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Most aquifer materials are heterogeneous in terms of
grain size distribution and petrography. To understand
sorption kinetics, homogeneous subfractions, either separated
from heterogeneous sands and gravels (lithocomponents)
or fragments of fresh rocks, have to be studied. In this
paper we present data on long-term sorption kinetics of
phenanthrene for homogeneous samples consisting of one
type of lithocomponents or fresh rock fragments in
different grain sizes. Diffusion rate constants were determined
in batch experiments using a numerical model for retarded
intraparticle pore diffusion and correlated to grain size
and intraparticle porosity of the lithocomponents. Sorption
isotherms were nonlinear for all samples investigated
(Kleineidam et al. (2)). The numerical model described the
sorption kinetics very well for coarse sand and gravels.
Tortuosity factors, which were obtained as final fitting factors,
agreed with Archie’s law predictions based on the
intraparticle porosity. The dependency of sorptive uptake
on grain size revealed that for smaller grains intrasorbent
diffusion may become significant. This is attributed to
relatively large particulate organic matter (POM) within
the sedimentary rock fragments. Specifically, charcoal and
coal particles, which were found in some of the sandstones,
controlled the sorptive uptake rates.

Introduction

Transport of hydrophobic organic contaminants in ground-
water often occurs under nonequilibrium conditions due to
very slow sorption/desorption kinetics of the solutes in the
aquifer material (2, 3) or in soils (4). In numerous studies it
has been shown that the time required to reach sorption
equilibrium or complete desorption can be months to years
(5—7). Limiting processes are hypothesized to be the retarded
diffusion in the intraparticle pore space (7—9) or the diffusion
into the soil organic matter (OM) (10—12). Also, restricted
diffusion in micropores may lead to slow sorption/desorption
processes (13—16). According to Weber and Huang (17) and
Leboeuf and Weber (18) condensed regions in soil organic
matter with properties similar to microporous aggregates
may be responsible for very slow sorption/desorption kinet-
ics. However, since every kind of sorption site is reached via
the intraparticle pores, it is in most cases not possible to
distinguish between the different processes. A summary of
slow sorption/desorption of organic compounds in natural
particles is given by Pignatello and Xing (19) and Luthy et al.
(20).

In the past intraparticle pore diffusion models have been
successfully used to describe the long-term sorption kinetics
in bulk samples (7, 9, 14). However, the tortuosity factors
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obtained by such models are much higher than expected
from empirical correlations based on the intraparticle
porosity (21, 22) even within one narrow grain size fraction.
It has been hypothesized that this is due to the heterogeneous
composition of aquifer materials (6, 23). In recent investiga-
tions the sorption and desorption of contaminants in
heterogeneous samples was successfully modeled using a
range of (log-normal or gamma distributed) kinetic param-
eters (24—27). This approach gives good agreement with
sorptive uptake in heterogeneous samples. An a priori
prediction of the distribution of the rate coefficients based
on independently determined properties of soil or sediment
samples is still not possible.

The objective of this work was to develop empirical
correlations which allow an a priori prediction of long term
sorption kinetics of organic pollutants in heterogeneous
sediments (aquifer materials) based on the intraparticle
porosity and equilibrium sorption capacity of homogeneous
constituents (lithocomponents) of the sample. Using this
information, sorptive uptake and desorption in heteroge-
neous mixtures can be successfully predicted (28). Further-
more, the impact of organic matter particle size and
composition on sorption kinetics was investigated (1) in order
to elucidate the controlling diffusion mechanisms (e.g. pore
diffusion vs intrasorbent diffusion).

