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Abstract

We have investigated how biota contributes to rapid chemical weathering of Hawaiian basalts using a reactive transport
model and chemical data from a soil chronosequence. These Hawaiian soils have developed under a tropical forest with rain-
fall >200 cm/yr and exhibit extensive weathering on timescales of 104 years. We developed a series of multicomponent reactive
transport models to examine the role of soil respiration and low molecular weight organic acids in generating these intense
weathering patterns. The base model starts with a 1-m basaltic porous media reacting with a fluid of rainwater composition
in equilibrium with atmospheric CO2. Subsequent simulations incorporate soil respiration modeled as a constant flux of CO2

at 10� atmospheric and continuous input of organic ligands – oxalate and citrate – at 10�4 molar. After 20 kyr of weathering,
the base model shows limited elemental losses, high soil pH and is overall CO2(acid)-limited. Soil respiration lowers soil pH to
circumneutral values, leaches all Mg and Ca from the basalt and allows precipitation of Fe(III)-oxyhydroxides, while Al stays
immobile as secondary clays accumulate. After adding organic ligands, soil pH is reduced to values similar to the Hawaiian
soils and Si, Al and Fe are exported from the system by dissolution of secondary phases, resulting in mass depletion patterns
similar to the ones observed in Hawai’i. Dissolution of secondary minerals is generated by low pH and relatively low free
activities of Al3+ and Fe3+ when organic ligands are added. These results suggest that organic acids in basalt weathering
in tropical environments can sustain far-from-equilibrium conditions that drive fast elemental losses and that biologic activity
contributes to weathering processes both by generating high soil PCO2 and organic acids.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Weathering of volcanic rocks in tropical environments
can produce a regolith that is strongly depleted in base
cations and silica over geologically short time scales.
Weathering rates in such settings are rapid, whether esti-
mated from modern stream fluxes (Louvat and Allegre,
1997; Dessert et al., 2001; Schopka et al., 2011; Schopka
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and Derry, 2012; Li et al., 2016) or from studies of pedoge-
nesis (Stewart et al., 1998; Hedin et al., 2003). Base cation
depletion, significant Si losses, Al and Fe mobilization
and low soil pH are common characteristics in these types
of landscapes (Vitousek et al., 1997; Chadwick et al.,
1999; Nieuwenhuyse et al., 2000; Zehetner et al., 2003; He
et al., 2008). Rapid rock weathering and fast pedogenesis
result from a combination of kinetic and thermodynamic
factors enhancing weathering rates. Mineral solubility, pre-
cipitation of secondary phases, fluid residence time, reactive
gases – CO2 and O2 – and input of reactive organic com-
pounds from root leachates and exudates from microbial
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and mycorrhizal fungi are some of the variables that have
been identified to contribute to intense weathering. How-
ever, their interactions and individual controls in weather-
ing of volcanic rocks in tropical settings are usually hard
to unravel. Understanding the mechanisms that drive fast
weathering is important in modern and ancient natural sys-
tems because chemical weathering is a key component of
global biogeochemical cycles. Chemical weathering controls
elemental fluxes from the land to rivers and oceans (Bluth
and Kump, 1994; Louvat and Allegre, 1997; Viers et al.,
2009; Schopka et al., 2011; Dessert et al., 2015), delivers
nutrients to ecosystems (Chadwick et al., 1999; Buss
et al., 2010; Wymore et al., 2017), and ultimately, consumes
atmospheric CO2 regulating climate over geological time-
scales (Walker et al., 1981; Berner et al., 1983; Berner,
1992; Gaillardet et al., 1999; Kump et al., 2000).

The role of plants and microbiological activity has been
suggested as an important agent enhancing mineral weath-
ering by several authors (Schwartzman and Volk, 1989;
Berner, 1992; Berner and Cochran, 1998; Moulton and
Berner, 1998; Moulton et al., 2000; Amundson et al.,
2007; Schwartzman, 2017). There are numerous ways by
which biota enhances weathering with direct influence over
the reactive surface or the chemical affinity of the parent
materials. Plants contribute to erosion on hillslopes, while
root induced break-up creates secondary porosity struc-
tures preferential for advective fluid flow and reactive gases.
Additionally, evapotranspiration contributes to sustain soil
water and regulate runoff. Microbial respiration of organic
matter can dramatically increase soil PCO2 which has a
direct effect on the dissolution of silicate minerals. Low
molecular weight organic acids (LMWOA) are ubiquitous
in tropical soils and play an important role in mineral dis-
solution (Furrer and Stumm, 1986; Zinder et al., 1986;
Barman et al., 1992; Jones and Darrah, 1994; Berggren
and Mulder, 1995; Drever and Stillings, 1997; Jones,
1998; van Hees et al., 2000; Taylor et al., 2009; Lawrence
et al., 2014). Organic acids control mineral dissolution
and precipitation rates in three ways: (1) increasing proton
activity which affects mineral saturation state (Barman
et al., 1992; Gislason et al., 1996); (2) complexation of
organic ligands with metals like Al and Fe, decreasing their
free aqueous activities (Berggren and Mulder, 1995; Drever
and Stillings, 1997; Oelkers and Schott, 1998) and increas-
ing their total solubility (Neaman et al., 2005b, 2006; Li
et al., 2006; Lawrence et al., 2014); and (3) ligand-
promoted dissolution, which can accelerate weathering
rates due to ligand adsorption on mineral surfaces
(Amrhein and Suarez, 1988; Jones, 1998; Cama and
Ganor, 2006; Li et al., 2006; Stillings et al., 1998; Ganor
et al., 2009), but can also hinder dissolution as reactive sur-
face sites become occupied (Johnson et al., 2004).

Investigation of the combined effects of LMWOA and
PCO2 is necessary to further understand the mechanisms
by which biota contributes to rapid weathering rates. Reac-
tive transport models (RTMs) provide insight into the
results of field and laboratory experiments and can be used
to decipher and quantify individual contributions of reac-
tion networks (Dontsova et al., 2009; Brantley and
Lebedeva, 2011; Navarre-Sitchler et al., 2011; Godderis
et al., 2013; Li et al., 2017). Combining RTMs with chem-
ical data from soil chronosequences provides an advantage
for investigating mineral weathering in natural systems
(Maher et al., 2009; Moore et al., 2012; Lawrence et al.,
2014); as they can help to quantitively assess the effect of
combined chemical reactions in a spatially and temporally
resolved framework. Additionally, in cases where mineral-
ogy is poorly constrained, RTMs are a powerful tool to
understand how dissolution and precipitation of modeled
mineral phases influence the chemistry of reacting fluids
and porous-media.

In this study we use the reactive transport modeling code
CrunchFlow (Steefel et al., 2015) to investigate the factors
controlling weathering of basalts in soils of different ages
from a well-studied basaltic chronosequence in the Island
of Hawai’i (Kitayama et al., 1995; Vitousek et al., 1997;
Vitousek, 2004). A warm and wet climate and young erup-
tive ages create conditions conducive to rapid weathering
and the soils in this study are significantly altered on a
10-kyr timescale. These basaltic soils show intense weather-
ing patterns: (1) rapid depletion of base cations (Vitousek,
2004); (2) substantial losses of Al and Fe (Chadwick
et al., 1999); (3) low soil pH (Hedin et al., 2003); and (4)
predominance of non-crystalline secondary minerals includ-
ing aluminosilicates such as allophane and imogolite, and
iron hydroxides like ferrihydrite and nano-goethite
(Chorover et al., 2004; Thompson et al., 2006). We have
developed a series of simulations designed to test the impact
of different drivers of weathering of young Hawaiian
basalts. We compare the results of those simulations to
the observed soil chemistry data. This experiment allows
us to test the biological activity effects on rapid weathering
rates such as soil PCO2 and LMWOA; plus, other parame-
ters such as different kinetic formulations for dissolution
and Fe oxidation. We hypothesize that the extreme weath-
ering patterns observed in Hawaiian basalts are developed
under persistent far-from-equilibrium conditions that result
from a combination of factors mentioned above.

2. SITE DESCRIPTION AND DATA AVAILABLE

Sites of 0.3 and 20 kyrs were selected from the well char-
acterized ‘‘Long Substrate Age Gradient” (LSAG)
chronosequence in the Island of Hawai’i (Fig. 1) (Crews
et al., 1995; Vitousek et al., 1997; Vitousek, 2004). Classifi-
cation and nomenclature of the sites will follow previous
papers and short summary of the sites characteristics and
relevance will be discussed here. The LSAG sites included
are: Thurston (300 yr) and Laupahoehoe (20,000 yr). We
have excluded the Ola’a (2100 yr) from the original LSAG
chronosequence, because it is overlain by the 0.3 kyr ash
layer (similar to Thurston site) and several of the soil mea-
surements in the Ola’a site are influenced by this younger
ash layer (Vitousek, 2004). The parent material from both
sites consist of basaltic tephra containing basaltic glass, oli-
vine, clinopyroxene, plagioclase and magnetite-ilmenite
(Vitousek et al., 1997). The youngest Thurston soils are
derived from tholeiitic basalt, and the oldest Laupahoehoe
soils are developed from alkalic basalts (Kurtz et al., 2000).
Both sites are montane rainforest with dominant native



Fig. 1. Location of the two LSAG sites overlaid on a hillshade
relief map of the Island of Hawai’i. The color scale represents mean
annual rainfall in centimeters. Rainfall data is interpolated from
raingage stations across the island by the Rainfall Atlas of Hawai’i
project (Giambelluca et al., 2013). Elevation data is from the
SRTM30 DEM (Becker et al., 2009). The map was generated using
Generic Mapping Tools (Wessel et al., 2013). (For interpretation of
the color legend, the reader is referred to the online version of this
article).
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species Metrosideros polymorpha, mean annual precipita-
tion in all sites is circa 250 cm/yr (Giambelluca et al.,
2013) and evapotranspiration in the montane rainforest is
ca. 50% of MAP (Engott, 2011). Mean annual temperature
is 16 �C. Finally, these sites have experienced negligible ero-
sion and are located on constructional volcanic surfaces.
Bulk and trace elemental chemistry, and soil mineralogy
of the LSAG sites have been extensively described by many
authors (Crews et al., 1995; Vitousek et al., 1997; Chadwick
et al., 1999; Kurtz et al., 2000; Kurtz et al., 2001; Vitousek
et al., 2001; Chadwick et al., 2003; Chorover et al., 2004;
Vitousek, 2004). In summary, the LSAG soils are progres-
sively depleted in Si and base cation and show a clear evi-
dence of Al and Fe mobility and loss from the parent
material within 20 kyr. In addition, soil pH is low and
reaches values below 4.5.

3. METHODS: REACTIVE TRANSPORT MODELING

In this study we have set up a series of 1D-simulations
based on a 1-meter long basaltic porous media column react-
ing with a fluid of rainwater composition in regime domi-
nated by advective transport. We sequentially incorporate
the following weathering drivers to our model: (1) Flow
and reaction under varying soil water saturation conditions;
(2) variations in soil CO2 fugacity; and (3) low molecular
weight organic acids (LMWOA) allowing complexation of
aqueous Al and Fe(III). Calculations were carried out up
to 20 kyrs, and the modeled soil solid phase chemistry com-
pared to measured values at 0.3 and 20 kyrs (Table 1).

3.1. Model parameters

3.1.1. Mineralogy and thermodynamic properties

A simplified basaltic mineralogy is used to describe the
solid domain in the system to represent the mineral assem-
blage of a Hawaiian basaltic tephra (Macdonald et al.,
1984) consisting of calcic plagioclase, augite pyroxene, oli-
vine, basaltic glass and magnetite which accounts for initial
ferric Fe in the basalts (see abundances in Table 2). Second-
ary minerals allowed to precipitate include two amorphous
aluminosilicates allophane and imogolite, plus goethite.
The occurrence of these minerals has been widely docu-
mented to be product of early stages of basalt weathering,
characteristic of young Hawaiian soils and representative
of their low pH conditions (Vitousek et al., 1997;
Chadwick et al., 1999; Chorover et al., 2004; Thompson
et al., 2006). Further processes involving the transforma-
tion of these amorphous, early-forming phases to crys-
talline minerals such as smectite, hematite, kaolinite and
gibbsite are outside of the scope and time frame of this
study. Solubility constants for all reacting minerals are
reported in Table 2.

