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Abstract. Effects of inorganic turbidity from clay miner-
als on allochthonous dissolved organic matter (DOM), its
consumption by bacteria and photodegradation by solar
radiation were investigated. In controlled experiments of
adsorption of DOM of six specific leaf leachates onto
montmorillonite, kaolinite, and clay extracted from drain-
age basin soil, up to 31 mg C of leaf leachate was adsorbed
g clay–1. A suspension of clay adsorbed preferentially the
chromophoric portion of dissolved organic carbon (DOC)
and enhanced photochemical decomposition of CDOM
and DOC under experimental conditions representative of
the surface of the water column. Significant amounts of
DOM were desorbed from the clay-organic aggregates
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into water of low ionic strength and low concentrations 
of DOM. Solar radiation decomposed chromophoric or-
ganic matter adsorbed onto suspended clay in part to low
molecular organic products and to CO2. Montmorillonite
clay significantly decreased (>90%) bacterial production,
unless the clay had appreciable adsorbed DOM. With 
organic matter adsorbed, the addition of montmorillonite
or of natural clay minerals resulted in significant increases
(+100%) in bacterial production. This increase indicated
that clay-organic matter aggregates can play an important
role in the transport of terrestrial organic matter to aquatic
environments and that this organic matter adsorbed to clay
particles is available to bacteria through desorption.
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Introduction

Studies on dissolved organic matter (DOM) transport from
terrestrial to aquatic ecosystems have focused on lakes
with little inorganic turbidity. These studies have demon-
strated that external subsidies are important sources of 
organic matter and energy to bacterial communities (Wet-
zel et al., 1972; Wetzel, 2001). Photodegradation of this
organic matter can increase the availability of organic
substrates to the bacteria, as well as mineralize some 
organic matter directly to CO2 (Wetzel, 2002). Effects of

inorganic turbidity from clay minerals on these processes
are unclear.

The crystalline hydrous aluminosilicates of clays occur
in two primary forms – two-layer clays (e.g., kaolinite)
associated in a 1:1 (Si/Al) held tightly by H bonds with no
exposure of internal surfaces or three-layer (e.g., mont-
morillonite) associated in a 2:1 (Si/Al/Si) ratio and held
by weak van der Waals forces into which water and other
polar molecules can penetrate. Clay minerals clearly ad-
sorb organic matter such as humic substances (e.g., Law-
less, 1986; Clapp and Hayes, 1999; Arnarson and Keil,
2000; Lunsdorf et al., 2000; Namjesnik-Dejanovic et al.,
2000). Humic substances bound to clay minerals will
modify surface charge of colloidal particles, which in turn
alter the adsorption sites of other organic compounds 
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and change the particle mobility and transport behavior
(Hedges and Keil, 1999; Specht et al., 2000). Natural 
organic matter (NOM) is associated with kaolinite and
montmorillonite largely by physical adsorption mecha-
nisms, and NOM fractionates as a result. NOM of low
molecular weight and a high content of carboxylic func-
tional groups are not adsorbed to clays as they dissociate
at the pH of most soils (Specht et al., 2000). In contrast,
large hydrophobic molecules have a strong affinity toward
clay surfaces. 

In studies of the effects of clay minerals on bacterial
communities, bacteria can become aggregated with the
inorganic particles, though the effect of this aggregation
was unclear (Kirchman, 1983; Stotzky, 1986; Lind and
Dávalos-Lind, 1991; Lind et al., 1997). If aggregation in-
creases rates of sinking, bacteria would be removed from
the planktonic community. If however the aggregates are
sufficiently small to remain suspended, the clay may 
enhance conditions for the bacteria by providing a surface
for attachment and potentially concentrating dissolved
organic carbon (DOC) onto the surface of the clay parti-
cles. Many studies found that the addition of surface area,
such as in the form of glass beads, increased bacterial
biomass as the mineral surface enhanced the bacterial 
utilization of complex organic compounds (ZoBell, 1943;
Taylor and Gulnick, 1996).

