont 74 49.06 45.5 -3.56 
Kaolinite 6 5.65 9.79 4.14 
Calcite 2.8 (of whole soil) 6.99 7.12 0.13 

Surface soil from Milnor, ND 2015 (0-6 inches) 



Discussion 

•  Unable to reproduce Barré et al., 2009 
– Original clay mineral assemblage 

•  Neoformation of K-mica and K-feldspar? 
•  Nonexchangeable K release slow in soils (Sparks 

and Huang, 1985) 
•  Eastern ND soil 

– Stabilized illite and kaolinite, loss of smectite 



Conclusion 

•  Model requires some “tinkering” 
– System and soil characteristic dependent 
– Kinetic considerations 

•  Possible rejection of classical weathering 
theory in surface soils 
– Empirical data 
– Element translocation and nutrient uplift 
– Fertilizer K additions, crop K removal 



Questions? 

“Tartan” twinning of 
microcline (K-feldspar) 
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