We have attempted to maintain internal consistency
between the selected mineral phases and the thermody-
namic database used in our set of simulations. The
abundance of thermodynamic data compilations makes this
task difficult, because in most cases it is hard to determine
the original data sources (Oelkers et al., 2009; Wolery and
Colon, 2017). The core database used here is the LLNL
database (Delany and Wolery, 1989; Wolery, 1992), which
consists of equilibrium constants for aqueous, gas and min-
eral species mostly originating from the SUPCRT92 pack-
age and further updates (Johnson et al., 1992; Zimmer
et al., 2016). While the SUPCRT92 database is not a source
itself, it is based on the regression of commonly used data-
sets generated by several authors (Helgeson et al., 1978;
Shock and Helgeson, 1988; Shock and Koretsky, 1993;
Pokrovskii and Helgeson, 1995, 1997; Shock et al., 1997;
Sverjensky et al., 1997). Following the approach by
Aradottir et al. (2012b), instead of using solid solution
end-members, we added to this dataset binary and quater-
nary solid solutions for olivine Fo80Fa20 and augite pyrox-
ene Di45Hd25En19Fs11. Solubility for olivine and augite
pyroxene were obtained by Stefansson (2001) and the calcu-
lation of equilibrium constants by Aradottir et al. (2012b)
was done using SUPCRT92. As for the feldspar phase,
we used the original anorthite data in the database
(Helgeson et al., 1978; Johnson et al., 1992). We chose
not to use the solid-solution plagioclase by Aradottir
et al. (2012b), because its calculated solubility constant is
much higher than reported values for plagioclase end-
members in SUPCRT92 (Helgeson et al., 1978; Johnson
et al., 1992). This difference arises from their use of the
low-ordered plagioclase solubility model (Stefansson,
2001), for which the entropy term is higher. The magnetite
and goethite equilibrium constants we use are also from the
original database (Johnson et al., 1992). Equilibrium



Table 1
Summary of the parameters changed for each simulation presented in this study. Three sensitivity tests were performed for model M1
consisting of varying degrees of water saturation at 30, 70, 100%. No sub-simulations were run for model M2. For model M3 three sensitivity
tests were run to test: (1) No complexation of Al and Fe(III) with organic ligands; (2) parallel Al-inhibition dissolution rate law (results not
show as no differences were found); and (3) Acid Fe oxidation rate law.

Model M1 Model M2 Model M3

Infiltrating fluid composition Rainfall (Table 3) Rainfall (Table 3) Rainfall (Table 3)
CO2 treatment Fluid is only in equilibrium with

CO2 at 300 ppmv
Constant flux of CO2 from inlet
at 3000 ppmv

Constant flux of CO2 from inlet
at 3000 ppmv

Organic acids No No Yes
Complexation of organic ligands
with Al and Fe

No No Yes and No

Plagioclase and basaltic glass
dissolution rate law

Linear-TST Linear-TST Linear-TST
Parallel Al-inhibition

Fe oxidation rate law Neutral oxidation Neutral Oxidation Neutral Oxidation
Acid Oxidation

Water saturation 30% – 50% – 70% and 100% 50% 50%
Number of sensitivity tests 3 0 3
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constants for the secondary minerals allophane and imogo-
lite were calculated by Aradottir et al. (2012b) based on
Gibbs energy calculations obtained by Stefansson and
Gislason (2001) using the SUPCRT92 package.

The glass composition is derived from the BHVO-2
Hawaiian basalt (Wilson, 1997). Reported Fe2O3 (total
Fe) was stoichiometrically replaced with ferrous iron.
TiO2 and P2O5, which make up for 2.73 and 0.27% of the
total rock composition respectively, were omitted in calcu-
lating the basaltic glass solubility since both elements are
not included in the model basis. The resulting composition
of the BHVO-2 glass normalized to one Si atom is: SiAl.32-
Fe(II).09Mg.22Ca.24Na.09K.01O3.08. Computation of the
equilibrium constant (log K) for basaltic glass dissolution
follows the oxide composition method proposed by Paul
(1977). This approach has been widely used to determine
solubilities of aluminosilicate and borosilicate glasses at
formation temperatures ranging from 25 to 90 �C
(Bourcier et al., 1992; Advocat et al., 1997; Leturcq et al.,
1999; Techer et al., 2001; Aradottir et al., 2012b). The sol-
ubility of the glass phase is calculated using an ideal solid-
solution relation:

logðKglassÞ ¼
X
i

xilogðKiÞ þ
X
i

xilogðxiÞ ð1Þ

where xi is the mole fraction and Ki the solubility product of
the constituting oxides in the glass phase. All log Ki values
and dissolution reactions used to calculate the equilibrium
constant for the BHVO-2 basaltic glass at 25 �C are pre-
sented in Table B.1 and are derived from the values used in
SUPCRT92. The calculated equilibrium constant for the
BHVO-2 basaltic glass is similar to Keq values for forsterite
and comparable to solubility constants calculated for other
silicate glass compositions calculated by this method
(Advocat et al., 1997; Aradottir et al., 2012b; Dontsova
et al., 2009).

3.1.2. Dissolution and precipitation kinetics

Mineral dissolution and precipitation kinetics follow the
general equation usually referred to as the transition state
theory after work by Lasaga (1981) and expanded by
Aagaard and Helgeson (1982); Hellmann and Tisserand
(2006) and Lasaga (1984). For this study, we used two types
of TST rate law formulations. First a linear model (RL, Eq.
(2)) with no inhibitory or promoting species dependency:

RL ¼ Abulkk 1� exp
�DGr

RT

� �� �
ð2Þ

where R is the reaction rate for a mineral (mol m�3 s�1 por-
ous medium), Abulk is the reactive surface area (m

2 m�3 por-
ous medium), k is the rate constant for the reaction (mol
m�2 s�1) and DGr is Gibbs free energy of the reaction.
The second is an Al-inhibition model (RAI, Eq. (3)) to eval-
uate the promoting effects of H+ activity and inhibition by
free Al3+ on plagioclase and basaltic glass dissolution:

RAl ¼ Abulkk
an1Hþ

an2
Al3þ

1� exp
�DGr

RT

� �� �
ð3Þ

Here, aH+ and aAl3+ are the activities of hydrogen and
aluminum ions, and n1 and n2 are their respective power
dependencies. This formulation reflects the hypothesis that
dissolution rates of aluminosilicates are controlled by the
formation and destruction of Al-deficient and Si-rich pre-
cursor complexes (Oelkers et al., 1994; Oelkers and
Gislason, 2001; Gislason and Oelkers, 2003).

Parallel rate-law formulations for aluminosilicates were
not considered for this set of simulations. TST-like rate
laws can over-estimate dissolution rates near equilibrium
(Oelkers et al., 1994; Hellmann and Tisserand, 2006;
Maher et al., 2009; Moore et al., 2012; Gruber et al.,
2013; Zhu et al., 2016), requiring a more appropriate
expression capturing this slower pathway, but given the
intense weathering conditions prescribed in our model, we
expect that the system should stay at far-from-equilibrium
conditions. Thus, we did not include parallel rate laws for
dissolution in the model.

Dissolution rate constants for all minerals were chosen
from published values summarized by Palandri and
Kharaka (2004) (Table 2). Forsterite is the most studied oli-
vine end-member; we used the rate constant for the
Fo80Fa20 olivine solid-solution from forsterite measure-
ments by Pokrovsky and Schott (2000). Similarly, the rate



Table 2
Description of mineral dissolution reactions and summary of initial mineral abundances, specific surface areas, dissolution equilibrium constants and rate constants used in the model formulation.

Mineral Dissolution Reaction Stoichiometry Vol. % SSA
(m2 g�1)

log Km,eq log km
(mol m�2 s�1)

Olivine (Fo80Fa20) (Mg0.8Fe0.2)2SiO4 + 4 H+ ? 1.6 Mg2+ + 0.4 Fe2+ + SiO2(aq) + 2 H2O 12 0.1 26.72a �12.47e

Augite (Di45Hd25En19Fs11) Ca0.35Mg0.42Fe0.23SiO3 + 2 H+ ? 0.35 Ca2+ + 0.42 Mg2+ + 0.23 Fe2+ + SiO2(aq) + H2O 8 0.1 10.45a �12.47f

Anorthite CaAl2Si2O8 + 8 H+ ? Ca2+ + 2 Al3+ + 2 SiO2(aq) + 4 H2O 20 0.2 26.59b �12.90g

Magnetite Fe(II)Fe(III)2O4 + 8 H+ ? Fe2+ + 2 Fe3+ + 4 H2O 3 0.1 10.47b �9.59h

Basaltic Glass (BHVO-2) SiAl0.32Fe(II)0.09Mg0.22Ca0.24Na0.09K0.01O3.08 + 2.16 H+ ? SiO2(aq) + 0.32 Al3+ + 0.09
Fe2+ + 0.22 Mg2+ + 0.24 Ca2+ + 0.09 Na+ + 0.01 K+ + 1.08 H2O

25 1 27.35c �11.65i

Allophane Al2O3(SiO2)1.22(H2O)2.5 + 6 H+ ? 2 Al3+ + 1.22 SiO2(aq) + 5.5 H2O - 1 10.96d �9.42j

Imogolite Al2SiO3(OH)4 + 6 H+ ? 2 Al3+ + SiO2(aq) + 5 H2O - 1 11.63d �14.09k

Goethite FeO(OH) + 3 H+ ? Fe3+ + 2 H2O - 6 0.53b �7.90l

a Aradottir et al., 2012a.
b Helgeson 1978, SUPCRT92 (Johnson et al., 1992).
c Solubility calculated according to Paul (1977) for the BHVO-2 basaltic glass composition (Wilson, 1997).
d Stefansson and Gislasson, 2001.
e Povkrosky and Schott (2000).
f Schott et al., 1981andSverdrup and Warfvinge, 1988.
g Welch and Ullman (2000).
h Adjusted fromWhite et al. (1994).
i Adjusted from Gislason and Oelkers (2003).
j Rimdstidt and Barnes (1980).
k Yang and Steefel (2008).
l Ruan and Gilkes (1995).
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Table 3
Aqueous chemistry used for initial and boundary conditions in the
model (White et al., 2009) and comparison with available rainfall
chemistry for the Thurston USGS site.

Species Concentration (mol L�1)
Diluted by 10 � from
White et al. (2009)

Concentration (mol L�1)
Thurston USGS

SiO2(aq) 9.0 � 10�8 N/A
Al3+ 2.0 � 10�8 N/A
Ca2+ 9.0 � 10�6 8.3 � 10�7

Mg2+ 6.8 � 10�6 1.9 � 10�6

Na+ 4.2 � 10�5 1.9 � 10�5

K+ 1.6 � 10�5 4.9 � 10�7

Fe3+ 1.0 � 10�8 N/A
Fe2+ 1.0 � 10�6 N/A
Cl� 4.6 � 10�5 2.3 � 10�5

SO4
2� 1.6 � 10�5 1.0 � 10�5

NO3
– 1.0 � 10�5 1.1 � 10�6

pH 5.6 4.7
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constant for pyroxene in the model is taken from augite
measurements (Schott et al., 1981; Sverdrup and
Warfvinge, 1988). Kinetics of different plagioclase composi-
tions are available and here we use reference values pub-
lished for a bytownite composition (Welch and Ullman,
2000). Magnetite dissolution rate parameters are based on
the study by White et al. (1994). We used the dissolution
rate constant for basaltic glass obtained by Gislason and
Oelkers (2003). Precipitation rate parameters for secondary
minerals are scarce in the literature, particularly for non-
crystalline phases such as allophane and imogolite. For
allophane we use the precipitation rate constant measured
for amorphous silica precipitation data (Rimstidt and
Barnes, 1980). For imogolite we use a precipitation rate
constant determined for kaolinite by Yang and Steefel
(2008), since imogolite has a Si/Al similar to kaolinite
(and lower than allophane). Finally, the dissolution rate
data for goethite is derived from Ruan and Gilkes (1995).
Acidic and neutral dissolution mechanisms for primary
minerals were tested but no differences were found by add-
ing H+ ion dependence.

