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ABSTRACT
A chemical kinetic model is presented for the formation and 

accumulation of secondary ferrimagnetic minerals (SFMs) in soil con-
structed using experimentally determined rate constants and validated 
against fi eld data. The primary objective is to critically assess the sig-
nifi cance of competing causal mechanisms and disputed environmen-
tal controls under temperate conditions. Four fi ndings are important 
in relation to current application of soil magnetic susceptibility data. 
First, transformation of hydrous ferric oxide to magnetite should 
dominate SFM formation, controlled primarily by parent material 
ferrous silicate concentration and climate. Second, abiotic reactions 
should account for most of the SFM production; the most signifi cant 
impact of high Fe2+ concentrations created by dissimilatory iron-
reducing bacteria is enhanced export of iron from the soil in runoff. 
Third, the model predicts a correlation between hematite and magne-
tite concentrations, weakening fi eld support for direct transformation 
of hydrous ferric oxide to maghemite. Fourth, magnetic susceptibility 
enhancement should increase strongly with weathering duration.

INTRODUCTION
The formation of secondary ferrimagnetic minerals (SFMs) and their 

contribution to soil magnetic properties is important to a number of fi elds 
of geological and environmental research. Soil magnetic properties are 
widely used as climate proxies in loess-paleosol sequences (e.g., Kukla et 
al., 1988), “fi ngerprints” of sediment sources (e.g., Walling et al., 1979), 
records of atmospheric pollution (e.g., Oldfi eld et al., 1978), tools for 
archaeological mapping (e.g., Tite and Mullins, 1971), proxies for plan-
etary atmospheric conditions (e.g., Barrón and Torrent, 2002), and an aid 
to detecting land mines (Hannam and Dearing, 2008). Despite this, mecha-
nisms for SFM formation are disputed, beyond broad agreement that in 
free-draining temperate soils, Fe2+ released by dissolution of ferrous sili-
cate is fi rst oxidized to hydrous ferric oxide (HFO) and subsequently trans-
formed to goethite, hematite, magnetite, and maghemite (Schwertmann, 
1988).  There are three principle schools of thought (Dearing et al., 1996; 
Blundell et al., 2009). First, Le Borgne (1955) and later Mullins (1977) 
proposed a “fermentation” process whereby wetting and drying cycles 
promote anaerobic bioreduction of Fe, and then precipitation of magne-
tite or maghemite particles. Second, Maher and Taylor (1988) showed that 
magnetite could form without dissimilatory Fe-reducing bacteria (DIRB), 
and suggested that soil magnetic enhancement involves competitive 
abiotic reactions (Maher, 1998). Third, Barrón et al. (2003) and Torrent et 
al. (2006) proposed that SFM formation is controlled by abiotic aging of 
HFO via maghemite to hematite, based on experimental evidence for the 
transient formation of hydromaghemite, now thought to be a ferrimagnetic 
form of ferrihydrite (Cabello et al., 2009). In addition, fi re-induced magne-
tization was observed by Le Borgne (1960), but subsequent studies (Dear-
ing et al., 1996) limit its role, at least in temperate environments.

In a study of soil magnetic susceptibility at ~5000 sites across Eng-
land and Wales, Blundell et al. (2009) showed ~30% of variability to be 

explained by parent material and drainage, with lesser roles for other 
factors, including mean annual precipitation. They concluded that three 
issues remain in question:

1. Which reaction pathways dominate pedogenic SFM formation? 
Opposing views (cf. Barrón and Torrent, 2002; Dearing et al., 1996) imply 
fundamentally different environmental controls.

2. What role does weathering duration play? Opposing views (cf. 
Maher, 1998; Vidic et al., 2004) affect our interpretation of loess paleo-
precipitation records.

3. What role do DIRB play? If DIRB are important, then our current 
uncertainty about their abundance in soils hinders our understanding of 
soil magnetic enhancement.

