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a b s t r a c t
Organic matter (OM) in soils often associates intimately with the surfaces of ﬁne-grained minerals. We used
two measures of OM–mineral associations, based on either the energetics of N2 gas sorption (C-constant in
BET equation) or changes in mineral speciﬁc surface area (SSA) upon removal of OM, that provide
complementary information on organic coverage of mineral surfaces. Undisturbed surface mineral soils along
an altitudinal transect in Borneo provided a gradient of OM levels (30 to 140 mg-OC g− 1 soil) with which to
address modes of mineral surface coverage by OM, and were compared with a variety of soils throughout the
USA. Increasing OM levels, either as OM content or as a ratio to SSA (i.e. loading), led to coverage of the
mineral surfaces proportional to the OM content. In all surface horizon samples from Borneo and the USA,
cross-plots of the two measures show that these surfaces were covered by OM having low SSA (presumably
in globular forms) rather than thin coatings of adsorbed OM. The latter mode was found only in some
podzolic B-horizon samples. At loadings of N 3–4 mg-OC m− 2, virtually all mineral surfaces in soils derived
from aluminosilicate parent materials were covered by OM. Iron-rich soils on ultrabasic parent material did
not achieve this full coverage. At loadings b2–3 mg-OC m− 2, exposed surfaces of the soils were dominantly
mineral even though 10–70% of total mineral surface was inaccessible to N2 gas due most likely to organic
occlusion of the mineral phases that have high SSA. These modes of OM-surface coverage may have
important implications for aqueous–solid reactions in soil.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Soil minerals provide extensive surfaces that strongly inﬂuence
soil reactions occurring at aqueous–solid interfaces. Covering mineral
surfaces with organic matter (OM) can inhibit sorption of ionic
compounds (Lang and Kaupenjohann, 2003), enhance sorption of
non-ionic compounds such as organic contaminants (Murphy et al.,
1990; Wang et al., 2008), enhance or inhibit mineral dissolution
(Welch and Vandevivere, 1994; Welch et al., 1999), and critically alter
charge characteristics of soil surfaces (Chorover et al., 2004). In
addition, the manner in which OM associates with mineral surfaces
may inﬂuence OM stabilization in soils and sediments (e.g., Mayer,
1994; Kaiser and Guggenberger, 2003; Mayer et al., 2004). Yet little is
known about the extent of organic coverage on soil mineral surfaces
or the factors controlling it.
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There are several approaches to assess soil mineral surface and
its interactions with OM. Direct microscopy allows the characterization of physical features of OM–mineral associations in spatiallyfocused sections of soil. Using transmission electron microscopy,
Chenu and Plante (2006) showed wide variations in the way OM
covers or is encrusted by sub-micrometer mineral particles in
b2 µm fractions from temperate soils. Elemental X-ray analysis of
the SEM/TEM images showed spatial co-variations of OC with Fe,
Al, and Si, suggesting important role of speciﬁc mineral components (e.g., phyllosilicate edges, iron oxides) in OM–mineral
associations in submicron aggregates (Vrdoljak and Sposito,
2002). Even at maximum resolution, however, it is difﬁcult to
detect thin organic coatings on mineral surface (e.g., adsorption of
low molecular-weight OM) by most current microscopic methods.
Another approach is based on the adsorption/desorption
behavior of introduced gas molecules at surfaces, which allows
characterization of much larger volume or mass of samples than
microscopy. The gas sorption approach averages its results across
all surfaces, and thus has a bias towards ﬁner, clay-sized particles
with much higher surface area per unit mass (speciﬁc surface area,
SSA). Using the gas sorption approach with N2 as surface probe,
Mayer and Xing (2001) demonstrated variations in the extent and
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nature of soil surfaces among acid soils and their different horizons.
These approaches were extended by Kaiser and Guggenberger
(2003) for a wider range of soils.
Signiﬁcant increases in SSA of soil upon OM removal treatments
indicate that organic covering of mineral surfaces generally reduces
the exposed SSA of untreated soils (Feller et al., 1992; Pennell et al.,
1995; Mayer and Xing, 2001; Kaiser and Guggenberger, 2003),
because soil OM has low SSA (~1 m2 g− 1) if measured by N2 sorption
(Chiou 1990; Pennell et al., 1995; de Jonge and Mittelmeijer-Hazeleger,
1996; de Jonge et al., 2000; Mikutta et al., 2004; Kaiser and
Guggenberger, 2007). For example, OM having low SSA likely covers
or ﬁlls inter- or intra-particle pores associated with clay-sized mineral
particles and their aggregates (Lang and Kaupenjohann, 2003;
Mikutta et al., 2004; Kaiser and Guggenberger, 2007), reducing the
N2-accessible surface area of organo-mineral assemblages. All these
organic associations with mineral components that lead to the
reduction in SSA will hereafter be termed (organic) occlusion. The
extent of the occlusion of mineral SSA can be parameterized as the
proportion of mineral SSA that was liberated upon OM removal and is
called, in this paper, the percentage of SSA occluded by OM (%
SSAocclusion).
The enthalpy of N2 gas sorption, expressed as the C-constant in the
Brunauer–Emmett–Teller (BET) equation (Brunauer et al., 1938),
indicates if exposed surfaces are organic or inorganic, because N2
adsorbs onto less polar organic surfaces more weakly than onto more
polar mineral surfaces (Mayer, 1999). The C-constant can be used to
quantitatively determine the fractions of exposed surfaces that are
organic or inorganic, by using a mixing equation between organic and
inorganic endmembers (Mayer, 1999). This approach fails, however, as
a quantitative measure of surface composition in some soils because of
the presence of micropores (b2 nm diameter) that are often associated
with iron and aluminum hydrous oxides (e.g., Mödl et al., 2007). Soil
minerals with high microporosity have higher C-constant values
compared to the soil minerals without them (Mayer and Xing, 2001)
and the micropores are preferentially covered with OM compared to
other parts of mineral surfaces in sorption experiments (Kaiser and
Guggenberger, 2003; Mikutta et al., 2004; Filimonova et al., 2006). In
addition, removal of OM by wet or dry oxidation treatments causes
alteration and destruction of the micropores, reducing both SSA and
C-constant (Mayer and Xing, 2001; Kaiser and Guggenberger, 2003;
Filimonova et al., 2006). Nevertheless, a soil with full organic coverage
of mineral surfaces can still be identiﬁed via a low C-constant of the
untreated soil sample (i.e. no oxidation treatments).
These two measures of organic coatings of minerals provide
similar but slightly different information. For example, consider

