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Abstract

The sorptive properties of pore water organic matter and organic matter easily extracted from marine sediments were
Ž .examined in a series of batch adsorption and desorption experiments. Pore water natural organic matter pNOM and easily

Ž . Ž .extracted natural organic matter eNOM were isolated from Sinclair Inlet, WA USA sediments. The NOM fractions were
concentrated ;9 times via rotoevaporation and then sorbed to, and desorbed from, organic-free sediment, sediment size

Ž .fractions 63–250, 38–63 and -38 mm , montmorillonite and iron oxide. Sorption isotherms of pNOM varied little with
Ž . Ž .changing sediment grain size or mineralogy, and Freundlich linearity coefficients n were all near 1 range 0.65–1.15 .

eNOM was more heterogeneous in its sorption to the various surfaces, having a wider range of linearity coefficients
Ž . Ž .0.38–1.36 and a greater tendency to sorb to the montmorillonite. Average partition coefficients K for the pNOM andd

Ž y1.eNOM were small 0.1"0.04 and 0.08"0.03 l g , illustrating only a low affinity for the surfaces. Hystereses observed
in the desorption isotherms relative to the adsorption isotherms extrapolate back to the origin, suggesting that the sorption of
NOM was reversible. A multiple-component model fit to the sorption and desorption data suggests that both the pNOM and
eNOM fractions can be described as ;1:2 mixtures of two components with average K ’s of 3.2 and 0.02 l gy1,d

respectively. This result was confirmed in a cumulative adsorption experiment, where less than 40% of the pNOM was
found to be surface-reactive. The overall similarity of the sorptive properties of pNOM and eNOM suggest that the two
isolates are subgroups of a single sedimentary NOM pool. At natural sediment porosities between 0.5 and 0.95, pNOM is
buffered by a surface-bound eNOM pool that is many times larger than the pNOM pool with which it is undergoing
exchange. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sorption to particle surfaces can play an important
role in controlling the distribution and bioavailability
of many organic compounds in aquatic systems
ŽSugai and Henrichs, 1992; Gordon and Millero,

) Corresponding author. Tel.: q1-206-616-1947. E-mail:
rickkeil@ocean.washington.edu

.1985; Gu et al., 1996 . In marine sediments this may
be of general importance because spatial surveys
show a strong relationship between mineral surface

Žarea and total organic matter content Mayer, 1994;
.Keil et al., 1994; Hedges and Keil, 1995 that is

consistent with most organic matter in coastal marine
sediments being sorbed to mineral surfaces. If this is
the case, then a significant fraction of the sedimen-
tary organic matter could have passed through the

0304-4203r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII S0304-4203 98 00018-8



( )C.A. Thimsen, R.G. KeilrMarine Chemistry 62 1998 65–7666

dissolved phase before undergoing remineralization,
Ž . Ždiffusion out of the sediment or sorption Hedges

.and Keil, 1995; Pedersen, 1995 .
Although the surface reactivity of many specific

Žorganic molecules in sea water is known Hedges,
1977; Sansone et al., 1987; Kirchman et al., 1989;

.Henrichs and Sugai, 1993; Wang and Lee, 1993 , the
general surface reactivity of natural organic matter in

Ž .pore waters pNOM is not. Hypothetically, pNOM
should contain components that are not surface reac-
tive as well as marginally surface reactive compo-
nents that are buffered by their sorbed counterparts
Žand presumably undergoing constant thermody-

.namic exchange . While components with high parti-
tion coefficients may be present, their concentrations
in pNOM would presumably be only a small per-
centage of the total pore water organic pool except

Ž .under extreme conditions Henrichs, 1995 . For ex-
ample, in a sediment with a porosity of 0.75 and
three organic components in equal proportions with

Ž y1 .partition coefficients l kg of As0.01, Bs0.1
and Cs1.0, at steady state the pNOM would be
composed of 89% component A, 10% B and 1% C.

This study specifically aimed to investigate the
surface reactivity of pNOM and the NOM that could
be easily extracted from the mineral matrix using

Ž .organic-free sea water eNOM . It was hypothesized
that the two NOM fractions would be similar in
surface reactivity, and that eNOM might be a com-
ponent in exchange with a fraction of the pNOM.
We did not attempt to investigate the tightly associ-
ated organic matter. Our observations indicate that
pNOM and eNOM associations with mineral sur-
faces are largely reversible and that the pNOM and
eNOM phases have similar affinities for mineral
surfaces and similar desorption profiles.

