
1. Introduction
Soil clay minerals dominate the colloidal fraction and specific surface area ( E SSA ) of soil. Clay minerals ex-
hibit a wide range of microstructures and hydration responses that affect soil macroscopic hydraulic, chem-
ical, and mechanical properties. We focus on kaolinite and smectite as end members of the clay mineral 
family due to their contrasting surface areas, differences in activity (shrink-swell behavior), high abundance 
in natural soils, and their general separation among climatic regions (e.g., kaolinite dominates in tropical 
soils that receive high values of mean annual precipitation, see Figure 1). Due to differences in their basic 
building blocks and properties, kaolinite comprises tightly bound clay platelets that form large tactoids (ag-
gregated stacks of platelets) and is considered inactive, whereas smectite is considered a highly active clay 
mineral (Jefferson & Smalley, 1997; Skempton, 1953).

In many land surface and Earth system models (the latter term includes simulations of aspects of the Earth 
system affecting the occurrence of natural hazards), information on ‘clay’ is often used in an undifferentiat-
ed manner as soil ‘clay content’ (defined as the mass fraction of soil particles smaller than 2 μm in diameter) 
to derive spatially distributed soil hydraulic and mechanical properties using pedotransfer functions (Gut-
mann & Small, 2007; Van Looy et al., 2017). The large differences in microstructure and hydration response 
between kaolinite and smectite, along with their remarkable spatial segregation in climatic regions, have 
a large effect on the regional clay mineral-dependent soil hydraulic and mechanical properties. We seek to 
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capitalize on the recent mapping of clay minerals and the strong spatial segregation of these two dominant 
clay mineral types to improve the representation of soil hydraulic and mechanical properties (SHMP) in 
land surface models.

Hodnett and Tomasella (2002) showed that two important soil hydraulic parameters, the water retention 
parameter E  [L−1] ( E   is linked to the inverse capillary head for air entry pressure) and the saturated water 
content satE  [L3 L−3] are considerably higher in tropical regions for the same clay fraction. A recent review by 
Luijendijk and Gleeson (2015) also reported higher saturated hydraulic conductivity values satE K  [L T−1] for 
kaolinite clays relative to smectite.

An important aspect of clay mineral effects is their impact on soil mechanical properties, which plays a sig-
nificant role in natural hazards (Regmi et al., 2013; Skempton, 1985) and soil erosion (Blattmann et al., 2019; 
Ramezanpour et al., 2010). As shown in an illustrative example from Tiwari and Ajmera (2011) in the Fig-
ure S1, various mechanical properties change with clay mineral type. For kaolinite, the peak and residual 
friction angle [°] is much larger compared to smectite for the same clay content. Friction angle is a key me-
chanical property and is used to define the internal shear stress that is required to produce ‘displacement’ 
(i.e., the onset of plastic shear strain). For soils with low clay fraction, the residual friction angle is high and 
is controlled primarily by the angularity of sand and silt particles that make up the soil matrix. The presence 
of even small fractions of smectite drastically reduces the shear strength behavior of soil, particularly with 
a precipitous decrease in residual friction angle (relative to only a modest decrease in kaolinite-dominated 
soil). This sensitivity of friction angle to clay content and clay mineral type provides a potential avenue to 
define pedotransfer functions (PTFs) for mechanical properties including clay mineral information. The 
few existing PTFs for friction angle neglect differences in clay mineral type and include only information 
on soil textural fractions (Havaee et al., 2015) or other parameters describing the particle size distribution 
(Schjønning et al., 2020) or consistency limits (Lupini et al., 1981; Tiwari & Ajmera, 2011).

The differences in SHMPs between smectite and kaolinite are attributed to differences in the microstruc-
tures of these clay minerals characterized by weak bonding between clay platelets in smectite, with nu-
merous isomorphic substitutions that promote significant swelling and ease the onset of mechanical 

Figure 1. Global distribution of kaolinite clay in tropical regions controlled by precipitation patterns (MSWEP, 
Beck et al. [2019]). Kaolinite-rich regions (map adapted from Ito & Wagai, 2017) coincide with high mean annual 
precipitation (>1,000 mm) shown in (a) and high mean annual air temperatures (>12°C). The spatial distribution of 
kaolinite clay (b) is expressed as clay mineral mass per total mass of claysized soil particles (<2 μm).
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deformation. The swelling and accessibility between clay platelets result in a large (internal) surface area for 
smectite. The basic structure of the kaolinite building blocks results in strong bonds between clay platelets 
that promote stable tactoids and give rise to larger, often randomly oriented, microaggregates (Bourg and 
Franklin, 2017; Dor et al., 2020) with limited accessibility to the internal surface area. In addition to effects 
on nano- and mesopores in kaolinite, different soil formation processes in tropical regions with kaolinite 
as the dominant clay mineral play a critical role in the SHMPs of tropical soils. As noted by Tomasella and 
Hodnett (1996), clay soils from tropical regions often show ‘hybrid’ properties (a hybrid of ‘temperate’ clay 
and sandy soil properties) with high numbers of both large pores of biogenic origin and small pores between 
clay particles (Chauvel et al., 1991).

Despite these well-known soil characteristics imparted by clay mineralogy (and the different soil formation 
processes in tropical and temperate regions), soil hydraulic properties estimated by PTFs often use clay 
fraction irrespective of dominant clay mineral type (Puhlmann & von Wilpert, 2012; Schaap et al., 2001; 
Vereecken et al., 1990; Weynants et al., 2009; Wösten et al., 1999; Zacharias & Wessolek, 2007; Zhang & 
Schaap, 2017). Several attempts have been made to include potential effects of clay mineral type by consid-
ering soil cation exchange capacity (Bruand, 2004; Tóth et al., 2015) or the cation exchange capacity per clay 
fraction (Pachepsky & Rawls, 1999; Rawls et al., 2001) in the training of PTFs. However, these approaches 
were not systematically applied (or tested) for geographical regions with different dominant clay minerals 
or soil formation processes.