phyllosilicate clay particles that have high SSA largely due to nmsized pores at the clay edges and intersections of particles. If a
signiﬁcant fraction of the pores are covered by OM but others
exposed, then much SSA will be occluded. Nevertheless, the
remaining, uncoated clay particles may still dominate the measured
SSA and C-constant because their SSA is vastly greater than the SSA
of organic matter coatings (as illustrated in Fig. 7 in Mayer and
Xing, 2001). The manner in which these two parameters jointly
respond to progressive loadings of OM should depend on the
nature of the coatings and, conversely, the combination of these
two parameters should provide unique insight into the nature of
the coatings.
The aim of this study was to examine the patterns of organic
coverage using these two parameters in the surface mineral soils
under undisturbed forests along an altitudinal transect on Mt.
Kinabalu (Borneo), where a previous study showed progressive
increase in soil OM levels with altitude (Wagai et al., 2008). The Cconstant and %SSAocclusion parameters were measured to assess the
organic loadings necessary to cover mineral surfaces and to gain
insight into OM–mineral associations in these soils. To corroborate the
patterns found from this transect approach, we also examined a wider
set of A-horizon soils as well as a smaller collection of B-horizon soils
from different regions of the USA.
The term “mineral particle” is broadly deﬁned in this paper to
include mineral crystallites and less-crystalline phases, as well as their
porous structures and aggregates.
2. Materials and methods
2.1. Study area
Study sites were located on the eastern and southern slopes of
Mt. Kinabalu (4095 m, 6°05′N, 160°33′ E) and are parts of long-term
ecosystem study (Kitayama and Aiba, 2002). We selected six sites on
the environmental matrix of three altitudes (at ca. 700, 1700, and
2700 m above sea level) and two parent materials (acidic metasedimentary and ultrabasic igneous rock). An additional site developed on Quaternary colluvium at 1860 m (Bukit Ular hill, see
Kitayama et al., 2004) was selected for this study (Table 1). The study
sites were more fully described in Kitayama and Aiba (2002) and
Wagai et al. (2008). Brieﬂy, the climate is humid tropical with weak
inﬂuences of the Asiatic monsoon. Mean annual air temperature
decreases from 24 °C at 700 m to 12 °C at 2700 m and mean annual
rainfall is relatively constant (2300–2400 mm yr− 1) with altitude
(Kitayama, 1992). Soil water content increased from 27–35% to 136–

Table 1
Summary of site, soil chemical and mineralogical characteristics of Mt. Kinabalu study sites from previous studies
Non-ultrabasic transect
Altitude of each site (m)
Mean annual air temperature (°C)b
Soil total OC (mg g− 1)c
C:Nc
pH in deionized waterc
Clay content (%)c
Mineralogy of b2 µm fractionc
Dithionite-extr Fe (mg-FeOOH g− 1)d

Ultrabasic transect

700 m MSa

1700 m MS

1700 m QRT

2700 m MS

700 m UB

1700 m UB

2700 m UB

650
24
29.8 (4.3 )
12 (0.4 )
3.9 (0.1 )
37.8
Kao, (Gib)
33 (5.1 )

1560
19
49.1 (7.0 )
18 (1 )
4.1 (0.1 )
9.5
Kao, Ilt, Qrt
13 (5.4 )

1860
17
80.6 (8.3 )
15 (0.3 )
3.9 (0.1 )
ND
ND
9.8e (0.3)

2590
13
142 (18 )
20 (1 )
3.9 (0.1 )
14.8
Kao, Ilt
6.2 (2.3 )

700
23
30.3 (2.8 )
15 (1 )
4.8 (0.1 )
45.6
Hem, Got
492 (10 )

1860
17
62.1 (8.1 )
20 (1 )
5.4 (0.1 )
16.6
Chl, Got, Tlc
73 (23 )

2700
12
83.0 (7.7 )
17 (0 )
4.9 (0.1 )
24.3
Chl, Got, (Ilt)
48 (2.6 )

Standard errors (n = 5) are in parentheses.
ND: not determined.
a
Parent material abbreviation: MS = metasedimentary rock, QRT = Quaternary deposit, and UB = ultrabasic igneous rock.
b
Based on the weather station at 2700 m and the lapse rate of 0.0055 °C per meter (Kitayama, 1992).
c
From Wagai et al. (2008). Abbreviation in mineralogy: Kao = kaolinite, Gib = gibbsite, Ilt = illite, Qrt = quartz, Hem = hematite, Got = goethite, Chl = chlorite, and Tlc = talc.
d
Based on a modiﬁed dithionite extraction technique (Wagai and Mayer, 2007).
e
From Kitayama et al. (2004) by conventional dithionite–citrate extraction (n = 2) with superﬂoc sedimentation without high-speed centrifugation.
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172% with altitude (Wagai et al., 2008) due to cooling and more
frequent cloud cover at upper altitudes (Kitayama, 1992). Under the
humid tropical regime, however, temperature appeared to exert
stronger control on the forest structure, composition, productivity,
and thus OM input rate than rainfall (Aiba and Kitayama, 1999;
Kitayama and Aiba, 2002).
The metasedimentary parent material in the study area (Trusmadi
formation) consists of Eocene argillite, slates, siltstones, and
sandstones whereas the ultrabasic parent material consists mostly
of peridotite, with various degrees of serpentinization, characterized by high concentrations of MgO, FeO, and heavy metals
(Jacobson, 1970; Hutchison, 2005). Parent material at the Quaternary colluvium site is dominantly non-ultrabasic materials from
upper altitudes (Jacobson, 1970). All seven sites were located on
mid-slope positions (11–22°). Vegetation is classiﬁed as lowland
rainforest dominated by Dipterocarpaceae at 700 m, lower montane rainforest at 1700 m, and upper montane rainforest at 2700 m
(Aiba and Kitayama, 1999). Soils at lower altitudes are characterized
by deeper solumn, heavier texture, more weathered mineralogy,
and higher pedogenic iron content (Table 1). According to Soil
Taxonomy (Soil Survey Staff, 1999), soils were tentatively classiﬁed
as Ultisol–Alﬁsol(Inceptisol)–Inceptisol from 700 to 2700 m on the
metasedimentary series and Oxisol–Alﬁsol–Inceptisol on the ultrabasic series. The soil at the Quaternary colluvium site is also an
Inceptisol which had little clay translocation in contrast to a nearby
1700-m metasedimentary site.
A companion study (Wagai et al., 2008) showed that total OC
concentration in the surface 0–10 cm horizon increased with altitude
on both parent material types (Table 1), which was mainly attributed
to reduced decomposition rate under cooler (and wetter) climate at
upper altitudes. The concentration of OC strongly bound to minerals
(i.e. N1.6 g cm− 3 high-density fraction recovered after 656 J mL− 1
ultrasound treatment) also increased from 22–26 to 50–67 mg C g− 1
soil from 700 to 2700 m in altitude (Wagai et al., 2008). While
soil pH in water was always b5.5, the ultrabasic soils showed roughly
1-unit higher pH than metasedimentary soils at each altitude pair
(Table 1).
2.2. Soil sampling and analyses of basic soil properties
We collected surface mineral horizon (0–10 cm) by a core sampler
at ﬁve random locations at each site. Samples were 4-mm sieved,
homogenized, and freeze-dried for gas sorption analyses. Details of
soil sampling and handling as well as the methods used for basic soil
properties (C, N, soil pH, clay mineralogy, and texture) were described
in Wagai et al. (2008).