Materials and Methods

Sampling. For the equilibrium sorption data and properties
of the samples used in this study (lithocomponents from
different gravel pits and the fresh rock fragments) we refer
to Kleineidam et al. (1). A list of the samples investigated is
given in Table 1. In brief, lithocomponents were separated
by visual appearance from aquifer sediments of alpine origin
(Huntwangen, Singen) and from the River Neckar Valley
(Horkheim) in SW — Germany. The fresh rock fragments
were sampled from homogeneous strata (outcrops) in the
source rock area of the River Neckar valley aquifer sediments
and have therefore not experienced any changes due to
weathering during transport of the sediment. For the
determination of the relationship between rate constants
and grain radii five different grain size fractions were used.
To get the same material in each grain size fraction, the rocks
were crushed, and the largest grain size (8—12.5 mm) was
sieved out. A small fraction of the coarse sieve fraction was
used in the kinetic experiments, the rest was broken again,
and the next smaller grain size fraction (4—6.3 mm) was
obtained, etc. Finally, the smallest grain size fraction was
obtained by pulverization of a part of the second smallest
fraction (0.125—0.25 mm) in a planet ball mill.

Sample Characterization. In addition to the organic
carbon content, carbonate content and specific surface area,
which are described in detail in Kleineidam et al. (1), the
solid density (ds), intraparticle porosity (¢), and pore size
distribution of the samples were determined. Pores were
classified according to the IUPAC (29): micropores: pore
width < 2 nm; mesopores: 2—50 nm; and macropores: >
50 nm. Solid density was measured with a Helium pycnometer
(accu pyc 1330, Micromeritics Inc., Norcross, GA). Intra-
particle porosity and pore size distribution in the mesopore
range was determined by nitrogen adsorption (ASAP 2010,
Micromeritics). The mesopore volume was determined from
the volume adsorbed up to arelative pressure of p/p, = 0.99.
Pore size distribution in the upper mesopore and macropore
range was determined by mercury intrusion (Autopore 9220,
Micromeritics). The combination of both methods, using
nitrogen adsorption in the mesopore (<50 nm) and mercury
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TABLE 1. Physical and Chemical Properties of the Lithocomponents and Rock Fragments

dominant POM-facies®/

lithocomponents grain size d [mm] €[] microporosity¢ [%] ds? [g/cm?] max. OM-diameter [gm]
Huntwangen
dark limestone (DLy) 2—4 0.0035 2.1 2.74 coal/40
dark sandstone (DSy) 2—-4 0.015 3.1 2.67 charcoal, coal/100
light limestone (LLy) 2-4 0.011 1.2 2.73 nd
light sandstone (LSy) 2-4 0.046 1.7 2.67 nd
igneous rocks (Mety) 2—4 0.004 nd 2.71 nd
quartz (Qz) 2—4 0.0014 nd 2.64 nd
Singen
dark limestone (DLs) 2—-2.5/4-5 0.0034 3.1 2.70 coal, charcoal/60
dark sandstone (DSs) 2—-2.5/4-5 0.016 3.0 2.70 charcoal, coal/150
light limestone (LLs) 2—2.5/4-5 0.0085 1.4 2.7 diverse OM/15—-50
Horkheim
triassic limestone (MsK) 2.5-3.25 0.0070 0 2.73 nd
jurassic limestone (JK) 2.5-3.25 0.012 0 2.73 nd
triassic sandstone (SS) 2—4 0.08 <0.5 2.66 nd
bunter sandstone (BS) 2—4 0.10 <0.5 2.65 nd
Rock Fragments

triassic limestone (MsKr) 8—12.5/4—6.3 0.00942 0 2.74 amorphous

1-2 OM/5

0.125—-0.25/0.024
jurassic limestone (JKr) 8—12.5/4—6.3 0.0192 0.9 2.71 algea, coalified

— wood/50

0.125—-0.25/0.036
triassic sandstone (RHr) 4-6.3/1-2 0.11/0.096 0 2.65 nd

0.125-0.25 0.006

a ¢ of the limestone rock fragments is valid for all grain size fractions as confirmed by nitrogen adsorption. » Sample preparation (crushing)
leads to a nearly complete loss of intraparticle porosity in case of the smallest grain size fraction of RHr; the remaining porosity was determined
by nitrogen adsorption. ¢ Relative amount of microporosity determined by t-plot method. ¢ Standard deviations for solid density measurements

<0.2%. € Details in Kleineidam et al. (1); nd = not determined.