2. Materials and methods

Sediment was collected at the Sinclair Inlet Natu-
ral Wildlife Observatory, Puget Sound, WA, USA.
Sinclair Inlet is a small semi-enclosed, partially
mixed marine embayment on the eastern edge of the
Olympic Peninsula with a maximum water depth of
50 m and seasonal salinity variations of 24 to 30‰.
Freshwater input to Sinclair Inlet is limited to soil
run-off and one small creek. Sediment in the inlet is

Ž .predominately coarse to fine silt 60% with moder-

Ž . Ž . Žate sand 25% and clay 15% contents based on
.mass . Sediment and sediment pore water was col-

lected in the tidal flat during a neap tide on August
14, 1995 at the south-western edge of the inlet. The
sampling location was at the low water boundary,
and thus the sediment interface was exposed to air
only monthly rather than daily. Teflon spatulas were
used to collect sediment which was placed in cleaned
polypropylene containers and transported directly to
the laboratory. Approximately 16 kg of sediment was
collected. Sediment was stored at 108C overnight
until pore water extraction began. All glassware was
cleaned with a sodium phosphate solution, rinsed
with distilled water, and muffled at 4008C for 12 h.

ŽAll plastic ware polycarbonate centrifuge tubes,
.Teflon transfer vials, etc. was cleaned with the

phosphate solution, rinsed copiously with distilled
water, soaked overnight in a 10% HCl bath and
rinsed again.

2.1. Pore water extraction and NOM concentration

Pore water was separated from sediment via cen-
trifugation at 3500=g for 15 min in 250 ml poly-
carbonate centrifuge tubes using a Sorvall SS-3 cen-
trifuge. Following removal of the pore water, an
equivalent volume of ultraviolet-oxidized sea water
Ž .25‰ salinity was added to the tubes and the tubes
were homogenized, allowed to sit for 1 h in a
refrigerator and centrifuged again. Total pore water
and extracted water volumes were approximately 4.5
l each. The pNOM and eNOM solutions were poi-
soned with HgCl at a final concentration of 0.001 g2
y1 Ž .l before rotoevaporation—see below to prevent

Ž .microbial growth Wang and Lee, 1993 and stored
separately at 28C. Although HgCl is a strong com-2

plexing agent and could potentially influence NOM
sorption, concern about microbial effects on sorption
prompted use of the poison. In a control experiment
using NOM sterilized by ultrafiltration with and
without added poison, no adverse effect on sorption

Žwas observed when using the HgCL Keil, unpub-2
.lished data . Similar results were observed by Wang

Ž .and Lee 1993 . The lack of a measurable Hg–NOM
complexation effect may be due to complexation of
the added mercury with Cl and competition between
added Hg and the Ca and Mg ions in seawater for
NOM binding sites.
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Table 1
Ž .Pore water and extracted water salinities, NOM concentrations and C:N ratios, and concentration factors Cf for materials isolatedatomic

from Sinclair Inlet sediments

Ž .Initial DOC Final DOC Cf C:N Initial Salinity Final Salinity Cf Initial sedimenta
y1 y1 Ž . Ž .mg C l mg C l ‰ ‰ porosity

pNOM 15.3"0.03 138"3 9.0 17.5"1.2 24 220 9.2 0.49
eNOM 20.6"0.2 175"9 8.6 17.8"3.7 24 210 8.7 0.49

After isolation, the NOM extracts were concen-
trated by rotoevaporation. Prior to concentration, a
Millipore Minitan tangential-flow ultrafiltration unit
fitted with a 0.2 mm filter was used to eliminate
large material. The pNOM and eNOM had initial

Ž .dissolved organic carbon DOC concentrations of
15.3"0.03 mg C ly1 and 20.6"0.2 mg C ly1,
respectively. A high-temperature combustion system
Ž .Shimadzu TOC-5000 was used to obtain all DOC
measurements. Using a Buchi Rotavapor at a vac-¨
uum setting of 27–30 mg Hg and a water bath
temperature of 26–308C, the NOM solutions were
concentrated to 138"3 and 175"9 mg C ly1,

Ž .respectively Table 1 . The pNOM and eNOM were
concentrated to a final volume of ;0.45 l. No
contamination of the NOM was detected during the
concentration procedure; final concentrations of
NOM agreed to within 10% of the expected concen-
tration given changes in volume and salt content
Ž .Table 1 .

2.2. Sediment preparation

Approximately 1.5 kg of bulk sediment was saved
during the extraction phase and stored frozen. In

order to observe any size related adsorption differ-
ences the sediment was wet sieved into the following

Ž . Žsizes: 250–63 mm fine sand , 63–38 mm coarse
. Ž .silt , -38 mm fine silt and clay; Table 2 . Prior to

fractionation the sediment was rinsed with distilled
water to remove excess salt. Bulk and fractionated
sediments were then freeze-dried and organics were
removed by slow oxidation in an aerated oven at

Ž .3508C for 12 h Keil et al., 1997 . After cleaning, the
quantity of remaining organic matter was estimated
by CHN analysis to be less than 0.05% OC, and the
solubility of this residual was within the sorption
experimental error. The BET surface area of the
samples was obtained using nitrogen gas with a
Micromeritics ASAP-2010C surface area analyzer
Ž .Table 2 . The dominant mineralogy of Puget Sound
sediments is quartz, feldspars, and chlorites. Clay-
sized fractions are dominated by quartz and expand-