and clay contents (e.g., Feller et al., 1992; Kaiser and Guggenberger,
2003) and store greater amounts of OM than low-SSA soils presumably due to intimate organo-mineral association (e.g., Mayer,
1994). Incomplete removal of OM prior to measurement likely
results in an underestimation of the SSA of soil mineral component,
as OM typically has much lower SSA than soil minerals (Pennell
et al., 1995; de Jonge et al., 2000). Any technique of OM removal,
however, alters less-crystalline mineral phases by various extents
(Mikutta et al., 2005). Wet heating with hydrogen peroxide or dry
heating reduces the SSA of hydrous metal oxides by sintering smaller
pores and/or mineral transformations (Sequi and Aringhieri, 1977;
Weidler and Stanjek, 1998; Mayer and Xing, 2001). Repeated sodium
hypochlorite treatment (at room temperature, pH 8) reduced the
alteration of less-crystalline hydrous metal oxides while 5–23% of
initial OM remained after ﬁve cycles (Kaiser and Guggenberger,
2003) and up to 50% remained for subsurface horizons after three
cycles (Mikutta et al., 2006).
To assess the tradeoff between incomplete OM removal and
mineral alteration for our soil samples, we compared the difference
in SSA by two techniques, (1) dry heating (mufﬂing) at 350 °C
overnight and (2) repeated hypochlorite oxidation (ﬁve cycles),
using a representative surface sample from each site. Mufﬂing
showed more efﬁcient OM removal and higher SSA, by up to 2-fold,
compared to hypochlorite oxidation (Table 2). High stability of the
OM sorbed on high-SSA sections of soil mineral (e.g., micropores)
against hypochlorite oxidation (Mikutta et al., 2006; Kaiser and
Guggenberger, 2007) likely explains the lower SSA after wet oxidation. Because the studied surface soils from Mt. Kinabalu contained relatively low amounts of poorly-crystalline Fe and Al oxides
(Wagai and Mayer, 2007) and the SSA after mufﬂing generally
compared well with that after the H2O2 treatment in sediments (Keil
et al., 1997), we adopted the mufﬂing technique to remove OM for
this study. The mufﬂing treatment, however, likely alters the SSA of
iron oxides to an unknown extent. Dry heating at ca. 300 °C
decreased the SSA of ferrihydrite by 40% but increased that of
goethite by 120%, and 600 °C heating of the latter mineral dropped
its SSA by 80% (Pritchard and Ormerod, 1976; Weidler and Stanjek,
1998). Thus we regard the SSA after our 350 °C mufﬂing (SSAmufﬂed)
as a minimum value of the SSA of mineral components for the soils
studied here.
2.4. Surface area and C-constant measurements
The gas sorption technique (Mayer, 1999) was used to measure
SSA and assess the extent of organic coverage on mineral surfaces.
Freeze- or air-dried samples were outgassed under vacuum at
150 °C. Gas sorption analysis was conducted using a Quantachrome

2.3. Sample pretreatment: pilot tests
2.3.1. Drying treatment
Water molecules in samples can cause large errors in gas sorption
analysis, yet water-removal treatments may alter soil mineral phases
(particularly less crystalline ones) and SSA. We thus ﬁrst compared
two drying techniques (helium gas ﬂow at room temperature vs.
heating at 150 °C under vacuum) using one sample from all seven
sites. The four samples having high SSA (N10 m2 g− 1) showed minor
changes in SSA between the two treatments (−6 to + 17%), while the
other three samples with low SSA (b10 m2 g− 1) had greater changes
(−41 to + 54%). We found no systematic change between the two
treatments, and thus adopted the heating treatment due to better
reproducibility.
2.3.2. OM-removal treatment
High SSA of soils can result from small particle sizes, surface
roughness, nm-sized pores within or between particles, and/or low
crystallinity. Soils with high SSA tend to be high in iron, aluminum,

Table 2
Comparison of two OM removal pre-treatments with respect to the removal efﬁciency
and speciﬁc surface area (n = 1 per site)
Altitude
(m)

OC in bulk
(mg g− 1)

Efﬁciency of OM
removal by
NaOCl

Intact soil
SSA

SSA after
NaOCl

SSA after
mufﬂing

Mufﬂing
(m2 g− 1)

(%)
Metasedimentary rock transect
700
27.6
80.1
1700
22.4
78.2
2700
116
76.3

97.6
N98
N98

26.4
7.3
3.7

27.9
6.6
6.2

32.0
10.9
12.4

Ultrabasic rock transect
700
29.9
1700
44.0
2700
93.9

99.1
N99
N99

57.5
10.7
6.6

55.9
16.8
13.4

103
18.6
27.3

79.5
64.4
64.8
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A-1 Autosorb (Quantachrome Corp., Boynton Beach, FL, USA) under
a series of N2 pressures. Surface area values were calculated using
the multi-point BET approach (partial pressures of b0.3). After
gas sorption analyses, samples were carefully transferred to
beakers and mufﬂed at 350 °C overnight. Upon cooling, the same
outgassing and sorption analyses were performed on the mufﬂed
samples.
The C-constant is related to the enthalpy change upon sorption of
N2 gas molecule on surfaces, and was estimated from regression
analysis of the data that rigorously obey the BET isotherm as described
in Mayer (1999). The OM-removal treatments affect the C-constant
value as well as SSA, particularly for metastable metal oxide phases
(Mayer, 1999; Mayer and Xing, 2001; Kaiser and Guggenberger, 2003).
We therefore only used the C-constant of untreated samples for the
assessment of OM–mineral relationship. Because we suspected
microporosity in some samples, we did not apply the quantitative
methods of organic coverage based on enthalpies as done in Mayer
(1999, 2005), and instead used only raw C-constant data for organic
coverage assessment.