In light of the significant differences in SHMP for soils dominated by different clay mineral types, we expect 
that modeling hydrologic (and mechanical) processes for tropical regions (with kaolinite clay type) using 
PTFs trained with samples with more active clay types from temperate regions may lead to incorrect results. 
For example, Du et al. (2016) noted that land surface models underestimate subsurface runoff in the Ama-
zon and attributed this difference to neglecting aggregates and macropores.

The availability of recent global soils maps of clay mineral composition (developed at resolutions of 2' to 
2° grid cells; Ito & Wagai, 2017) offers the potential for a quantitative approach toward incorporating clay 
mineral information in the spatial context to improve SHMP used for land surface parameterization in 
global models. The primary objective of this study is to propose methods for considering differences among 
clay minerals at a large spatial scale and to define new types of PTFs. We use E SSA and information on clay 
aggregation to guide the clay mineral-informed SHMP estimation. In addition, we will show how spatial 
mapping of SHMP is improved when using machine learning algorithms that are trained with data meas-
ured for different types of clay minerals.

2. Theoretical Considerations to Estimate Clay Mineral-Informed SHMPs
2.1. Modeling Soil Hydraulic Properties

The saturated hydraulic conductivity satE K  [L T−1] (or permeability E  [L2]) is an important water transport soil 
property that varies with characteristics of soil (texture, porosity, surface area, and soil structure). As dis-
cussed in Text S2 and Figure S3, the soil satE K  has been estimated from mean particle size and E SSA based on 
different theoretical approaches. For mixtures of clay particles (or shales) and larger particles (sand or silt), 

satE K  (or E  ) is strongly dependent on the porosity of the clay-sand mixture that varies with sizes and fractions 
of the constituents. Several models for packing of binary mixtures have been proposed (Dias et al., 2004; 
Koltermann & Gorelick, 1995; Revil & Cathles, 1999; Tuller & Or, 2003) for calculating the porosity and 

satE K  of various fractions and size of constituents. In natural soils of tropical and temperate regions, we 
expect that vegetation and soil biological activity would introduce systematic modifications to soil textural 
pore spaces by creating soil structures (Gutmann & Small, 2007; Fatichi et al., 2020) via aggregation and 
biopores. We thus build a hierarchical mechanistic model that reproduces the ‘hybrid’ character of tropical 
soils, taking into account aggregation at different scales and considering larger aggregates in soils of tropical 
regions. We describe the clay as assemblies of clay tactoids (Dor et al., 2020) that form small aggregates (here 
denoted as ‘clay particles’; these ‘particles’ are larger and more stable in kaolinite compared to smectite). 
The clay particles form larger aggregates with silt and sand particles. As shown in Figure S2, the soil is mod-
eled as a mixture of such aggregates (containing clay particles and silt-sand grains) with remaining sand 
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and silt particles (not incorporated in aggregates). The satE K  of this mixture of aggregates and large particles 
is higher than predicted with models that neglect soil structural aspects.

The effective permeability effE  [L2] (or hydraulic conductivity effE K  [L ∙ T−1] defined by     /eff effE K g  with 
kinematic viscosity E  [L2 ∙ T−1] and gravity E g [L ∙ T−1]) of a binary mixture of clay aggregates with diameter 

aggE D  [L] with sand particles of diameter sandE D  [L] was calculated based on an effective diameter effE D  [L] as 
follows:
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with porosity E  [-] of the pore space between aggregates and sand and the volume fraction of aggregates aggE X  
[-]. As explained in Supplementary Information Text S1, not directly aggE D  but an effective aggregate diame-
ter ,agg effE D  that considers the rough surface and permeable structure of clay aggregates is used (a product of 
hierarchal packing of clay tactoids). Due to the typically higher content of soil organic material and more in-
tense soil formation processes in tropical regions (see below), we assign higher aggE D  values to tropical soils.

The aggregation also affects the water retention (within aggregates) and the capillary pressure at air en-
try (into pores between aggregates). Macroscopically, the critical capillary pressure head that is required 
to drain a substantial part of the medium is related to the parameter 1 /E  of the van Genuchten model. 
The pore radius [L] controlling air entry is about 1/6 of mean particle diameter meanE D  [L] (Crisp & Wil-
liams, 1971; Sakaki et al., 2014) and the value E  [L−1] can be estimated as:
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with water density wE  [M L−3], gravity E g [L T−2], surface tension of water/air E  [M T−2], and contact angle E  
[-] (for simplicity set to 0).

2.2. Modeling Soil Shear Strength

The role of clay content and clay type in determining macroscopic soil shear strength is often reflected in the 
values of index properties, such as consistency limits (i.e., liquid limit [ E LL ] and plasticity index) and their 
associated peak PeakE  [°] and residual friction angles ResE  [°] (see Figure S1). Much of the observed depend-
encies of mechanical properties could be succinctly expressed in terms of E SSA (Farrar & Coleman, 1967; 
Santamarina et al., 2002). Here, we propose to express soil strength (friction angle) E  as a function of E SSA 
[L2 M−1] using the same PTF for all clay mineral types. The mathematical expression of the PTF is similar 
to the van Genuchten soil water retention model:
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with minimum MinE  [°] and maximum friction angle MaxE  [°] and shape parameters denoted as E SSA  [L2 M−1] 
and E n  [-], respectively. Note that E SSA is expressed analytically as a function of clay content and clay mineral 
type (see below) and the constitutive relationship between E  and E SSA in Equation 3 can thus be denoted as 
PTF (i.e., an estimate based on basic soil properties).

3. Material and Methods
3.1. Database of Soil Friction Angles

The parameters for soil strength PTFs (Equation 3) were deduced from a dataset of approximately 500 shear 
strength (i.e., friction angle) and liquid limit values for clay mineral-rich soils. For the soil residual shear 
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strength ResE  , we have used approximately 400 values, of which 100 values represent known mixtures of 
smectite and kaolinite with coarser media (fine and coarse sand). For the peak remolded strength of clays, 
we have used only 90 PeakE  values, of which 51 represent known mixtures of pure smectite and kaolinite with 
coarser media. The information was compiled from a variety of sources in the literature (reference list in 
Supporting Information Text S3). However, since limited information is available on mechanical properties 
of coarser soils with significant sand and gravel fractions (where strength may be controlled by angularity 
and porosity), our approach is applied only to soils with primarily fine-grained particles as depicted in the 
global soils map.

