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Abstract
The release of dissolved organic matter (DOM) from forest ﬂoor material constitutes a signiﬁcant ﬂux of C to the mineral
soil in temperate forest ecosystems, with estimates on the order of 120–500 kg C ha 1 year 1. Interaction of DOM with minerals and metals results in sorptive fractionation and stabilization of OM within the soil proﬁle. Iron and aluminum oxides, in
particular, have a signiﬁcant eﬀect on the quantity and quality of DOM transported through forest soils due to their high surface area and the toxic eﬀects of dissolved aluminum on microbial communities. We directly examined these interactions by
incubating forest ﬂoor material, including native microbiota, for 154 days in the presence of (1) goethite (a-FeOOH), (2) gibbsite (c-Al(OH)3), and (3) quartz (a-SiO2) sand (as a control). Changes in molecular and thermal properties of water extractable
organic matter (WEOM, as a proxy for DOM) were evaluated. WEOM was harvested on days 5, 10, 20, 30, 60, 90, and 154,
and examined by thermogravimetry/diﬀerential thermal analysis (TG/DTA) and diﬀuse reﬂectance Fourier transform infrared
(DRIFT) spectroscopy. Results indicated signiﬁcant diﬀerences in WEOM quality among treatments, though the way in which
oxide surfaces inﬂuenced WEOM properties did not seem to change signiﬁcantly with increasing incubation time. Dissolved
organic C concentrations were signiﬁcantly lower in WEOM from the oxide treatments in comparison to the control treatment. Incubation with goethite produced WEOM with mid-to-high-range thermal lability that was depleted in both protein
and fatty acids relative to the control. The average enthalpy of WEOM from the goethite treatment was signiﬁcantly higher
than either the gibbsite or control treatment, suggesting that interaction with goethite surfaces increases the energy content of
WEOM. Incubation with gibbsite produced WEOM rich in thermally recalcitrant and carboxyl-rich compounds in comparison to the control treatment. These data indicate that interaction of WEOM with oxide surfaces signiﬁcantly inﬂuences the
composition of WEOM and that oxides play an important role in determining the biogeochemistry of forest soil DOM.
Published by Elsevier Ltd.

1. INTRODUCTION
The importance of soil organic C to the global C cycle is
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ades of research, many questions remain as to how physical, chemical and biological soil processes interact to
control soil organic C stabilization (cf. von Lützow et al.,
2006). In this context, the present study focuses speciﬁcally
on the biogeochemistry of dissolved soil organic matter
(DOM) and how biodegradation of organic materials in
the presence of oxide surfaces alters DOM chemical and
physical properties. While DOM comprises only 1% of
the total soil organic carbon pool, it is the most mobile
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fraction (Zsolnay, 1996), and is thought to be the largest
source of new C inputs to subsurface soils in temperate forest systems (Zech and Guggenberger, 1996; Kaiser and
Guggenberger, 2000; Michalzik et al., 2001; Rumpel and
Kögel-Knabner, 2010).
A number of chemical, physical and biological processes
control DOM degradation rates in soil environments. In the
initial stages of biodegradation, or in the absence of mineral
materials, the relative structural recalcitrance of organic
matter may play a dominant role in determining the mean
residence time (Kalbitz et al., 2003a,b; Nierop et al.,
2003). However, long-term persistence of organic matter
in soils is generally attributed to protective complexation
mechanisms such as binding to oxides and secondary phyllosilicates, as well as interaction with polyvalent metal cations (Al3+, Fe3+) to form organo-metal complexes (Mikutta
et al., 2006; Marschner et al., 2008). Such physicochemical
interactions with mineral surfaces have long been recognized as key factors controlling soil organic matter content
(Greenland, 1971; Martin and Haider, 1986; Theng and
Tate, 1989; Baldock and Skjemstad, 2000). Sorption of soil
organic matter to mineral surfaces has additional important
eﬀects on the soil system, including changes in the surface
properties of minerals and potential inﬂuence on microbial
community composition and function (Heckman et al.,
2009).
Goethite and gibbsite are ubiquitous in soils (Kampf
et al., 2000) and have a signiﬁcant impact on organic C cycling due to their high speciﬁc surface area and abundance
of reactive hydroxyl groups. As DOM moves through the
soil proﬁle, Fe and Al oxides interact with organics in solution through surface sorption as well as the formation of
organo-metal complexes from Fe and Al cations released
during mineral dissolution (Kaiser and Zech, 2000; Kaiser
and Guggenberger, 2000). Hydroxyl and carboxyl functional groups of dissolved organics can form strong innersphere complexes with goethite and gibbsite surfaces
through ligand exchange reactions (Parﬁtt et al., 1977; Gu
et al., 1994; Molis et al., 2000; Chorover and Amistadi,
2001), or can be more weakly sorbed through hydrophobic
interactions, electrostatic interactions and hydrogen bonding (Evanko and Dzombak, 1999; Stevenson, 1994). Formation of organo-metal complexes involves bonding of
reactive organic functional groups with dissolved metal
ions, which induces chemical and conformational changes
in the organics and reduces their susceptibility to enzyme
attack (Byler et al., 1987; Baldock and Skjemstad, 2000;
Nierop et al, 2002; Scheel et al., 2007). Such interactions
have been hypothesized to decrease the biodegradability
of DOM, and increase C mean residence times by slowing
the decomposition process (Boudot et al., 1989; Veldkamp,
1994; Torn et al., 1997; Jones and Edwards, 1998; Eusterhues et al., 2003; Masiello et al., 2004). However, how the
inﬂuence of oxide surfaces on DOM characteristics may
change during active biodegradation of natural organic
materials is not well constrained.
Sorption of organics to hydrous oxide surfaces has been
well studied under controlled abiotic laboratory conditions.
Previous experiments using leaching columns and batch isotherm experiments have demonstrated preferential sorption