Ž .able clays e.g., montmorillonite; Brundage, 1960 .
Two additional minerals were used in the adsorp-

tion and desorption experiments. Montmorillonite
Ž .standard number 48 W 1270 was obtained from

Ž .Ward’s Natural Science Establishment, and Iron III
Ž .Oxide Fe O ; Puratronic grade 99.99% was ob-2 3

Table 2
Sinclair Inlet sediment data and data for the two mineral standards

Ž .Fraction of total TOC TN C:N BET surface areaatomic
2 y1Ž .m g

250–63 mm 25 1.57 0.08 21.6 2.5
63–38 mm 50 1.19 0.07 19.2 2.7
-38 mm 25 1.95 0.17 14.0 8.0
Bulk NA 1.84 0.12 17.7 5.9
Montmorillonite NA NA NA NA 25.7
FeOxide NA NA NA NA 13.1

Ž . Ž .Grain size distribution mass fraction in each size class , CHN results for each size class TOC, TN, C:N ratio and nitrogen-specific mineral
SA data for each size class. NA is non-applicable.
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tained from Alfa. The montmorillonite was homoge-
nized with a ceramic mortar and muffled for 12 h at
3508C to remove organics. The average surface area
was 26.6 m2 gy1. No further purification was done
on the iron oxide, the average size was between 10
and 20 microns and the surface area was 13.1 m2

y1 Ž .g Table 2 .

2.3. Adsorption and desorption isotherms

In order to assess the time necessary to reach
steady state, an experiment was conducted in which
multiple tubes were prepared at an initial eNOM

y1 Ž .concentration of 175 mg C l see below . Repli-
cate tubes were incubated for varying amounts of
time between 0 and 48 h. Results indicated that
sorption reached stable values within 1 h and that
incubating samples for longer periods of time did not

Žsignificantly change adsorption densities data not
.shown . For all subsequent adsorption studies, an

incubation time of 2 h was used.
ŽTo determine whether changes in salinity 0–

.200‰ significantly altered the adsorption behavior
of organic matter in sea water, two control experi-
ments were conducted. The protein BSA, and eNOM

Žthat had been desalted by ultrafiltration 1000 Da
.membrane , were sorbed to montmorillonite at vary-

ing concentrations in a solution of constant salinity
Ž . Ž25‰ and in a solution of increasing salinity 25–

.200‰; using sea salts . Sorption of BSA and de-
salted eNOM to montmorillonite was not affected by

Žchanges in salinity within the tested range data not
.shown , indicating that the sorption isotherms gener-

ated were not likely to be significantly influenced by
the changing salt concentrations.

Adsorption and desorption experiments were con-
ducted using combinations of pNOM, eNOM, or-
ganic-free bulk sediment, sediment size fractions,
montmorillonite and iron oxide. Prior to incubating
NOM in the presence of mineral, a mineral slurry
was prepared by adding 300 mg of sediment to 15
ml ultraviolet-oxidized sea water. Under constant
vigorous stirring with a stir bar, 0.5 ml of slurry was
pipetted into duplicate 4.5 ml solutions of either

ŽpNOM or eNOM final concentration of solids; 2 g
y1 .l . The range of initial NOM concentrations was 0

to 175 mg ly1. The tubes were vortex mixed and
then shaken for 2 h. After incubation, the tubes were

centrifuged for 20 min at 12 500=g, the supernatant
was removed with a syringe, and then filtered through
a pre-combusted Whatman GFrF filter into clean
glass vials for subsequent DOC analysis. Isotherms
were constructed by comparing the DOC concentra-
tions at steady state to the sorbed NOM concentra-
tion calculated by difference between initial and final

Ž .DOC concentration e.g., Fig. 1 .
Sediments from adsorption experiments with

sorbed NOM were used for desorption experiments.
Desorption measurements were conducted immedi-
ately following adsorption experiments. In no case
did more than 24 h elapse between adsorption and
desorption measurement, the average delay between

Ž .adsorption and desorption was 12 h overnight .
Samples were stored cold at 28C between experi-
ments. For desorption, the ratio of solid to liquid was
kept the same as in adsorption experiments. Ultravio-

Žlet-oxidized sea water NOM concentrations -0.05
y1 .mg C l was added to a wet bed of sediment from

an adsorption experiment and the sediment was dis-
persed by vortex mixing. The tubes were then shaken
for 2 h and centrifuged. The supernatant was re-
moved, processed for DOC analyses as above, and
replaced with clean water. This was repeated three
times. The concentration of desorbed NOM was
measured as the amount of DOC in the water at each
step.