Numerous investigators have demonstrated the pho-
todegradation of DOC under natural and experimental
conditions (e.g., Stewart and Wetzel, 1981; Lindell et al.,
1995; Wetzel et al., 1995; Bertilsson and Tranvik, 2000;
Vähätalo et al,. 2003; Vähätalo and Wetzel, 2004). These
studies did not focus, however, on ecosystems with sig-
nificant inorganic turbidity. One laboratory study showed
that very high intensities of UV-C and UV-B radiation
photo-oxidized a significant proportion of the organic
matter adsorbed on clay particles (Skjemstad et al., 1993).
Inorganic turbidity will increase light scattering and atten-
uation as well as confound attempts to model photo-
degradative processes. Smith et al. (1999) found that 
particulate concentrations (total suspended solids) were
the most useful parameter for predicting the attenuation
of both UV-A and UV-B in a lake with low dissolved 
organic matter concentrations. Clay minerals of turbid
systems and clay-DOC aggregates have the potential to
influence photodegradative processes. 

The primary goal of this research was to broadly ex-
amine potential interactions between clay minerals and
DOC along three directions: (a) characterization of the
adsorption of DOC from different plant sources onto clay
minerals, (b) quantify the combined effects of clay and
sunlight exposure on DOC, and (c) evaluate effects of clays
on bacterial production.The adsorption of DOC from a
variety of sources onto a several different clay minerals
was quantified in order to assess specificity of clay-DOC
relationships. Further, the adsorption of specific clay min-

erals was examined in relation to organic matter from 
a single source or from a composite of multiple DOC
sources. This information was then compared to mea-
surements of DOC in a small reservoir, when the natural
system was subjected to high clay turbidity loading asso-
ciated with a major precipitation event.

Materials and methods

Materials
Leaf leachate from Acer negundo, Magnolia macrophylla,
Pinus taeda, Quercus falcata, Quercus nigra, and a Rho-
dodendereon species were used, as well as a composite
leachate comprised of equal parts (on a carbon basis) of
each of these six plant species. Leaf leachates were pre-
pared by collecting senescent leaf material from trees/
shrubs in the drainage basin of Elledge Lake, Alabama.
This small impoundment of two small streams in west-
central Alabama (33.259∞N, 87.661∞W) has a maximum
fetch of 1.4 km and a maximum depth of 6.3 m at full 
capacity (Tietjen and Wetzel, 2003a). The monomictic
reservoir is thermally stratified and mesotrophic in phy-
toplankton productivity. Collected leaf material was com-
bined with filtered (0.2-mm pore size, Millipore GS)
Elledge Lake water, and leached for 10 weeks at 4°C in
the dark. After leaching, the dissolved material was sepa-
rated by sterile filtration (0.2 mm) and stored at 4°C until
needed. Each leachate was combined on a carbon-equiv-
alent basis, determined with DOC analyses (see below),
with kaolinte (ACS, Fisher Scientific, Pittsburgh) and
montmorillonite (Acros 27603-0012) clays, and a natural
clay from the Elledge Lake drainage basin. X-ray diffrac-
tion analyses indicated that the Elledge lake clay was
largely a mixture of kaolinite and smectite, with an un-
identifiable non-clay constituent.

The Elledge Lake basin clay was separated from ripar-
ian soil of Elledge Lake. Initial removal of plant material
and larger particles was accomplished by wet sieving the
whole soil to 45 mm. This fraction was then sonicated to
disperse clay particles and de-aggregate larger particles
for 30 seconds in ultrapure water (Millipore Milli-Q). The
resulting suspension was then allowed to settle for 8 hours
at 21°C. After settling, the upper 10 cm of the suspension
was removed by gentle siphoning from the surface. This
fraction of the suspension, containing particles ≤2 mm,
was then concentrated by centrifugation and lyophiliza-
tion. Microscopic and X-ray diffraction analyses indi-
cated that these particles were >99% clay.

Dissolved organic carbon adsorption 
onto clay minerals
The clay suspension was mixed with leachate (10 mg
C L–1) for 2 hours. Preliminary experiments indicated that
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although adsorption continued for more than 5 hours,
>80% of the adsorption occurred in the first hour. Fol-
lowing adsorption, samples were filtered through a pre-
combusted (500°C) glass fiber filters (Whatman GF/F,
0.6–0.7 mm nominal pore size) to remove the clay and 
adsorbed material. Filtrates were then acidified with ul-
trapure grade HCl to a pH of <2. DOC was determined
using a Shimadzu TOC-5000 analyzer with high sensi-
tivity catalyst and a detection limit of 0.4 mg C L–1. 
Adsorption, expressed as mg C g clay–1 (Table 1) or as a
percentage of the initial DOC, was calculated from the 
difference between the final and initial DOC concentra-
tions.