of speciﬁc classes of organics to Fe- and Al-oxyhydroxides.
These organics include high molecular weight compounds,
compounds rich in N or P, compounds with reactive acidic
groups, and aromatic compounds (McKnight et al., 1992;
Stevenson, 1994; Gu et al., 1994; Meier et al., 1999;
Stevenson and Cole, 1999; Chorover and Amistadi, 2001;
Zhou et al., 2001). Though such batch and column studies
have allowed us to identify characteristics and bonding
mechanisms that aﬀect short-term abiotic DOM fractionation and preferential adsorption, they have not captured
the longer-term dynamics of mineral-DOM interactions in
biologically active media with ongoing biodegradation
and variable microbial communities.
To address this knowledge gap, we conducted long-term
(>150 day) incubations of forest ﬂoor material inoculated
with their native microbial community in the presence of
quartz, goethite and gibbsite surfaces. Water extractable organic matter (WEOM) was used as a proxy for dissolved
organic matter. These experiments yielded the unique
opportunity to track the co-evolution of WEOM properties
and microbial community dynamics throughout the biodegradation process. Here we present details on the control of
WEOM physical and chemical characteristics by goethite
and gibbsite surfaces. We employed DRIFT, TG/DTA,
and other basic quantitative measures of WEOM quality
such as pH, molar absorptivity, and concentrations of Fe
and Al in WEOM solutions to quantify these eﬀects.
2. METHODS
2.1. Characterization of minerals
Minerals used in the incubation experiment were thoroughly characterized prior to use. Quartz sand was purchased from Fisher Scientiﬁc (Pittsburgh, PA). Prior to
incubation, the sand was submerged in 30% H2O2 (1:1
weight to volume ratio) and shaken for 24 h to remove
any pre-existing organic matter contamination. Sand was
rinsed three times with deionized water, then submerged
in 1 M HCl (1:1 weight to volume ratio) and shaken for
24 h to remove any exchangeable cations. The sand was
then rinsed with deionized water until the pH and EC of
the rinse water matched that of the deionized water. The
sand was then dried at 110 °C and stored in an acid-washed
sterile container until use.
Goethite and gibbsite were purchased from Ward’s Natural Science (Rochester, NY). Phase purity was conﬁrmed
by X-ray diﬀraction. Minerals were analyzed as random
powder mounts from 2 to 70° 2h on a PANalytical X’Pert
PRO-MPD X-ray diﬀraction system (PANalytical, Almelo,
AA, The Netherlands) producing Cu-Ka radiation at an
accelerating potential of 45 kV and current of 40 mA, and
ﬁtted with a graphite monochromator and sealed Xenon
detector. Particle size was measured on a Beckman Coulter
LS 13 320 Laser Diﬀraction Particle Size Analyzer (Beckman Coulter Inc., Fullerton, CA). Speciﬁc surface area
was determined via N2 adsorption on a Beckman Coulter
SA 3100 Gas Adsorption Surface Area Analyzer (Beckman
Coulter Inc., Fullerton, CA), and calculated according to
the BET theory (Brunauer et al., 1938). Particle size and
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speciﬁc surface area measurements were made on three
subsamples of each mineral type.
All mineral samples were well homogenized prior to
examination. There was no noticeable variation among mineral subsamples for any of the parameters measured (standard error of experimental replicates was at or close to
zero). All minerals were pure phases as determined by Xray diﬀraction. Particle size and speciﬁc surface area varied
among the minerals. Quartz, goethite, and gibbsite particles
had a mean diameter of 211, 23, and 14 lm and speciﬁc surface area of 0.03, 3.51, and 1.32 m2 g 1, respectively.
2.2. Experimental design
Natural forest ﬂoor organic material was incubated after
inoculation with a natural forest ﬂoor microbial community
in three mineral matrices: quartz sand mixed with goethite;
quartz sand mixed with gibbsite; and quartz sand alone (as
a control treatment). The matrices for each treatment were
as follows: (i) Control treatment: 30 g quartz sand; (ii) Goethite treatment: 6 g goethite grains and 24 g quartz sand;
and (iii) Gibbsite treatment: 6 g gibbsite grains and 24 g
quartz sand. Quartz sands were included in the goethite
and gibbsite treatments to reduce the oxide content of the
mineral matrices to ratios more approximately resembling
the oxide abundance in natural soils as well as to ensure
adequate porosity in the oxide treatments.
Organic material used in the incubation experiment consisted of partially decomposed material collected from the
full forest ﬂoor (Oi, Oe, Oa horizons) in an Arizona forest
dominated by Pinus ponderosa in the overstory (see Heckman et al., 2009 for site details). Forest ﬂoor material was
dried at 30 °C, cut to pieces measuring 1 cm in length
and homogenized using a blender. Total C, N and d13C
of the forest ﬂoor material was determined by high temperature dry combustion with an elemental analyzer (Costech
Analytical Technologies, Valencia, CA, USA) coupled to
a continuous-ﬂow mass spectrometer (Finnigan Delta PlusXL, San Jose, CA, USA) at the University of Arizona Stable Isotope Laboratory. The homogenized forest ﬂoor
material was 43%C and 1%N by weight with a d13C value
of 26&. Three grams of homogenized forest ﬂoor material were mixed with the respective quartz sand, gibbsite
or goethite treatments in 125 ml glass jars (Fisherbrand,
Fisher Scientiﬁc).
Microbial inoculum derived from ﬁeld collected organic
horizon material was prepared following Wagai and Sollins
(2002). Freshly collected forest ﬂoor material was mixed
with deionized water at a mass to volume ratio of 1:5.
The mixture was shaken vigorously for 30-min on a reciprocal shaker followed by overnight shaking on a low frequency setting. After 12 h of slow shaking, the mixture
was vacuum ﬁltered through a 5-lm polycarbonate membrane ﬁlter. Vacuum line pressure was kept below 69 kPa
(equivalent to 51.7 cm Hg or 20.4 in Hg) to prevent lysing
of microbial cells. Filtrate was stored in a sterilized bottle
overnight at 4 °C before use. A 1 ml aliquot of inoculum
solution was added to each jar.
Samples were homogenized, wetted to 60% of water
holding capacity (Cassel and Nielsen, 1986) with deionized

4297

water, and tamped to a uniform bulk density. Sample cups
were placed in 950 cm3 mason jars. Soil moisture was maintained by the addition of 3 ml of water to the bottom of
each jar to maintain 100% relative humidity within the jar
atmosphere. Aerobic conditions in the sample jars were
maintained by opening the jars and venting the samples
periodically. Headspace CO2 concentrations were monitored and were not permitted to exceed 3% by volume at
any time during the incubation. Samples were incubated
at 25 °C, and analyzed at seven time intervals: 5, 10, 20,
30, 60, 90 and 154 d. Each time interval was replicated in
triplicate for each mineral treatment for a total of 63 samples. All 63 samples were prepared simultaneously and
incubations were initiated at the same time. At the end of
each time interval, three replicates from each treatment
were destructively sampled. Samples were mixed with a
spatula, and 12 g of homogenized material were removed
and frozen to be used for microbial analysis at a later time.
The remainder of the sample was mixed with deionized
water in a 15:1 solution to solid mass ratio and shaken
on a side-to-side shaker for 24 h. Samples were vacuum ﬁltered, ﬁrst through a 1 lm glass ﬁber A/E ﬁlter, then
through a 0.22lm polymer ﬁlter (Millipore type GV). The
ﬁltrate was considered to contain the WEOM fraction
and was stored in sterilized bottles at 4 °C until elemental,
molecular mass, and UV–Vis spectrometry analyses were
completed. The WEOM was then lyophilized prior to performing DRIFT and TG/DTA analyses.
Incubation conditions were not intended to precisely
reproduce the full complexity of a natural soil environment.
Rather, our intent was to employ a controlled model system
in order to reduce the number of factors inﬂuencing
WEOM qualities. Gibbsite and goethite grain size was
somewhat larger than that which may be found in soils (silt
sized as opposed to clay sized), with the eﬀect that the
amount of exposed oxide surface area may be lower in
the incubation than would be expected in a natural soil.
The incubation conditions provide optimum temperature
and moisture for microbial growth. Incubation of soils
and substrates under controlled laboratory conditions is a
widely accepted method (Zibilske, 1994) that enables wellconstrained comparison of respiration rates and WEOM
properties among mineral treatments (e.g., Mikutta et al.,
2007).
2.3. Water extractable organic matter analysis
2.3.1. C, N, Fe, Al concentrations and molecular mass
Total organic C (non-purgeable) and total N of the
WEOM solutions were measured on a Shimadzu TOCVCSH analyzer (Columbia, MD). Solution Fe and Al concentrations were determined by inductively coupled plasma
mass spectrometry (ICP-MS) on a Perkin–Elmer Elan DRC
II ICP-MS (Waltham, MA). Concentrations of C, N, Fe,
and Al were expressed relative to grams of litter C, with
all values normalized to the C content of the solid phase
sample prior to incubation [g C g 1 litter C]. Apparent
weight averaged molecular mass (MWAPP) of the WEOM
solutions was measured by size exclusion high performance
liquid chromatography on a Waters High Performance
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Liquid Chromatography System (Agilent Technologies,
Palo Alto, CA). Solutions were diluted to a concentration
of 50 mM of C L 1 in a sodium phosphate solution buﬀered
to pH 5.5. WEOM solutions from unincubated forest ﬂoor
material were also analyzed for comparison with the incubation treatments.
2.3.2. Ultraviolet–visible spectroscopy
Ultraviolet–visible spectra were obtained with a Shimadzu UV-Probe PC2501 UV–Vis spectrophotometer (Columbia, MD). Absorbances were recorded at 254, 280 and
365 nm. Prior to measurement, samples were diluted with
sodium phosphate buﬀer (pH 5.5) both to standardize solution pH values among the treatment groups and ensure that
all absorbance values were <0.7. Absorbances at 280 nm
were divided by the molar concentration of dissolved organic C in WEOM extracts to give “molar absorptivity” or speciﬁc UV absorbance (SUVA). Molar absorptivity at 280 nm
is commonly accepted as an index of WEOM aromaticity
(Chin et al., 1994; Peuravuori and Pihlaja, 1997). The quotient of absorbance at 254 nm to that at 365 nm (E2:E3) is
correlated with absorption from speciﬁc chromophores containing unbonded electrons and has been related to the
molecular size of WEOM (Peuravuori and Pihlaja, 1997;
Guo and Chorover, 2003). Low E2:E3 values are generally
associated with higher molar mass constituents.
2.3.3. Infrared spectroscopy
WEOM was lyophilized after all other analyses were
completed. The freeze-dried WEOM was mixed with KBr
in a 1:20 w/w ratio (WEOM:KBr). Diﬀuse reﬂectance infrared Fourier transform (DRIFT) spectra were recorded
using a Nicolet 560 Magna IR Spectrometer (Madison,
WI). Samples were mixed with KBr, pressed gently into metal cups, and scanned over the 4000–400 cm 1 range. Four
hundred scans were averaged for each spectrum at a resolution of 4 cm 1 and normalized by using pressed pure KBr
as background. An automatic baseline correction was applied to each spectrum to remove baseline distortions. Spectral analysis, including peak deconvolution and integration,
was performed using the GRAMS/AI Spectroscopy Software Suite (Thermo Scientiﬁc).
2.3.4. Thermal analysis
Thermogravimetric (TG) and diﬀerential thermal analyses (DTA) were conducted on lyophilized WEOM samples
using a Diamond series TG/DTA (Perkin–Elmer; Shelton,
CT). A four point calibration using indium, tin, zinc, and
silver standards was used to determine the conversion factor from electrical potential (lV s 1) to heat ﬂow (mW).
TG and DTA data were recorded simultaneously. The reference pan contained calcinated a-Al2O3 powder. Due to
the limited sample size, WEOM samples that were diluted
with KBr for DRIFT analysis were also used for TGDTA analysis (1:20 dilution ratio, WEOM:KBr). KBr is
thermally inert from room temperature to 734 °C. To conﬁrm that the presence of KBr would not cause artifacts in
the data, several samples of WEOM were measured after
dilution with both KBr and alumina. No diﬀerences were
detected between the KBr and alumina proﬁles, therefore