The cumulative sorptive properties of pNOM
were evaluated by incrementally exposing pNOM to
clean surfaces. Starting with an initial pNOM con-

y1 Ž .centration of 123 mg C l , sediment 38–63 mm
was added at a final concentration of 2 g ly1 and
equilibrated for 2 h. After equilibration, the sediment
was removed by centrifugation, a subsample was
withdrawn for DOC analysis, and new sediment was
added at the same solid:solution ratio. This proce-
dure was repeated until DOC concentrations had
levelled out and no more sorption was detectable.
The NOM fraction remaining in the solution is func-
tionally regarded as non-adsorbing. eNOM was not
evaluated due to a lack of available material.

All adsorption and desorption experiments were
conducted at 258C in oxic conditions. No attempt
was made to adjust the pH of the pore water or
easily extracted solutions, and all adsorptionrdesorp-
tion experiments were conducted at a normal marine

Ž .pH ;7.8 .
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2.4. Mathematical treatment of data

The adsorption data were fit to the Freundlich
equation:

C sK C n 1Ž .ads f dis

where C is the adsorbed concentration, C is theads dis

dissolved concentration, K is the Freundlich adsorp-f

tion coefficient which is related to the adsorption
capacity of the mixture and n is the linearity coeffi-
cient. The linearity coefficient indicates whether
sorption dynamics change as a function of solution
concentration. If n)1, sorption increases with in-
creasing solution concentration. At n-1, sorption

Ždecreases with increasing concentration e.g., Lang-
.muir-type isotherms . The Langmuir equation was

not used because saturation of surfaces was not
observed, and thus the Freundlich equation provides
a better empirical fit to the data. Adsorption partition

Ž .coefficients K for the linear portions of thed
Žisotherms typically through the concentration range

y1 .of 0–60 mg l were calculated using the standard
least squares equation and are expressed in units of l
gy1.

Desorption data were treated in two ways. The
total dataset for either pNOM or eNOM was re-
gressed using the least squares equation where the

Žslope is the desorption partition coefficient K ; ldes
y1 .g and the y-intercept is a measure of the maxi-

Žmum amount of ‘irreversible’ sorption assuming no
.curvature in the desorption isotherm . Additionally,

individual desorption isotherms were modeled using
the desorption isotherm equation presented by Gu et
al., 1995:

K C Cq ads max dis
C s 2Ž .ads hK C q C rCŽ .q dis dis dis max

where K is the surface excess-dependent affinityq

parameter, C is the maximum amount of NOMads max

adsorbed before commencement of desorption,
C is the maximum concentration of dissolveddis max

NOM before commencement of desorption, and h is
the hysteresis coefficient. The parameter h is con-
fined to a range of 0–1, where a value of zero
represents completely reversible sorption, and one
represents completely irreversible sorption given the
conditions employed.

Since NOM is a heterogeneous mixture of differ-
ent organic components, a multiple-component model
was used to evaluate the coupled sorptionrdesorp-
tion data and the cumulative sorption data. For the
coupled sorptionrdesorption data, it was assumed
that sorption was reversible, and that any hysteresis
between adsorption and desorption was due, in part,
to loss of the least surface-reactive fractions when
the equilibrated sediment was isolated from the wa-
ter used for sorption and exposed to clean sea water
at the beginning of the desorption experiment. Given
these assumptions, two equations describing the
sorption and desorption isotherms can be evaluated
for the least number of terms that constrain both
equations. For adsorption of a heterogeneous mixture
of components,

K sÝK f 3Ž .dŽobs. dŽ i. iŽ t.

where K is the observed partition coefficient ofdŽobs.
the NOM, K is the partition coefficient of the i th

dŽ i.
component, and f is the fraction of the total NOMiŽt.
in the system that is composed of component i. For
desorption of a previously equilibrated mixture of
heterogeneous components,

K sÝK f 4Ž .desŽobs. dŽ i. iŽs.

where K is the observed desorption partitiondesŽobs.
coefficient and f is the fraction of all sorbediŽs.
NOM that is composed of component i in the system
at the beginning of the desorption experiment. The
two equations can be solved for the fewest compo-
nents that describe both equations.

For the cumulative sorption experiment, the shape
of the resultant sorption profile can be modeled as,

C sÝ f ŽyK dŽ i. X . 5Ž .dis i

where X is the cumulative mass of sediment ex-
posed to the NOM. Mathematically, this is the equiv-
alent of multi-G modeling of organic matter diagene-
sis. Discrimination of significant trends from the data
set was made by comparing standard deviations of
various parameters using Student’s t-test.