To test whether the pattern of organic coverage along the
altitudinal transect in the tropical soils is applicable to wider
range of soils with varoius OM loadings, we assembled thirty
seven soil samples from various parts of the USA. General and
surface-related characteristics are shown in Appendix A. Surface
soil samples include 1 Hisotol, 2 Entisols, 8 acid-leached soils
(Inceptisols, Spodosols), 6 moderately-developed soils (Alﬁsols,
Mollisols), and 4 weathered soils (Ultisols and an Oxisol). We also
included sixteen B-horizon samples of the acid-leached soils. These
samples were all 2-mm sieved and freeze-dried or air-dried. The
acid-leached soils are from Mayer and Xing (2001), and most others
are archived samples from Mayer et al. (2004) and Wagai and
Mayer (2007), except for two samples. Those are an Alﬁsol from
Indiana (0–23 cm) and an Ultisol from Maryland (0–13 cm),
obtained from a soil archive (USDA, Soil Survey Center, Nebraska).
Most surface horizon samples are cultivated (i.e. from Ap horizon,
see Appendix A).

2.5. Derived parameters

2.7. Data analysis

The ratio of OC to mineral surface area (i.e. OC:SSAmufﬂed, mg C m− 2)
is a useful measure to normalize changes in organic loadings of
soil to grain size. This parameter, an averaged amount of OC
loaded on mineral surfaces, is termed OC loading in this paper.
Where data are available, we also calculated OC loading using the
OC in the high-density fraction because major portions of OM in
the low-density fraction are not in contact with mineral surfaces.
The fraction of the total mineral surface area that was not
accessible to N2 gas in the untreated soils, due to organic occlusion
of the mineral surfaces, was calculated following Mayer and Xing
(2001):

To compare the means of measured parameters among the seven
sites in Mt. Kinabalu, the Tukey–Kramer HSD test was performed as an
ad hoc test. All references to statistical signiﬁcance were based on a 5%
probability level. Pearson product-moment correlation was used
to ﬁnd correlation between the C-constant of untreated samples and
OC:SSAmufﬂed ratios as well as between %SSAocclusion and volumetric
OM content. All statistical analyses were conducted using JMP version
6.0.3 (SAS Institute Inc.).

2.6. Additional soil dataset

3. Results
3.1. Soil surface area and the ratio of OC:SSA

%SSAocclusion = ½ðSSAmuffled − SSAuntreated Þ=SSAmuffled $ × 100
where SSAuntreated and SSAmufﬂed refer to the speciﬁc surface area of
untreated and mufﬂed soil, respectively.
OM content was also parameterized as the fraction of total
solids' volume made up by OM (i.e. VOM / [VOM + Vmineral]). This parameter gives a sense for the relative spatial scales of organic and
mineral materials. For this calculation, we assumed an OM density of
1.4 g cm− 3 (Mayer et al., 2004) and OC content of 50% for the OM. At
700-m sites that have higher iron oxide contents, we used mineral
densities of 2.8 and 4.6 g cm−3 for metasedimentary and ultrabasic
soils, respectively, based on pycnometry measurements (see Mayer
et al., 2004). For the rest of the samples that are not highly
weathered, the commonly-used mineral density of 2.6 g cm− 3 was
used.

Variation in speciﬁc surface areas of soils before OM removal
(i.e. SSAuntreated) was strongly controlled by both altitude and
parent material type. SSAuntreated was signiﬁcantly higher at
the 700-m site than at upper altitudes on both parent materials
(Table 3), consistent with more weathered mineralogy, heavier
texture, and higher pedogenic iron content compared to upper
altitude sites (Table 1). These pedological changes along the
altitudinal gradient are generally attributable to climate, speciﬁcally faster chemical weathering under warmer climate. The
relatively high SSAuntreated from the soils at the 1700-m Quaternary
colluvium site is an exception to the altitudinal trend, which
presumably reﬂects different mineralogy of the site. At each
altitude pair, the ultrabasic soil had higher SSAuntreated than the
metasedimentary soil (Table 3), as did the abundance of iron.

Table 3
Mineralogy, pedogenic iron oxide concentration, speciﬁc surface area and C-constant before and after mufﬂing, organic occlusion of mineral surface, mean OC loading calculated with
total OC and OC in high-density fraction
Non-ultrabasic transect
Untreated soil surface area (m2 g− 1)
Mufﬂed surface area (m2 g− 1)
Untreated soil C-constant
Mufﬂed C-constant
% mineral SSA occlusion by OM
OCTotal:SSAmufﬂed (mg-OC m− 2)
OCHF:SSAmufﬂed (mg-OC m− 2)b

Ultrabasic transect

700 m MSa

1700 m MS

1700 m QRT

2700 m MS

700 m UB

1700 m UB

2700 m UB

25.5b
31.4bc
80a
110b
19e
1.0cd
0.74c

9.3cd (2.4)
17.3c (4.3)
51b (13)
110b (6)
46cd (2.8)
3.8b (1.2)
2.2ab (0.5)

18.0bc (2.1)
43.4b (2.1)
76ab (7)
99ab (6)
58.7bc (3.8)
1.9bcd (0.2)
ND

4.7d (0.9)
21.6c (2.9)
19c (4)
150a (13)
78a (5.5)
6.9a (0.9)
3.2a (0.1)

59.6a
96.7a
87a
70d
38d
0.32d
0.27c

16.8bc (1.4)
29.6bc (2.8)
69ab (4)
66d (2)
43d (12.4)
2.1bcd (0.1)
1.2bc (b0.1)

7.9d (1.1)
24.3c (1.5)
64ab (4)
76cd (3)
68ab (3.5)
3.5bc (0.4)
2.1ab (0.2)

(2.4 )
(2.4)
(4)
(2)
(2.6)
(0.2)
(0.12)

(3.0)
(6.7)
(2)
(3)
(2.5)
(0.04)
(0.03)

Standard errors (n = 5) in parentheses. Signiﬁcant differences between sites are indicated by different letters (α = 0.05).
ND: not determined.
a
See Table 1 for abbreviation.
b
The concentration of OC in high-density fraction (see text, also Wagai et al., 2008) normalized by the SSA of samples after mufﬂing treatment.
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Fig. 1. The proportion of the surface area liberated by OM removal (%SSAocclusion)
versus the volumetric fraction of OM (see Materials and methods for calculation).
Among all the Kinabalu samples, signiﬁcant positive correlation (r2 = 0.72, p b 0.0001)
was found.