KBr was assumed to have no eﬀect on the thermal data.
Sample mixtures were heated from 50 to 650 °C, at a rate
of 20 °C min 1 with continuous air ﬂow of 50 ml min 1.
DTA peak integration was conducted using Origin 7.5
(OriginLab Corporation; MA). DTA proﬁles of mW versus
time were integrated, yielding units of kJ per peak or per
proﬁle (total enthalpy of combustion). Enthalpy values (in
kJ) were then divided by mass loss or total sample mass
to give values of kJ gmass loss 1 or kJ gmass 1. Total sample
mass refers to the mass of lyophilized WEOM only, and excludes the mass of KBr.
2.4. Statistical methods
Each sample harvested at a speciﬁc destructive sampling
period was treated as a replicate for a given treatment, providing three replicates for each treatment per sample time
and a total of 21 replicates per treatment across all time
periods. Signiﬁcant diﬀerences between WEOM properties
among treatments were determined by two-way ANOVA
using mineral treatment (goethite, gibbsite or control/
quartz) and time as the main eﬀects followed by Tukey–
Kramer post hoc test at a 95% conﬁdence limit (n = 21
for each mineral treatment). Signiﬁcant diﬀerences among
DRIFT and TG/DTA peak areas were determined by
one-way ANOVA by mineral type followed by Tukey–Kramer post hoc test at a 95% conﬁdence limit. Only one spectrum (for both DRIFT & TG/DTA) per treatment per time
period was analyzed for peak areas (n = 7 for each mineral
treatment). Linear regression was used to assess trends in
DRIFT and TG/DTA peak areas over time and to investigate correlations among measured WEOM properties.
3. RESULTS
3.1. Carbon and nitrogen
Dissolved organic carbon (DOC) concentrations were
signiﬁcantly lower in oxide treatments relative to the control
when averaged over time with values of control = 20.3, goethite = 10.0, and gibbsite = 9.6 mg g 1 litter C (Table 1).
These diﬀerences were mostly due to two large spikes in
DOC concentration at 20 and 60 days in the control treatment. In comparison, DOC concentrations of the oxide
treatments did not exhibit large ﬂuctuations as seen in the
control treatment (Table 1). By day 154, there was no statistical diﬀerence in DOC concentration between the control
and oxide treatments, and DOC concentrations in all treatments had decreased by approximately 60% over the course
of the incubation.
C:N ratios were not signiﬁcantly diﬀerent among treatments and all treatments exhibited variation over time
(Table 1). However, C:N ratios did decrease from day 60
to day 154, and C:N ratios were an order of magnitude lower at the end of the incubation than at the beginning, i.e.,
C:N of 100 at day 5 versus 21 at day 154.
For comparison, C and N content of WEOM solutions
from unincubated forest ﬂoor material were also measured.
Values for these solutions are listed in Table 1 under the
treatment label “Forest Floor”.

Table 1
Characteristics of water extractable organic matter solutions.
Treatment
Forest ﬂoor
Control

Gibbsite

DOC a
mg glitter

0
5
10
20
30
60
90
154
Average over time
5
10
20
30
60
90
154
Average over time
5
10
20
30
60
90
154
Average over time

9.8 (0.2)
17.8 (3.5)
13.0 (1.7)
41.1 (12.2)
8.1 (2.5)
46.7 (6.0)
10.1 (0.9)
5.8 (0.2)
20.3A
15.2 (2.7)
9.6 (1.6)
14.4 (1.5)
11.3 (3.3)
7.2 (2.3)
8.3 (1.5)
4.1 (0.4)
10.00B
11.5 (1.7)
10.5 (1.8)
16.9 (7.2)
7.0 (1.1)
11.7 (1.8)
5.5 (0.5)
4.2 (0.1)
9.6B

C

C:N

pH

Fe:C
mmolFe:molDOC

Al:C
mmolAl:molDOC

MwAP
Daltons

E2/E3

Molar absorptivity
A molC 1

39 (2)
119.5 (23.9)
66.1 (14.2)
221.7 (80.1)
42.5 (18.4)
88.1 (7.6)
61.4 (11.7)
27.3 (13.2)
89.5A
128.4 (29.7)
60.2 (12.9)
32.0 (8.5)
80.5 (25.1)
219.5 (0.00)
57.1 (1.0)
19.0 (2.0)
85.2A
65.5 (21.5)
80.2 (20.7)
54.5 (52.1)
47.6 (4.1)
83.9 (0.8)
42.1 (3.5)
16.1 (12.0)
55.7A