After initial experimentation the dissolution rate con-
stants for magnetite and for basaltic glass cited above were
both decreased by 1 order of magnitude from the original
values to fit the mass loss gradients from the oldest site,
Laupahoehoe (20 kyr). We recognize that adjusting dissolu-
tion and precipitation rate constants for primary and sec-
ondary minerals is far from ideal. However, basing our
simulations on laboratory measured values resulted in fas-
ter dissolution gradients than the ones observed in all the
selected study sites. The discrepancy between slower field
observed and faster experimentally determined dissolution
rates has long been recognized (White et al., 1996; White
and Brantley, 2003; Brantley, 2005; Ganor et al., 2007;
Moore et al., 2012).

While mineral surface area (SA) has not been deter-
mined for the studied locations, typical values used for
modeling weathering of basaltic minerals range between
0.1 to 1 m2/g, whereas precipitating minerals range up to
10 m2/g (Dontsova et al., 2009; Navarre-Sitchler et al.,
2011; Aradottir et al., 2012a). In our simulations, primary
crystalline minerals have smaller reactive surface areas than
secondary minerals and glass (Table 2). It is important to
note that adjusting mineral surface areas yields identical
results to modifying the rate constants for dissolution and
precipitation, since rate laws depend linearly on both terms
(Eq. (2)).

3.1.3. Aqueous chemistry

Fluxes and composition of the infiltrating rainfall are
the same for all simulations, except for the gaseous phases
and the organic acids. The model uses dilute rainwater con-
centrations first reported in White et al. (2009) to model
weathering in the Santa Cruz Terrace chronosequence
(Table 3). This dataset was chosen because it includes con-
centrations of elements not commonly analyzed during
rainfall chemistry analysis such as Al, Si and Fe. The rain-
fall hydrochemistry from White et al. (2009) is approxi-
mately ten times more concentrated than rainfall at the
Thurston site in Hawai’i (Table 3; (NADP/NTN, 2017)).
Thus, all values in White et al. (2009) were diluted by a fac-
tor of ten to be incorporated in our simulations. Addition-
ally, we performed a sensitivity test using the available data
for the Thurston site and the results are identical to the 10-
times diluted rainwater from Santa Cruz. Activity coeffi-
cients for all charged aqueous species were calculated using
the B-dot model first presented by Helgeson (1969). The B-
dot model for activity coefficients is described in Eq. (4):

logci ¼ � Az2i
ffiffi
I

p

1þ iB
ffiffi
I

p þ _BI ð4Þ

where I is the ionic strength of the solution, A, B and Ḃ are
and the Debye-Hückel and B-dot parameters taken from
the EQ3/6 database (Helgeson and Kirkham, 1974a,
1974b; Helgeson et al., 1981; Wolery, 1992) and åi is the
ion size parameter for each species. No significant differ-
ences in the distribution of species were found with respect
to assuming activity coefficients equal to 1.

CO2 is specified to be initially at equilibrium with atmo-
spheric concentrations for infiltrating rainwater at 300
ppmv with no additional CO2 inputs in the base simulation.
A simple approach was taken to reproduce soil carbon res-
piration by first increasing and fixing the gas flux into the
domain to keep up with infiltration and reaction rates
(Dontsova et al., 2009; Winnick and Maher, 2018) and sec-
ond, by elevating the CO2 fugacity in the column to concen-
trations that can reach up to 15 � atmospheric values
(Fig. A.1, Appendix A). This approach permits modeling
an open system that generates an input of CO2 from the
organic matter in the soil profile (Keller and Wood, 1993;
Wood et al., 1993; Bacon and Keller, 1998). Molecular oxy-
gen is in equilibrium with the atmosphere for the infiltrating
rainwater at 20%. Initially the basalt profile is depleted in
O2, and atmospheric oxygen diffuses to the profile in the
same fashion as CO2.

3.1.4. Organic ligands

LMW organic ligands are important dissolving agents
because they can strongly bind to mineral surfaces. Mobil-
ity of metal cations is enhanced by LMWOA as they can
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form complexes with cations in solutions and soil. Their
dissolution-promoting properties are a function of the num-
ber of carboxylic groups and dissociation properties of each
molecule (Johnson et al., 2004). LMWOA are key to many
plant processes such as nutrient uptake under P and Fe-
deficient conditions, reduction of Al-phytotoxicity and
microbial proliferations (Jones and Darrah, 1994; Jones,
1998; Johnson et al., 2004). Given the high mobility of both
Al and Fe and acidic conditions in the LSAG soils, we seek
to investigate the weathering impact of LMW organic acids
in the system.

We chose to run simulations with oxalic and citric acid
because their interactions with aluminosilicate minerals
have been well studied and they form stable complexes with
Al and Fe (Drever and Stillings, 1997; Stillings et al., 1998;
Oelkers and Gislason, 2001; Neaman et al., 2005b; Cama
and Ganor, 2006; Olsen and Rimstidt, 2008; Ganor et al.,
2009). Previous work by Neaman et al. (2005b) compared
the effects of different aliphatic and aromatic organic acids
on basalt dissolution. Batch experiments showed that
citrate, a tridentate ligand, is the most effective ligand to
release all cations including Si, and it particularly enhances
the release of Fe. Oxalate – a bidentate ligand – proved to
be the second most effective leaching agent. Aromatic
ligands such as succinate or salicylate were less effective
compared to citrate and oxalate. Analogous results were
obtained by Li et al. (2006) showing that Al mobility is
enhanced by citric and oxalic acids when compared to other
similar compounds. The differences in behavior of citrate
and oxalate on Fe leaching can be explained due to differ-
ences in the stability constants for Fe-citrate and Fe-
oxalate complexes. In contrast, Al-citrate and Al-oxalate
complexes show comparable leaching rates because of their
similar thermodynamic stability. Thus, Al leaching in the
presence of citric and/or oxalic acids is controlled by the
total concentration of each or both LMW organic acids
(Li et al., 2006). This response agrees with reactive trans-
port simulations of granite weathering by Lawrence et al.
(2014). Their study tested the coupled effect of three
LMW organic acids (oxalate, citrate and acetate) in Al
losses from granitic weathering profile. They found that
oxalate-exclusive and combined-ligands simulations
showed similar behavior for Al.

For the simulations that include LMW organic acids,
citrate and oxalate are added in the infiltrating fluid with
initial rainfall composition. This approach aims to repro-
duce the production of organic exudates in the rhizosphere
which are rapidly transported due to high conductivity and
fast flow in the model system. A broad range of concentra-
tions of LMWOA in soils has been reported ranging from
0.1 mM to 300 mM for most common acids, such as oxalic,
citric, malic, acetic and lactic acids (Fox and Comerford,
1990; Strom et al., 1994; Jones, 1998; van Hees et al.,
2000; van Hees et al., 2003; van Hees et al., 2005). Oxalate
and citrate concentrations in soil solutions from tropical
montane forest soils have been reported to be between 0.1
up to 60 mM in younger P-rich soils and older P-deficient
soils respectively (Aoki et al., 2012; Fujii et al., 2012). We
ran simulations within 0.01 to 100 mM to estimate the con-
centration of organic ligands to use for our model. Citrate
and oxalate concentrations for the organic ligands’ simula-
tion M3 were set at 100 mM. This is a two-fold increase
compared to the highest values obtained by Fujii et al.
(2012), which is justified by the lower soil pH values and
higher soil C in the 20-kyr soils from Laupahoehoe. In
our simulations, only Fe(III) and Al can form complexes
with oxalate and citrate and their respective stability con-
stants are shown in Table 4. These values were obtained
from the Minteq thermodynamic database (Morrey et al.,
1985) and are based on the original work by Sposito and
Mattigold (1980) for their GEOCHEM code. Complexa-
tion with other metals in the system was not included.

We discussed previously the importance of using inter-
nally consistent thermodynamic data because combining
thermodynamic databases can lead to misleading results
when these have not been developed from the same original
sources. This caveat is also true for data of aqueous species
(Oelkers et al., 2009; Wolery and Colon, 2017). The Al-
oxalate complexes equilibrium constants in the Minteq
database are different from the values included in the
LLNL database which are derived from Prapaipong et al.
(1999). However, it was important for this study to include
Al, Fe(III) citrate and Fe(III)-oxalate complexes that are
not available in the LLNL database neither in the
SUPCRT92 package. Thus, before combining the Minteq
database with the extended LLNL database used here, we
ran a simulation with only Al-oxalate complexes for both
databases. We confirmed that there are not significant dif-
ferences for Al-species activities and Al concentrations in
the solid among the two datasets. This assessment gives
us confidence about the Al-oxalate thermodynamic data
consistency, but we have to make the assumption that this
result can be extrapolated to the missing thermodynamic
data – Al and Fe(III) citrate and ferric-oxalate. Conse-
quently, all the ligand stability constants used in this study
for the LMWOA simulation are derived from the Minteq
database instead of mixing the Al-oxalate data from LLNL
with Minteq values.

3.1.5. Aqueous Kinetics

Basaltic rocks in Hawaiian volcanoes can host up to 8%
wt. of iron, with FeIII/

P
Fe � 0.15 (Moussallam et al.,

2014; Brounce et al., 2017;Helz et al., 2017); ferric iron is usu-
ally present in spinels like magnetite and ilmenite. Dissolu-
tion equations of primary minerals in our simulations are
described in terms of Fe2+, with no othermechanism describ-
ing the oxidation of Fe besides equilibrium between the iron
redox pair. Therefore, we incorporate an aqueous reaction to
oxidize ferrous to ferric iron in the presence of molecular O2.
In this set of simulations, we have tested two types of aqueous
kinetic rate laws to describe iron oxidation by O2 in the sys-
tem. According to Singer and Stumm (1970) the Fe2+ oxida-
tion is described by two rate-laws: a neutral-mechanism with
no dependence on pH and an acid-mechanism dependent on
pH. For the first set of simulations (M1, M2, M3) we incor-
porated only the TST-linear rate law with no dependence on
inhibiting or promoting species:

R ¼ kneutralaFe2þ aO2
1� Q

K

� �
ð5Þ



Table 4
Standard state dissociation constants for oxalate and citrate complexes with Fe(III) and Al
used in the organic ligands simulation (M3).

Complex reaction Log Keq,25 �C

Fe-Oxalate+ ? Fe3+ + Oxalate2� �9.15
Fe-(Oxalate)2

� ? Fe3+ + 2 Oxalate2� �15.45
Fe-(Oxalate)3

� ? Fe3+ + 3 Oxalate2� �19.83
Fe-Citrate(aq) ? Fe3+ + Citrate3� �13.13
Fe-H-Citrate+ ? Fe3+ + H+ + Citrate3� �10.17
Fe-(OH)-Citrate� + H+ ? Fe3+ + Citrate3� + H2O �1.79
Al-Oxalate+ ? Al3+ + Oxalate2� �7.73
Al-(Oxalate)2

2� ? Al3+ + 2 Oxalate2� �13.41
Al-(Oxalate)3

3� ? Al3+ + 3 Oxalate2� �17.09
Al-H-Oxalate2+ ? Al3+ + H+ + Oxalate2� �7.46
Al-(OH)-Oxalate(aq) + H+ ? Al3+ + Oxalate2� + H2O �2.57
Al-(OH)-(Oxalate)2

� + H+ ? Al3+ + 2 Oxalate2� + H2O �6.84
Al-(OH)2-Oxalate� + 2H+ ? Al3+ + Oxalate2� + 2H2O 3.12
Al-Citrate(aq) ? Al3+ + Citrate3� �9.98
Al-(Citrate)2

� ? Al3+ + 2 Citrate3� �14.83
Al-H-Citrate+ ? Al3+ + H+ + Citrate3� �12.85

Thermodynamic data from Minteq database (Morrey et al., 1985)
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However, because pH is higher at the younger stages, it
is expected that the acid mechanism described by Singer
and Stumm (1970) dominates Fe oxidation rates because
its dependence on the square of pH (Eq. (6)). Thus, we also
evaluate the case in which Fe oxidation is controlled by a
parallel rate-law that considers the sum of both neutral
and acid mechanisms as described by Singer and Stumm
(1970). The total parallel rate is the sum of the neutral
and acid rate laws (Eq. (7)).