We opted for the soil E SSA as the primary variable for representing the effects of different clay mineral types 
on SHMP. This, in turn, required estimation of E SSA for certain samples from their liquid limit E LL values 
(where E SSA was not reported). The relations between E LL and E SSA are well established and relations are often 
linear with a higher slope for active relative to inactive clays (see the review of Spagnoli & Shimobe, 2019). 
The different E SSA LL‐  slopes are explained by different arrangements of the liquid phase on external sur-
faces in kaolinite and internal surfaces in smectite (Gorączko & Olchawa, 2017; Jang & Carlos Santamari-
na, 2016). To collapse the information into single relations while accounting for the different slopes for soils 
with high and low E SSA , we developed a simple nonlinear relationship between E SSA [m2 kg−1] and E LL [%] that 
converges to the expected linear relationship for high E SSA soils:

  6 0.3 12LL SSA SSA (4)

Applying Equation 4, the collected data pairs  
Res,E SSA  and  

Peak ,E SSA  were then fitted to PTF given in 
Equation  3. For ResE  , the minimum and maximum friction angles were   Min 3.7E  (residual strength of 
sodium smectite) and   Max 30E  (strength of subrounded sand or silt). The critical surface area value E SSA  
that defines the onset of decreasing friction angles was set to 25 m2/g and the shape parameter E n  was 3.0. 
For PeakE  , the minimum and maximum friction angles were   Min 8.0E  and   Max 32E  . The critical surface 
area value E SSA  was set to 25 m2/g and the shape parameter E n  was 2.7. The presented fit represents a best 
estimate that reflects the relationship between friction and SSA; however, the parameters could be modified 
to reflect upper- and lower-bounds of friction with SSA, which is not presented herein.

3.2. Global Clay Mineral-Informed Maps of SHMP

To estimate the spatial distribution of SHMPs that can be used in land surface and Earth system models 
(ESM), we use global maps of clay minerals from Ito and Wagai (2017) (https://doi.pangaea.de/10.1594/
PANGAEA.868929). For each 1/4° pixel of the map (for topsoil and subsoil), the mass fraction of each clay 
mineral is given as a percentage of the total clay size fraction. In addition, the information on clay fraction 
per pixel was provided (adapted from harmonized world soil database; Nachtergaele et al., 2010). While 
we often focus on the two ‘end members’ of clay mineral activity (kaolinite and smectite), we classified the 
various maps into active clays (smectite and vermiculite), moderately active clays (illite, goethite, gibbsite, 
and chlorite), and inactive clays (kaolinite) based on observed presence of interlayer structure for each 
respective mineral, reflected by E SSA . For each land surface pixel (0.25° resolution), the E SSA [m2/g] was cal-
culated as:

        1.1clay A A MA MA IA IASSA F f SSA f SSA f SSA (5)

defined by the clay fraction clayE F  [-] (mass of clay size fraction per total mass of clay, silt, and sand), the clay 
mineral fraction E f  [-] (mass of clay mineral type per mass of clay size fraction), and the subscripts E A,  E MA, 
and E IA, for active, moderately active and inactive clays minerals, respectively. Note that the value of 1.1 m2/g 
in Equation 5 reflects that for zero clay content, there is still a E SSA and hence mechanical properties like 
friction angle can be defined (the specific value stems from a typical silt particle of 20 μm diameter), though 
not for extremely coarse soils where angularity and contact between coarser sand and gravel-sized particles 
have an outsized influence and can result in much higher friction angles. The E SSA  of the different clay min-
erals were deduced from a collection of experimental data listed in the references listed in Text S2. The co-
efficients in Equation 5 were chosen as  600AE SSA  ,  150MAE SSA  , and  40IAE SSA  m2/g to fulfill constraints 
imposed by literature values on E SSA , liquid limit, and friction angle.

https://doi.pangaea.de/10.1594/PANGAEA.868929
https://doi.pangaea.de/10.1594/PANGAEA.868929
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4. Results
4.1. Clay Mineral-Dependent Soil Hydraulic Properties

We conducted a systematic comparison of data mainly from tropical (HYBRAS database, Ottoni et al. [2018]) 
and temperate regions (UNSODA database; Nemes et al., 2001) to quantify the effect of clay mineral type on 
soil hydraulic parameters. The results are presented in Figures 2 and S4. The satE K  for a given clay fraction in 
tropical soils is higher compared to soils from the temperate regions (Figure 2a). The higher satE K  values for 
tropical soils are related to lower average bulk densities and higher organic contents in tropical soils (Fig-
ures S5a and S5b), indicating different soil formation processes and structures in the two different regions. 
While the satE K  values in temperate regions are correlated to bulk density and soil texture (Figure S5c), no 
correlation on bulk density and texture was found for satE K  in the tropics (the organic content did not signifi-
cantly increase the correlation). We conclude that for tropical regions the hydraulic properties are more con-
trolled by soil structure (i.e., the spatial arrangement of the constituents) than by soil textural properties. We 
attribute the higher satE K  values in tropical regions to structure formation with larger aggregates and larger 
pores. The joint effect of clay micro-aggregate formation (Jozefaciuk, 2009; Mansa et al., 2017) and binding 
of sand and silt particles by clay (Wilson et al., 2014) affect the ability of soil to transmit water.