5.38 (0.02)
5.62 (0.03)
5.00 (0.07)
5.75 (0.01)
5.62 (0.02)
6.06 (0.03)
6.13 (0.04)
6.25 (0.02)
5.78B
5.95 (0.07)
5.71 (0.17)
5.41 (0.27)
5.92 (0.01)
6.10 (0.01)
6.27 (0.04)
6.35 (0.02)
5.96AB
6.17 (0.02)
5.92 (0.01)
5.20 (0.57)
5.95 (0.01)
6.15 (0.01)
6.40 (0.01)
6.52 (0.04)
6.05A

–
0.09 (0.03)
0.14 (0.02)
0.06 (0.01)
0.32 (0.08)
0.06 (0.01)
0.21 (0.01)
0.44 (0.07)
0.19B
2.91 (0.7)
5.91 (1.17)
7.05 (1.7)
8.74 (1.61)
16.00 (3.98)
2.98 (0.75)
32.75 (6.04)
10.91A
0.2 (0.03)
0.08 (0.01)
0.27 (0.18)
0.68 (0.47)
0.14 (0.02)
0.28 (0.01)
3.40 (0.02)
0.28B

–
0.91 (0.23)
0.74 (0.11)
0.26 (0.06)
1.26 (0.33)
0.27 (0.03)
0.86 (0.10)
2.47 (0.05)
0.97B
0.56 (0.32)
0.25 (0.07)
0.22 (0.07)
0.03 (0)
0.5 (0.12)
0.37 (0.08)
1.62 (0.24)
0.51B
3.72 (0.43)
1.78 (0.17)
2.81 (0.98)
3.2 (0.11)
3.16 (0.45)
6.14 (0.13)
8.88 (0.35)
4.24A

3468 (40)
2957 (42)
4951 (1815)
2760 (194)
4218 (681)
2951 (12)
2723 (27)
3904 (30)
3495A
1604 (105)
1600 (123)
1702 (295)
2024 (292)
2371 (8)
2071 (95)
3016 (224)
2056B
1763 (27)
2144 (27)
2043 (204)
2152 (79)
2800 (22)
2840 (492)
4835 (318)
2654B

5.8 (0.3)
5.7 (0.2)
5.4 (0.1)
6.9 (0.1)
5.5 (0.1)
6.1 (0.1)
5.9 (0.1)
7.1 (0.6)
6.1A
2.8 (0.2)
3.3 (0.1)
3.3 (0.7)
2.6 (0.2)
2.5 (0.1)
3.1 (0.2)
2.6 (0.1)
2.9B
5.6 (0.3)
5.6 (0.0)
7.6 (0.1)
5.6 (0.0)
6.1 (0.1)
5.9 (0.0)
7.0 (0.8)
6.2A

207.6 (2.3)
44.6 (8.8)
52.1 (8.7)
15.4 (3.6)
87.1 (22.8)
88.1 (1.4)
63.7 (5.3)
102.5 (0.9)
64.8A
32.4 (4.4)
39.8 (5.9)
26.5 (1.8)
29.5 (12.6)
77.3 (18.3)
47.7 (10.6)
114.3 (17.4)
52.5A
46.5 (6.1)
44.5 (4.7)
34.0 (10.7)
57.4 (5.7)
40.2 (5.7)
78.8 (3.9)
83.6 (2.4)
55.0A

1
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Goethite

Incubation length
days

a

Speciﬁcally: dissolved organic carbon, measured as milligrams of C in the dissolved organic C fraction, divided by the total grams of C in the solid sample prior to incubation Values at each
time point are the average of three replicates for each treatment (n = 3). “Average over time” values are the average of all replicates across time (n = 21). Signiﬁcance was determined using twoway ANOVA with treatment and time as main eﬀects, followed by Tukey’s HSD post hoc test (a = 0.05). Within each column, means followed by diﬀerent superscript letters are signiﬁcantly
diﬀerent.
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3.2. pH and metal: C ratios
The pH of WEOM solutions extracted from the forest
ﬂoor material prior to exposure to oxide surfaces or incubation was 5.4 (see Table 1, “Forest Floor” values). The pH
values of all treatments exhibited large ﬂuctuations early
in the incubation, then steadily increased from day 30 to
day 154 (Table 1). When averaged across time, the pH values of the WEOM solutions were higher for the oxide treatments than for the controls, with gibbsite = 6.05,
goethite = 5.96, and control = 5.78. The pH of WEOM
solutions from the gibbsite treatment were signiﬁcantly
greater than those of the controls (Table 1). The change
in pH was particularly interesting given that pH exerts
strong control on the formation of metal-humus complexes.
Solution pH strongly inﬂuences both the solubility of Feand Al-oxides and organic matter, and aﬀects the type of
bonding favored between metals and organics, the rate
and abundance of organo-metal complex formation, and
the speciation of dissolved metals (Lindsay, 1997; Plankey
and Patterson, 1987; Gu et al., 1994; Stevenson, 1994; Guan
et al., 2006).
Aqueous metal:C ratios were relatively low throughout
the incubation, but increased over time (Table 1). Among
oxide treatments, Fe:C reached a maximum of 33 mmol
Fe per mol C at day 154 of the incubation in the goethite
treatment, whereas Al:C reached a maximum of 9 mmol
Al per mol of C at day 154 of the incubation in the gibbsite
treatment. Low metal:C ratios were most likely due to the
low solubility of both goethite and gibbsite at circum neutral pH values. The stability of gibbsite is at its maximum
at pH values 7.5, and is still quite stable at a pH of 6.0
to 6.5 (Lindsay, 1997). Goethite is most stable at pH values
of 8, but still has low solubility at pH of 6.0–6.5 (Cornell
and Schwertmann, 1996).
While absolute metal concentrations were relatively low
over the course of the incubation, they were several orders
of magnitude higher than those predicted from mineral solubility constants for inorganic, monomeric Al and Fe
alone. Concentrations of Al in WEOM from the gibbsite
treatment were on the order of 10 5 to 10 6 mol L 1,
whereas inorganic Al in equilibrium with gibbsite at this
pH is on the order of 10 10 mol L 1. Solution Fe concentrations in WEOM from the goethite treatment were 10 4
to 10 5 mol L 1, whereas equilibrium of inorganic Fe with
goethite gives Fe concentrations on the order of
10 18 mol L 1 (Lindsay, 1997).
Evidently, goethite exhibited greater dissolution than
gibbsite during the incubation. The diﬀerences in apparent
solubility may be controlled in part by a kinetic eﬀect induced by variation in mineral speciﬁc surface area; speciﬁc
surface area of goethite was nearly three times that of
gibbsite (3.51 and 1.32 m2 g 1 for goethite and gibbsite,
respectively). The XRD data also indicated gibbsite exhibited greater crystallinity than goethite, which may also
contribute to lower solubility (Schwertmann, 1991). If metal-DOM complexes are substantially more stable for Fe
than for Al, this would also contribute to a higher total
concentration of Fe than Al in solution. Finally, it is possible that reductive dissolution of Fe (III) may have oc-