These questions cannot be addressed using empirical evidence alone 
(Blundell et al., 2009), due to weak environmental correlations and prob-
lems quantifying potential drivers. Nor have laboratory data provided 
unambiguous answers (e.g., Hansel et al., 2005) owing to the diffi culty 
of replicating soil environments at suitable time scales. Here we develop 
a quantitative process model that integrates different conceptual models 
with existing laboratory and fi eld studies, allowing us to assess competing 
processes more critically. Published reaction kinetic data are combined in 
a predictive model that tests which reactions should be suffi ciently rapid 
to have an impact on the pool of reaction products. Pivotal to this approach 
is estimation of the Fe2+ supply rate to soil from primary mineral weather-
ing under differing environmental conditions, provided by the ALLOGEN 
model (Boyle, 2007; see the GSA Data Repository1 for a description and 
discussion of reliability).

MODEL COMPONENTS AND FRAMEWORK
The choice of mineral reactions to include in the model must par-

tially depend on availability of suitable chemical kinetics data (summa-
rized in Table DR1 in the Data Repository). Transformation of magne-
tite to maghemite, though known to occur, is insuffi ciently quantifi ed to 
include. As the two minerals have similar magnetic properties, we assume 
that our predicted χlf (low-frequency magnetic susceptibility) values are 
unaffected by complete or partial transformation. We also, for lack of suit-
able kinetic data, neglect possible direct formation of goethite from Fe2+ 
oxidation (e.g., Cornell and Schwertmann, 2003).

The chemical model assumes (e.g., Maher, 1998) that reactions pro-
ceed concurrently and competitively, applying them in a simple concep-
tual soil model that must address two issues. First, to allow for contrasting 
water:particle ratios between laboratory (water saturated) and fi eld (lower 
and variable water content) conditions, rates and quantities for interact-
ing dissolved and particulate species are expressed on a volumetric basis, 
with aqueous concentrations based on fl ux ratios. Second, Fe2+ will form 
HFO only under oxidizing conditions, while DIRB need anoxia to reduce 
HFO to Fe2+. For coexistence of aerobic and anaerobic conditions, we 
must separate these states in either space or time. We have chosen alterna-
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tion with time, partly for computational simplicity, and partly because the 
analogy with wetting-drying cycles has synergies with the hypothesized 
mechanisms. Sensitivity tests show that cycle duration has little impact 
(set at 0.1 yr), while the oxic fraction (relative duration of the oxygenated 
subcycle) is important. The oxic fraction at 0.5 promotes optimal SFM 
formation; higher values favor goethite and hematite while lower values 
enhance runoff export of Fe2+ at the expense of all secondary iron phases. 
On the basis that soil pores are aerated if moisture is below fi eld capacity 
but waterlogged if above, the oxic fraction is equated to the proportion of 
days that soil moisture is below fi eld capacity.

Figure 1 illustrates the reactions included for each redox state. Fer-
rimagnetic ferrihydrite (cf. Cabello et al., 2009) is excluded because the 
dependence of reaction rate on aqueous anion composition (which is 
unknown) during formation of HFO leaves the reaction kinetics inade-
quately constrained. We therefore test the signifi cance of this pathway only 
indirectly by exploring whether the model yields signifi cant SFM forma-
tion in its absence. Also neglected are anaerobic dissolution of magnetite, 
shown to occur in some slowly accumulating lake sediments (Snowball, 
1993) and waterlogged gley soils (Dearing et al., 1996; Blundell et al., 
2009), but which is rare in freely drained soils, and bacterial magneto-
somes, which generally make only a very minor contribution to soil SFM 
content (Dearing et al., 2001).

The model is coded using Microsoft® Visual Basic for Applications 
in Excel. Separate procedures implement ALLOGEN silicate dissolution 
rate calculations (giving the Fe2+ supply rate), competitive iron mineral 
transformation, and other data handling. The reactions are addressed by 
solving the mass-balance conditions for Fe2+ activity: 

Oxic: R(Fe2+ supply) =  R(Fe2+ runoff export) + R(Fe2+→HFO) + 
R(Fe2+ + HFO→ magnetite) 

Anoxic: R(Fe2+ supply) + R(DIRB, HFO→ Fe2+) = 
R(Fe2+ runoff export) + R(Fe2+ + HFO→ magnetite), 

where each term is a rate expression (Table DR1) for reactions generat-
ing or consuming Fe2+.  Solving for Fe2+ activity allows calculation of 
mineral formation rates and primary mineral depletion by weathering, and 
tracking of mineral accumulation through time. (For conversion of SFM 
concentration to χlf, see the Data Repository.)