R ¼ kacid
aFe2þ aO2

a2Hþ
1� Q

K

� �
ð6Þ

R ¼ kneutralaFe2þ aO2
1� Q

K

� �
þ kacid

aFe2þ aO2

a2Hþ
1� Q

K

� �
ð7Þ

Given the incorporation of LMWOA to our weathering
models, it is important to capture the fate and distribution
of these molecules. LMWOA are decomposed by oxidation
and are usually short-lived in soil (Jones and Darrah, 1994;
Jones, 1998; van Hees et al., 2005). Dissolved LMW
organic ligands have the highest concentrations at the sur-
face horizons of the soil profile. The concentration of dis-
solved organic acids decreases with depth because of
decomposition during transport to lower horizons, adsorp-
tion to mineral surfaces and occlusion and aggregation with
secondary phases. To represent the decomposition of
LMWOA in our simulations we follow the approach taken
by Lawrence et al. (2014). A first-order rate depending on
the concentration of the organic ligand is used for both oxa-
late and citrate. Therefore, the change in oxalate or citrate
concentration depends on the concentrations of the total
acid and a decomposition rate constant set to �0.5 mol
L�1 yr�1. Oxidation of two moles of oxalic acid consumes
one mole of O2 and produces four molecules of CO2

(Eq.(8)), while the oxidation of two moles of citric acid con-
sumes nine moles of O2 and produces 12 moles of CO2

(Eq. (9)). This is implemented as an irreversible rate for
oxalate and citrate decay in CrunchFlow.
2H 2C2O4 þ O2 ¼ 4CO2 þ 2H 2O ð8Þ
2H 8C6O7 þ 9O2 ¼ 12CO2 þ 8H 2O ð9Þ
3.2. Model formulation

The essentials of our simulations consist of a one-
dimensional 1 meter ‘‘fresh” basalt column comprised of
50 nodes of 2 cm each. The porous basalt column reacts
with infiltrating rainfall water and gases, each transported
by advection and diffusion respectively with a maximum
time-step of 1 year. Model simulations are run with an
implicit solver for 20,000 years and spatial profiles are
obtained at 0.3 and 20 kyrs to compare with data available
for 1 meter of soil/bedrock material – the Thurston (0.3
kyr) and Laupahoehoe (20 kyr) sites previously described
(Fig. 1). Aqueous and gaseous species at the land–atmo-
sphere interface are modeled by a Dirichlet boundary con-
dition, whereas the base of the rock/soil profile is modeled
by a flux boundary condition. Temperature of the models
was set at 25 �C despite annual MAT in the areas is 16 �
C. We did run a test simulation at 16 �C to confirm that
the effect of temperature in the system is insignificant.

3.2.1. Transport

Aqueous flow is modeled exclusively as vertical infiltra-
tion by 1-D Darcy flow. Initial porosity is set up to 30%, a
conservative estimate for matrix and fracture porosity of
young basalts (Saar and Manga, 1999). No attempt was
made to account for any differential advection (preferential
flow) that may exist in these sites. Cooling joints and frac-
tures, lava tubes and channels are common in volcanic lava
flows and pyroclastic deposits of basaltic composition (Lau
and Mink, 2006). The heterogeneous nature of these fea-
tures is difficult to characterize in a 1-D reactive transport
model. However, 1-D Darcy flow is a good approximation
because of the ashy nature of soils in the younger site which
minimizes this effect and reduced hydraulic conductivity
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from preferential flow features in the older site (Lohse and
Dietrich, 2005). Yet some degree of preferential flow per-
sists in these older Hawaiian soils (Marin-Spiotta et al.,
2011).

Rainfall infiltration fluxes are estimated using a mass
balance between rainfall and evapotranspiration and
assume partial lateral runoff. Mean annual precipitation is
equal to 2.5 m/yr and potential evapotranspiration is close
to 50% for this system (Engott, 2011; Giambelluca et al.,
2013). After accounting for ET and runoff losses the calcu-
lated infiltration flux is 1.06 meters per year. Even though
MAP in these sites is high, unsaturated conditions in
Hawaiian weathering soils are typical due to the high
hydraulic conductivity of the system (Lohse and Dietrich,
2005) and episodic rainfall events, hence, most simulations
were run at unsaturated conditions. Soil moisture measure-
ments range between 30 and 70% wt. (Fig. A.1), accord-
ingly we run simulation at 30, 50 and 70 percent
saturation plus at fully saturated conditions.

4. RESULTS

Our simulations are constructed from a base model
(M1) that only includes rainfall infiltration under partially
saturated flow conditions. Each of the scenarios studied
(variable saturation at atmospheric PCO2, high soil PCO2,
organic ligands) are incorporated sequentially, yielding a
total of three classes of simulations. We present and discuss
soil pore water pH and mass-transfer profiles for Al, Fe, Si,
Ca and Mg; these variables allow us to characterize weath-
ering extent in the system. We assume that soil pore water
pH is equivalent to soil pH measured in the LSAG sites in
lack of pore water information. Thus, from here on we use
these terms interchangeably. Al, Si and Fe characterize
mineral transformations occurring in the system: dissolu-
tion of primary minerals, and precipitation of amorphous
secondary silicates and Fe(III)-oxyhydroxides. Ca and Mg
are indicative of changes in soil buffering capacity and
nutrient availability. These variables respond differently to
the weathering agents studied. Sensitivity analyses regard-
ing degree of saturation, concentration of CO2 and organic
ligands, and different dissolution rate-law formulations are
included in the Appendix B.

4.1. Calculation of mass-transfer profiles and parent material

selection

To compare our reactive transport modeling results to
the LSAG data, mass-transfer coefficients are calculated
from elemental concentrations from both chronosequence
and models. Mass transfer coefficients show the fractional
enrichment or depletion of an element relative to a parent
material normalized to an immobile element (Equation
(10)).

sj;w ¼ Cj;wCNb;p

CNb;wCj;p
� 1 ð10Þ

The mass-transfer coefficient sj,w for element j, is calcu-
lated by the concentration of j in the weathered material
Cj,w and parent material Cj,p, relative to niobium, the
immobile component Nb in the weathered and parent mate-
rial, CNb,w and CNb,p respectively (Brimhall and Dietrich,
1987; Chadwick et al., 1990). Niobium was chosen to calcu-
late the mass-transfer coefficients since Kurtz et al. (2000)
demonstrated Nb is the least mobile element in these soil
sites. Positive sj,w values indicate enrichment of an element,
whereas negative sj,w denote element depletion.

Parent material for the Thurston (0.3 kyr) site is based
on samples from the C-horizon at the bottom of the soil
pit, where unaltered bedrock was observed (Kurtz et al.,
2000; Vitousek et al., 1997). Conversely, the Laupahoehoe
20 kyr site is developed in a thin blanket of tephra and cor-
ing down to 1 meter of unweathered rock does not necessar-
ily represent the soil parent material, and (Kurtz et al.,
2000) concluded that the parent material for the Laupahoe-
hoe site is somewhat uncertain. Given this issue, for the
Laupahoehoe parent material we use the data from
Bateman et al. (2018 – Ecosystems in revision). This later
study in a drier portion of the rainfall gradient in the Lau-
pahoehoe site was able to recover a more suitable parent
material for the soils developed from the final alkalic stage
of Mauna Kea eruptions. We also compared these data
normalizing to BHVO-2. Significant differences in the
mass-transfer coefficients are observed for Mg and Fe,
which is expected for variation in these elements between
the alkalic and tholeiitic series, and because Nb concentra-
tions vary between Hawaiian tholeiitic and alkali basalts.

Mass-transfer coefficients are widely used in the study of
soils, but uncertainties and the effects of heterogeneity in
parent materials can be hard to quantify. Here, we have
estimated the uncertainty in the composition of the parent
material for these sites to range between 10 to 30%
(Fig. C.1).

4.2. Base simulation (M1)

The base reactive transport model consists of a 1-m
weathering basalt profile, infiltrated by rainfall fluid, in
which transport occurs under 50% saturation. The infiltrat-
ing fluid is initially at equilibrium with atmospheric
CO2 = 3 � 10�4 and O2 = 0.2 atm, while the initial concen-
trations of CO2 in the porous media is the same and O2 is
set to 10�8 atm. Besides equilibrium with atmospheric gases
in the infiltrating fluid, there are no additional sources of
CO2. LMW organic acids and complexation with Al and
Fe are absent from the simulation.

Soil water pH rapidly increases due to the high buffering
capacity from basalt weathering (Fig. 2a). In the first 0.3
kyr, pH is rapidly buffered above pH = 10 along the whole
weathering profile. Continued water flux for the next 20 kyr
allows pH to drop down to 6 at the top of the profile. How-
ever, it continues to be buffered to pH > 9 below the top-
most 15 cm at 20 kyr. The base model fails to capture the
pH values observed in the LSAG sites: it predicts values 5
pH units higher than measured; and shows a shallow
weathering front in the first 10 centimeters that is not
observed at the Laupahoehoe site. Essentially the system
is acid-limited.

High pH values predicted by the base model dominate
the behavior of the elemental profiles. Aluminum shows
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losses in the first 20 cm at all weathering stages (Fig. 2b). At
0.3-kyr Al is immobile below the uppermost 20 cm. Leach-
ing of Al continues over the next 10-kyr, reaching nearly
constant losses below 40 cm by the 20-kyr stage. The highly
alkaline pH’s (>9) along the profile, promote dissolution
plagioclase and the basaltic glass (Fig. B.1), which results
in elevated total Al concentrations in the fluid but low free
Al3+ activity (Fig. B.2). AlO2

� is the most abundant species
at these high pH’s, followed by Al(OH)4

� (Fig. B.2). After
20 kyr these simulations produce small (15%) losses below
40 cm, while the Laupahoehoe soil data show much more
extensive Al loss (�50%). Iron stays constant in the simu-
lated profile at 0.3 kyr. At 20 kyr, Fe decreases with a grad-
ual weathering front. Below this weathering front, Fe
remains constant with � 10% losses (Fig. 2c). Incomplete
dissolution of Fe-bearing primary phases at elevated pH’s
Fig. 2. M1 (base) model weathering profiles: infiltrating fluid is rainfal
modeled profiles for (a) pH, (b) Al mass-transfer coefficient sAl,Nb, (c) Fe m
(e) Ca mass-transfer coefficient and (f) Mg mass-transfer coefficient sMg,

dashed line), 10 (gray-dotted line) and 20 (blue-solid line) kyr. LSAG da
circles for Laupahoehoe (20-kyr) (Vitousek et al., 1997; Hedin et al., 200
causes restricted Fe losses for the M1 simulation; magnetite
is insoluble (the ion activity product IAP � 0) in the profile
while olivine and pyroxene are undersaturated only in the
top 20–30 cm (Fig. B.1). The field data shows larger inte-
grated larger Fe losses (>50% at 20 kyr) that are not cap-
tured in this simulation.