curred in localized anoxic areas of the incubating
substrate, resulting in relatively higher aqueous Fe concentration (Schwertmann, 1991).
3.3. Apparent molar mass of WEOM
The apparent molar mass of WEOM from the control
treatment exhibited moderate ﬂuctuation over time,
whereas that of WEOM from the goethite and gibbsite
treatments steadily increased over the course of the incubation (Table 1). The apparent molar mass of WEOM from
all treatments increased signiﬁcantly over time (time versus
MwAPP: r2 = 0.20, p = 0.044). When averaged across time,
WEOM from the control treatment had a signiﬁcantly
higher apparent molar mass than WEOM from both the
goethite and gibbsite treatments (p = 0.0022).
MwAPP and metal:C were signiﬁcantly and positively
correlated in both the goethite (r2 = 0.84, p = 0.0035) and
gibbsite (r2 = 0.76, p = 0.0107) treatments, but not in the
control treatment (r2 = 0.16, p = 0.3792). These correlations suggest that the MwAPP values were aﬀected by the
presence of dissolved metals and the formation of metalhumus complexes, and may not reﬂect the Mw of uncomplexed WEOM components deriving from the goethite
and gibbsite treatments.
3.4. Ultraviolet–visible spectroscopy
E2:E3 ratios of gibbsite and control treatments were
nearly equivalent with average E2:E3 of 6.1 and 6.2 for control and gibbsite, respectively throughout the incubation.
The ratio increased slightly from day 5 to day 154 by
approximately 1 unit in both treatments. The E2:E3 values
of the goethite treatment were signiﬁcantly lower
(p < 0.0001) than gibbsite and control values and did not
vary or increase over time; average E2:E3 of goethite
WEOM was 2.9. The E2:E3 can provide a proxy of molar
mass with low E2:E3 values generally associated with high
molecular weights (Peuravuori and Pihlaja, 1997; Guo
and Chorover, 2003). In the current study, however,
E2:E3 was poorly correlated with apparent molecular
weight (r2 = 0.23 for MwAPP versus E2:E3), likely because
of the eﬀect of metal complexation on increasing apparent
molar mass, as discussed above (see Section 3.3).
Molar absorptivity exhibited large ﬂuctuations over time
in all treatments (Table 1), but did increase signiﬁcantly
over time in all treatments (time versus molar absorptivity:
r2 = 0.58, p < 0.0001). Molar absorptivity was not signiﬁcantly diﬀerent among treatments.
3.5. DRIFT spectroscopy
All treatments yielded similar DRIFT spectra for
WEOM samples but with consistent, treatment dependent
variation in relative peak areas (Fig. 1). The spectra from
the gibbsite incubations exhibited peaks from 3450 to
3650 cm 1 attributable to metal-OH stretching that were
absent in the control and goethite treatment spectra. All
other major peaks were present in all three treatments.
Peaks were assigned as indicated in Table 2.

Incubation of forest ﬂoor with goethite and gibbsite

Fig. 1. DRIFT spectra for WEOM from each treatment at each
sampling time during the incubation. (a) Control treatment: quartz
sand and forest ﬂoor material, (b) Goethite treatment: quartz sand
mixed with goethite and forest ﬂoor material, (c) Gibbsite: quartz
sand mixed with gibbsite and forest ﬂoor material.
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Deconvolution of DRIFT spectra revealed diﬀerences in
the structural characteristics of WEOM among treatments
(Table 3). Peak areas of the three treatments were calculated for six major bond types/regions: Amide I band
(1650 cm 1), polysaccharides (calculated as the sum of
peaks at 1240, 1140, 1055, 950 and 900 cm 1),
metal + COO bonds (1380 cm 1), esters (1730 cm 1),
masCOO (asymmetric carboxyl peak at 1580 cm 1), and m
metal-OH (metal-OH stretches at 3500 and 3530 cm 1).
In general, WEOM from the goethite treatment was significantly diﬀerent from the control in many respects, whereas
WEOM from the gibbsite treatment was rarely signiﬁcantly
diﬀerent from either the control or the goethite treatment.
Amide I band areas were signiﬁcantly lower in WEOM
from the goethite treatment than from the other treatments,
indicating lower protein content in WEOM from the goethite treatment. Assuming equivalent WEOM production,
the lower protein content indicates a preferential adsorption
of proteins to goethite surfaces, consistent with previous research (Omoike and Chorover, 2006). Similarly, the ratio of
the amide I band area to the sum of the polysaccharide peak
areas (Amide I:R Polysaccharide) was signiﬁcantly higher in
the controls than in the goethite treatment (controla > gibbsiteab > goethiteb), also suggesting goethite surface preference for proteinaceous compounds. The area of the ester
peak, (1730 cm 1) commonly associated with fatty acids,
was also signiﬁcantly higher in the control treatment than
in the goethite treatment (controla > gibbsiteab > goethiteb)
suggesting preferential adsorption of fatty acids to the goethite surfaces. The “mCOO-metal” peak areas were signiﬁcantly diﬀerent among treatments (goethitea > gibbsiteab >
controlb), indicating a greater abundance of carboxyl-metal
bonds formed in the goethite treatment.
Peak deconvolution allowed separation of the amide I
band from the asymmetric carboxyl peak, revealing a peak
centered at 1380 cm 1 in all spectra. This peak exhibited
distortion in the form of narrowing and “pointiness” in
some spectra, particularly in those spectra for longer incubation times. This peak is due to symmetric –COO stretching, and the distortion or narrowing is related to
carboxylate-metal bond formation (Fu and Quan, 2006;
Gu et al., 1994). The observed peak distortion is consistent
with the measured concentrations of Al and Fe in excess of
mineral solubility observed in corresponding solutions;
higher concentrations of dissolved Al and Fe are associated
with greater distortion of the 1380 cm 1 peak.
Interestingly, spectral deconvolution indicated the gibbsite-derived WEOM possessed relatively strong metal-OH
peaks from 3450 to 3650 cm 1 that were not present in
the goethite or control samples. This suggests that Al in
the gibbsite WEOM was present as some form of Al(OH)x,
whereas dissolved Fe in the goethite treatment was present
in its elemental form (Fe3+). The asymmetric carboxyl
stretch peak area (masCOO ) was signiﬁcantly higher in
WEOM from the gibbsite treatment than in the control
(gibbsitea > controlab > goethiteb). Increased carboxyl content is typically associated with increased humiﬁcation
and biodegradation (Stevenson, 1994; Qualls et al., 2003).
However, carboxyl groups interact strongly with oxide
surfaces via ligand exchange, thereby removing them from
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Table 2
Peak assignments for DRIFT spectra of DOM samples.
Peak position
(cm)

Assignment

Reference

3530
3470
3380

Metal-OH stretch
Metal-OH stretch
phenolic OH stretch

2990
2970–2950
2910–2900
1730
1655–1640

Aliphatic C–H stretch
Aliphatic CH2 and CH3 stretching
Aliphatic C–H stretching
symmetric C@O stretch of esters
C@O stretch of amides

1580

asymmetric COO stretch

1455–1445
1390–1400

CH2 scissoring
symmetric COO stretch

1385
1270–1235

COO-metal stretch
C–O stretch of polysaccharides, OH
deformation of COOH
C–O stretch of polysaccharides, OH
deformation of COOH
C–O stretch of polysaccharides
C–O stretch of polysaccharides
C–O stretch of polysaccharides
C–O stretch of polysaccharides
C–O stretch of polysaccharides

Socrates (2001)
Socrates (2001)
Gressel et al. (1995), Swift (1996), Baes and Bloom (1989), Senesi and
Loﬀredo (1999)
Socrates (2001), Colthup (1950)
Gressel et al. (1995), Swift (1996)
Socrates (2001), Senesi and Loﬀredo (1999)
Swift (1996)
Gressel et al. (1995), Swift (1996), Baes and Bloom (1989), Senesi and
Loﬀredo (1999)
Gressel et al. (1995), Swift (1996), Baes and Bloom (1989), Colthup
(1950)
Socrates (2001)
Gressel et al. (1995), Swift (1996), Baes and Bloom (1989), Colthup
(1950)
Fu and Quan (2006), Gu et al. (1994)
Stevenson (1994)