3. Results

To generate isotherms, a 2 h incubation period
was used to allow the NOM to come into steady
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Fig. 1. Pore water NOM adsorption isotherms for the various
mineral classes. Lines represent Freundlich isotherm model fits to
the adsorption data. Data points represent the average of duplicate

Ž .or triplicate analyses at each solution concentration. A Plotted
Ž .normalized to sediment weight. B Plotted normalized to sedi-

ment surface area.

state. Previous studies have shown that most model
compounds and riverine NOM come to steady state

Žwithin minutes when reacted with surfaces Kirch-
man et al., 1989; Wang and Lee, 1993; Day et al.,

.1994 . We tested the validity of this assumption by
monitoring sorption densities over a 48 h period and
observed that sorption did indeed reach constant
levels in minutes. Thus, while the potentially hetero-
geneous composition of NOM may be undergoing

Ž .competitive exchange Gu et al., 1996 , steady-state
values for total NOM sorbed can be reliably obtained
by using a 2 h reaction time. During sample precon-
centration, salts were also concentrated, potentially
complicating NOM sorption isotherms because each
NOM concentration had a corresponding salinity and
ionic strength. The possible influence of solution
ionic strength was evaluated by sorbing desalted

eNOM and a protein to montmorillonite under both
constant and changing salinities. Although the
isotherms for the protein and the desalted eNOM
were very different from each other, neither the
protein nor the eNOM exhibited a change in isotherm
as a result of changing salinity, indicating that there

Ž .was no discernible salt effect data not shown .
Adsorption isotherms for pNOM and the Sinclair

Inlet mineral size classes, montmorillonite and iron
oxide are nearly linear over a DOC concentration

y1Ž .range of 0–120 mg C l Fig. 1a . On a mass-
weighted basis the substrates adsorb approximately
the same amount of pNOM. Freundlich coefficients
Ž .K range from 0.05–0.43 and linearity coefficientsf
Ž . Ž .n cluster in a range from 0.65–1.15 Table 3 .

Ž .Partition coefficients K for the pNOM are uni-d

form and range from 8=10y3 ml mgy1 to 12=
y3 y1Ž .10 ml mg Table 3 . On a mineral surface area-

Ž y2 .basis expressed in units of mg C m , the amount
sorbed is highest for the 38–63 and 63–250 mm

Ž .fractions Fig. 1b . The bulk sediment and the -38
mm fraction sorb intermediate amounts and the
montmorillonite and iron oxide sorb the least.

Sorption isotherms for eNOM are not as uniform
Ž .as the pNOM isotherms Fig. 2 . Only sorption of

eNOM to the iron oxide, -38 and 38–63 mm
fractions resulted in isotherms that were similar to

Table 3
Results of adsorption isotherms for the pNOM and the eNOM

K n Kf d

pNOM clean bulk sediment 0.08 1.06 0.12
63–250 mm 0.05 1.15 0.10
38–63 mm 0.11 1.07 0.15
-38 mm 0.11 1.00 0.12
Montmorillonite 0.43 0.74 0.12
Iron oxide 0.41 0.65 0.13

eNOM clean bulk sediment 1.82 0.38 0.08
63–250 mm 0.98 0.42 0.09
38–63 mm 0.08 1.13 0.01
-38 mm 0.04 1.19 0.10
Montmorillonite 0.07 1.36 0.33
Iron Oxide 0.91 0.59 0.22

Ž .Freundlich adsorption coefficients K and partition coefficientsf
Ž .derived from least squares linear regression K are expressed ind

units of l gy1. One standard deviation was typically less than ten
percent of the value. The linearity coefficient of the Freundlich
isotherm is expressed as n, and has a standard deviation of
approximately fifteen percent of the estimated value.
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Fig. 2. Easily extracted NOM adsorption isotherms for the various
Ž .mineral classes. Lines and data as in Fig. 1. A Plotted normal-

Ž .ized to sediment weight. B Plotted normalized to sediment
surface area.

those for pNOM. Sorbed eNOM concentrations
Žreach a plateau on the 63–250 mm size class Fig.

. Ž2a , which results in low linearity coefficients Table
.3 . On a carbon weight basis, eNOM was most

Ž .reactive toward the montmorillonite Fig. 2a . When
normalized to mineral surface area, similarly to the
pNOM, sorption of eNOM was highest on the 38–63
and 63–250 mm fractions and lowest on the mont-

Ž .morillonite and iron oxide Fig. 2b .
Desorption experiments were conducted using

sediment containing sorbed NOM at the end of the
adsorption experiments. Typically three concentra-

Žtions were chosen for consecutive desorption Table
.4 . In all cases a hysteresis was observed between

the adsorption and desorption steady state values
Ž .Fig. 3a . Despite sorption to different minerals and
size fractions, all the desorption data curve toward
the intercept in a manner suggestive of reversible
sorption. To determine if sorption was reversible

under the conditions employed, the desorption data
were treated in two ways. Data were fit to the
desorption isotherm described by Gu et al., 1995.
This model was chosen because the desorption data
appear to curve toward the origin in a manner consis-