Natural DOC and turbidity
Water samples were collected every 3 days for over a year
from Elledge Lake for the determination of turbidity and
DOC, as well as other limnological parameters (Tietjen
and Wetzel, 2003a). Turbidity of water samples was deter-
mined in the field with a Hach model 2100P turbidimeter
calibrated with stabilized formazan primary standards.
Calibration was confirmed during each sampling trip prior to
sample analysis with Hach gelex secondary standards. In
the laboratory known amounts of Elledge clay was mixed
with ultrapure water, turbidity of the suspensions was
measured, and linear relationships (r2 = 0.99) between
turbidity and suspended clay was found (Tietjen and 
Wetzel, 2003a). According to this relationship, clay con-
centrations in Elledge lake were calculated from the mea-
sured turbidity.

Isopleth figures of DOC and turbidity were prepared
using Surfer 7.0 (Golden Software) with a kriging pro-
cedure that utilized all available data to calculate a grid
matrix of 500 ¥ 500 points.

Combined effects of clay and sun exposure on DOC
In order to assess the effect of clay minerals on photo-
chemical mineralization of dissolved organic carbon, mix-
tures of composite leachate and clay were exposed to 
solar radiation. Montmorillonite and Elledge clay were

mixed with sterile (<0.2-µm) filtered combined-species
leachate to obtain concentrations of 0.26 g clay 39 mg
DOC L–1 and 0.26 g clay 47 mg DOC L–1, respectively.
Leachate-clay mixtures and leachate without clay were
placed uniformly and horizontally in ground-glass stop-
pered and sealed quartz tubes. Half of the tubes were
darkened by wrapping in aluminum foil. The tubes were
exposed to solar radiation for ca. 2.25 d at the depth of 
7 cm in matte black tap water pool (18–20°C) in June
2001 at Tuscaloosa, Alabama (33°N). The montmorillonite
and Elledge Lake Basin clays were exposed on different
dates and received 53 and 44 MJ m–2 of global radiation,
respectively. Tubes were rotated every 1–2 hours during
daylight hours to keep clay in suspension. Photochemical
mineralization of DOC (<0.6 µm filtrate, Whatman GF/F)
was calculated from the difference in the final concentra-
tion of DOC between exposed and darkened waters.

Sunlight effects on adsorbed DOC
In order to quantify the effect of sunlight on photochem-
ical mineralization and desorption of organic carbon ad-
sorbed onto clay minerals, clay particles were loaded with
organic matter, suspended in ultrapure water, and exposed
to solar radiation. Montmorillonite clay (0.26 g L–1) was
mixed with combined leaf leachate (285 mg C L–1), 
sonicated briefly to ensure particle de-aggregation, and
then mixed for 14 hours. After mixing, 25-ml aliquots of 
the clay and adsorbed DOC were collected by filtration
(0.22-µm pore size polycarbonate filters). Filters were air-
dried and the clay removed by gentle scraping with a spat-
ula. The clay was then re-suspended in ultrapure water
(Millipore Milli-Q). The suspended clay was then placed
in quartz tubes (wrapped in aluminum foil for dark con-
trols) and exposed to sunlight, as described above, for
2.15 days (42 MJ global radiation m–2). Following sun ex-
posure, the samples were again filtered through 0.22-µm
pore size polycarbonate filters to collect the clay. The 
carbon content (particulate organic carbon, POC) of the
clay was then determined (CHNS analyzer, Carlo Erba
model 1100). The carbon content (DOC) of the filtrate
was analyzed as described above. 
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Table 1. Adsorption of dissolved organic carbon onto different clay types. Values are mg carbon adsorbed per g clay. P shows statistical
significance between clay-treatment and control (no clay) (n = 4–5).