1200
1140
1080
1055–1040
950
900

Stevenson (1994)
Stevenson
Stevenson
Stevenson
Stevenson
Stevenson

(1994)
(1994)
(1994)
(1994)
(1994)

Table 3
Signiﬁcant diﬀerences of DRIFT peak areas among treatments. Measurements were performed on WEOM solutions.
1

peak max (cm )
P-value
Control
Goethite
Gibbsite

Amide I

Amidel/Rpolysaccharide

Metal + COO

Esters

vasCOO

vMetal-OH

1650
0.0018
A
B
AB

1650/sum (1240,1140,1055,950,900)
0.0322
A
B
AB

1380
0.0159
B
A
AB

1730
0.0067
A
B
AB

1580
0.0213
AB
B
A

3500, 3530
<0.0001
B
B
A

Signiﬁcance was determined using one-way ANOVA by treatment followed by Tukey’s HSD post hoc test (a = 0.05). Within each column,
diﬀerent letters indicate statistically signiﬁcant diﬀerences among variables. (n = 7) for each treatment.

solution. Therefore, lower carboxyl content in the goethite
WEOM may indicate greater carboxylate bonding to oxide
surfaces, analogous to the greater metal-carboxyl bonding
noted above.
Several time dependent trends in the DRIFT spectra
were shared by all treatments (Fig. 2). In general, the amide
I peak area increased and the polysaccharide peak area
showed a slight decrease over time, consistent with increasing protein:polysaccharide ratios in WEOM. The carboxyl:polysaccharide ratio exhibited a general decline
over time.
3.6. TG-DTA
All observable DTA peaks were exotherms, and all exotherms were associated with mass loss. In general, DTA
curves were composed of three peaks with maxima around
300 °C (Exo1), 410 °C (Exo2) and 550 °C (Exo3), though

goethite-derived WEOM curves showed a general merging
of Exo2 and Exo3 peaks with increasing time of incubation
(Fig. 3 and Table 4). Because Exo2 and Exo3 peaks merged,
mass loss and enthalpies were calculated for the sum of the
Exo2 and Exo3 peaks in the goethite treatment. In all treatments, peaks in higher temperature ranges released more
energy per unit mass than peaks in lower temperature
ranges, which is consistent with previous research showing
that more recalcitrant, higher-energy compounds are associated with higher combustion temperatures (cf. Plante et
al., 2009). Distribution of mass loss among the three peaks
varied both among treatments and over time, but quantitative comparisons are diﬃcult due to the merging of peaks in
curves from the goethite treatment. This merging of peaks
could be the result of diﬀerences in the molecular composition of goethite-derived WEOM relative to control or gibbsite-derived WEOM. However, previous studies indicate
that peak position and shape can also be aﬀected by

Incubation of forest ﬂoor with goethite and gibbsite

Fig. 2. Analysis of DRIFT spectra of WEOM solutions. The ratio
of the areas under the polysaccharide, amide 1, and the asymmetric
carboxyl peak are plotted against time. (a) The ratio of area under
the Amide 1 band and polysaccharide peak are plotted against time
of incubation, showing a general increase in amides over time in all
treatment groups. (b) The ratio of area under the Amide 1 band
and the asymmetric carboxyl peak are plotted against time of
incubation, showing an enrichment in amides in comparison to
carboxyls with increasing time of incubation. (c) The ratio of area
under the asymmetric carboxyl peak and the area under the
polysaccharide peak are plotted against time of incubation showing
a slight decrease in carboxyl content in comparison to polysaccharide content with increasing time of incubation.
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humus-complexing metals (Provenzano and Senesi, 1998).
Prior studies indicate that the presence of organo-Fe(III)
complexes lowers the initiation temperature of DTA peaks,
while organo-Al bonding tends to increase them (Schnitzer
and Kodama, 1972; Tan, 1978; Lu et al., 1997). Though
organo-metal complexes were certainly present in the
WEOM solutions, metal:C ratios were several orders of
magnitude smaller than those shown previously to eﬀect initialization temperatures (Table 1). Also, when mass and energy losses from goethite-derived WEOM Exo2 and Exo3
peaks were separated using basic peak decomposition,
enthalpies of the two peaks were very similar, indicating
the compounds combusting in Exo2 and Exo3 were similar
in composition. These data indicate that merging of Exo2
and Exo3 peaks was more likely the result of actual changes
in WEOM composition rather than the presence of small
amounts of organo-metal complexes.
In general, combustion in speciﬁc temperature ranges
has been associated with the breakdown of speciﬁc compound types (Dell’Abate et al., 2002; Lopez-Capel et al.,
2005, 2006; Manning et al., 2005; Plante et al., 2005;
Montecchio et al., 2006). However the assignment of speciﬁc compounds to certain temperature ranges in DTA proﬁles varies widely. Peaks at 300 °C can be produced by
combustion of polysaccharides, decarboxylation of acidic
groups, and dehydration of hydroxylate aliphatic structures
(Ciavatta et al., 1991; Dell’Abate et al., 2002). Peaks at
400 °C have been associated with the combustion of plant
and microbially-derived aliphatic structures (Sheppard and
Forgeron 1987; Schulten and Leinweber, 1999), but are
sometimes assigned to aromatics (Ranalli et al., 2001;
Dell’Abate et al., 2002; Strezov et al., 2004). Peaks around
500–550 °C have also been associated with combustion of
aromatic structures and cleavage of C–C bonds (Stevenson,
1994; Montecchio et al., 2006). However, other studies assign combustion at temperatures over 500 °C to polycondensed aromatics such as char or black C (Almendros
et al., 1982; Lopez-Capel et al., 2005; De la Rosa et al.,
2008). Though previous studies have shown good agreement between combustion at temperatures >500 °C and
the abundance of aromatics and polycondensed aromatics,
DRIFT spectra of the WEOM did not indicate a large
abundance of aromatics (spectra lack the characteristic
prominent peak at 1500 cm 1 that is indicative of aromatics). This may indicate that mass losses at 550 °C were
actually the result of cleavage of unsaturated C–C bonds
sourced from non-aromatic compounds. Also, assignment
of mass loss at certain temperatures cannot be deﬁnitively
attributed to any particular structural quality, due to both
the heterogeneity of natural organic substances and the fact
that peak temperatures have been known to vary with a
variety of experimental parameters (Cebulak and
Langier-Kùzniarowa, 1997).
WEOM from all treatments had relatively low enthalpy
of combustions values, averaging 9.4 kJ g 1 of total lyophilized mass. WEOM from the goethite treatment exhibited
the greatest enthalpy of combustion based both on total
sample weight and mass loss during combustion (Table
4). Average enthalpy of WEOM, as measured in kJ per g
of mass loss, was signiﬁcantly higher in the goethite treat-

4304

K. Heckman et al. / Geochimica et Cosmochimica Acta 75 (2011) 4295–4309

Fig. 3. DTA plots for WEOM from each treatment at each sampling time during the incubation. (a) Control treatment: quartz sand and
forest ﬂoor material, (b) Goethite treatment: quartz sand mixed with goethite and forest ﬂoor material, (c) Gibbsite: quartz sand mixed with
gibbsite and forest ﬂoor material. Drop lines represent average peak maximums: 300 °C, 410 °C, and 550 °C. DTA curves were normalized
prior to graphing to facilitate comparison among plots.