Consistent with the findings of Hodnett and Tomasella (2002), also the values of the E  parameter and the 
saturated water content satE  are larger in soils dominated by kaolinite clay (Figure S4). Large values of E  cor-
respond to weaker capillary forces and larger voids between stable aggregates. Note that the trend of larger 
E  values for tropical soils was also found for modeling the soil water retention with a bimodal distribution 
(Durner, 1994; see captions of Figure S4e). As with higher satE K  , larger E  values for tropical soils are attrib-
uted to the formation of stable hierarchical structures in kaolinite-dominated soil. The observed trends 
in values of satE K   and E  as a function of clay content were represented using the hierarchical mechanistic 
model presented in Section 2.1 and Text file S1. The packing of permeable aggregates and sand/silt particles 
simultaneously satisfies porosity, permeability, and air entry pressure across the entire range of clay fraction 
and follows cues of soil structure formation and clay mineral substructures. To test if the hierarchical mech-
anistic model also reproduces soil hydraulic properties for regions rich in kaolinite that were not included 
in the HYBRAS database, we made a literature search on satE K  in tropical Africa (the references are listed in 
Text S4). Figure 2b presents the 120 collected values and confirms the significantly higher satE K  values in soils 
containing kaolinite clay minerals.

Figure 2. Saturated hydraulic conductivity Ksat as a function of clay content in regions dominated by different clay 
minerals. Sample data are shown with small symbols and binned data with large symbols (bins of 5% clay fraction). 
(a) Measured data from the HYBRAS database (red; including samples from the tropical region in Brazil and denoted 
as “tropical”) and from UNSODA (blue; denoted as ‘temperate’ due to lack of samples from tropical regions) were 
reproduced based on a hierarchical mechanistic model (see Section 2.1 and Text S1). The lines mark the best fit and 
the shaded area the range of model predictions using different parameter values of the mechanistic model (inserting 
expressions given in Equations S13b and S8 in Equation 1a). (b) Data collected from tropical Africa (green) are clearly 
higher than model predictions for ‘temperate’ regions, confirming the higher Ksat values for regions rich in kaolinite.
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4.2. Clay Mineral-Dependent Soil Shear Strength Properties

We applied the PTF for soil macroscopic friction as a function of E SSA  (Equation 3). As depicted in Figure 3a, 
the E SSA is highly sensitive to the clay fraction and the clay mineral type. Generally, inactive and aggregated 
clay minerals such as kaolinite exhibit higher strength (friction angle) through interparticle friction and 
rolling, while the strength of smectite strongly depends on cation type and on the sliding resistance within 
the mineral interplatelet structure (Müller-Vonmoos & Løken, 1989).

Figure 3b illustrates the relationship between E SSA and residual internal friction angle ResE  . The residual 
friction angle as well as peak friction angle (not shown) decreases precipitously with increasing E SSA (thus 
providing a means to normalize the influence of specific clay mineral via E SSA ). Results show that the soil 
shear strength (friction angle) for soil mixtures of high clay fractions of kaolinite and smectite tend to col-
lapse to similar values on the curve in Figure 3b as a function of E SSA . The PTF for ResE  (and PeakE  ) based on 

E SSA  captures the measured relationship.

Significant scatter exists at low surface areas that can be attributed to variability in cations of active clay 
minerals (depending on hydration radius of the cation and its charge; Kirchhof, 2017), as well as void struc-
ture and roundedness of grains. Similar PTFs could be used to evaluate upper- and lower-bounds of friction 
to constrain the scatter at lower SSA, but are not shown herein. Overall, the trends of the PTF demonstrate 
that E SSA serves as a unifying means of assessing shear strength when clay minerals are present and the in-
fluence of coarse material (e.g., gravel) is minimal.

4.3. Spatial Applications of Clay Mineral-Informed PTFs

Combining the clay mineral-informed PTFs for soil strength and satE K  with the global clay mineral maps of 
Ito and Wagai (2017) enabled estimation of the spatial distribution of global SHMPs with a resolution of 
1/4°. The global maps are presented in the Supporting Information Figure S6 with E SSA as a primary variable 
that carries clay mineral-type information (Figure S6a), satE K  (Figure S6b), and soil friction angle ResE  and 
PeakE  (Figures S6c and S6d). However, these simple maps only reproduce the main effects of clay mineral 
type on SHMPs (represented by solid lines in Figures 2a and 3b) and do not represent local variations of oth-
er soil properties (e.g., bulk density and organic content, as shown in Figure S5 for satE K  ) and soil formation 
processes (climate, topography, and vegetation). Thus, the results depict effective values for a given pixel, 
which should still be interpreted based on knowledge of local variations in terrain and soil type. To consider 

Figure 3. A proposed pedotransfer function (PTF) for friction angle of soils using specific surface area (SSA) as a 
surrogate for clay type and content. (a) SSA as a function of clay fraction for smectite (active, swelling) compared to 
moderately active illite and inactive (i.e., non-swelling) kaolinite clay. The lines show the relationships used for spatial 
mapping as discussed in Section 4.3 and Figure S6a in the Supporting Information and different symbols are used 
for different references. (b) Residual friction angle as a function of SSA. Red points represent admixtures with pure 
kaolinite whereas blue points represent mixtures with pure smectite (black triangles for soil samples without clay 
mineral information). The black solid line shows the PTF proposed in Equation 3.
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these more detailed variations in a spatial context, machine learning-based approaches can be used to link 
a wide range of soil and other properties to SHMPs. Depending on the underlying database to train the ma-
chine learning model, differences in clay mineral type can be taken into account. As an illustrative example, 
we compare two maps of satE K  for Brazil in Figure 4 generated by two different machine learning approaches.

The first model (Rosetta 3; Zhang & Schaap, 2017) is a neural network trained with data mainly from the 
US and Europe, predicting satE K  as a function of bulk density, sand, clay, and silt content. The second model 
(CoGTF; Gupta, Lehmann, et  al.,  2021) is a random forest model trained with data from all continents 
including tropical regions (Gupta, Hengl, et al., 2021). The results shown in Figure 4 depict significantly 
higher conductivity values using CoGTF (median satE K  value for Brazil of 1.0 m/day compared to 0.2 m/
day for Rosetta 3) because (a) it was trained with values from tropical regions and (b) its machine learning 
algorithm identified topographic parameters as important environmental factors determining satE K  (Gupta, 
Hengl, et al., 2021) that were not included in Rosetta 3. Note that in contrast to the advanced machine 
learning model CoGTF, the simple clay mineral-informed PTF (Figure S6b) also predicted larger satE K  values 
(median 0.6 m/day) compared to Rosetta 3, which leads to a more accurate representation of soil conditions 
in Brazil.