RESULTS AND DISCUSSION
By running the model under a range of conditions (e.g., climate, 

parent material) we explore factors infl uencing the expected fi nal mix 
of soil iron phases.

Main Environmental Factors
The strongest environmental factor is parent material ferrous silicate 

concentration (Fig. 2), which affects both the quantity and type of second-
ary iron minerals via control over the supply rate of Fe2+ (linearly related 
to the chlorite concentration; 2.0 × 10−12 moles L–1 s–1 at 50 wt% for this 
model run). Hematite and goethite increase linearly with primary silicate 
concentration, while magnetite increases quadratically due to concurrent 
enhancement of HFO and dissolved Fe2+, its formation rate depending on 
both. Increasing the mean annual precipitation (MAP), or to a lesser extent 
mean annual temperature (MAT), initially increases the concentration of 
all three minerals owing to enhancement of primary mineral weathering 
(Boyle, 2007). However, further increases inhibit magnetite formation as 
the oxic fraction falls with increasing MAP but increases with MAT.

Model Comparison with Soil Data
There are no published mineralogical data for most (75%) of the rock 

classes considered in Blundell et al. (2009). However, for some argilla-
ceous rock types (Table DR1) there are suffi cient mineral data to allow sim-
ulation of SFMs and comparison with observed soil χlf values (Blundell et 
al., 2009). The resulting predictions are highly correlated (R2 = 0.95) with 
the observed data (Fig. 3A). The model is also applied (Fig. 3B) to the 
soil data set of Maher and Thompson (1995) using four different primary 
mineral concentrations, the site parent materials being unknown. The pat-
tern of climatic dependence for χlf is well captured. These two compari-
sons suggest that our modeling framework for applying the experimentally 
determined rate constants generates realistic outcomes, but it is also clear 

Figure 1. Simplifi ed scheme for competitive production of 
magnetite (MGT), maghemite (MHT), and goethite (Goet.) 
and/or hematite (Hem.) from hydrous ferric oxides (HFO, 
e.g., ferrihydrite) through cycles of oxidizing and reduc-
ing conditions in the presence of dissimilatory iron re-
ducing bacteria (DIRB). T—temperature, Min—minerals. 

Figure 2. Environmental controls on modeled secondary magnetite 
(solid line), goethite (long dash), and hematite (short dash) after 10 k.y. 
of weathering. Oxic fraction is set at 0.5. MAT—mean annual tempera-
ture; MAP—mean annual precipitation; conc.—concentration.

Figure 3. Predicted and observed soil χlf (10–6 m3 kg–1). A: 
UK soils on argillaceous rock categories. Observed χlf 
values are from England and Wales (Blundell et al., 2009). 
Simulation assumes 10 k.y. soil development under mod-
ern climate of each site. B: Symbols: Northern Hemisphere 
sites of Maher and Thompson (1995). Curves: Simulated 
values for 10, 20, 30, and 40 wt% chlorite (site values being 
unknown). Other parameters are listed in Data Repository 
(see footnote 1). MAP—mean annual precipitation. 
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that measured soil χlf values on any one parent material vary widely across 
sites. This is expected, as the rate of magnetite formation is sensitive to both 
MAP and parent material composition (Fig. 2A); interpolated meteorologi-
cal data yield reasonable values for MAP, but the site mineral concentra-
tions are estimated only from limited rock type means. Variable substrate 
composition is likely to be a major cause of wide scatter in observed χlf 
values for soil survey samples (Blundell et al., 2009).