Speciﬁc surface area of soils after OM removal (i.e. SSAmufﬂed)
was always higher than that before OM removal and showed
similar cross-site patterns to SSAuntreated (Table 3). With increasing
altitude, the OC:SSAmufﬂed ratio (OC loading) increased from 0.3–1.0
to 3.5–6.9 mg-OC m− 2 and was higher in metasedimentary soils
than in ultrabasic soils (Table 3).
3.2. C-constant and SSA reduction by OM
With increasing altitude and corresponding increases in total soil
OC and OC loading (Tables 1, 3), the C-constant of untreated samples
progressively decreased from 80 to 19 along the metasedimentary
transect and from 87 to 64 along the ultrabasic transect (Table 3). The
1700-m Quaternary colluvium site was again the exception to this
trend. The C-constant showed no systematic trends between the two
parent materials. Across all sites, the untreated sample C-constant was
inversely correlated to the OC:SSAmufﬂed ratio (r2 = 0.83, p b 0.001).
Similar inverse correlation (r2 = 0.81, p b 0.001) was found when the
OC:SSAmufﬂed ratio was calculated using the OC concentration in highdensity fraction (N1.6 g cm− 3).
Upon OM removal by mufﬂing, C-constants increased to 100–
150 for the metasedimentary soils. For the ultrabasic soils, in
contrast, mufﬂing caused a drop in C-constant below the level of
its unmufﬂed samples at lower altitudes (Table 3). This reduction
likely resulted from transformation of metastable iron oxides in
which high-energy micropores were reduced (Weidler and Stanjek,
1998; Mayer and Xing, 2001; Kaiser and Guggenberger, 2003).
However, some iron oxides can have relatively low C-constants —
e.g. 74 and 80 for hematite and 2-line ferrihdyrite, respectively
(Kaiser and Guggenberger, 2003). With the increase in OC concentration and OC:SSAmufﬂed ratio proceeding up the altitudinal
gradient, %SSAocclusion progressively increased from 19 to 78% along
the metasedimentary transect and 38 to 68% along the ultrabasic
transect (Table 3).
4. Discussion
4.1. Kinabalu surface soils along the altitudinal transect
We can assess the nature of the untreated soil surfaces that
are exposed to N2 gas molecules from their C-constants, because
mineral surfaces generally have higher values (70–120) than organic

surfaces (20–40) (Mayer, 1999). The C-constants of mufﬂed samples
(Table 3) were within the range reported for naked surfaces of
various mineral types (Mayer, 1999; Kaiser and Guggenberger,
2003). Low C-constants (b40) of untreated samples, that imply
that most or all exposed surfaces were organic, were found only for
the 2700-m metasedimentary soils where total soil OC concentration and OC:SSAmufﬂed ratio were the highest across the sites
(Table 3). All other Kinabalu soils had higher C-constants, indicating
that uncoated mineral surfaces were signiﬁcant or dominant contributors to total SSA.
The volume-based OM content was positively correlated with the
%SSAocclusion parameter among the Kinabalu surface soils (Fig. 1). This
correlation implies that mineral surfaces are occluded in direct
proportion to the accretion of OM (which has low SSA) that
surrounds high-SSA mineral particles. The surface area of minerals
is generally held within micropores or mesopores that are formed
by aggregation of primary grains such as sub-micrometer phyllosilicates or metal oxides (Mayer et al., 2004 and references therein),
so that occlusion of aggregates can shield high-SSA internal pores
with a low-SSA external sheath (Mayer and Xing, 2001; Kaiser and
Guggenberger, 2003; Mikutta et al., 2004; Kaiser and Guggenberger,
2007; Mödl et al., 2007). The roughly linear relationship found here
suggests that the probability of the organic occlusion of mineral
surfaces may be directly proportional to the volume fraction of OM
and is consistent with strong association between the OM and
mineral grains as indicated by density separations (Wagai et al.,
2008). Occlusion of submicron clay particles by OM has been directly
observed by TEM in b2 µm fractions of some surface soils (Chenu and
Plante, 2006).
These two ways of parameterizing surface coverage of minerals
by OM (i.e. C-constant of untreated samples and %SSAocclusion) can be
combined to provide additional insight in OM–mineral associations
at µm to nm scales. Consider two simple cases for OM–mineral
association. In the ﬁrst, mineral surfaces are coated with a thin layer
of organic matter which does not change the SSA measured prior to
mufﬂing (Fig. 2, A lines). With an increase in OM concentration, the
C-constant decreases with only minor increase in %SSAocclusion in this

Fig. 2. Two end-member models of OM association with mineral surface as expressed on C-constant vs. %SSAocclusion plot. A lines (paint model) represent model
trajectory of molecular-level adsorption of low molecular-weight organic compounds (○, ●). Additional lines are based on adsorption experiments (▲ lauric
acid, △ stearic acid) on alumina (Mayer, 1999) B lines (occlusion model) represent
model trajectory of organic occlusion of mineral surface as a function of volumetric OM fraction (■,□). Mineral grains with SSA of 10 m2 g− 1 (open symbol) and
100 m2 g− 1 (ﬁlled ones) were considered in the models. See Appendix B for
assumptions and calculations.
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Fig. 3. Relationships among the untreated C-constant, %SSAocclusion, and OC:SSAmufﬂed
ratio for surface mineral soils from the seven sites in Mt. Kinabalu.