5. Conclusions
The influence of rainfall amounts and patterns, elevated biological activity, leaching rates of cations, and 
other pedogenic processes vary with climatic regions and affect the formation and alteration of soil clay 
minerals. The resulting global spatial distribution of clay minerals was quantified by Ito and Wagai (2017) 
and offers a pathway to incorporate clay mineral information in the spatial context of ESMs. ESMs rely on 
SHMP estimated using PTFs that consider clay content but often ignore notable differences among clay 
minerals (affected by climate and soil formation processes). Commonly used PTFs are often trained using 
soil samples from arable lands in temperate regions (Or, 2019) that underrepresent kaolinite-dominated 
regions that cover 16% of the land surface (∼20 million km2; see the map of dominant clay mineral type in 
Figure S7). In addition, these PTFs relate the SHMPs to basic soil properties only and do not incorporate 
the wealth of information contained in local environmental covariates that reflect soil formation process-
es (Gupta, Lehmann, et al., 2021). The correction of SHMP using clay mineral-specific PTFs and spatial 
distribution of environmental covariates paints a significantly different picture for tropical regions param-
eterized with standard PTFs, often neglecting soil strength (critical for soil erosion rates, carbon transport 
to oceans, and natural hazard prediction) and underestimating saturated hydraulic conductivities satE K  in 
tropical soils. The underestimation of satE K  (also related to vegetation and natural soil structure) affects the 

Figure 4. Effects of clay mineral type on the spatial distribution of saturated hydraulic conductivity Ksat in Brazil. The 
Ksat maps were computed with (a) neural network trained on samples from non-tropical areas as a function of basic 
soil properties (Rosetta 3) and with (b) random forest model trained on the database including samples from tropical 
regions and considering the spatial distribution of soil properties and environmental covariates (CoGTF). (c) The 
probability density function (pdf) for Rosetta 3 (gray dashed line) peaks for lower Ksat values compared to CoGTF (black 
solid line) and the values of the HYBRAS database (red line).
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partitioning of rainfall to infiltration and surface runoff and may lead to overestimation of surface runoff 
(Getirana et al., 2014) with soil erosion (and underestimation of subsurface fluxes). The distinction among 
clay mineral types is not only important for representing hydrological and potential natural hazards in these 
regions but is also critical for quantifying sediment yields and associated organic compounds transported 
with these minerals to the world's oceans (Blattmann et al., 2019). The approach presented here enables 
physically based correction of soil hydraulic conductivity for different regions and introduces a systematic 
way to estimate soil mechanical strength of fines-dominated soils using the information on clay mineral 
type. These results are expected to affect many other Earth surface processes and properties.

Data Availability Statement
The data are published in a public data repository https://figshare.com/s/8ed9dbe830ec30263026.
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Text S2: Model for porosity and permeability of hierarchic binary mixtures of soil 42 

particles 43 

We describe here the porous medium as arrangement of clay particles and silt-sand 44 

particles (in the following we just use the term “sand”) that form secondary aggregates as 45 

shown in Fig. S2. The ‘clay particles’ themselves have a hierarchical structure, consisting 46 

of various tactoids made of clay platelets (Lemaire et al., 2004; Dor et al., 2020).  47 

A) Porosity of binary mixtures 48 

In a first modeling step, these clay particles (assemblies of tactoids) are arranged with 49 

sand particles to secondary aggregates called “soil aggregates.” Only a fraction of sand 50 

particles is arranged in soil aggregate. We split the mass fraction  51 

into sand ‘bound’ in aggregates  and ‘free’ sand  particles as: 52 

             (S1) 53 

with clay mass fraction  (the exponent value of 2 was set to accelerate the formation 54 

of aggregates compared to a linear increase with clay fraction). The packing of clay 55 

particles with diameter  and the ‘bound’ sand particles of diameter  can be 56 

described as a binary mixture with porosity  (with index ‘I’ for internal) using the 57 

approach of Dias et al. (2004) as a function of the volumetric particle fraction  of 58 

the large particle (in this case, sand): 59 

      (S2a) 60 

, ,sand sand agg sand freeF F F= +

,sand aggF ,sand freeF

( )2, 1sand free clay sandF F F= -

clayF

clayD sandD

Ij
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          (S2b) 61 

            (S2c) 62 

 63 

          (S2f) 64 

with porosities of pure sand material  and clay  (assigned to the pore 65 

space between the clay particles without consideration of pores within the clay particle), 66 

porosity  within the clay particles consisting of tactoids, minimum porosity  67 

that is obtained when the fraction  of the larger particles (sand) equals , 68 

and total porosity  that takes into account the pores between tactoids (  describes 69 

the porosity of pores between clay particles and sand not including the pores between 70 

tactoids). Note that equations (S2d) and (S2e) were adapted to match the point ( ,71 

). To account for the different structure of the clay minerals (Dor et al., 2020), we 72 

chose ,  and  for kaolinite and , 73 

 and  for smectite ( ,  and 74 

 for illite).  75 
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The soil aggregates with packing described in eq. (S2) form with the unbound (‘free’) 76 

sand particles another binary mixture of porosity  (index ‘E’ for external, as contrast 77 

to internal porosity in eq. (S2)). Analogous to eq. (S2) we obtain: 78 

      (S3a) 79 

      (S3b) 80 

            (S3c) 81 

  82 

           83 

(S3f) 84 

with the (‘external’) porosity of the packing consisting only of aggregates , 85 

and the total porosity of the soil  including porosity of particles (porosity  is 86 

assigned to pores between aggregates and sand particles, without intra-aggregate 87 

porosity). To differentiate between different clay mineral types, we chose aggregate 88 

diameter  and  for kaolinite and and 89 

 for smectite and illite.  90 
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B) Permeability of binary mixtures 92 