Elledge Lake Basin Clay Kaolinite Montmorillonite

Acer negundo 3.46 p = 0.15 1.90 p = 0.76 12.04 p ≤ 0.01
Magnolia macrophylla 16.45 p ≤ 0.01 13.41 p ≤ 0.01 26.38 p ≤ 0.01
Pinus taeda 5.02 p ≤ 0.01 0 14.31 p ≤ 0.01
Quercus falcata 7.64 p = 0.24 10.92 p = 0.05 27.80 p ≤ 0.01
Quercus nigra 5.08 p = 0.02 4.46 p = 0.08 17.50 p ≤ 0.01
Rhododendron sp. 5.99 p ≤ 0.01 5.32 p ≤ 0.01 11.76 p ≤ 0.01
Composite Leachate 3.98 p = 0.10 7.12 p ≤ 0.01 30.97 p ≤ 0.01



The Elledge Lake Basin clay treatment used natural
adsorbed organic matter and the clay was not exposed to
additional adsorption of leaf leachate. Clay and organic
matter were suspended, aliquoted, exposed (2.15 days),
collected, and analyzed as described above. 

Absorbance of chromophoric dissolved organic mat-
ter (CDOM, ACDOM) through 300 to 700 nm was measured
from 0.2-µm filtered (Millex®-GV) waters at 0.5-nm 
intervals with a Beckman DU 600 spectrophotometer with
1-cm or 10-cm cuvettes and pure water blanks. Absorp-
tion coefficient of CDOM (aCDOM , m–1) was calculated 
as ACDOM*2.303/l, where l = path length of the cuvette in
meters. The concentration of CDOM was described by
the mean aCDOM between 300 and 700 nm, which was 
an arithmetic mean of absorption coefficients between
300 nm and 700 nm.

Solar radiation was measured at 1-s intervals with a
LI-190SZ quantum sensor (LiCor, Inc) and converted to
global radiation assuming that irradiance at 400–700 nm
was 50% of global radiation (Udo and Aro, 2000).

Effects of clays on bacterial production
A series of experiments examined the direct and indirect
influences of clay minerals on bacterial production. Bac-
terial protein production was measured, as briefly summa-
rized below, in these experiments with natural bacterial
communities obtained form the Talladega Wetland Eco-
system of the same regional drainage basin (Mann and
Wetzel, 1995). Bacterial consortia were inoculated into
modified lake water medium and grown for 48 h at 25∞C;
800 ml of the consortium was stored frozen in 15% ster-
ile glycerol (Sambrook and Russell, 2001). Freezing in
glycerol allow microbial cells to be stored for extended
periods without loss of cell viability and provided a uni-
form microbial consortium to be used as an inoculum in
all bacterial growth studies. For experiments, one frozen
tube of the consortium was thawed and added to 150 ml
of lake water medium, grown at 25°C for 24 h and pel-
leted (10,000 rpm, 10 min). The supernatant was decanted
and the pellet washed with 20 mM MOPS (morpholino-
propane sulfonic acid, pH 7.0). These procedures were 
repeated three times with MOPS and once with sterile 
ultrapure water. The final pellet was suspended in 5 ml 
of sterile water. Of the final bacterial suspension, aliquots
(1 ml) were added to 0.2-mm filtered Elledge Lake water
(control), Elledge Lake water with 0.26 g clay L–1 (Elledge
Lake Basin or montmorillonite), 0.2–1.0-mm glass beads
(0.26 g L–1), Elledge Lake Basin or montmorillonite clays
with adsorbed DOC (this produced an increase in carbon
of ~8 mg C L–1), an 8 mg C L–1 composite leachate 
solution, and 8 mg C L–1 composite leachate solutions
which had previously been exposed to either Elledge Lake
Basin or montmorillonite clay. DOC adsorption was ac-
complished as described above. These solutions or sus-

pensions were incubated for 24 h at 21°C in the dark prior
to the measurement of bacterial protein production. Bac-
terial protein production was assayed with the leucine 
incorporation method that is described in detail in Wetzel
and Likens (2000). 

Statistical analyses
Statistical analyses were carried out using the General
Linear Model procedure in the Data Desk software pack-
age. Post-hoc comparisons were made with Bonferroni
pairwise tests (Data Desk, 1996). Comparisons of two
populations were analyzed with a paired t-test with log-
transformation for percentage values.