Role of Ferrimagnetic Ferrihydrite
Cabello et al. (2009) stated that in the absence of primary magnetite, 

ferrimagnetic ferrihydrite formed by oxidative transformation of HFO 
could explain soil magnetic enhancement, evidence interpreted by Tor-
rent et al. (2010) to support the existence of a direct pathway from HFO 
to maghemite. Direct evidence for this is lacking: ferrimagnetic ferrihy-
drite has not been reported in soils and the published rate data are few. 
Cabello et al. (2009) stated that their ferrimagnetic ferrihydrite pathway 
is proven by the widely observed correlation of χlf with hematite in soils. 
Our results contradict this; a correlation of magnetite and hematite (Fig. 4) 
arises simply from concurrent formation. Furthermore, we fi nd satisfac-
tory prediction of χlf (e.g., Fig. 3) despite neglecting the pathway.

Role of DIRB
Laboratory experiments show that DIRB can reduce HFO under 

anoxic conditions, and that Fe2+ released can react with excess HFO to 
form magnetite (e.g., Bonneville et al., 2004). Our model permits pre-
diction of HFO and Fe2+ concentrations from Fe supply rate and DIRB 
cell density, but the lack of cell density data precludes direct evaluation. 
Instead, we can explore the infl uence of DIRB density on Fe cycling and 
magnetite formation. Figure 5 compares model runs at cell densities of 108

and 1010 cells L–1, values that separate differing model behavior. At a cell 
density of 108 or lower, Fe2+ supply from bacterial reduction is low com-
pared with primary Fe2+ release. At densities >1010, bacterial reduction 
rapidly increases Fe2+ at the expense of HFO, initially enhancing mag-
netite formation but then decreasing it as HFO depletion becomes limit-
ing. However, DIRB can positively affect magnetite formation if anoxic 
episodes are brief relative to oxic conditions; the transient enrichment of 
both HFO and Fe2+ upon deoxygenation favors magnetite. However, the 
amount of magnetite formed under such conditions is never greater than 
would occur at 0.5 oxic fraction without DIRB. Thus magnetite produc-
tion depends upon HFO and Fe2+ together, both of which are supplied 
ultimately by the primary silicate dissolution. For any given primary Fe 
supply rate, there is a single optimum magnetite production rate, achieved 
when HFO and Fe2+ activities are balanced. If primary Fe release is all 
Fe2+, this optimum occurs with DIRB <108 and 0.5 oxic fraction. At higher 
oxic fractions, DIRB have a greater role to play in achieving the optimum; 
but, even where all primary Fe is released as Fe3+, and thus DIRB are 
essential for magnetite formation, the maximum amount is still accurately 
predicted by the optimal abiotic case.

The observation that DIRB are not essential for optimal formation of 
secondary magnetite does not contradict the established causal link between 

DIRB activity and episodic Fe2+enhancement in soil solutions. We suggest 
simply that such episodes need not contribute greatly to SFM formation, and 
can be ignored when calculating their expected maximum concentrations.

Role of Time
The relationship between modeled soil χlf and weathering dura-

tion (Fig. 6A) shows two stages in the temporal development of mag-
netic enhancement. The fi rst stage involves active production of SFMs 
from Fe2+ released by primary minerals (e.g., chlorite). Initially rapid, the 
rate of increase declines as weathering depletes the parent mineral (half-
life in soil ≈104 yr) limiting the duration of this effect to <~105 yr. The 
second stage involves passive enhancement of SFM concentration due to 
loss of other, less reactive, minerals from the soil by weathering (e.g., 
feldspars). This acts far more slowly, with a characteristic time of ~105 yr. 
The rates for the two stages will vary with mineralogy and climate, but 
should both occur where time permits. Vidic et al. (2004) presented data 
for dependence of χlf on particle residence times in Chinese loess (resi-
dence time is used rather than soil age owing to the high rate of accre-
tion, but the principle is identical). The similarity between modeled and 
observed values (Fig. 6B) offers support for the active stage predicted by 

Figure 4. Correlation 
of modeled χlf and he-
matite concentration 
at mean annual tem-
perature (MAT) = 5 and 
15 °C; parent material 
chlorite concentration 
and local mean annual 
precipitation varied 
randomly within fi xed 
limits. 