The soil saturated hydraulic conductivity  or permeability  (93 

 with kinematic viscosity  and gravity ) links water flow to the applied 94 

pressure gradient as described in Darcy’s law. Various approaches have been proposed 95 

for estimating saturated hydraulic conductivity as a function of specific surface area and 96 

porosity (Chapuis 2012; Ren and Santamarina, 2018) within the original Kozeny (1927) 97 

and Carman (1937) framework: 98 

           (S4a) 99 

simplified for spherical particles to: 100 

            (S4b) 101 

with a factor  defined by particle shape and tortuosity of flow path, density of 102 

particles , porosity  and specific surface area . The product of  and  is 103 

the specific surface area per volume and reduces to  for spherical particles of 104 

diameter . The relatively poor performance of the Kozeny-Carman equation (eq. S4) in 105 

clay soils led to modifications accounting for mobile and immobile water (Ren et al., 106 

2016; Li, 2019) or replaced by empirical power-law relationships between  and void 107 

ratio (see review in Luijendijk and Gleeson, 2015). Here, we adapted the Kozeny-Carman 108 

equation given to express the effective conductivity of the hierarchical packing as: 109 
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             (S5) 110 

with factor representing flow geometry and tortuosity  that is set to 1/5, the ‘external’ 111 

porosity between aggregates and free sand particles , and an effective diameter  112 

that represents the average friction of free sand particles and soil aggregates . 113 

Different approaches describe the effective diameter of binary mixtures, using the 114 

harmonic mean in Mota et al. (2001) or using a combination of harmonic and geometric 115 

mean in Koltermann and Gorelick (1995) (harmonic mean for mixtures with high and 116 

geometric mean for low content of the smaller particle). In this study, we use the 117 

harmonic mean. In general, for binary mixtures of large particles with diameter  and 118 

smaller particles of diameter , the permeability for a representative unit cell with one 119 

particle A and for a unit cell with one particle B equals: 120 

           (S6a) 121 

           (S6b) 122 

which are combined for a volumetric particle fraction  of the large particles to a 123 

permeability  using an effective particle diameter : 124 

           (S7a) 125 
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            (S7b) 126 

In analogy to this general example, we can write for the mixture of soil aggregates and 127 

free sand particles with aggregate volumetric particle fraction : 128 

             (S8) 129 

with a diameter  that represents the flow through a unit cell with the soil 130 

aggregate. However, the flow through a unit cell consisting of a soil aggregate with rough 131 

surface is different from the flow around a smooth impermeable particle of diameter 132 

, and we must adapt the effective diameter of the aggregate as explained next. 133 

For a smooth and impermeable soil aggregate, the permeability of the unit cell equals: 134 

             (S9) 135 

with porosity  between soil aggregates and sand particles. For a natural aggregate with 136 

rough surface, the permeability reduces to: 137 

           (S10) 138 

To estimate the diameter  that represents the rough surface, we assume that the 139 

surface area within a “shell” of thickness  of the entire soil aggregate with volume 140 

 defines the roughness controlling the permeability. For simplicity, we assume 141 
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spherical shape of the tactoids and the soil aggregate. The specific surface area  of 142 

the rough aggregate can then be expressed as equivalent spherical particle diameter 143 

: 144 

        (S11a) 145 

    (S11b) 146 

     (S11c) 147 

with volume fraction of the clay particles within the aggregate  and 148 

the volume  of the aggregate layer that contributes to the friction along the rough 149 

aggregate. The “internal” permeability  of the interior of the aggregate with internal 150 

porosity  can be described as well with Kozeny-Carman using an effective particle 151 

diameter  as: 152 

         (S12a) 153 

                     (S12b) 154 

with the volumetric particle fraction of the sand within the aggregates . The 155 

flow through the aggregate will increase the permeability of a unit cell containing an 156 
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impermeable aggregate with a rough surface. In case of a permeable aggregate, the 157 

combined permeability of the aggregate becomes: 158 

           (S13a) 159 

       (S13b) 160 

By inserting eq. (S13b) into eq. (S8) that is used in equation (S5), the permeability and 161 

hydraulic conductivity can be determined. An application of this modeling framework is 162 

shown in Figure 2a of the main text. A simplified version (without formation of soil 163 

aggregates, just binary packing of sand and clay particles) is applied for sandy shales in 164 

Figure S3, using data of Revil and Cathles (1999). As in case of soil aggregates, the data 165 

of Revil and Cathles (1999) were fitted by the constraint that size of tactoids and pore 166 

space between tactoids were larger for kaolinite than for smectite/illite (with different 167 

values for natural soils compared to sandy shales). 168 
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  205 
Figure S2: Conceptual picture of hierarchical mechanistic model to simulate porosity, 206 
permeability, and air invasion of aggregated soil. (a) At the largest scale, soil 207 
aggregates and free (unbound) sand particles build a binary packing of porosity jE. The 208 
permeability is determined by the sizes of the sand particles and the aggregates but as 209 
well by the structure of the aggregate shown in b). Each soil aggregate consists of sand 210 
particles and clay particles defining the porosity jI within the aggregate. The 211 
permeability increases with the flow through the aggregate but decreases with the 212 
friction along the rough surface of the aggregates. The clay particles are micro-213 
aggregates of clay tactoids shown in c). The clay tactoids (black rectangles) form clusters 214 
of porosity jtact. They are bigger and more irregularly arranged in kaolinite compared to 215 
smectite. 216 
 217 
 218 