Fig. 2(d-f) shows the base model results for Si, Ca and
Mg. The model predicts Si losses for all stages of weather-
ing. The Si profile for M1 develops a gradual weathering
front observed at all weathering stages. Si losses in the
top 10–30 cm range between 35–85% at 0.3 and 20 kyr
respectively. Below the weathering front, Si is immobile at
0.3 kyr and progresses to 50% loss by 20-kyr. The model
M1 underestimates total Si losses at 20 kyr, while the
weathering front does not move downwards with age. Mag-
nesium is lost in the model; it shows a distinctive gradual
l at equilibrium with atmospheric CO2 (300 ppmv). Profiles show
ass-transfer coefficient sFe,Nb, (d) Si mass-transfer coefficient sSi,Nb,

Nb, as a function of depth at 0.3 (orange-dot-dashed line), 5 (gray-
ta is shown as orange diamonds for Thurston (0.3 kyr) and as blue
3; Vitousek, 2004).
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weathering front that propagates downwards by 25 cm by
every 10 kyr, sitting at 50 cm depth by the 20 kyr stage.
The model results agree reasonably well with observations
in the upper 20–40 cm for all sites but diverge at greater
depth. Below 50 cm, M1 underestimates Mg losses at 20
kyr. This result emulates the Fe profile because of partial
dissolution of the Mg-bearing phases (pyroxene, olivine)
at high pH’s (Fig. B.1). Calcium in the model begins to
be exported at 0.3-kyr and shows a shallow gradient at
10 cm. At 20 kyr, Ca is not completely exported from the
profile, with at least �10% remaining below 60 cm. Finally,
although the model performs better for Ca than for Si or
Mg; it does not capture the near-complete depletion at
the oldest stage as observed in Laupahoehoe (20 kyr).

4.2.1. Sensitivity analyses: water-column saturation

Different degrees of water-column saturation can alter
reactions sensitive to pH and oxygen fugacity. We tested
two more scenarios with varying degrees of water-column
saturation in the profile at 30% saturation and a closed-
system in which the domain is fully saturated. Varying soil
water saturation conditions changes the pH profile at 20-
kyr by developing slightly deeper and more gradual weath-
ering fronts as water saturation decreases. pH is buffered
below the weathering front to identical values for the closed
and open systems at varying degrees of water saturation
(Fig. B.3). Since changes in pH are so limited, minimal vari-
ations were observed for the element distribution profiles,
so no additional figures are included for these. The satu-
rated system (equivalent to a closed system) can signifi-
cantly limit CO2 diffusion in the profile: throughout the
column PCO2 increases as the as water saturation decreases.
However, since PCO2 is low and there are no additional
sources of CO2 in the base simulation, carbon dioxide is
rapidly consumed by mineral dissolution despite decreasing
soil water content.

4.3. Increased and constant CO2 as soil respiration (M2)

Soil respiration contributes to a flux of CO2 that can
lead to soil PCO2 up to 2 orders of magnitude greater than
atmospheric (Fig. A.1), (Wood et al., 1993). Soil carbon
stocks are 10 and 60 kg/m2 at the youngest Thurston and
oldest Laupahoehoe sites respectively (for the upper
20 cm). O-horizon carbon content increases from 10% in
the youngest soils up to 40% carbon in Laupahoehoe
(Crews et al., 1995; Torn et al., 1997). Large stocks of
organic carbon imply that respiration of soil organic matter
produces high CO2 fluxes. As a point of reference, we use
soil CO2 concentration and surface efflux in older Hawaiian
soils (150 and 400 kyr), with comparable vegetation to the
Kona and Laupahoehoe sites. Soil CO2 concentrations
range from 480 ppmv near the surface to 6300 ppmv at
60 cm depth, while flux rates range between 1.6–
14.2 mmol m�2 s�1. Soil CO2 follows a reaction-diffusion
model with diffusivity of 0.04 cm2 s�1, reaching up to 15
times atmospheric CO2 levels (Fig. A.2).

To assess the importance of soil respiration in weather-
ing of Hawaiian soils, a constant elevated flux of CO2 (and
O2) is prescribed in this simulation. In the M2 model we
increase CO2 as a product of soil respiration by equilibrat-
ing the infiltrating fluid (rainfall) with higher atmospheric
carbon dioxide concentrations: CO2 fugacity was increased
tenfold from atmospheric CO2 up to 3000 ppmv. This is a
conservative estimate since observations from similar
Hawaiian soils indicate CO2 concentrations can exceed
5000 ppmv at depth (Fig. A.1).

The effect of high PCO2 on soil pH in the simulation is
important (Fig. 3a). At the 0.3-kyr stage pH is no longer
buffered above 10 as the previous simulations, and only
becomes more basic at the bottom of the profile
(8 < pH < 9). With time, pH continues to decrease along
the weathering column. By 10 kyr it reaches pH values
below 7 for the whole profile. At 20-kyr pH is slightly acidic
along the whole profile, gradually increasing from 5.2 at the
top to 6.8 at the bottom. Incorporating soil respiration does
achieve a major reduction in soil pH, but the M2 model
cannot achieve the lower soil pH observed in the older,
intensively weathered soils (e.g. Fig. A.1). Circumneutral
pH’s result in immobility of Al along the profile (Fig. 3b).
At all weathering stages mass-transfer coefficients for Al
stay near zero, showing no accumulation nor depletion
for the 1-m weathering column. Immobility of Al in this
weathering scenario is the result of continuous precipitation
of allophane and imogolite, as they stay supersaturated
throughout the weathering profile (Fig. B.4). The constant
flux of CO2 plus the ten-fold increase in soil PCO2 in the M2
simulations reduces Al mobility relative to M1, where CO2

limitation led to alkaline conditions that promoted Al loss
but otherwise failed to reproduce important features of the
weathering profiles (Figs. 2 and 3).

The constant flux of oxygen and carbon dioxide cause
major changes in Fe distribution along the basalt column
at 10 and 20 kyr (Fig. 3c). A sharp and small weathering
front is developed, moving from 25 to 50 cm at 5 and 10
kyr respectively. After 20 kyr of weathering, Fe losses are
constant along the profile (�60%). The distribution of total
Fe in this model can be explained by dissolution of pyrox-
ene, olivine and particularly magnetite (IAP < 0), allowing
goethite to precipitate as it becomes slightly supersaturated
(Fig. B.4). However, goethite precipitation cannot keep up
with dissolution of the primary Fe-bearing phases. There
are significant changes for Si, Ca and Mg with respect to
the M1 simulation (Fig. 3d-f). All weathering profiles
become vertical at 5, 10 and 20 kyr, with no gradient on
their weathering fronts. Mg and Ca are totally depleted
by 20 kyr as measured in the Laupahoehoe site; whereas
Si is not completely lost, with 20% remaining by 20 kyr.
The vertical tau profiles for Mg and Ca losses at 20-kyr
illustrate dissolution of all primary phases in M2 (Fig. B.4).

4.4. Incorporation of organic ligands (M3)

As discussed previously, organic ligands can be impor-
tant weathering agents in organic-rich soils like the ones
developed in the Island of Hawai’i. We argued that these
soils have high concentrations of organic matter and thus
respiration is a key factor in speeding up reaction rates
via increasing PCO2. But biologic activity will also increase
the concentrations of LMW organic ligands in the system,



Fig. 3. M2 model weathering profiles: soil respiration modeled by increased and constant CO2 flux. Profiles show (a) pH, (b) sAl,Nb, (c) sFe,Nb,
(d) sSi,Nb, (e) sCa,Nb and (f) sMg,Nb as a function of depth at 0.3, 5, 10 and 20 kyr. Legend and symbols are the same as Fig. 2.
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where they can be critical weathering agents in the Hawai-
ian regolith.

By adding organic acids to the model, the pH is effec-
tively lowered in all weathering stages when compared to
the rest of simulations. The addition of 100 mM of oxalate
and citrate to the infiltrating rainfall results in the best-
fitting modeled chemistry at the 20-kyr phase for all ele-
ments and pH. During the first 0.3 kyr, pH at the surface
is 3.9 followed by rapid buffering above pH 7 (Fig. 4a).
The M3 simulation shows that the pH weathering front
moves deeper with age. After 20 kyr, pH at the surface stays
at 3.7 and the weathering front propagates downwards
becoming less steep. When compared to the available pH
data, this simulation reproduces the low soil pH measured
at the Laupahoehoe (20 kyr) site from top to bottom. The
discrepancy in pH between the organic ligand model and
the Thurston site is the result of simplifications in our
model which assume no interaction with acidic volcanic
gasses at the earliest stage and addition of organic acids
since the initiation of the model, which would be prior to
onset of significant microbiological and plant activity. We
tested the M3 simulation with a sequential onset of organic
acids at a later stage (at 2kyr) but found that it only resulted
in a minor pH shift at the 10 kyr stage and no significant
alteration on the elemental distribution profiles.

The modeled distribution of Al in the profile captures
key distinctive features measured in the chronosequence
sites: immobility at the Thurston 0.3-kyr site; and sus-
tained losses in the 20 kyr site (Fig. 4b). By 0.3 kyr,
mass-transfer values show losses (<20%) in the topmost
5 cm while staying constant below this depth. Al continues
to be removed from the profile in the next 10 kyr: the first
5 cm show losses between 75–90%, decreasing with depth
below this level; whereas at 40 cm Al begins to increase
in the profile, with 20% gains principally from imogolite
precipitation (Figures B. 5 and B. 6). At the 20 kyr stage
Al continues to be leached from the basalt; only 10% of
the initial Al remains in the uppermost 25 cm. From this



Fig. 4. M3 model weathering profiles: 100 mM of citrate and oxalate added to infiltrating fluid, plus soil respiration (increased CO2 flux).
Profiles show (a) pH, (b) sAl,Nb, (c) sFe,Nb, (d) sSi,Nb, (e) sCa,Nb and (f) sMg,Nb as a function of depth at 0.3, 5, 10 and 20 kyr. Legend and
symbols are the same as Fig. 2.
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point, Al gradually increases with depth until there are
negligible losses below 95 cm. The Al losses are achieved
by complete dissolution of primary minerals followed by
partial dissolution of secondary allophane and imogolite
(Figures B. 5 and B. 6). The M3 model overestimates Al
content below 20 and 60 cm at the 20 kyr site. The fluid
becomes closer to saturation with respect to allophane
and imogolite, which reduces the reaction rates
(Fig. B.5) below this depth due to pH values above 4.2
and increased activity of free Al3+ (Fig. 5). Faster fluid
transit times could result in a better estimation of Al
abundance in the profile. Alternatively, oxalate and citrate
decomposition could also cause the small overestimation
of Al in the profile after 20 kyr of weathering. We ruled
out this possibility by running M3 without decomposition
rates for both LMWOA, which resulted in no significant
differences for pH and Al (and all other elements) distribu-
tion in the weathering profiles.
For themodeled Fe distribution, theM3 simulation is not
able to correctly calculate its abundance in the profile at 20
kyr but does capture the shape of the Fe distribution
(Fig. 4c). Modeled Fe stays mostly immobile in the profile
at the 0.3 kyr stage with mass losses restricted to the surface.
During the following weathering stages, Fe develops a dis-
tinctive weathering profile: total depletion at the top fol-
lowed by a steep reaction front and accumulation peak
that gradually decreases towards the bottom. By 20 kyr, Fe
is totally lost in the topmost 30 cm and both the weathering
front and accumulation peak propagate downwards from
the previous stage. Below the accumulation peak, Fe losses
are uniform and equivalent to the 10 kyr stage, staying at
60% Fe losses down to 1 meter depth. As primary Fe-
bearing phases are completely dissolved at these later stages,
the Fe profile mirrors the behavior of goethite; becoming
unsaturated in the profile at pH < 3.9 (Fig. 4, B. 5 and B.
6). Compared to the data, the M3 simulation can reproduce



Fig. 5. Temporal evolution of Al and Fe(III) fluid concentrations in models M2 (a-d) and M3 (e-h). Panels (a) and (e) show sum of total Al
species; (b) and (f) dissolved Al3+ activities; (c) and (g) sum of total Fe(III) species; (d) and (h) dissolved ferric iron (Fe3+) activity as a function
of depth, at 0.3 (orange dot-dashed line), 5 (gray dashed line), 10 (gray dotted line) and 20 kyr (blue solid line).
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the accumulation peak recognized at the Laupahoehoe site
and captures the magnitude and distribution of losses for
the Laupahoehoe site. But the model exaggerates Fe losses
in the top 30 cm of the weathering profile when compared
to the 20 kyr data. These discrepancies can be attributed to
the early and continuous input of organic acids, which
appears to decrease pH and the activity of dissolved Fe3+

more quickly than indicated by the soil observations (Fig. 5).
In the M2 simulation (Fig. B.5) Ca and Mg are totally

depleted by 20 kyr, and no changes are observed when
organic ligands are incorporated to the model. However,
the addition of organic acids in M3 does result in relevant
shifts for Si (Fig. 4): the Si weathering profile develops a
gradual weathering front. For Si, the organic ligand simu-
lation achieves losses greater than 90% at 20 kyr for most
part of the profile. However, it overestimates the abundance
of Si towards the bottom, similar to the behavior of Al in
the profile which responds to only partial dissolution of
allophane and imogolite (Figures B. 5 and B. 6) and does
not quite reach the vertical distribution of Si at Laupahoe-
hoe, with >90% uniform losses.