Ž .tent with a Langmuir-style isotherm Fig. 3 . Fits to
Žthis model provide a hysteresis coefficient, h Gu et

Table 4
Ž y1 .Desorption affinity coefficients K ; mg l , derived from leastdes

squares linear regression, for experiments in which sequential
desorption steps were conducted

Substrate DOC Ki des

pNOM clean bulk sediment 165 0.18"0.11
150 0.14"0.05
75 0.28"0.03

63–250 mm 165 0.20"0.06
150 0.17"0.08
75 0.28"0.08

38–63 mm 165 0.19"0.05
150 0.27"0.01
75 0.30"0.04

)38 mm 165 0.35"0.03
150 0.24"0.07
75 0.35"0.07

Montmorillonite 165 0.10"0.01
150 0.24"0.05

Iron Oxide 165 0.28"0.11
150 0.32"0.11
75 0.65"0.07

Combined average NrA 0.45"0.01
eNOM clean bulk sediment 175 0.15"0.05

150 0.10"0.03
63–250 mm 175 0.14"0.03

150 0.39"0.05
100 0.11"0.05

38–63 mm 175 0.20"0.03
150 0.20"0.06
75 0.30"0.03

-38 mm 175 0.21"0.03
150 0.21"0.02
75 0.30"0.08

Montmorillonite 175 0.17"0.04
150 0.15"0.04

Iron Oxide 175 0.37"0.01
150 0.34"0.27
75 0.62"0.23

Combined average NrA 0.48"0.02

DOC is the initial concentration of DOC added to the minerali
Žphase prior to desorption the initial sorbed NOM concentration

was calculated from this value by difference after sorption—see
.Section 2 . Combined averages derived from least squares linear

regression of combined desorption plots in Fig. 3.
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Ž .Fig. 3. Desorption isotherms for pNOM and eNOM. A Isotherms
for eNOM adsorbed to and desorbed from -38 mm sediment.

Ž .The dashed lines are curve fits generated by using Eq. 2 . The
solid line denotes the Freundlich fit to the adsorption isotherm.
Ž .B Freundlich fit to all the desorption data conducted using

Ž .pNOM and various mineral classes. C Same as B except data
plotted are for desorption isotherms of eNOM. Dashed lines mark
data sets that contain points that do not all fall along the visual
trend.

.al., 1995 . Hysteresis coefficients range from 0–0.1.
This suggests that the desorption was largely re-
versible, but allows for some irreversible sorption,
especially by the eNOM.

Since all the pNOM and eNOM desorption data
appear to fall along a single line regardless of solid
substrate, single Freundlich isotherms were calcu-
lated using all the desorption data for the pNOM or

Ž .eNOM Fig. 3b and c . Application of the Freundlich
equation to the desorption isotherms provides K fŽdes.
and n values of 0.3 and 1.05 for pNOM and 0.4des

and 1.0 for eNOM, respectively. Desorption parti-
Ž .tion coefficients K for both pNOM and eNOMdes

are 0.7"0.1 and y-axis intercepts are not signifi-
Ž .cantly different from zero Fig. 3b,c . These two

observations also suggest that desorption was largely
reversible.

Considering that NOM is a heterogeneous mixture
of components, and assuming that sorption is largely

Žreversible as suggested by both the above treatments
.of the desorption data the combined adsorptionrde-

sorption data can be coupled and treated together.
During sorption, the fraction of NOM remaining in
solution at steady state is a product of the K ’s andd

mass fractions of each component in the mixture and
the porosity of the solution. In a simple system, it is
likely to be dominated by the components with the

Žlowest K ’s unless the high K components ared d
.present in large excess . When the NOM in solution

is removed and the desorption experiment is started
by adding NOM-free solution, only NOM that was
sorbed can be released into the new solution. In a
simple system, this sorbed component will be rich in

Žcomponents with higher K ’s unless the low Kd d
.components are in large excess . The result is that

the desorption isotherm shifts from the sorption
isotherm to represent a balance of the components

Ž .with higher K ’s an apparent hysteresis is observed .d

That is, the sorption isotherm is an average of all the
NOM, whereas the desorption isotherm is an average
of only the components on the surface at steady
state, which will likely be dominated by components
with higher K ’s than the average of the bulk NOM.d

Ž . Ž .Using Eqs. 3 and 4 , the pNOM and eNOM data
were independently evaluated for the least number of

Ž .component fractions that would satisfactorily "5%
model the data. For the pNOM, two components
with average K ’s of 3.3 and 0.02 and mass fractionsd

of 0.19 and 0.81 best fit the data. For the eNOM,
similar values of K s3.15 and 0.02 and massd

fractions of 0.20 and 0.80 were estimated.
When pNOM was equilibrated incrementally with

sediment, dissolved NOM concentrations decreased
rapidly for the first 6 g ly1 of added sediment, but