  219 
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  220 
Figure S3: Application of binary packing algorithm to reproduce porosity and 221 
permeability of shaly sands (rock). The model developed above has been applied to data 222 
reported in Revil and Cathles (1999) from rock cores of sandy shale represented by a 223 
binary mixture of sand particles and clay micro-aggregates. We considered higher meso-224 
porosity and larger particles for disordered kaolinite tactoid microclusters (Bourg et al., 225 
2017; Dor et al., 2020) relative to aligned smectite/illite shale (Wilson et al., 2014). In 226 
the lower panel, mixtures dominated by clay (with sand as inclusion in clay matrix) are 227 
shown with open symbols. In variance with the hierarchical mechanistic model 228 
introduced in Fig. S2 above, the sand and clay particles in the rocks considered do not 229 
form aggregates. 230 
 231 

  232 
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    233 
Figure S4: Parameter values describing soil hydraulic properties from temperate 234 
regions (blue; clays of higher activity including smectite) and tropical regions (red; 235 
kaolinite clay minerals). Measured soil hydraulic properties from two databases 236 
(UNSODA without samples from the tropics and HYBRAS including many samples from 237 
tropical Brazil) are shown. Water retention data were fitted to the model of van 238 
Genuchten to determine shape parameter a (a) and n (b), and saturated qsat (c) and 239 
residual water content qres (d). Small symbols show values of individual samples that are 240 
binned to several classes (large symbols; bins of 5% clay). The shape parameter a 241 
(related to inverse of air-entry value) and qsat (interpreted as porosity) were described by 242 
a hierarchical mechanistic model (solid lines) described in text file S2. The other 243 
parameters can be described by a nonlinear model for n and a linear model for qres, 244 
respectively (lines). (e) To reduce deviations of the fitted soil water retention curves 245 
(attributed to various factors ranging from presence of macropores, to uncertainties in 246 
saturated and residual water content estimates, and combination of different 247 
measurement methods for different pressure ranges), we also fitted a bimodal water 248 
retention curve. The trend of larger shape parameter value a for tropical soils was found 249 
as well for the bimodal soil water retention curves (a1 characterizing large and a2 small 250 
pores). The bimodal fitting had a stronger effect on parameter values for tropical soils, 251 
indicating a decrease of parameter a and an increase of shape parameter n (see 252 
parameter values in data repository). (f) Saturated hydraulic conductivity data with 253 
average value and standard deviation for each interval (bin) of clay fraction. 254 
  255 
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 256 
Figure S5: Differences between basic soil properties of soils in HYBRAS (denoted as 257 
‘tropical’; red) and UNSODA database (denoted as ‘temperate’; blue). The content of 258 
organic carbon (a) is higher, and the bulk density (b) is lower in the tropical soils with 259 
kaolinite as dominant clay mineral compared to the soil samples of UNSODA. The 260 
arrows mark the median values (organic carbon 0.56% for UNSODA and 0.87% for 261 
HYBRAS; bulk density of 1505 kg m-3 for UNSODA and 1405 kg m-3 for HYBRAS). (c) 262 
Representation of measured saturated conductivity values Ksat as function of bulk density 263 
and clay and sand content (soil organic carbon content had a minor effect). Only for the 264 
UNSODA samples, a correlation (quantified by R2) between Ksat and basic soil properties 265 
exists. The missing correlation for HYBRAS data indicates the dominant effect of soil 266 
structure on Ksat in tropical regions. 267 
 268 
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 269 
Figure S6: Effect of clay mineral type on global distribution of soil hydro-mechanical 270 
properties. The spatial distribution of different clay minerals and clay content for fines-271 
dominated soils defines the soil specific surface area (a). The spatial distribution of 272 
specific surface area and the arrangements of the clay minerals control the saturated 273 
hydraulic conductivity (b), and the residual friction angle (c), and peak friction angle (d) 274 
of the soil for 2’ (3.7 km at the equator) pixels. Note that for soils and deposits whose 275 
properties are dominated by coarse particles (e.g., gravel), friction angles are expected 276 
to be significantly higher.  277 



 
 

18 

 278 
Figure S7: Classification of dominant clay mineral classes at global scale. The spatial 279 
distribution of dominating clay minerals (>50%) is related to soil type map with smectite 280 
(‘active clays’ including vermiculite, in red) in Vertisols, kaolinite (‘inactive clay,’ in 281 
blue) in Oxisols and Ultisols, sites containing both active and inactive clay minerals 282 
(pink) in Mollisols, and clays with moderately active clays (illite, goethite, gibbsite and 283 
chlorite in green) in Inceptisols and Entisols. The remaining regions (yellow) are mainly 284 
soils with considerable (>10%) fractions of quartz, feldspar, or non-crystalline minerals 285 
in Aridisols and Spodosols. Data on clay mineral type distribution from Ito and Wagai 286 
(2017) were used to build these five clay mineral classes. 287 
 288 
  289 
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Text S8: References to build the relationship between specific surface area, clay 290 

mineral and clay content 291 

The specific surface areas of the different clay minerals were deduced from a collection 292 

of experimental data shown in Figure 3a in the main text (Banin and Amiel, 1970; Gallez 293 

et al., 1976; Ross, 1978; Cihacek and Bremner, 1979; Kimpe et al., 1979; Ratner-Zohar et 294 

al., 1983; Singh, and Gilkes, 1992; Petersen et al., 1996; Jong, 1999; Or and Wraith, 295 

1999; Resurreccion et al., 2011; Khawmee et al., 2013; Cerato and Lutenegger, 2005).  296 
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Text S9: References to build a database for the relationship between friction angle 335 

and liquid limit 336 

A database of approximately 500 shear strength and liquid limit values for clay-rich soils 337 

was used to establish pedotransfer functions for residual strength 	and peak strength 338 

 	as a function of specific surface area (SSA).All of the data are digitized from a 339 

variety of sources in the literature, including Skempton (1964), Bishop et al. (1971), 340 

Chandler (1972), Voight (1973), Kanji (1974), Wesley (1977), Bucher (1980), Lupini et 341 

al. (1981), Boyce (1984), Skempton (1985), Müller-Vonmoos and Loken (1989), 342 

Tsiambaos (1991), Lejane and Jardine (1992), Stark and Eid (1994), Wesley (2003), 343 