Results

Dissolved organic carbon adsorption 
in a natural system
Turbidity and DOC were ca. 10 NTU and ca. 2.5 mg C L–1

in Elledge Lake in early March 2000 (Fig. 1). Rainfall on
April 3 and 4 increased turbidity over 10-fold (Fig. 1).
Nearly all of the increased turbidity was clay. The rela-
tionship between clay concentrations and turbidity indi-
cated that a clay concentration was 0.26 g L–1 after that
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Figure 1. Turbidity (NTU; top panel) and DOC (mg C L–1; bottom
panel) isopleths for Elledge Lake. A large precipitation event on
April 3 and 4 resulted in the observed increases in turbidity and
DOC.



storm event. Turbidities remained elevated through much
of April (80–126 NTU in the surface waters 0–2.5 m) and
gradually decreased to ~20–30 NTU at all depths at the
end of April. 

DOC concentrations prior to the April storm were
~2.5 mg C L–1 throughout the water column (Fig. 1). The
inflowing storm waters increased DOC concentrations in
most of the water column to greater than 3.5 mg C L–1

from the surface to ~2 m and to over 3 mg C L–1 to 4 m.
DOC concentrations remained slightly elevated (2.5–3 mg
C L–1) through the end of April.

Dissolved organic carbon adsorption 
onto clay minerals
The relationship between clay concentrations and turbid-
ity indicated that the storm event resulted in a clay con-
centration of 0.26 g L–1. This concentration of clay was
used in the adsorption experiments. Adsorption of DOC
onto montmorillonite was much greater than onto either
of the other clays and the difference versus the control
was statistically significant (p ≤ 0.01) for all leachates
(Table 1, Fig. 2). The pattern of adsorption onto kaolinite

was generally similar to that for Elledge Lake basin clay
(Table 1). Leachates of Magnolia macrophylla, Quercus
falcata, and the composite leachate adsorbed at the 
highest levels.

Combined effects of clay and sun exposure on DOC
and CDOM
Montmorillonite clay adsorbed 57% of CDOM (Fig. 3A)
and 18% of DOC (Fig. 3C) during 53 hours in darkness.
The combination of adsorption by montorillonite clay
and exposure to solar radiation (53 MJ m–2) resulted in a
73% loss of CDOM (Fig. 3A) and a 21% reduction of
DOC (Fig. 3C). Exposure of leachate + Elledge clay to
solar radiation (44 MJ m–2) decreased CDOM and DOC
by 32% (Fig. 3B) and 4% (Fig. 3D), respectively, com-
pared to the controls kept in darkness but the decreases
for DOC were not statistically significant.

The same leachates were also exposed to the same
doses of solar radiation without clay. The concentration
of CDOM of leachate decreased 26% and 17% when 
exposed to global radiation doses of 53 and 44 MJ m–2, 
respectively (Figs. 3 A–B) The corresponding decreases
in DOC were very slight at ca. 4% and 2%, respectively,
and that achieved with lower doses of solar radiatin was
not significant at p < 0.05 (Figs. 3 C–D). When photo-
chemical decomposition of CDOM was related to the fi-
nal concentration of CDOM or DOC of the dark control,
the photochemical decomposition of CDOM was higher
in the presence of clay than in its absence (Fig. 4). These
results indicated that clay adsorbed the chromophoric
portion of DOC preferentially and that clay enhanced
photochemical decomposition of DOM under experi-
mental conditions representing the surface of the water
column.

Sunlight effects on adsorbed DOC
After clay particles have adsorbed organic matter in the
presence of high concentrations of DOM, such as in the
soils of the catchment of the reservoir, they may release
organic matter into dissolved form when the concentra-
tion of DOM is low, as in the water column of a reservoir.
When montmorillonite clay with adsorbed organic matter
was introduced in ultrapure water and exposed to solar 
radiation for 3 d, clay particles lost 5.3 mg C L–1 (35%) of
adsorbed organic carbon (the difference in POC between
Dark and Light, Fig. 5E). After 3 d, the final concentra-
tion of DOC was 2.0 mg C L–1 higher in the exposed than
non-exposed clay-suspensions (Fig. 5C). This increase
indicated that solar radiation desorbed organic carbon
from the surface of clay and increased the concentration
of DOC. Similarly to DOC, more CDOM desorbed under
exposure to solar radiation than occurred in darkness
(Fig. 5A). The resulting concentrations of desorbed
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Figure 2. Changes in dissolved organic carbon, expressed as a per-
centage of control, following adsorption onto clay minerals during
a 2-hour incubation. The composite sample is a combination of the
other leachates (~equal carbon from each source). Error bars =
95% confidence interval (n = 4–5).