Ž .then diminished Fig. 4 . Approximately 75% of the
pNOM did not sorb to the surfaces. Fitting the data

Ž .to Eq. 5 results in a mixture of NOM components
that can be constrained by 2 components with K ’sd

of 3.25 and 0.02 and mass fractions of 0.21 and 0.79.
These estimates are the same as that predicted based
on the coupled sorptionrdesorption data and suggest
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Fig. 4. Incremental sorption of pNOM to sediment in the 38–63
mm size fraction. Initial concentration of pNOM was 123 mg C
ly1 and pH was held constant at ;7.8. CrC is the fraction of0

pNOM in solution at any step. The curve fit represents the
summed sorption of a two-component mixture containing compo-
nents with K ’s of 3.25 and 0.02 and mass fractions of 0.21 andd

0.79.

that the heterogeneity of pNOM can be described by
two components with very different K ’s.d

4. Discussion

The sorptive behavior of sedimentary NOM con-
tributes to its microbial reactivity, physical partition-
ing and mobility, and ultimately to its preservation
Ž .Wang and Lee, 1993; Henrichs and Sugai, 1993 .
While previous studies have investigated the effects
of organic-mineral interactions using model com-

Žpounds Gordon and Millero, 1985; Sugai and Hen-
.richs, 1992 , there have been no prior evaluations of

the sorptive characteristics of sedimentary dissolved
NOM. This study evaluates the surface reactivity of
pore water NOM after isolation and concentration of
the NOM.

Except for slight saturation of sorption to iron
oxide, sorption of pNOM did not change substan-
tially with changes in sediment mineralogy or grain
size, and was independent of mineral surface area
Ž .Fig. 1; Table 3 . This suggests that the pNOM was
not substrate-specific in its sorptive behavior and
was not sorbing in direct response to available sur-
face. The dominant mineralogies of the sediment size

Ž .fractions quartz, feldspars and montmorillonite

would all have a net negative charge before the
Ž .addition of the NOM Stumm, 1992 . Only the iron

Ž .oxide Fe O would have a charge that was either2 3
Žnearly neutral in sea water at a pH of ;7.8 Stumm,

.1992 . Coincidentally, the only substrate with a sig-
nificant deviation was the iron oxide. It may be that
sorption of the pNOM to iron oxide was slightly
lower than for the other minerals due to the differ-

Ž .ence in net surface charge. Skoog et al. 1996
hypothesized that since the sorption of organic mat-
ter to oxides was strongly pH dependent and de-
creases with increasing pH, sorption of NOM to
oxides at a pH ;7.8 would be low. However, Keil

Ž .et al. 1998 compared the molecular composition of
sedimentary organic matter in sediment size fractions
to the dominant mineralogies of each fraction and
determined that there was no clear mineralogical
effect. Although surfaces were cleaned prior to ex-
perimentation, it is possible that residual oxide coat-
ings on the surfaces contributed to their similar
sorptive characteristics. Another explanation for the
similarity in sorption across the mineral size classes
is that a strongly-sorbed minor component of the
NOM dominates initial sorption and determines the
remaining sorptive properties. Finally, the results
presented here are also consistent with nucleation-
driven precipitation, in which the presence of added
sediment helps drive precipitation of the NOM. The
relatively large scatter in the data, especially for the
pNOM, do not allow discrimination between sorp-
tion and precipitation, but the conclusions drawn for
the concentrated NOM solutions remain valid regard-
less of which mechanism is operating.

Partition coefficients for pNOM sorption are low
y1 Ž .and average only 0.1 l g Table 3 . Most com-

pounds that have been evaluated for their sorptive
characteristics have much higher partition coeffi-

Ž .cients in sea water Henrichs and Sugai, 1992 . A
Žcommon range for partition coefficients ignoring

.any solid-to-solution ratio variations is 0.1–1000
Ž .Henrichs and Sugai, 1992 . Thus, relative to many
model compounds, the average K for pNOM sug-d

gests a component that is not strongly surface reac-
tive.

Overall, the sorptive characteristics of the eNOM
were similar to those of pNOM in that partition
coefficients were low, Freundlich linearity coeffi-
cients were near one, and the iron oxide sorbed
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slightly lower quantities than the other mineral
phases. However, both the bulk sediment and the
250–63 mm size fraction had isotherms that leveled

Ž .out with respect to sorption of NOM Fig. 2 . This
indicates that the surfaces of these two sediment
fractions were becoming saturated with NOM. Inter-
estingly, the maximum quantity of eNOM sorbed by

Ž y1 .these two fractions 5–10 mg C g is roughly
equivalent to the common organic carbon content of
many sandy sediments.