4.4.1. Distribution of Al and Fe(III) organic complexes

After analyzing the overall effect of LMWOA in fast
chemical weathering, we now examine the individual tempo-
ral and spatial distribution of Al and Fe(III) citrate and oxa-
late complexes. Model M3 shows that complexation of
oxalate and citrate with Al and Fe(III) behaves differently
with time along the weathering profile (Fig. 6). For Al, at
the higher pH’s in the 0.3 kyr weathering stage Al readily
associates with oxalate while Al-citrate complexes are abun-
dant only near the surface. The abundance of Al-oxalate
complexes increases with time and by 20 kyr mean log
(RAl-oxalate) = 10�4.5 M, meaning that almost all oxalate
is forming complexes with Al. Al-citrate complexes show a
different pattern by rapidly increasing with time and becom-
ing more abundant than oxalate by 20 kyr (mean log (RAl-
citrate) = 10�4.3 M). Both Al-citrate and Al-oxalate com-
plexes decrease in the top of the profile at 20-kyr as pH goes
below their respective second pKa’s (4.76 for citrate and 4.14
for oxalate) (Figure B.7). Fe(III) complexation shows differ-
ent patterns with both organic ligands, as Fe(III)-citrate
complexes are slightly more abundant than Fe(III)-oxalate
for all stages of weathering (Fig. 6). However, when com-
pared to Al, Fe(III) complexes are less abundant since con-
centration of total dissolved Fe(III) in the fluid is smaller
than total dissolved Al (Fig. 5). At the top of the profile at
the 10 and 20-kyr weathering stages, Fe(III) complexes with
citrate and oxalate also decrease when pH goes below their
pKa’s (FigureB.7). Based on these results, oxalate is themost
efficient ligand for aluminummobilization at awider range of
pH’s (especially at neutral and slightly basic pH’s), but citrate
is the most important ligand for Al at the pH range between
its second and third dissociation constants (pKa2 = 4.76 and
pKa3 = 6.39). Fe(III) mobilization is greater at all times with
citrate, however oxalate shows a similar capacity to mobilize
ferric iron and at lower pH’s it is comparable to citrate.

4.5. Alternative rate-laws for mineral dissolution and iron

oxidation

4.5.1. Al-inhibition rate-law

We tested the Al-inhibition rate-law on the organic ligand
simulation M3 (Eq. (3)). According to this formulation



Fig. 6. M3 modeled sum of aluminum and ferric iron organic species. Panel (a) shows the sum of Al-oxalate species. (b) Sum of Al-citrate
species. (c) Sum of Fe(III)-oxalate species. (d) Sum of Fe(III)-citrate species. Modeled profiles are shown at 0.3 (orange dot-dashed line), 5
(gray dashed line), 10 (gray dotted line) and 20 (blue solid line).
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(Oelkers et al., 1994), dissolution rates for aluminosilicates –
here anorthite and basaltic glass – are controlled by the
destruction of silica-rich, Al-deficient surface precursor com-
plexes; a process that is inhibited by free Al3+ activity in the
fluid. Total Al3+ and free Al3+ show their highest activities in
the M3 model (Fig. 5), thus the Al-inhibition effect is more
likely to affect aluminosilicate dissolution rates in this
scenario. Aluminosilicate dissolution is enhanced at
progressively low pH’s in M3, and total Al3+ is increased
by 4 orders of magnitude allowing free Al3+ activity to rise
in the fluid by 2 or 3 orders of magnitude. Despite the
increase in free Al3+, we found that the effect of the
Al-inhibition rate law is indistinguishable from the linear
TST-rate simulation; bulk dissolution rates of anorthite
and basaltic glass are the same in both cases. Maher et al.
(2009) demonstrated that the Al-inhibition formulation
results in bigger differences compared to the linear TST law
when dissolution is near-equilibrium. Plagioclase and basal-
tic glass are generally strongly undersaturated during all our
simulations with log (IAP/Keq) ranges between < -30 and < 1
(Figures B. 1, B. 4 and B. 5) because of the intensity of the
weathering regime with large water/rock ratios and short
fluid residence times. Consequently, the Al-inhibition effect
on dissolution rates is overpowered by the reaction affinity
term (Eq. (2)), with stronger dependence on hydrogen ion
activity in the affinity term rather than free Al3+ as inhibitor
in the rate law.

4.5.2. Acid oxidation mechanism of ferrous Fe

We also tested a different representation of Fe-oxidation
that includes acid and neutral mechanisms, according to the
rate-law described by Equation (7). The acid mechanism
results in overall reduced Fe losses, a shallower reaction
front when compared to the original M3, a Fe accumula-
tion layer with positive sFe values at the reaction front,
and immobility of Fe below the accumulation layer
(Fig. 7). This more complex representation of oxidation
results on a Fe distribution profile that diverges from the
LSAG observations.
The parallel rate-law that includes the acid and neutral
oxidation mechanisms results in increased Fe in the col-
umn, since it shows faster oxidation rates during the
younger stages of weathering (Fig. B.8). These faster reac-
tion rates at the early stages of weathering generate large
discrepancies on Fe distribution in the soil column. Con-
sidering total Fe3+, free Fe3+ activity and precipitated vol-
ume of goethite, the parallel-acid oxidation mechanism
renders higher values for all three parameters when com-
pared to the neutral-exclusive oxidation mechanism during
the first 10 kyr of simulation (Fig. B.9). Differences in
total Fe3+ and free Fe3+ activity are minor (<1 order of
magnitude) for weathering stages up to 10 kyr, and there
are no differences by 20 kyr. Despite these seemingly
insignificant differences on dissolved Fe(III), their effect
on goethite precipitation is large: predicted goethite vol-
umes at the 20-kyr stage adds up to 3 and 8 % for the
neutral-exclusive and parallel-acid oxidation mechanisms
respectively. The higher free Fe3+ in the parallel-acid oxi-
dation mechanism results in smaller Fe-losses compared to
M3 and the LSAG data at 20-kyr because of less dissolu-
tion of goethite. The integrated mass transfer values pre-
dicted for Fe in the acid oxidation model are 50% lower
than the Laupahoehoe data (Table 5). Although M3 (neu-
tral oxidation) overestimates Fe losses and predicts Fe
depletion in the first 30 cm of the profile not observed in
the data (Fig. 7), the oxidation rates are slower and
decrease only by 1–2 orders of magnitude with age;
whereas the acid mechanism results in very fast oxidation
rates that drastically decrease in time (Fig. B.8), rendering
overall less Fe losses than in Laupahoehoe. Ultimately,
any of the modeled Fe-oxidation mechanisms here can
be interpreted as different representations of the timing
and onset of Fe-oxidation in natural systems: (1) the neu-
tral rate as a slow and sustained Fe oxidation that slowly
consumes oxygen; or (2) the acid-neutral parallel rate as a
fast and efficient oxidation utilizing O2 rapidly and that
declines as Fe-oxyhydroxides coatings cover the primary
mineral surfaces.



Fig. 7. Comparison of Fe mass distribution (sFe,Nb) profiles under two Fe-oxidation mechanisms in the M3 model. Panel (a) shows the
neutral-exclusive oxidation rate law. Panel (b) shows the parallel acid-neutral oxidation rate law. Legend and symbols are identical to previous
figures.
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5. DISCUSSIONS

5.1. Considerations for RTM of basalt weathering

In this series of simulations, we have attempted to test
some of the factors contributing to intense weathering of
basalts in the Island of Hawai’i. The results from the M3
model provide insight into the processes governing exten-
sive element leaching and mineralogical changes on geolog-
ically short timescales. Nevertheless, we did not intend to
create a replica of field conditions, and therefore, our sim-
ulations are limited in several aspects.

A major caveat of our model is how fluid transport is
represented here in comparison to a natural system, as a
1-D steady-state flow cannot represent spatial or temporal
heterogeneity in sub-surface flow. In real systems, fluid res-
idence times are heterogeneous since inputs vary with time
(Heidbuchel et al., 2012; Harman, 2015) and can influence
the shape and depth of weathering fronts (Maher et al.,
2009; Maher, 2010). For example, unsteady fluid residence
times can shift atmospheric gases contents in the soil
Table 5
Integrated mass transfer coefficients for Si, Ca, Mg, Al and Fe in all three m
the integrated mass-transfer coefficients in the Laupahoehoe 20 kyr site

M1 M2

sSi �0.67 �0.78
sCa �0.89 �0.98
sMg �0.54 �0.96
sAl �0.17 �0.01
sFe �0.28 �0.63
leading to soil redox oscillations that potentially increase
Fe(III)-oxide crystallinity (Thompson et al., 2006), and
change surface properties of minerals (Chorover et al.,
2004). The scale of fluid residence time also exerts a primary
control on mineral weathering rates. Longer timescales
result in slower reaction rates, controlling the extent of
weathering fronts. Variable fluid residence time is also a
consequence of heterogeneous flow paths. Preferential flow
structures allow rapid fluid flow, implying faster weathering
rates on these surfaces, while matrix areas experience pro-
longed contact with fluid and consequently reduced dissolu-
tion rates. Despite these obvious differences in fluid
transport between our simulations and natural systems,
the weathering model here produces a realistic representa-
tion of element distribution over 20 kyr, providing a useful
tool to understand processes controlling intense weathering
of basalts.

Variations in the relative abundance of primary minerals
and glass can produce different solute concentrations in the
fluid. Here we impose a specific primary mineralogy and no
attempts were made to evaluate different mineral
odels at 20-kyr, plus the acid Fe oxidation simulation compared to
(in bold).

M3 M3 + acid oxidation LSAG

�0.87 �0.88 �0.91

�0.98 �0.98 �0.95

�0.96 �0.97 �0.92

�0.47 �0.51 �0.66

�0.69 �0.25 �0.51
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assemblages. Mineral volume changes in Fig. B.6 are
merely illustrative of the underlying processes driving disso-
lution or precipitation of a phase rather than being a
detailed account of mineral distributions in the soil at pro-
gressive weathering stages. However, we can use mineral
saturation indexes to infer how primary minerals ratios
alter fluid chemistry: in our models the larger proportions
of highly soluble basaltic glass and plagioclase will increase
SiO2(aq) and dissolved Al solute export and enhance total
volumetric losses. On the other hand, pyroxene and olivine
weather more slowly (despite their slightly faster rate
weathering rate constants compared to plagioclase) and
increasing their volumetric contents will produce less
SiO2(aq) in the fluid when compared to their more soluble
counterparts. Another potential mass loss term that we
have not attempted to quantify is colloid export, which
can impact Al, Si and Fe, and HFSE export from igneous
rocks (Bern et al., 2011; Trostle et al., 2016; Aguirre
et al., 2017). Colloid export may account for some of the
discrepancies between observed and modeled Fe, Si and
Al distributions at the 20 kyr site. While it is likely that col-
loid redistribution plays some role in the evolution of
Hawaiian soils the RTM is not well suited to address that
specific process.