CDOM accounted for 12.4% and 16.1% of the CDOM
initially adsorbed on clay (18.7 m–1) in darkness and un-
der the exposure to solar radiation, respectively. After 3 d,
the total carbon content (DOC + POC) was 4 mg less in
the exposed than dark clay suspensions. This difference
indicated photochemical mineralization of organic car-
bon, in agreement with the results in Fig. 4. These results
indicated that solar radiation not only mineralized or-
ganic carbon in solution, as some 3.3 mg C L–1 were lost
from the organic carbon pool over the duration of the ex-
periment, but also transformed strongly bound organic
matter on the surface of montmorillonite clay. The
amount of desorbed CDOM and DOC must have been
larger than indicated by the final concentration (Fig. 5),
because solar radiation not only desorbed DOM but also
decomposed an appreciable portion of it.

The desorption experiment with the Elledge Lake
basin clay was conducted with the adsorbed soil organic
matter retained through the purification of clay. Desorp-
tion from the Elledge Lake basin clay released 1.04 mg C
L–1 into solution, with no additional desorption of DOC in
the treatments exposed to sunlight (Figs. 5 D, F). Elledge
clay released 0.48 m–1 of CDOM during 51 h in darkness
(Fig. 5B). The final concentration of CDOM was less af-
ter solar radiation exposure than in darkness, which sug-
gested that the photochemical decomposition of CDOM
exceeded the rate of desorption (Fig. 5B).
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Figure 3. Absorption by CDOM (A, B) and the concentration of DOC (C, D) after exposure to solar radiation or incubation in darkness
in the absence or presence of clay. (A, C) = Filtered (0.2-µm) water from Elledge Lake amended with montmorillonite clay (final 
concentration 0.26 g L–1) and leachate (final concentration DOC 38.9 mg L–1), and exposed to 53 MJ of global radiation m–2 or kept in 
darkness. (B, D) = Filtered (0.2-µm) water from Elledge Lake amended with Elledge clay (0.26 g L–1) and leachate (final DOC 47.2 mg L–1),
and exposed to 44 MJ of global radiation m–2 or kept in darkness. Error bars = 95% confidence limits. (*) indicates significant (p = <0.05)
differences among treatments (n = 2–3).

Figure 4. Photochemical decomposition of CDOM (A) and DOC
(B) in the absence or presence of clay calculated as the difference in
concentrations between waters exposed to solar radiation and dark
controls. The data are from Fig. 3. Error bars = 95% confidence
limits. (*) indicates significant (p = <0.05) differences between
treatments (n = 2–3).



Effects of clays and adsorption 
on bacterial production
Bacterial protein production (Fig. 6) in the control treat-
ment (cultured bacteria and 0.2-mm filtered Elledge Lake
water) was 0.76 mg C L–1 h–1, which was not significantly
different from the treatment with Elledge Lake basin clay
(0.90 mg C L–1 h–1, p = 0.83) or from the treatment with

glass beads added (0.65 mg C L–1 h–1, p = 0.98). When
montmorillonite clay was added to the bacterial suspen-
sion, protein production decreased to 0.08 mg C L–1 h–1

(p ≤ 0.01). The addition of Elledge Lake Basin or mont-
morillonite clay to which composite leachate had been
adsorbed resulted in two-fold increased bacterial protein
production (Fig. 6).
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Figure 5. Concentration of POC, and desorption of CDOM and DOC from clay. (A, C, E) Montmorillonite clay; 0.26 g L–1 of 
montmorillonite was suspended in leachate of 286 mg DOC L–1 and 88 m–1 of CDOM for 14 h. Desorbed DOM and POC were quantified
after 51 h incubation in pure water in dark or under ambient solar radiation (41 MJ m–2). (B, D, E) = Elledge clay; 0.26 g L–1 of Elledge
clay in pure water after 14 h incubation in darkness or under ambient solar radiation. Error bars = 95% confidence limits. (*) indicates 
significant (p = <0.05) differences between treatments (n = 2–3).

Figure 6. Bacterial protein production in treatments with the addition of clay minerals, glass beads, or clay minerals with adsorbed leaf
leachate. Different letters indicate significant (p = <0.05) differences among treatments from the controls (n = 5 in each treatment).