“paint” model trajectory. Adsorption of fatty acids on pure alumina
showed this type of trajectory (unpublished data from experiments
described in Mayer, 1999, Fig. 2, triangles). In the second case,
minerals with a high SSA are occluded in a fashion linearly
proportional to OM volume. In this “occlusion” model (Fig. 2, B
lines), %SSAocclusion was calculated by assuming that the added
OM occludes a volume of space containing mineral grains with a
probability equivalent to the volume fraction of OM, replacing
mineral surface area with the OM surface area. OM was assumed to
have SSA of 1 m2 g− 1 (Chiou 1990; Pennell et al., 1995; de Jonge and
Mittelmeijer-Hazeleger, 1996; de Jonge et al., 2000; Mikutta et al.,
2004; Kaiser and Guggenberger, 2007) and density 1.4 g cm− 3
(Mayer et al., 2004). The C-constants were derived from calculated
organic coverage values using formulae of Mayer (1999, 2005).
Calculation and assumption details are described in Appendix B.
These two lines provide end-member trajectories that might
accompany a series of samples varying in their organic matter
loading.
We then plotted the ﬁeld soil samples from Mt. Kinabalu on
the same C-constant vs. %SSAocclusion plot, along with a third axis,
OC:SSAmufﬂed ratio, to illustrate how these surface-coverage parameters change with this measure of OM loading (Fig. 3). Sample
data points generally fell closer to the occlusion model line,
especially for the ultrabasic series. With the increase in OM loading
that we found with increasing altitude, mineral soil surface appears
to be covered via incorporation of ﬁne-grained minerals into
accumulating OM, in proportion to the fractional volume of OM as
suggested in Fig. 1, rather than via molecular-level adsorption that
efﬁciently coats all mineral surfaces. For example, in soils with high
OM inputs, ﬁne-grained minerals might be progressively occluded
into biological secretions, or OM might ﬁll high-SSA pores (e.g.,
small mesopores) within ﬁne-grained aggregates (McCarthy et al.,
2008).
A combination of low C-constant (e.g., b40) and high %SSAocclusion
(N75%) would give strong indication that most mineral surfaces
are fully occluded with low-SSA organic matter. Four of the ﬁve
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metasedimentary soils from the 2700-m altitude showed this full
coverage (Fig. 3). These samples had OC:SSAmufﬂed ratios of 3.7–
9.4 mg-OC m− 2, the highest OM loadings we found among the
whole Kinabalu soils. If we use only the OC in the high-density
fraction (HF), these samples had OCHF:SSAmufﬂed ratios of 3.0–3.2 mgOC m− 2. While it is possible to achieve full surface coverage at
lower (~ 1) OC:SSA ratios via adsorption of low molecular-weight
OM in the laboratory (unpublished experiments — Mayer, 1999),
an OC:SSA mufﬂed ratio of roughly 3–4 mg-OC m− 2 appeared
necessary to achieve the full surface coverage in the natural
environment on Mt. Kinabalu. Note that this level of OM loading is
higher than the level required to saturate sorption sites on mineral
surfaces in most laboratory experiments. When maximum sorption of naturally-occurring dissolved OM is reached at common
soil pH values, OM loadings are no more than 2.3–3.4 mg-OC m− 2
for goethite and typically much lower for other minerals including
phyllosilicate clays (Tipping, 1981; Benke et al., 1999; Chorover
and Amistadi, 2001; Kaiser and Guggenberger, 2003; Mödl et al.,
2007). While laboratory sorption doesn't often achieve full organic
coverage (Kaiser and Guggenberger, 2003; Lang and Kaupenjohann, 2003; Mödl et al., 2007), OM association with goethite
around maximum sorptive capacity (1.9 mg-OC m− 2 in this case)
led to bulky OM accumulations presumably via hydrophobic
interactions embedding some of the goethite particles (Kaiser
and Guggenberger, 2007). None of the Kinabalu samples fell
clearly into the zone of the “paint” model (i.e. low C-constant and
low %SSAocclusion).
No ultrabasic soil samples exhibited full organic coverage, as
indicated by relatively high C-constants, which may be related
to lower OC:SSAmufﬂed ratios or higher abundance of iron oxides
compared to the metasedimentary soils (Tables 1, 3). Iron oxides can
exhibit higher C-constants than phyllosilicates or alumina due to the
abundance of micropores (Mayer and Xing, 2001; Kaiser and
Guggenberger, 2003), which might make it more difﬁcult to achieve