The pNOM and eNOM were isolated from an
anoxic sediment, but sorption experiments were con-
ducted under oxic conditions. There is no physio-
chemical reason why redox conditions should affect

Žthe sorptive properties of organic matter Stumm,
.1992 . However, Wang and Lee, 1993 suggested that

there may be a redox effect during the partitioning of
organic matter in marine sediments. They observed
higher amounts of lysine sorption to natural sedi-
ments under oxic conditions, suggesting that reduc-
ing sediments may, for some reason, sorb less or-
ganic matter than oxic sediments. Rather than being
due to a direct redox effect, changes in sorption are
most likely related to changes in mineral character-
istics that are redox-sensitive. Under reducing condi-
tions, the primary forms of amorphous mineral phases
are sulfides, which exhibit low surface reactivities
Ž .Stumm, 1992; Luther, personal communication , and
are likely to contribute substantially to sediment
surface area. Under oxic conditions, amorphous min-
eral phases are dominated by oxy-hydroxides, which
tend to have high surface reactivities depending on

ŽpH Mazet et al., 1990; Schlautman and Morgan,
.1994 . The affinity of pNOM and eNOM to sulfides

was not assessed here. However, there was little
difference in the sorption characteristics of the NOM
pools as a function of mineralogy. This suggests that
sorption to sulfides might also have been similar,
although that remains to be evaluated.

In order to evaluate sorption reversibility, consec-
utive desorption experiments were conducted. For all
the experiments, a hysteresis was observed between

Ž .the adsorption and desorption isotherms Fig. 3a . At
first glance, it appears that the sorbed NOM was not
readily desorbed and that there was an irreversibly
bound fraction of NOM. However, there is curvature
in the isotherms, and application of a desorption

Ž .model fit to the data Gu et al., 1995 illustrates that

the desorption isotherms have a strong inflection
toward the origin, suggesting that although the sorp-
tion and desorption paths are distinct, most NOM is

Ž .reversible sorbed Fig. 3a; Table 4 . This observation
also comes from the single characteristic line that

Ž .both pNOM and eNOM data fall along Fig. 3b, c .
Extrapolation of the line to the y-intercept yields an
intercept indistinguishable from zero, indicating that
the NOM was reversibly sorbed. The tight fit of both
the pNOM and eNOM desorption data to a single
line suggests that the desorbing NOM is similar for
the two original NOM fractions. This is evidence
that pNOM and eNOM are undergoing exchange
and comprise fractions of the same NOM pool.

Hystereses are typically interpreted as the result
of changes in sorptive mechanism between the time
of sorption and desorption that result in decreased
kinetics of desorption relative to adsorption. How-
ever, for heterogeneous NOM, hysteresis may result
from the heterogeneity in the system and the
methodology employed. Fits of the data to a multi-
component model suggest that the hysteresis result
from a mixture typified by two components with
very different K ’s. We do not suggest that there ared

only two components in the NOM isolates, rather,
the calculation is intended to illustrate that apparent
hysteresis can be explained by NOM heterogeneity.
Extension of these data to a continuous distribution

Ž .model Perdue, 1990 would likely illustrate a con-
tinuum of K ’s with decreasing abundance as Kd d

increases. The functionality of a two-component
‘solution’ to the dataset is that the rough proportions
of surface-reactive and surface-indifferent compo-
nents can be gauged. Similar results are obtained in

Ž .the cumulative sorption experiment Fig. 4 . Both
analyses suggest that approximately 75% of the
pNOM has a K -0.02 and that ;25% has a Kd d

in the range of one or more.
In summary, pNOM and eNOM have similarly

low partition coefficients for sorption and identical
desorption isotherms and desorption partition coeffi-
cients. This supports the hypothesis that pore waters
contain NOM components that are poorly reactive
toward surfaces, but because of the high solid-to-
solution ratios observed in sediments, a large compo-
nent is reversibly sorbed, and this component buffers
and influences the concentrations and mobilities of
NOM in marine pore waters. The results of this



( )C.A. Thimsen, R.G. KeilrMarine Chemistry 62 1998 65–76 75

Žstudy are consistent with earlier work Henrichs,
.1993 on organic matter in marine sediments and

strengthen the accumulating evidence that sorption is
an important component that influences the potential
fate of NOM in marine sediments. Our results illus-
trate how closely the solid and solution NOM pools
can interact, and suggest that the diffusion of pNOM
through pore waters may be hindered by organic–
organic interactions which are not routinely ac-
counted for in studies of NOM diffusion. While
experiments using either tracer compounds or bulk
NOM are a useful and necessary step toward under-
standing the dynamics of NOM in marine sediments,
further work must focus on identifying specific com-
ponents of NOM in complex mixtures and evaluating

Žtheir surface reactivities and the effect of surface
.interaction under in situ conditions. Additionally,

current knowledge of the surface reactivity of the
strongly surface-associated NOM is inadequate. Fur-
ther elucidation of the exact mechanisms of NOM-
sediment interactions will require examination of
these aspects.
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