intrusion in the macropore range, allowed the determination
of the total intraparticle porosity over the whole range of
poresizes. This procedure avoids possible artifacts like elastic
or irreversible deformation of the pore structures or com-
pression of less rigid domains due to the high pressures (420
MPa) applied by the mercury intrusion method (30). An
estimate of the micropore volume was obtained by t-plot
analysis of the nitrogen adsorption isotherms. Therefore the
volume adsorbed in the low-pressure region is plotted against
the statistical thickness (t) of an adsorbed film of a standard
isotherm (nonporous solid). The intercept on the adsorption
axis of the interpolation of the data between 3.5 A <t <5
A yields the micropore volume (30).

Batch Experiments. Sorption kinetics was monitored in
batch experiments using phenanthrene as a representative
for many hydrophobic organic chemicals. Phenanthrene is
afrequent contaminant showing relatively high sorption and
low volatility. The experimental setup is similar to that used
for the equilibrium sorption experiments (1). AQueous phase
solutions were prepared from methanol stock solutions using
deionized and degassed water at a concentration level of
about 40% of the water solubility of phenanthrene. Methanol
concentrations in the aqueous solution were always less than
0.5%, a level at which methanol has no measurable effect on
sorption (31). Sodium azide at a concentration level of 200
mg/L was added in order to inhibit bacterial growth. The
aqueous phase solutions were added to 10—50 g of the
unaltered granular material consisting of narrow grain size
fractions (e.g. 1-2, 2—4, and 4—6.3 mm). Prior to use the
solids have been water saturated in a vacuum chamber. The
batch experiments were performed in 50—100 mL crimp top
reaction glass vials sealed with Teflon lined butyl rubber
septa. The vials were stored at 20 °C in the dark and shaken
by hand several times between each sampling interval. All
experiments were carried out in triplicate. After distinct time
intervals (1, 3, 7, 30, 60, 100, 250, 500, 1000 days) the aqueous
phase was sampled by opening the vials and withdrawing a
small aliquot (0.25—1 mL) of the supernatant water. Afterward
the vials were immediately recapped using new septa.
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FIGURE 1. Relative concentrations in the control vials (circles) and
losses during observation time. Up to 200 days no measurable loss
of phenanthrene is observed in the system. At time periods up to
1000 days a linear decrease in concentration is observed presumably
due to sorption/diffusion of phenanthrene into the septum. Phenan-
threne losses depend on the aqueous solute concentration and are
therefore much lower in the sample vials (open squares) than in
control vials (filled squares), as confirmed by extraction of selected
samples.

Summing up all sampling events the amount of water
withdrawn was less then 10% of the initial water volume and
corrected in the mass balance calculations. Phenanthrene
was liquid—liquid extracted from the aqueous samples using
cyclohexane and quantified using HPLC with naphthalene
as an internal standard (details in 1).

The mass of phenanthrene sorbed was calculated based
on the decrease of the solute concentration in the aqueous
phase. Control vials containing no solids were monitored
over the same time period and sampled at the same time
intervals (Figure 1). Up to 200 days there was no measurable
change in concentrations in the control vials, but during the
next two years the concentration dropped to ca. 60% of the



140
o
120 e © O :
X 100 > U°'% S
L 80 o I (] ° ° o
© J
x L
g 601
3
8 401 gdark limestones (DL, MsK, MsKr)
o m dark sandstones (DS)
20 1 o light limestones (LL, JK, JKr)
o o light sandstones (LS, SS, BS)
1.614 1.E12 1.E10 1.E-08 1.606

Dy/a’ [1/s]

FIGURE 2. Results of the hot methanol extraction of phenanthrene
from selected samples after 270—1000 days vs the diffusion rate
constants measured in the sorptive uptake experiments.