Discussion

Physical structure of clay and adsorption 
of organic matter
Based upon the results of the clay-DOC adsorption exper-
iments, it is evident that the adsorption of organic matter
onto clay minerals is variable, dependent upon both the
clay minerals and the source of DOC. In general, mont-
morillonite clay was most effective at removing DOC from
solution. A consistent pattern was not observed between
the kaolinite and Elledge Lake Basin clays; adsorption
was dependent upon the individual clay-leachate combi-
nations.

The high adsorptive capacity of the montmorillonite
clay is a product of the properties of the mineral surface
area, expandable lattice structure, and the high reactivity
of montmorillonite (Cairns-Smith, 1986). The alumna-
silicate layers (one Si-O layer between two Al-OH layers)
that make up the phyllosilicate structure of the montmo-
rillonite clay are held together by interlayer cations and
van der Waals forces, and can expand to incorporate ad-
sorbed materials into the internal structure of the clay, as
well as onto the external surfaces. Montmorillonite also
has exchangeable cations incorporated into its structure.
These ion exchange locations also present potential ad-
sorption sites as cations interact with the organic matter
(e.g., Specht et al., 2000; Uher et al., 2001; Ding and
Henrichs, 2002).

Adsorption of DOM was less on kaolinite than on
montomorillonite. Kaolinite is comprised of a single Si-O
layer bound to a single Al-OH layer by hydrogen bonds,
and this structure clearly reduces the space available for
the adsorption of materials, as the expandable interlayer
spaces have been eliminated (Cairns-Smith, 1986). Kao-
linite also lacks the exchangeable cations found in mont-
morillonite clays, decreasing the importance of ion inter-
actions between the clay and organic matter. Adsorption
to kaolinite is primarily a result of the large surface area
of the mineral, while the limitations in the clay structure
result in the observed lower adsorption values for leaf
leachates as compared to montmorillonite clay.

The Elledge Lake basin clay, largely a mixture of
kaolinite and smectite, adsorbed DOC in a range gener-
ally similar to that of kaolinite. Elledge Lake basin clay
did have a higher carbon content that the montmorillonite
before adsorption. The sites available for adsorption
within the Elledge Lake basin clay matrix may have been
partially occupied, limiting further incorporation of DOC
(Table 1).

Desorption of organic matter
When organic matter adsorbed on clay is transported to
aquatic systems, it can supply DOC to the system, and
this release of DOC can be enhanced by exposure to sun-

light. Both Elledge Lake basin and montmorillonite clays
released DOC when suspended in water in the dark. The
desorption of organic matter could facilitate the transfer of
soil-water organic matter to aquatic systems (e.g., Komada
and Reimers, 2001; Komada et al., 2002). If 10–25% of
the organic matter adsorbed to clay particles can be rapid-
ly released to a dissolved state, this may represent a 
significant influx of DOC following storm events that
transport clay particles. Using the estimates of adsorptive
capacity from Table 1, the transport and desorption of 
organic matter from clay minerals could increase DOC
concentrations by 0.1–1.75 mg C L–1. These values could
account for more than the DOC increase observed in 
Figure 1 following the storm inflow (~0.5 mg C L–1). Al-
though these experiments approach opposite ends of 
this equilibrium relationship separately, they mimic the
pattern anticipated in nature of high DOC concentrations
in drainage basin soil and organic layers saturating the 
adsorptive capacity of the clays, and relatively low DOC
concentrations in the receiving waters, shifting the equi-
librium relationship toward desorption.

Of great interest are the comparative analyses of ad-
sorption of total DOC versus adsorption of CDOM. Clay
adsorbed and solar radiation desorbed more CDOM than
other components of the DOM. Photochemical reactions
of adsorbed CDOM on the surface of suspended clay
minerals decomposed the compounds in part to low mol-
ecular organic products and to CO2, similar to those that
occur in the dissolved phase. During photooxidation the
molecular weight of DOM decreases, proportion of aro-
matic moieties decreases, and that of polar moieties such
as carboxylic groups increases (e.g., Wetzel et al., 1995;
Bertilsson and Tranvik, 2000). Therefore, during photo-
chemical decomposition, the adsorbed DOM loses its
properties needed for sorption. These processes likely 
explain the light-enhanced desorption of DOM from sus-
pended clays.