Fig. 4. Relationships among the untreated C-constant, %SSAocclusion, and OC:SSAmufﬂed
ratio for a variety of soils from the USA. Sample information is in Appendix A.
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a low average C-constant. In addition, iron can dissolve and reprecipitate with changes in redox condition (Schwertmann, 1988);
if this process occurs at the scales of occluded minerals then
perhaps uncoated surface area is regenerated in response to reduced
(lower Eh) microzones within OM occlusions. In this manner,
uncoated iron-oxide surface area might be continually regenerated upon occlusion by OM at upper-altitude ultrabasic soils
where OC and moisture contents are high. In Hawaiian volcanic soils
on the lava age of 20–400 kilo years, iron and aluminum hydroxides
rather than OM, appeared to dominate surface charge characteristics
(Chorover et al., 2004).
4.2. OM–mineral association in wider range of soils
We also examined a variety of A-horizon samples and a smaller
collection of E- and B-horizon samples from different parts of
the USA (Appendix A). The A- and E-horizon samples showed
similar proximity to the occlusion trajectory as the Kinabalu surface soils (Fig. 4). At least ﬁve A-horizons, one E-horizon, and one
B-horizon sample had both low C-constant (roughly b40) and high
%SSAocclusion (roughly N75%), implying full organic coverage of mineral surfaces. These samples had comparable OC:SSAmufﬂed ratios
(2.7–6.7 mg-OC m− 2) as the fully-covered Kinabalu soils. The
uncultivated Albia Alﬁsol A-horizon is one of the samples with
full organic coverage. The cultivated A-horizon sample from
the same soil series (see arrow in Fig. 4) had signiﬁcantly higher
C-constant, lower %SSAocclusion and lower OC:SSAmufﬂed ratio, in
line with the overall trajectory of Kinabalu samples. Our result
may be in accord with the TEM observation of an Inceptisol by
Chenu and Plante (2006) who showed that OM reduction by
cultivation led to a decrease in the abundance of (organo-clay)
microaggregates and an increase of mineral particles in the b2 µm
fraction.
In contrast to surface soils, we found that two of the B-horizon
samples (Bw horizons of Inceptisols) had a combination of low
C-constant and low %SSAocclusion , implying the “paint” type of
OM–mineral association. It seems therefore possible to achieve
the “paint” type association not only in the laboratory (Mayer, 1999
as discussed above) but also in natural soil environments. This
“paint” type of association may result from molecular-level adsorption of low-molecular weight organic compounds onto highly
adsorptive oxide phases, with little reduction of surface area.
The subsurface horizons (Inceptisols and Spodosols from northeastern USA) had high variation in C-constants despite low variation in %SSAocclusion . The variable C-constants are likely due to the
less-crystalline iron and aluminum oxides with different degrees of
microporosity (Mayer and Xing, 2001).
At OC:SSAmufﬂed b3–4 mg-OC m− 2, most of the surface soil
samples from both Mt. Kinabalu and other regions were
characterized by high C-constant values (roughly N60) suggesting
abundant, naked mineral surfaces, despite a wide range in organic
occlusion of mineral surfaces. For the sample group of lowest OC:
SSAmufﬂed ratios (≤ 1.0 mg-OC m− 2, n = 17), appreciable fractions of
total mineral surfaces were still occluded by OM (%SSAocclusion
range: 13–51%) while the high C-constants (72–95) indicate
that exposed surface is dominantly uncoated mineral. Similarly,
organo-mineral materials in near-shore sediments were largely
characterized by high C-constants at low OC:SSA ratios (Bock
and Mayer, 1999). These results suggest that, even at relatively
low OC:SSAmufﬂed ratio and low soil OM concentrations such as
cultivated soils and weathered tropical soils, OM seems to be
present as discrete patches (rather than thin, extensive coatings
on mineral surfaces) with some of the patches occluding highSSA mineral particles (e.g., sub-micrometer phyllosilicates and
metal oxides) and reactive mineral topologies such as micropores
(Mayer and Xing, 2001; Kaiser and Guggenberger, 2007). This

view of OM–mineral associations is in agreement with the conclusion based on a different gas sorption approach (Ravikovitch
et al., 2005) and appears consistent with (and complementary to)
the results from electron microscopy, in-situ spectromicroscopy,
and X-ray photoelectron spectroscopy (Myneni et al., 1999;
Arnarson and Keil, 2001; Pichevin et al., 2004; Chenu and Plante,
2006).
4.3. Implications for surface reactivity
This study has focused on measurement of mineral surfaces, and
found that many surfaces are coated with OM. The coated surfaces,
which may be only certain faces of mineral grains, will be protected
to some extent from equilibration with the aqueous phase. Because
surface area measurements are biased toward ﬁne-grained minerals, our results will apply most strongly to the clay fractions. In soil
systems with high organic loadings (e.g., N3–4 mg-OC m− 2),
virtually all ﬁne-grained minerals should be protected. Conversely,
in soils with b1 mg-OC m− 2, there will be little of this type of
protection. Thus factors controlling the organic matter loading –
e.g. accumulation vs. decay – play an important role in mineral–
water equilibration reactions via this inﬂuence on coatings (e.g.,
Chorover et al., 2004). Obviously there are other ways in which the
OM cycle will also affect mineral–water reactions, such as
generation of complexing acids, but this armoring impact of
organic coatings should receive more attention than it has up to
now.
5. Summary
The approach by Mayer (1999) to estimate the fractional organic
coverage of material surfaces based on the difference in the C-constant
before and after OM removal had limited applicability to soils with
less-crystalline metal oxides and more microporosity, such as the
ultrabasic soils from the Kinabalu sites and podzolic subsurface
horizons, as previous studies pointed out (Mayer and Xing, 2001;
Kaiser and Guggenberger, 2003). The C-constants of samples without
OM oxidation treatment, nevertheless, allowed the detection of full
organic coverage of mineral surfaces in soil. By comparing C-constants
to the extent of mineral surface occlusion by OM (%SSAocclusion),
it is possible to differentiate between occlusion and “painting”
modes of OM association with mineral surfaces. At OC:SSAmufﬂed ratios
of N3–4 mg-OC m− 2, both parameters indicate that most surfaces
are fully covered with OM. Except for a few subsurface horizons
dominated by “painted” surfaces, samples with OC:SSAmufﬂed ratios
b2–3 mg-OC m− 2 were characterized by the dominance of naked
mineral surfaces despite appreciable extents of organic occlusion of
other mineral surfaces (%SSAocclusion of 10–70%). A similar trajectory,
from low %SSAocclusion and high C-constant towards the zone of full
organic coverage for both Kinabalu (Fig. 3) and other soil samples
examined here (Fig. 4), implies similar progression in OM–mineral
association modes in response to increasing OC:SSAmufﬂed ratio or OM
concentration (expressed gravimetrically or volumetrically).
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Appendix A. General and surface-related characteristics of non-Kinabalu soil samples (from the USA) used for Fig. 4

Soil grouping

Soil series

MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
MA
IN
NJ
NJ
MS
IN
IN
ML
MD
VA
PR

Swansea
Winooski
Hinckley
Walpole
Paxton1
Scituate
Stockbridge
Scitico
Broadbrook
Canton
Lanesboro
Marlow1
Paxton1
Paxton2
Paxton2
Scituate
Stockbridge
Scitico
Scitico
Broadbrook
Canton
Bernardston
Bernardston
Lanesboro
Marlow1
Marlow1
Marlow2
Brady
Albia
Albia
Dundee
Odell
Gumz
Howell
Glenelg
Kibler
Unknown

Soil class
(suborder)

Horizon
and depth

Untreated soil
OC mg g− 1

N mg g− 1

SSA m2g− 1

BET-C

SSAocclusion %

OC:SSAmufﬂed
mg-OC m− 2

Fe %

DC extraction
Al %

Saprist
Fluvent
Orthent
Aquept
Udept
Udept
Udept
Aquept
Udept
Udept
Udept
Orthod
Udept
Udept
Udept
Udept
Udept
Aquept
Aquept
Udept
Udept
Udept
Udept
Udept
Orthod
Orthod
Orthod
Udalf
Udalf
Udalf
Aqualf
Udoll
Aquoll
Udult
Udult
Udult
Udox