Tiwari and Mauri (2003), Tiwari and Mauri (2005), Dewoolkar and Huzjak (2005), Stark 344 

et al. (2005), Rigo et al. (2006), Stark and Hussain (2010), Tiwari and Ajmera (2011), 345 

Eid et al. (2015), Hattab et al. (2015), Castellanos et al. (2016), Eid et al. (2016), and 346 

Hayden et al. (2018).  347 
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Text 10: References for collecting saturated hydraulic conductivity of African 417 

tropical soils 418 

To test the hierarchical mechanistic model explained in Text S2 to predict saturated 419 

hydraulic conductivity values from tropical soils (see Figure 2b in the main text), we 420 

collected data from various references (Aina, 1979; Bonsu and Masopeh, 1996; Giertz et 421 

al., 2005; Oguntunde et al., 2008; Oguike and Mbagwu, 2009; Majaliwa et al., 2010; 422 

Bagarello et al., 2011; Egbuchua, 2013; Philip et al., 2014; Bon et al., 2016; Daniel et al., 423 

2017; Are et al., 2018, Gabiri et al., 2018; Fashaho et al., 2020).  424 

References 425 

Aina, P. O. (1979). Soil changes resulting from long-term management practices in 426 
western Nigeria. Soil Science Society of America Journal, 43(1), 173-177. 427 

Are, K. S., Oshunsanya, S. O., and Oluwatosin, G. A. (2018). Changes in soil physical 428 
health indicators of an eroded land as influenced by integrated use of narrow grass 429 
strips and mulch. Soil and Tillage Research, 184, 269-280. 430 

Bagarello, V., Di Prima, S., Iovino, M., Provenzano, G., and Sgroi, A. (2011). Testing 431 
different approaches to characterize Burundian soils by the BEST procedure. 432 
Geoderma, 162(1-2), 141-150. 433 

Bon, A. F., Ombolo, A., Mboudou, G. E., Ngoupayou, J. R. N., and Ekodeck, G. E. 434 
(2016). Estimation of Hydraulic Conductivity of Soils at a Watershed-Scale Using 435 
Porchet’s Method: Application in the Olezoa Waterhed, Yaounde, Cameroon. 436 
International Journal of Geosciences, 7(03), 397. 437 

Bonsu, M., and Masopeh, B. A. (1996). Saturated hydraulic conductivity values of some 438 
forest soils of Ghana determined by a simple method. Ghana Journal of 439 
Agricultural Science, 29(2), 75-80. 440 

Daniel, S., Gabiri, G., Kirim, F., Glasner, B., Näschen, Leemhuis, C., Steinbach, S., and 441 
Mtei, K. (2017). Spatial distribution of soil hydrological properties in the 442 
Kilombero floodplain, Tanzania. Hydrology, 4(4), 57. 443 

Egbuchua, C. N. (2013). Saturated hydraulic conductivity (Ksat) in relation to some soil 444 
physical properties of some ferralitic soils with hydromorphic segregation in 445 
Delta State, Nigeria. Nigerian Journal of Technological Research, 8(2), 1-5. 446 

Fashaho, A., Ndegwa, G. M., Lelei, J. J., Musandu, A. O., and Mwonga, S. M. (2020). 447 
Effect of land terracing on soil physical properties across slope positions and 448 
profile depths in medium and high altitude regions of Rwanda. South African 449 
Journal of Plant and Soil, 37(2), 91-100. 450 



 
 

25 

Gabiri, G., Burghof, S., Diekkrüger, B., Leemhuis, C., Steinbach, S., and Näschen, K. 451 
(2018). Modeling spatial soil water dynamics in a tropical floodplain, East Africa. 452 
Water, 10(2), 191. 453 

Giertz, S., Junge, B., and Diekkrüger, B. (2005). Assessing the effects of land use change 454 
on soil physical properties and hydrological processes in the sub-humid tropical 455 
environment of West Africa. Physics and Chemistry of the Earth, Parts A/B/C, 456 
30(8-10), 485-496. 457 

Majaliwa, J.G.M., Twongyirwe, R., Nyenje,R., Oluka,, M., Ongom, B., Sirike, J., 458 
Mfitumukiza, D., Azanga, E., Natumanya, R., Mwerera, R., and Barasa, B. 459 
(2010). The effect of land cover change on soil properties around Kibale National 460 
Park in South Western Uganda. Applied and Environmental Soil Science, 2010. 461 

Oguike, P. C., and Mbagwu, J. S. C. (2009). Variations in some physical properties and 462 
organic matter content of soils of coastal plain sand under different land use types. 463 
World journal of agricultural sciences, 5(1), 63-69. 464 

Oguntunde, P. G., Abiodun, B. J., Ajayi, A. E., and van de Giesen, N. (2008). Effects of 465 
charcoal production on soil physical properties in Ghana. Journal of Plant 466 
Nutrition and Soil Science, 171(4), 591-596. 467 

Philip, H. J., Ngala, A. L., and Waniyo, U. U. (2014). Comparison of empirical models 468 
and laboratory saturated hydraulic conductivity measurements. Ethiopian Journal 469 
of Environmental Studies and Management, 7(3), 305-309. 470 


	NLJ148202109
	Clays Are Not Created Equal: How Clay Mineral Type Affects Soil Parameterization
	Abstract
	Plain Language Summary
	1. Introduction
	2. Theoretical Considerations to Estimate Clay Mineral-Informed SHMPs
	2.1. Modeling Soil Hydraulic Properties
	2.2. Modeling Soil Shear Strength

	3. Material and Methods
	3.1. Database of Soil Friction Angles
	3.2. Global Clay Mineral-Informed Maps of SHMP

	4. Results
	4.1. Clay Mineral-Dependent Soil Hydraulic Properties
	4.2. Clay Mineral-Dependent Soil Shear Strength Properties
	4.3. Spatial Applications of Clay Mineral-Informed PTFs

	5. Conclusions
	Data Availability Statement
	References


	Clays_not_equal_SI_References