5.2. Key factors controlling intense basalt weathering

Results from our simulations suggest that biological
activity plays a key role enhancing weathering and pedoge-
nesis of basaltic rocks. The role of plants and microbiota
accelerating weathering rates in the Earth’s surface has
been discussed by many authors (Berner, 1997; Drever
and Stillings, 1997; Berner and Cochran, 1998; Jones,
1998; Kelly et al., 1998; Moulton and Berner, 1998;
Neaman et al., 2005b; Lawrence et al., 2014;). Here we have
tried to improve the understanding of how LMWOA and
high soil CO2 enhance chemical weathering rates. As a pri-
mary conclusion, it is clear from our results that increasing
carbonic and carboxylic acids lower pH in the soil and that
pH is a fundamental variable controlling intense weather-
ing. However, a deeper understanding of the role of organic
acids in fast chemical weathering requires analysis of mod-
eled solute concentrations and mineral weathering profiles
(volume % and saturation state) to understand and quantify
their effect in mineral dissolution.

5.2.1. Soil respiration effects on weathering fronts

Carbon dioxide from soil respiration can be several
orders of magnitude larger than atmospheric CO2, and in
tropical soils its concentration increases with depth
(Fig. A. 1). The organic matter pool constitutes a constant
acidity source during pedogenesis and is key to overcoming
buffering from dissolution of primary minerals. Because of
the CO2 limitation in the base simulation (M1), pH is very
high (pH > 9) inhibiting dissolution of magnetite and to a
lesser extent pyroxene and olivine. Goethite precipitation
is very restricted, because it only reaches supersaturation
when enough Fe is available as magnetite is dissolved, ren-
dering integrated Fe losses at 20-kyr that only add up to
28% (Table 5). High CO2 produced by soil respiration is
required to decrease pH in the soil column and trigger dis-
solution of primary Fe-bearing minerals. Soil respiration in
the model (M2) generates sufficient CO2 to trigger dissolu-
tion of ferrous silicates and magnetite. The magnetite
weathering front in model M2 moves much faster than
the base model (M1), and it disappears from the profile at
20 kyr as magnetite becomes undersaturated at all depths
(Fig. B.1). Because dissolution of goethite mostly follows
the magnetite weathering front, it becomes slightly super-
saturated only when magnetite starts to dissolve. Soil respi-
ration enhances dissolution of all primary Fe-bearing
phases, allowing more precipitation of Fe-oxyhydroxides
such as goethite.

As discussed before, pH in the base simulation (M1) is
rapidly buffered to basic pH values, limiting leaching of ele-
ments from some mineral phases. At this high pH range the
dissolved activities of SiO2(aq) and free Al3+ are minor com-
pared to model M2 (Fig. B.10). Thus, a major consequence
of including a soil respiration mechanism in our simulation
is increasing dissolved contents of leached cations and silica
in the fluid. (Fig. B.10). Free Al3+ in the base simulation is
low, because at these high pH’s Al is dominantly in the
form of AlO2

� and Al(OH)4
� (Fig. B.2). This results in

undersaturation of allophane and imogolite below the top-
most portion of the profile (Fig. B.1). Al depletion occur-
ring at these high pH’s is a consequence of the low free
Al3+ activity which controls the affinity term on secondary
aluminosilicate precipitation. We can compare these results
with the M2 simulation with increased CO2. Here, allo-
phane and imogolite are always supersaturated (Fig. B.4),
since the activities of SiO2(aq) and free Al3+ are much higher
than the base model, despite lower total Al in the fluid.
Here, the fluid stays far-from-equilibrium and supersatu-
rated with respect to the secondary aluminosilicates, allow-
ing imogolite and allophane to precipitate at relatively fast
rates.

5.2.2. Organic ligand effects on elemental losses and low pH

Our simulations show that LMW organic acids are key
factors contributing to the rapid weathering of basalts in
Hawai’i. The simulations describe an intense weathering
regime with short fluid residence times that overall results
in dissolution of the basaltic parent material. Nevertheless,
addition of organic acids in the profile does yield faster dis-
solution rates for the primary minerals, and importantly
hinders precipitation of secondary phases. The inputs of
LMWOA to the soil profile generate increasingly acid con-
ditions that affect the affinity term that controls reaction
rates of all minerals including weathering products precipi-
tated at earlier weathering stages, while complexation of
commonly immobile elements Al and Fe(III) allows contin-
uous leaching of metals from primary and secondary min-
erals in the weathering rock and soil column.

5.2.2.1. Complexation of Al and Fe drive dissolution of

secondary phases. Oxalate and citrate in our final model
(M3) generate the conditions necessary to reach the mass
loss distributions observed in the LSAG, especially after
20 kyr of continuous high intensity weathering (Fig. 4).
Incorporating LWM organic acids to this weathering
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scheme not only enhances dissolution of primary phases,
but also produces dissolution of precipitated secondary
phases and inhibition of precipitation at depth (Figures B.
5 and B. 6). The results from M3 indicate that by 20 kyr
all secondary minerals become undersaturated (log IAP/

Keq < 0) along the profile which results in negative reaction
rates and dissolution of allophane, imogolite and goethite.
The affinity term controlling the sign and magnitude of
the overall reaction rate has a cubic dependence on pH, a
linear dependence on Al3+ activity and a square-root
dependence on SiO2(aq) for imogolite and 0.66 power
dependence for allophane (Table 2). The IAP for goethite
has also a cubic dependence on H+ and a linear dependence
on free Fe3+. To disentangle the effect of each species on the
mineral saturation index of secondary phases, we can exam-
ine free element activity as a function of IAP. As an exam-
ple, Fig. 8a shows that at 20 kyr the fluid is always
undersaturated with respect to allophane, and it only comes
close to saturation when the activity of H+ is lower while
Al3+ stays relatively low (similar behavior for imogolite).
This simple analysis can indicate that the departure from
equilibrium for the secondary aluminosilicates is strongly
influenced by the low pH provided by the organic acids.
The effect of LMWOA in enhancing dissolution of sec-
ondary minerals could be just via increased aH+, but also
via complexation and a consequent decrease in aAl3+ and
aFe3+. If the increased acidity is the main driver, the deple-
tion patterns observed at the 20-kyr site could be generated
by inorganic sources of acidity where complex formation is
not favorable. To test this idea, we ran a simulation in
which oxalate and citrate were present – thus generating
acidity – but Al and/or Fe3+ were not allowed to form com-
plexes with either ligand. The results show that the organic
acids drive dissolution of secondary minerals because they
are sources of acidity and because of Al (and Fe(III)) com-
plexation with LMWOA. When complexation of Al is not
allowed in the model, the fluid is much closer to saturation
with respect to allophane because free Al3+ activity is sev-
eral orders of magnitude higher while SiO2(aq) and pH stay
relatively constant (Fig. 8 and 9a). This mechanism pre-
vents dissolution of allophane because dissolution rates
slow down when closer to equilibrium (Fig. 9b). In fact,
when complexation is suppressed, modeled fluid saturation
with respect to allophane is much closer to M2 in which pH
is circumneutral, suggesting the importance of Al-organic
complex formation in dissolution of secondary minerals
(Fig. 9). These results are analogous to modeled IAP for
imogolite and goethite. At the pH’s reached by 20 kyr, in
the absence of complexation most of the dissolved Al is
in the form of free Al3+ instead of being hydrolyzed or com-
plexed (Fig. 9). Complexation of Al with LMWOA lowers
the activity of free Al3+ by 5–6 orders of magnitude, which
significantly impacts the affinity term controlling reaction
rates. Therefore, organic acids are not only important as
a source of acidity, but also for their role decreasing the
activity of free Al3+ and Fe3+ in the fluid via complex for-
mation. This mechanism appears to be key to explain the
large Al (and Si) losses observed in the Hawaiian soils after
20 kyr. It is important to note that the dissolution of sec-
ondary minerals when LWMOA are present results from
a different mechanism than in the base simulation (M1);
where allophane and imogolite are initially supersaturated
but then begin to dissolve because of extremely low SiO2

(aq) and free Al3+ activities at pH values above 8.

5.2.2.2. Implications of LMWOA on interpretation of

paleosol data. Given the important effect that LMWOA
have in mobilization of Al and Fe(III) from soils, it may
be possible to use the behavior of Al in ancient soils as
an indicator of the presence of significant terrestrial bio-
mass in the absence of better paleobotanical or paleonto-
logical evidences. As demonstrated here, Al depletion
requires the presence of organic acids even in a relatively
high rainfall regime, and high PCO2 alone does not result
in Al loss. Fe-depletion patterns can also respond to the
presence of subaerial biomass, either by complexation with
organic ligands of Fe3+ and/or by reductive dissolution in
oxygen depleted or/and water-logged conditions (Beukes
et al., 2002; Holland and Rye, 1997; Neaman et al.,
2005a; Ohmoto, 1996). We therefore propose that Al and
Fe depletion patterns in paleosols may be evidence of the
presence of a terrestrial biomass capable of generating soil
organic matter.

5.3. Discrepancies between distribution of Fe in the model and

the LSAG data

As noted in the results section, large discrepancies arise
between the modeled total Fe distribution in the profile at
20 kyr with respect to the Laupahoehoe data (Fig. 4c).
These discrepancies are the result of the reacting fluid
becoming unsaturated with respect to goethite very quickly
as a result of low activity of free Fe3+ in the model, because
most of the dissolved ferric iron is complexed with citrate
and oxalate at low pH’s. This is confirmed after running
M3 without allowing Fe3+ to form complexes with citrate
and oxalate, in the same fashion as the analyses for role
of free Al3+ in preventing dissolution of imogolite and allo-
phane. In this case, the fluid approaches equilibrium with
respect to goethite by 20 kyr (Fig. B.12). When Fe(III)-
complexes are suppressed, the Fe distribution in the profile
is constant and equal to Fe losses for model M2 (Fig. 3 and
B.13). However, this approach fails to show the enriched Fe
layer that is observed at Laupahoehoe and in the complex-
ation model. Given the results from all these simulations, it
seems implausible that Fe-oxyhydroxides such as goethite
(or ferrihydrite) are the only mineral sink for Fe in these
soils, meaning that iron is been retained by processes not
described in our model. Fe can be stabilized by interactions
with organic matter (Chen et al., 2014; Mikutta et al.,
2014), plus ‘new’ Fe can be added to organic horizons by
litter turnover. However, we question whether these mech-
anisms can account for more than 10% retention of Fe
along the entire 1-meter profile as these processes are
restricted to O-horizons. Alternatively, Fe can be retained
by refractory spinel phases that incorporate Fe(III) in their
structure as part of the solid-solution series between broo-
kite (TiO2 phases found in laterites) and hematite or
maghemite (Fe2O3), most typically as pseudobrookite (Fe
(III)2TiO5) which is known to occur in Hawaiian soils



Fig. 8. Activity of H+ (dotted line), dissolved Al3+ (solid line) and SiO2(aq) (dot-dashed line) as a function of Allophane saturation index for
model M3 at 20 kyr. (a) shows the results for M3 with Al-LMWOA complex formation. (b) shows M3 with no complexation with LMWOA.
In panel (a) the fluid is only close to saturation with respect to allophane when the activity of dissolved silica is high, but it never reaches IAP/
Keq = 1. When complex formation is suppressed from the model, free Al3+ is 5 to 6 orders of magnitude higher and the fluid becomes closer to
saturation despite slight decreases in SiO2(aq) and pH. Comparing both results it is clear that complexation generates lower IAP and the system
is further from equilibrium.