ment than in either the control or the gibbsite treatment
(p = 0.0198), suggesting that exposure to goethite increased
the energy content of WEOM.
4. DISCUSSION
The results of this study indicate that interaction with
goethite and gibbsite surfaces inﬂuenced both the quantity
and quality of WEOM produced during active biodegradation of forest ﬂoor organic material. Previous research demonstrated that interaction with mineral surfaces results in
systematic fractionation of WEOM by molecular size and
type into adsorbed and dissolved pools in both abiotic
batch (Zhou et al., 2001; Chorover and Amistadi, 2001)
and column (Guo and Chorover, 2003) experiments. Previous studies also documented decreases in both WEOM
abundance and biodegradability as the result of exposure
to mineral matrices (Kalbitz et al., 2000; Schwesig et al.,
2003; Kalbitz et al., 2005). Consistent with this prior research, our data indicate that exposure to goethite and
gibbsite surfaces reduced concentrations of dissolved organic C and also signiﬁcantly changed its molecular composition and energetics.
4.1. Inﬂuence of goethite and gibbsite surfaces on WEOM
molecular characteristics
Goethite and gibbsite surface sorption processes diﬀered
in their eﬀect on WEOM properties, with both molecular
composition and thermal stability varying with treatment.
Goethite-treatment derived WEOM and gibbsite-treatment
derived WEOM varied in their molecular and thermal characteristics, and both displayed qualities signiﬁcantly diﬀerent from quartz-treatment derived WEOM.
In general, WEOM from the goethite treatment was depleted in fatty acids and proteins relative to the control

treatment, but also had a signiﬁcantly lower abundance of
carboxylated components than the gibbsite treatment. Considering these data along with information from the TG
and DTA proﬁles indicating that the majority of mass
and energy loss occurred over the temperature range of
400–550 °C, WEOM from the goethite treatment appeared
to be dominated by aliphatics and carbohydrates of mid-tohigh-range thermal stability. WEOM from the goethite
treatment exhibited higher average enthalpy than that from
either the gibbsite or control treatments, suggesting that
interaction with goethite surfaces signiﬁcantly increased
the thermal and, by extension, possibly the biological stability of WEOM. The translation of thermal stability to biological recalcitrance has not been ﬁrmly established.
However, indices of thermal stability have shown good
agreement with other traditional indices of humiﬁcation
(Ciavatta et al., 1990; Plante et al., 2009). Therefore, enthalpy data may suggest that exposure to goethite surfaces increases the apparent biological stability of WEOM.
WEOM from the control treatment exhibited a higher overall mass loss during combustion than WEOM from the
oxide treatments, though the diﬀerence was only signiﬁcant
between goethite and control treatments (p = 0.0142). Lower mass loss values for the goethite WEOM may indicate a
greater abundance of compounds with high thermal stability, but may also be partially accounted for by the presence
of Fe in these samples which would contribute to the ash
content.
DRIFT data indicated that molecular composition of
WEOM from the gibbsite treatments was similar to WEOM
from the control treatments, aside from having a higher
carboxyl content. Furthermore, the TG/DTA data suggested that WEOM from the gibbsite treatment was dominated by high temperature, high enthalpy organics. The
abundance of thermally stable components along with high
carboxyl content may suggest a more advanced degree of

Table 4
TG/DTA analysis of water extractable organic matter solutions. Values indicate changes in the distribution of mass and energy loss over the course of the incubation.
Treatment

Control

Incubation length

Enthalpy
kJ gmass

5
10
20
30
60
90
154
Average over time

21.7
21.7
23.2
8.1
14.3
8.2
19.2
16.6 (2.4)

loss

kJ gmass

1

11.4
10.2
12.0
7.7
7.4
8.1
9.6
9.5 (0.7)

52
47
52
95
52
99
50
64(9)

% of total mass loss per peak

Enthalpy (kJ gmass

loss

1

)

Exo1

Exo2

Exo3

Exo1

Exo2

Exo3

49
55
50
19
50
15
52
41 (6)

34
32
29
71
25
71
14
39 (8)

18
13
21
10
25
14
34
19 (3)

9.9
13.2
13.4
7.6
5.8
8.0
5.6
9.1 (1.2)

25.7
37.4
19.5
3.3
21.4
2.2
42.4
21.7 (5.8)

46.3
19.3
51.8
42.7
24.4
38.5
30.1
36.1 (4.5)

Exo2+Exo3
Goethite

5
10
20
30
60
90
154
Average over time

32.0
17.9
23.8
20.5
20.7
22.9
25.1
23.2 (1.7)

15.0
8.5
11.4
9.3
8.3
9.6
9.5
10.2 (0.9)

46
48
47
45
39
47
37
44(2)

47
46
48
52
48
43
43
47(1.2)

Gibbsite

5
10
20
30
60
90
154
Average over time

17.0
17.6
20.5
14.5
15.4
11.9
14.9
16.0 (1.0)

9.4
10.0
11.0
8.2
8.0
5.9
6.9
8.5 (0.7)

55
57
54
57
52
49
46
52 (1)

48
44
44
37
42
42
44
43 (1)

53
54
52
48
52
57
57
46 (1)
25
26
25
25
24
26
24
25 (0)

28
29
31
38
33
33
32
32 (1)

Exo2+Exo3
21.9
5.5
15.4
6.5
5.7
13.4
9.2
11.1 (2.3)
6.1
6.6
8.1
3.1
4.8
3.3
3.7
5.1 (0.7)

42.3
28.3
32.4
36.5
36.2
25.9
38.1
34.2 (2.2)
13.9
15.3
17.4
10.6
7.4
10.6
9.8
12.2(1.3)

38.2
36.0
40.8
28.2
34.7
24.0
34.0
33.7(2.2)

Incubation of forest ﬂoor with goethite and gibbsite

Days

EXOTot % mass loss
1

Numbers in parentheses the standard errors for the 7 sampling times.
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biodegradation for WEOM from the gibbsite treatment in
comparison to the control (Ciavatta et al., 1990; Stevenson,
1994; Qualls et al., 2003). This apparent advanced degree of
biodegradation could be the result of diﬀerences in the
abundance and bioavailability of dissolved organic C, or
the result of preferential sorption of more thermally labile
organics by gibbsite surfaces.
Ultraviolet–visible spectroscopic indices of WEOM
quality were less conclusive. Molar absorptivity indicated
a general increase in aromaticity over time in all treatments,
a phenomenon often observed with increasing biodegradation (Stevenson, 1994). However, aromaticity of WEOM
from the oxide treatments was not statistically diﬀerent
than control WEOM. This may be due to preferential sorption of aromatic compounds by oxide surfaces as suggested
by diﬀerences in apparent molar mass among treatments.
The observation that apparent molar mass data were signiﬁcantly aﬀected by the presence of dissolved metals in the
WEOM solutions is consistent with the emerging paradigm
of WEOM as being comprised of aggregated molecular entities inter-bonded by bridging cations as well as through Hbonding and hydrophobic interaction (Sutton and Sposito,
2005). Apparent molar mass was strongly correlated with
Fe:C and Al:C ratios in the oxide treatments, suggesting
that formation of metal-humus complexes strongly aﬀected
the apparent molar mass of WEOM. Even though MwAPP
of WEOM from the oxide treatments was likely increased
by bonding with metals, WEOM from the goethite treatment still had signiﬁcantly lower MwAPP than the control
(p = 0.0024) while WEOM from the gibbsite treatment
had intermediate MwAPP values. These data suggest the
preferential sorption of high molecular weight compounds
by goethite surfaces, consistent with previous research
(Chorover and Amistadi, 2001; Omoike and Chorover,
2006; Hunt et al., 2007; Ohno et al., 2007). Contrary to previous research (Peuravuori and Pihlaja, 1997; Guo and
Chorover, 2003), E2:E3 values were not correlated with
MwAPP, either before or after accounting for the inﬂuence
of dissolved metal concentrations on MwAPP. Diﬀerences
in E2:E3 may therefore indicate diﬀerences in the abundance
of conjugated bonds associated with chromophores, with
goethite having a signiﬁcantly higher abundance of chromophores than both the control and gibbsite treatments.
4.2. Metal-humus complex formation and abundance
Dissolved Fe and Al were present in WEOM from all
treatments, and DRIFT data indicated that these dissolved
metals interacted with organics in solution. Concentrations
of both Fe, in goethite-derived WEOM solutions, and Al,
in gibbsite-derived WEOM solutions were several orders
of magnitude larger than the total inorganic concentrations
predicted from respective solubility constants. This large increase in aqueous concentration was likely due to the presence of low molecular weight organic acids that increased
the extent of oxide solubilization via ligand-promoted dissolution and aqueous metal-ligand complex formation
(Stevenson, 1967; Zunino and Martin, 1977; Robert and
Berthelin, 1986; Tan, 1986; Pohlman and McColl, 1988;
Essington et al., 2005). Metal:C values were lower than