Figure 5. Accumulation of hydrous ferric oxide (HFO), magnetite 
(Magt.), and goethite (Goet.) and/or hematite (hem.) through time 
under two different dissimilatory iron-reducing bacteria (DIRB) cell 
densities and simple alternation of oxic and anoxic periods. Mean 
annual temperature = 9 °C, mean annual precipitation = 1 m yr–1, pri-
mary Fe supply rate = 1 × 10–12 moles L–1 s–1. Cycle length increased 
to 240 days to better illustrate curve shape. Stripes show oxic state; 
gray indicates anoxia; Conc.—concentration. 

Figure 6. Time-dependent changes in χlf. A: Two-stage temporal de-
velopment of χlf; t—time. B: Symbols: Chinese loess data (means 
after Vidic et al., 2004). Lines: Model output for mean annual precipita-
tion = 600 mm/yr, chlorite concentration 15 and 20 wt%. C: Symbols: 
Data for the Santa Cruz (California) marine terrace chronosequence 
(E. Ciclitira, J. Clear, and E. Perrin, 2010, personal commun.). Lines: 
Model output based on 3 wt% hornblende and 8 wt% biotite, mean 
modern climate, and 0.1 and 0.2 wt% initial inherited magnetite. Min-
eral data sources are provided in the Data Repository (see footnote 1).  
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our model. To test the passive stage, we turn to evidence on a far longer 
time scale. Singer et al. (1992) reported a limited data set showing time 
dependence for the ~500 k.y. marine terrace soil chronosequence at Santa 
Cruz, California. A new, fuller, data set for this chronosequence (Fig. 6C) 
shows reasonable agreement with the model output.

Future Modeling Needs
Overall, the model outputs show good agreement with observed data, 

and with wider testing there is the potential to produce a general predic-
tive model for magnetic properties in different soil types. At present, general 
application is hindered by three areas of uncertainty. First, using the fi eld 
capacity concept to estimate the oxic fraction model parameter is inad-
equately tested. This is relatively unimportant for well-drained temperate 
soils, but is potentially an issue at soil moisture extremes. Second, though 
DIRB are found to be of secondary importance to a generalized model, our 
ignorance of their natural concentrations leaves room for doubt about their 
signifi cance in specifi c cases. Third, and most signifi cant, global maps of 
bedrock mineral composition are needed for reliable prediction of pedogenic 
SFM formation. Furthermore, the sensitivity of SFM formation to the sub-
strate ferrous silicate concentration is such that generalized rock-type min-
eralogical data would be insuffi cient for accurate prediction at specifi c sites.

CONCLUSIONS
Using only experimentally determined rate constants and measured 

parent material concentrations of primary Fe silicate minerals, the model 
prediction of SFM concentration agrees with fi eld-observed average val-
ues for well-drained temperate soils. The model predicts that the main 
controlling variables are the primary ferrous silicate concentration and 
MAP, with a lesser role for MAT. The importance of primary mineral con-
centration, variable and poorly quantifi ed for most parent materials, is a 
signifi cant barrier to prediction of soil magnetic susceptibility enhance-
ment at global, regional, and fi eld scales.

Abiotic dissolution of ferrous silicates provides a suffi cient fl ux of 
Fe2+ to allow coexistence of hydrous ferric oxide and aqueous Fe2+ (via 
alternation of redox states) at high enough concentrations to form SFMs. 
Though DIRB can contribute to magnetite formation, excessively high 
DIRB concentrations discourage magnetite formation by allowing sec-
ondary iron to leak from the soil.

The model predicts a correlation between SFMs and hematite even 
in the absence of a HFO → maghemite → hematite pathway. Conse-
quently, such a correlation offers no support for the existence of this 
pathway, with potentially wide-ranging implications, for example, in 
terms of interpreting past environmental conditions on Earth and Mars 
(cf. Barrón and Torrent, 2002).

The model predicts a strong time dependence for soil magnetic 
susceptibility enhancement, occurring in two stages caused by different 
mechanisms acting at different temporal scales (characteristic times ~104 
and 105 yr). Thus, care should be exercised in interpreting χlf values used 
to monitor long-term change (>103 yr), such as reconstruction of catch-
ment sediment sources from lake sediment records. The model provides a 
plausible basis for estimating the weathering duration impact when inter-
preting paleosol magnetism.
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