Fig. 9. The effect of addition of organic ligands and complexation on (a) free Al3+ activity and (b) allophane saturation index at 20 kyr as a
function of depth. Solid-line represents the results for M3 allowing complexation of Al with organic ligands. Dashed line shows M3 without
complexation of Al with organic ligands. Dotted line shows the results for M2 with no organic ligands and no complexation. LMWOA
complexation of Al lowers the activity of free Al3+ by 5–6 orders of magnitude despite high total Al concentration and results in
undersaturation with respect to secondary Al phases allophane (shown here) and imogolite. This mechanism appears central to the large
aluminum losses observed in highly weathered Hawaiian soils.
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(Katsura et al., 1962; Kurtz, 2000; Pett-Ridge et al., 2007;
Sherman, 1952; Walker et al., 1969). Titanium in Hawaiian
soils is present in primary ilmenite and anatase and is recy-
cled into secondary pseudobrookite and/or brookite during
weathering, possibly incorporating Fe(III) into these more
refractory phases. Although some degree of Ti mobility
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has been observed in the Hawaiian soils (Correns, 1978;
Kurtz et al., 2000), Fe/Ti ratios in the most weathered hori-
zons at Laupahoehoe approach the Fe/Ti ratio of pseudo-
brookite, suggesting that some Fe is ultimately retained in
this mineral. In our simulations we did not include Ti-
bearing phases because of the lack of thermodynamic data
available for Ti-organic complexes to model titanium disso-
lution and re-precipitation.

5.4. Importance of mineral solubilities for reactive transport

modeling

Thermodynamic saturation of primary and secondary
minerals controls dissolution rates and propagation of min-
eral weathering fronts, as changes in the saturation indexes of
mineral phases respond to changes in the fluid chemistry
(Hellmann and Tisserand, 2006). The reactive transport
models of basalt weathering based on the LSAG chronose-
quence emphasize the importance of this relationship. Dur-
ing the construction of our models, we used different
published thermodynamic data to represent the primary
and secondary minerals in basalt. Discrepancies between
databases result in different solubilities for the same mineral
phase, and therefore, it was necessary to carefully evaluate
which mineral phases interpreted the elemental distribution
coefficients observed in the Hawaiian sites (Kurtz et al.,
2000; Vitousek, 2004). This approach is similar to that of
Maher et al. (2009)where the solubility of kaolinite wasmod-
eled to interpret the mineral distribution in the soil profile. In
our simulations we did not attempt to calculate solubility
coefficients for any of theminerals involved, because themin-
eralogy of these soils is notwell constrained.However, we did
employ this criterion when selecting the mineral phases for
our model when large discrepancies between the elemental
data and the model arose in the initial runs of the model.

The equilibrium constants determined for the Icelandic
Stapafell basaltic glass composition (Aradottir et al.,
2012b) have been successfully used during reactive trans-
port modeling of CO2 sequestration by basaltic minerals
(Aradottir et al., 2012a). Initially this basaltic glass was
selected, but dissolution occurred much faster compared
to our model since log (IAP/Keq) < -100. As a result, Si
was leached from the system much more rapidly than
observations in the LSAG sites. A more reasonable
approach was to calculate the equilibrium constant for a
Hawaiian basalt, in this case BHVO-2, which rendered a
solubility that appeared much more consistent with the
Hawai’i soil data. Likewise, the some of the different plagio-
clase solubilities calculated by Stefansson (2001) are several
orders of magnitude larger than those calculated for either
anorthite and albite in SUPCRT92, because they consid-
ered a higher entropy model. Subsequently, choosing any
of the values calculated for the Icelandic basalt resulted in
a crystalline phase that was even more soluble than
BHVO-2 basaltic glass. The use of primary phase data that
is more soluble than our simulations would accentuate the
conclusion that affinity is a strong control on basalt weath-
ering rate but would render in faster elemental exports.

The stability and reaction rates of secondary minerals
are critical to understanding the extreme elemental mass
losses observed in these Hawaiian soils, particularly for
Al, Si and Fe. This means that appropriate equilibrium
constants for secondary minerals in the model are also crit-
ical to characterize these losses. Ferrihydrite is often
assumed to be the major Fe weathering product in early-
stage development of these Hawaiian soils (Chorover
et al., 2004), hence we initially chose ferrihydrite (Fe
(OH)3) as the iron sink for our simulations. However, the
ion activity product for ferrihydrite decreases rapidly to
values lower than the equilibrium constants reported for
this phase (Aradottir et al., 2012b; Wolery et al., 1990),
resulting in faster Fe losses in the weathering column than
observed in the Hawaiian sites. Consequently, a less soluble
phase was required as the ferric iron precipitate for this
model. This indirect result is fully consistent with a Möss-
bauer spectroscopy study of Fe in similar Hawaiian soils
(Thompson et al. (2006). They found that the SRO-
mineral fraction in young-intermediate age soils contained
nano-goethite and nano-hematite rather than a non-
crystalline, ferrihydrite-like precursor. We found that by
specifying goethite as the secondary Fe sink (in place of fer-
rihydrite) the agreement between the model and observed
soil distributions of Fe improved.

6. CONCLUSIONS

The models developed in this study establish key factors
controlling intensively weathering patterns in Hawaiian
basalts. High soil CO2 and organic acids contribute to
already reactive conditions with short-fluid residence times
and hydrological unsaturation in the bedrock/soil. This
work emphasizes the role of soil Pco2 and low molecular
weight organic acids in sustaining far-from-equilibrium
conditions that result in fast propagation of reaction fronts
and ultimately generate element depletion patterns in this
system.

The reactive transport simulations of a chronosequence
of basaltic soils in the Island of Hawai’i were generated
using the reactive transport code CrunchFlow. The model-
ing approach was to reproduce pH and the mass-depletion
profiles of Ca, Mg, Si, Al and Fe. Starting with an infiltrat-
ing fluid just in equilibrium with atmospheric CO2, we then
sequentially incorporated: (1) soil respiration by a constant
CO2 flux that keeps up with infiltration and reaction rates
and rising PCO2 by one order of magnitude from atmo-
spheric; and (2) organic acids by adding 100 mM of oxalate
and citrate to the reacting fluid and allowing these to form
complexes with Al and Fe(III). Decomposition of the
organic molecules contributed negligibly to increased soil
CO2 in the model. Our results indicate that elevated and
constant CO2 inputs from soil respiration supply necessary
acidity to remove base cations (Ca2+, Mg2+) from the sys-
tem, and buffer fluid and soil pH to circumneutral values
after 20,000 years. At these neutral pH’s secondary miner-
als accumulate and prevent leaching of Si and refractory
Fe(III) and Al. Incorporation of LMW organic ligands,
in this case oxalate and citrate, is necessary to achieve the
patterns of low pH’s and Si, Fe and Al mass depletion
observed in these Hawaiian soils. At the low pH values
both observed and modeled for the highly weathered soil



1000 1500 2000 2500
Mean Annual Precipitation (mm)

3

4

5

6

7

8

pH

80

70

60

50

40

30

20

10

0

S
oi

l M
oi

st
ur

e 
(%

)

Fig. A.1. Summary of soil pH and soil moisture (%) as a function
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the reader is referred to the online version of this article).
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suppression or dissolution of secondary minerals permits
Al, Si and Fe leaching from the upper region of the weath-
ering profile. Dissolution of secondary minerals is driven by
activity of H+ and complexation of Al and Fe(III) with
organic ligands enhances this effect by reducing the activi-
ties of Al3+ and Fe3+ in the fluids at low pH’s. Our model
results imply that oxalate is more efficient for Al mobiliza-
tion whereas citrate is more effective for leaching Fe(III).
Additionally, we tested an Al-inhibition rate-law for disso-
lution of basaltic glass and plagioclase and the incorpora-
tion of the acid oxidation mechanism of ferrous to ferric
iron. The Al-inhibition formulation was no different to
the results obtained from the linear TST approach. The
results showcase that at far-from-equilibrium conditions
the inhibition effect of free Al3+ in the rate law is not impor-
tant since dissolution is driven by the affinity term. The
importance of affinity is likely to be a general result for
weathering of intermediate and basic volcanic products,
as the primary phases in these rocks are typically strongly
undersaturated under a wide range of natural water compo-
sitions (Ibarra et al., 2016). This implies that uncertainties
in kinetic rate constants should not substantially hinder
the application of RTMs to this genre of problem. When
comparing the acid and neutral oxidation rate law for iron,
the acid mechanism results in faster and greater concentra-
tion of Fe(III) in the fluid, allowing more Fe-oxide precip-
itation and less export of iron from the soil profile. Overall
our results point towards the importance of consistent far-
from-equilibrium conditions to produce intensively weath-
ered soils developed from basaltic lava flows.

This work adds to previous contributions on reactive
transport models of weathering, by understanding pro-
cesses controlling weathering of basaltic rocks at shorter
geological timescales (103 – 104 years). This model can be
extrapolated to weathering in other tropical or high pri-
mary productivity regions dominated by mafic and interme-
diate lithologies, to recognize governing factors driving
mineral dissolution and precipitation and metal/nutrient
losses.

ACKNOWLEDGEMENTS

We are grateful to KateMaher (StanfordUniversity) for provid-
ing training and assistance usingCrunchFlow in 2016.Wewould like
to thank Oliver Chadwick (University of California, Santa Barbara)
for providing chemical data from the LSAG, and Katherine Bland
for field support and data analysis with soil pH, moisture and CO2

measurements. A.P acknowledges CONICYT PFCHA/Doctorado
Becas Chile/2014 - 72150180 and the Fulbright International Stu-
dent Program for PhD fellowships. This study was partially sup-
ported by NSF 1349269 to L. Derry and Integral Fellowship
awards to A. Perez-Fodich. We are thankful for the detailed and
thoughtful reviews by the Associate Editor Chen Zhu and reviewers,
which greatly improved the quality of this paper.

APPENDIX A. SOIL CARBON FLUXES AND

PRODUCTION

Soil CO2 efflux from the surface is the respiration of
roots and decomposition of organic matter. Measurements
soil pH and soil moisture (Fig. A.1) and of soil CO2 efflux
(Fig. A.2) from the soil were carried out by L.A. Derry and
students in EAS 3220 over four years from 2010 to 2013 on
the SW flank of Kohala volcano in the Island of Hawai’i
(Bland et al., 2013). While the substrate age there is older
(350 kyr) than the sites used in this study, soil chemistry
is similar to the 20 kyr Laupahoehoe site. Sites were
selected to represent different rainfall regimes (positively
correlated with elevation) and different vegetation between
forest and pasture sites. Multiple cycles of CO2 influx rate
were measured with a LiCOR 6400 flux analyzer to calcu-
late the soil CO2 flux. Each measurement was calculated
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from the average of 5 cycles of measured CO2 efflux at each
of 3 separate locations on a 5 m equilateral triangle. The
CO2 average fluxes were: mesic pasture 8.5 mmol m�2 s�1,
mesic forest 6.3 mmol m�2 s�1, lowland dry grassland
1.2 mmol m�2 s�1 and lowland dry forest 7.3 mmol m�2 s�1.

A reaction-diffusion model can represent the soil CO2

concentration profile with depth. Conservation of mass
requires that the output CO2 flux is equal to the input flux
plus the production term Rco2(z). CO2 production was
modeled as an exponential function of depth:

RCO2
ðzÞ ¼ R0e�z=h ðA:1Þ

where Rco2(z) is CO2 production per unit volume, R0 is
the scaled surface flux scaled, h is the scale length and z is
depth. Diffusion of CO2 controls the transfer of carbon
dioxide between the soil and the atmosphere and within soil
layers. Assuming a no-flux boundary condition from the
bottom of the soil profile, we can integrate the CO2 flux
as a function of depth as:

F ðzÞ ¼ R0he
�z=h ðA:2Þ

Thus, we can retrieve the surface flux Fsurf as:

F surf ¼ Roh ðA:3Þ
Integrating the production term RCO2, and using the

atmospheric boundary condition C0 = 390 ppmv, plus the
diffusion coefficient in the soil D = 4 � 10�6 (m2 s�1), we
can obtain an expression to model the soil CO2 concentra-
tion as a function of depth:

CðzÞ ¼ C0 þ F surf h
D

ð1� e�z=hÞ ðA:4Þ

Using Eq. (A.4), we estimate the CO2 concentration as a
function of depth in a 60-cm soil profile, which is shown in
Fig. A.2. Soil CO2 concentrations increase with depth as it
is diffused downwards the soil profile from an organic rich
layer. The production of CO2 is modeled using Eq. (A.1)
and decreases with depth as there is only a surface organic
reservoir.

APPENDIX B. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2019.01.027.
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