values found to induce precipitation of metal-humus
complexes (Nierop et al., 2002), so any such complexes
formed during the incubation likely remained in solution.
Just as goethite and gibbsite surfaces diﬀered in their effects on WEOM properties, aqueous Al and Fe also diﬀered
in their interaction with WEOM. The larger area of the
1380 cm 1 peak in the DRIFT spectra indicated that dissolved Fe had a greater propensity for metal-ligand complexation reactions with dissolved organics than dissolved
Al. DRIFT spectra suggest that organic complexed Al
was at least partially hydrolyzed, and most likely formed
metal-humus complexes both in the form of Al-organic
and Al(OH)x-organic complexes. DRIFT spectra did not
show evidence of hydroxy-Fe species.
4.3. Transition of WEOM properties with increasing time of
incubation
Data did not indicate that the inﬂuence of oxide surfaces
on WEOM properties varied with increasing time of incubation, but rather that oxide surfaces had a continuous and
consistent eﬀect on WEOM properties throughout the biodegradation process. Previous work has indicated that sorption reactions between oxide surfaces and dissolved organics
proceed rapidly, and that the strength of sorption increases
over time (Kaiser et al., 2007). Once bonds are formed,
desorption of organics displays a strong hysteresis relative
to adsorption indicating that organics are tightly sorbed to
the oxide surface (Gu et al., 1994). Therefore, we speculate
that changes in WEOM composition throughout the biodegradation process were indicative of changes in microbial
activity, microbial turnover, and the removal of organics
from solution by sorption processes. Data did suggest a
general transition from plant-based compounds to microbially-sourced products in all treatments (an enrichment in
microbial products with increasing degree of biodegradation), a trend previously noted by Kalbitz et al. (2003b).
Both DRIFT and TG/DTA data supported the idea of a
transition from plant-based compounds to microbiallyderived compounds in WEOM solutions over time. Protein:polysaccharide ratios increased over time in all
treatments, while the carboxyl:polysaccharide values exhibited a general decline. We interpret the increase in protein:polysaccharide as indicating enrichment of WEOM in
microbial byproducts concomitant with consumption of
plant-derived products over time. Polysaccharides derive
from both plant and microbial sources, and the ratio of carboxyl groups to polysaccharides was likely aﬀected both by
the degree of decomposition of the plant-based organics
and the abundance of biomolecules added to the WEOM
through biomass turnover. The negative carboxyl:polysaccharide trend thus supports the notion that the WEOM
transitioned from dominantly plant-derived to dominantly
microbial-derived biomolecules over time. In addition, all
treatments exhibited an increase in protein:carboxyl ratio
that also indicates an increased dominance of WEOM by
microbially-derived biomolecules.
WEOM from all treatments had relatively low enthalpy
values, averaging 9.4 kJ g 1 across all treatments. These
values are slightly lower than values for bulk soil organic
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matter and humic acids found in the literature, which
typically range from 12 to 20 kJ g 1 (Peuravuori et al.,
1999; Rovira et al., 2008; Rasmussen and White, 2010),
indicating that WEOM has a relatively low enthalpy of
combustion in comparison to soil organic matter as a
whole. The low enthalpy of WEOM is consistent with previous research indicating that WEOM is one of the more
biologically labile fractions of soil organic matter (Zsolnay,
1996). The enthalpies of Exo1, Exo2 and Exo3 varied
according to treatment (Table 4), indicating variation in
the materials combusting at each temperature range. This
is consistent with results from the DRIFT analysis that
indicated both diﬀerences in the molecular composition of
WEOM among treatments and transition of WEOM composition with increasing time of incubation.
5. SUMMARY
Results of this experiment illustrate that interaction with
goethite and gibbsite surfaces induced signiﬁcant changes in
the molecular composition, thermal properties and reactivity of water extractable organic matter produced during the
active biodegradation of forest ﬂoor organic material.
These data support previous work indicating that the mineral matrix has a strong inﬂuence on WEOM properties,
and also indicate that speciﬁc mineral phases lead to significantly diﬀerent eﬀects on WEOM properties. Such changes
in WEOM composition are important to soil C cycling as a
whole, since the dissolved fraction of soil organic matter
comprises the largest ﬂux of nutrients to subsurface soils
in temperate forested systems. Changes in the properties
of dissolved organics therefore have the potential to aﬀect
soil respiration rates and possibly microbial community
composition and abundance. In addition, since introduction of labile dissolved organics to subsurface soils often
has a priming eﬀect (i.e., increasing the biodegradation of
old/stable C pools), changes in WEOM properties may affect turnover rates of older/stable C pools in subsurface
soils as well. Thus incorporation of mineral data has the potential to improve both our understanding of soil C cycling
and current modeling of soil C dynamics.
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Cebulak S. and Langier-Kùzniarowa A. (1997) Application of
oxyreactive thermal analysis to the examination of organic
matter associated with rocks. J. Therm. Anal. Calorim. 50(1–2),
175–190.
Ciavatta C., Govi M., Antisari L. V. and Sequi P. (1990)
Characterization of humiﬁed compounds by extraction and
fractionation on solid polyvinylpyrrolidone. J. Chromatogr.
509(1), 141–146.
Ciavatta C., Govi M., Antisari L. V. and Sequi P. (1991)
Determination of organic carbon in aqueous extracts of soils
and fertilizers. Commun. Soil Sci. Plant. Anal. 22, 795–807.
Colthup N. B. (1950) Spectra-structure correlations in the infra-red
region. J. Opt. Soc. Am. 40(6), 397–400.
Cornell R. M. and Schwertmann U. (1996) The Iron Oxides. VCH
Inc., New York.
De la Rosa J. M., Knicker H., Lopez-Capel E., Manning D. A. C.,
Gonzalez-Perez J. A. and Gonzalez-Vila F. J. (2008) Direct
detection of black carbon in soils by Py-GC/MS, carbon-13
NMR spectroscopy and thermogravimetric techniques. Soil Sci.
Soc. Am. J. 72, 258–267.
Dell’Abate M. T., Benedetti A., Trinchera A. and Dazzi C. (2002)
Humic substances along the proﬁle of two typic haploxerert.
Geoderma 107, 281–296.
Essington M. E., Nelson J. B. and Holden W. L. (2005) Gibbsite
and goethite solubility: The inﬂuence of 2-ketogluconate and
citrate. Soil Sci. Soc. Am. J. 69, 996–1008.
Eusterhues K., Rumpel C., Kleber M. and Kögel-Knabner I.
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