Oa3 50–60 cm
Ap 0–25 cm
A 0–3 cm
Apl 0–10 cm
Ap 0–13 cm
Ap 0–20 cm
Ap 0–18 cm
Ap 0–18 cm
A 0–3 cm
A 4–13 cm
E 6–12 cm
A 0–8 cm
Bw2 30–43 cm
Bw2 23–37 cm
Bw4 56–66 cm
Bw2 30–48 cm
Bw1 18–43 cm
Bg1 28–48 cm
Bg2 48–74
Bw2 25–38 cm
Bw2 29–42 cm
Bw2 11–20 cm
Bw3 20–38 cm
Bw1 12–22 cm
Bs2 13–18 cm
Bs3 18–28 cm
Bhs 15–18 cm
Ap 0–2 3cm
Ap 0–13 cm
A. 0–6 cm
Ap 0–8 cm
Ap 0–28 cm
Ap 0–23 cm
Ap 0–13 cm
Ap 0–13 cm
Ap 0–20 cm
A 0–10 cm

264
14.5
96.2
36.9
42.8
58.9
20.2
28.9
81.3
31.6
29.5
60.0
6.9
14.4
3.7
6.5
5.5
4.3
3.6
8.1
6.1
15.0
7.4
30.3
46.6
31.2
72.6
10.3
13.6
81.1
14.0
14.5
95.7
46.5
32.8
64.6
66.2

8.2
1.3
3.7
2.8
2.7
4.7
1.7
2.4
4.4
1.2
0.8
3.7
0.4
1.0
0.3
0.4
0.3
0.3
0.2
0.4
0.4
0.8
0.5
1.2
2.5
1.7
3.5
0.8
1.8
11.0
1.9
0.9
7.4
4.0
3.3
5.8
3.7

2.4
6.9
1.5
1.6
6.2
1.6
6.5
6.3
1.4
1.6
2.4
1.1
16.4
8.6
7.0
6.2
10.6
18.9
18.0
7.1
6.6
14.1
14.2
21.5
3.4
5.9
2.0
2.4
8.7
3.8
14.0
8.0
1.3
15.9
7.8
24.8
116

18
76
14
26
148
38
61
61
61
27
38
21
206
110
132
192
57
100
71
140
100
87
93
126
55
148
30
68
97
31
133
102
23
84
90
111
99

75
51
91
52
71
93
87
53
92
82
63
88
8
48
21
48
32
14
16
41
35
34
24
32
86
74
90
69
34
75
23
72
92
57
55
58
64

27.5
1.0
5.9
11.2
2.0
2.7
0.4
2.2
4.6
3.6
4.6
6.7
0.4
0.9
0.4
0.5
0.4
0.2
0.2
0.7
0.6
0.7
0.4
1.0
1.9
1.4
3.7
1.3
1.0
5.3
0.3
0.5
6.1
1.2
1.9
1.1
0.6

ND
ND

ND
ND

3.08
1.6
0.9
1.7
1.5
ND
0.7
0.8
0.7
1.81
0.78
0.49
0.54
1.85
1.76
1.5
0.99
0.48
1.83
1.57
4.73
3.4
2.5
2.35
0.7
1
ND
2
ND
ND
2.4
1.5
4.3
14.5

0.12
0.4
0.7
0.3
0.3
ND
0.2
0.1
0.1
0.32
0.76
0.3
0.35
0.27
0.21
0.14
0.33
0.31
0.65
0.42
0.88
0.5
0.7
0.49
ND
0.2
ND
0.2
ND
ND
0.3
0.2
1.2
0.8

Clay
content
%
ND
9.0
10.0
5.2
15.4
3.0
17.8
16.3
12.9
4.4
8.3
10.7
16.0
11.2
8.3
0.4
16.3
22.2
29.0
3.4
5.0
10.3
10.5
12.5
8.0
6.9
8.1
9.4
16.3
18.1
41.3
25.0
19.2
36.3
19.4
31.0
ND
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Entisol/Histosol
Entisol/Histosol
Entisol/Histosol
Acid soil — A
Acid soil — A
Acid soil — A
Acid soil — A
Acid soil — A
Acid soil — A
Acid soil — A
Acid soil — A
Acid soil — A
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Acid soil — B
Alﬁsol/Mollisol
Alﬁsol/Mollisol
Alﬁsol/Mollisol
Alﬁsol/Mollisol
Alﬁsol/Mollisol
Alﬁsol/Mollisol
Ultisol/Oxisol
Ultisol/Oxisol
Ultisol/Oxisol
Ultisol/Oxisol

Location
(state)

ND: not determined.
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Appendix B. Assumptions used to calculate “paint” and
“occlusion” model trajectories in Fig. 2
In both models, we assumed mineral and OM densities of 2.6 g cm− 3
and 1.4 g cm− 3 (Mayer et al., 2004), respectively. The C-constants
were calculated from the following formulae based on sorption
experiments using model organic compounds and minerals (Mayer,
1999, 2005): C-constant = 100 exp (−1.61 ⁎ fractional coverage) where
“fractional coverage” is the fraction of total mineral surface covered by
OM. The fractional coverage was calculated separately for “paint” and
“occlusion” models based on the assumptions below. The data points
on each trajectory represent 10% increments from zero to maximal OC
concentrations.
The “paint” model (A lines) was calculated with following
assumptions: (i) adsorbate is adipic acid with cross-sectional area of
0.48 nm− 2, (ii) adsorption continues until full monolayer coverage
is reached, and (iii) the fraction of mineral surfaces occluded by OM
(%SSAocclusion) is equal to the volumetric ratio of OM to total solids
(i.e. mineral plus OM).
The “occlusion” model (B lines) was calculated with following
assumptions. (i) SSA of OM is 1 m2 g− 1 (Chiou, 1990; de Jonge
and Mittelmeijer-Hazeleger, 1996), (ii) bulk density is 1.8 g cm− 3 and,
thus, porosity of 31% at initial point (i.e. no OM), and (iii) OM incrementally ﬁlls up pore space (volume not accounted for by mineral
solids) until %SSAocclusion reaches 100. The %SSAocclusion in this model
was calculated as VOM / (Vporespace − VOM) ⁎ 100, where VOM is the
volume of OM and Vpore space is the total pore volume in the bulk
material which is calculated from the bulk and mineral densities.
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