Photochemical decomposition of organic matter
The presence of suspended clay increased photochemical
decomposition of CDOM (Figs. 3–4). This increase in
photochemical decomposition can be explained by clay-
induced light scattering. Such scattering increased scalar
photon flux density (or fluence rate) under the experi-
mental conditions representing the surface of the water.

Solar radiation mineralized organic carbon adsorbed
on montmorillonite clay and desorbed adsorbed choro-
mophoric organic matter (Fig. 5). These results are in
agreement with an earlier laboratory study with unnatural
UV-radiation (Skjemstad et al., 1993) and indicate that
solar radiation can decompose organic matter adsorbed
on clay suspended in surface waters. A large number of
studies with dissolved organic matter have shown that 
solar radiation decomposes biologically recalcitrant but
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photochemically reactive organic matter into inorganic
compounds and bioavailable substrates (e.g., Wetzel et al.,
1995; Bertilsson and Tranvik, 2000, Vähätalo et al., 2003).
The results of this study suggest that similar photochem-
ical decomposition of adsorbed organic molecules occurs
also on the surfaces of suspended clay. Adsorption of 
dissolved organic matter can decrease biological decom-
position by 5 orders of magnitude (Keil et al., 1994). The
results of this study showed that part of adsorbed chrom-
phoric organic matter was strongly bound on clay. The 
biological decomposition of such strongly bound organic
matter can be expected to be very low in darkness. As 
evidenced in this study, solar radiation can directly de-
compose adsorbed organic matter and facilitate desorp-
tion of it. In such way, solar radiation actually has a larger
role in the decomposition of biologically recalcitrant 
but photochemical reactive organic matter in waters 
with significant inorganic turbidity than in non-turbid
waters.

Clay and bacterial production 
In the experiments of this study, clay minerals both in-
creased and decreased bacterial production. The mont-
morillonite clay treatment produced a significantly lower
bacterial production than did the other treatments. This
decrease may have resulted from the obviously more 
effective adsorptive processes and lowered bioavailability
of adsorbed organic matter (Keil et al., 1994). Addition-
ally, the decrease may have been in part a result of direct
interference of bacterial metabolism if the clay particles,
as quantified by Tietjen and Wetzel (2003b), were seques-
tering dissolved enzymes and limiting enzymatic activity.
If the bacteria and clay were in close proximity, then the
adsorption of bacterial exoenzymes by clay could limit
bacterial production. The montmorillonite used in these
experiments contained little adsorbed organic matter and
its potential for adsorption was maximal in our experi-
ments. In natural systems, montmorillonite clay is asso-
ciated with adsorbed organic matter and its adsorptive
potential is reduced. Therefore, the negative effect of
montmorillonite clay on bacterial production must be less
severe than found in this study.

When Elledge Lake Basin or montmorillonite clay
with composite leachate adsorbed was added to lake 
water, the result was a marked increase (to +100%) in
bacterial production. These increases are likely a result
of a combination of desorption of organic matter from
the clays and bacterial utilization of adsorbed organic
matter. Since the concentration of organic matter is typ-
ically higher in soils (the origin of clay) than in lentic or
lotic waters, the organic matter adsorbed on clay will
partly desorb in receiving waters. This desorption of 
organic matter can be expected to stimulate bacterial
production.

The experiments of this study support the importance
of clay mineral as a transport mechanism for soil organic
matter transfer from the drainage basin to an aquatic 
system. Both Elledge Lake basin and montmorillonite
clays are capable of adsorbing a variety of leaf litter
leachates, producing very small particulate organic matter
that can be transported readily. The transport of this ad-
sorbed organic matter can potentially desorb sufficiently
to account for observed increases in DOC following
storm inflows. In addition, some transport of DOC occurs
directly from the drainage basin in soluble forms. Once
the DOC-clay aggregates enter the aquatic system, the
small particle size will help maintain the aggregates in the
water column for prolonged periods of time, increasing
the potential for exposure to sunlight and photodegrada-
tion. In addition to the photodegradation of organic matter
to DOC, sunlight facilitated the release of adsorbed or-
ganic matter from montmorillonite clay. It is clear that the
role of clay minerals in ecosystem energy transfer is im-
portant in waters with significant inorganic turbidity.
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