initial value—this change is attributed to sorption or diffusion
into the septum. Losses from the aqueous phase as observed
in the control vials were accounted for in the mass balance
calculations. Since losses in the vial depend on aqueous
concentration, even a decrease of 40% in the aqueous
concentration in the control vials results in only 5—7% overall
losses in the sample vials which have much lower agueous
concentrations due to sorption to the solids (Figure 1). This
was confirmed by solvent extraction of selected samples.
At the end of the observation time (270—1000 days) the
solids were extracted with hot methanol (60 °C) for 3 days.
The recovery rates for phenanthrene using methanol extrac-
tion were between 68 and 125% (Figure 2). The low recovery
rates were mainly observed for the slow sorbing dark colored
lithocomponents (high sorption capacities, large grain sizes)
where 3 days may not have been sufficient for complete
extraction of phenanthrene (Figure 2). Neither supercritical
fluid extraction using CO; at 80 °C nor at increased tem-
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peratures (150 °C) and addition of methanol as a modifier
resulted in higher recovery rates.

Modeling of Data

Intraparticle Pore Diffusion Model. Solute diffusion from
an aqueous phase into spherical aggregates can be described
by Fick’s second law in spherical coordinates
aC_p|¥C  2aC 1
ot a2 ror

where C, t, D,, and r denote the solute concentration in the
pore water [ug/L], the time [s], the apparent diffusion
coefficient [cm?/s], and the radial distance [cm] from the
center of the sphere (grain), respectively. D./a? [1/5] is the
diffusion rate constant where a is the grain radius [cm]. D,
in porous media (intraparticle pore diffusion) is defined as

= Dage = D. )
e+ Ky /ncWn by @

where (e + Kg 1/n C /n=1)p) denotes the capacity factor (o).
p, € rrand Dqgq are the bulk density [g/cm?], the intraparticle
porosity [—], the tortuosity factor [—], and the aqueous
diffusion coefficient [cm?/s], respectively. D is the effective
diffusion coefficient [cm?/s] valid for steady-state conditions.
¢ is the only parameter in eq 2, which cannot be measured
independently. Since aqueous diffusion is analogous to
electrical conductivity in porous media (32), relationships
similar to Archie’s law (33) should predict 7; based on € alone

=" 3)
where m denotes an empirical exponent, which is close to

2 in sedimentary rocks. Wakao and Smith (22) reported am
value of 2 for diffusion of organic compounds into porous

0.05 1 |
DO

0.04 1

0.03 1
—— Nz-adsorptiﬁlm
—O— Hg-intrusion
——=— combination!

0.02 4

0.01 4

1 10 100

1 10 100 1000 10000 1000 10000
Radius [nm] Radius [nm]
0.005 , o U
= | —1— | Np-adsorption
o
& 0004 {-anny =< —-- Lo PV Hg at 420 Mpa 0006 —o—| Hgrintrusion
L - NPV Nyatp/ipo=0, Rt L\ | combination
= 0.003 PV Hg at
o 0,004 420 Mpa
g 0.002 —— Ny-adsorption DA
3 777 MsKr —o— Hg-intrusion | [T T T T T RS T BV N, at pip=0.99
[} i
—=— combination )
i 0.001 0.002
o}
o
(o) _ 0
1 10 100 1000 10000 1 10 100 1000 10000
Radius [nm] Radius [nm]

FIGURE 3. Pore size distributions from nitrogen adsorption and mercury intrusion and the combined method using N; in the mesopore
and Hg in the macropore range of a light limestone (JKr), a light sandstone (RHr), a dark limestone (MsKr), and a dark sandstone (DSy).
The vertical lines mark the transition from the mesopore to the macropore range.
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catalysts. Engelhard (21) found values between 1.8 and 2.2
for electrical conductivity in consolidated sandstones.

Analytical solutions for eq 1 are only available for linear
sorption isotherms and homogeneous samples (34). For
nonlinear sorption and heterogeneous samples a numerical
model is required (35). The numerical model is based on the
finite difference method using the Crank-Nicholson approach
(implicit/explicit). Input data are the grain radius, the solid-
to-water ratio, the initial water concentration, the Freundlich
parameters (Kg, 1/n), the solid density, and the intraparticle
porosity. The tortuosity factor 7z is used as final fitting
parameter. If the intraparticle pore diffusion model is valid,
Archie’s law is expected to allow predictions of 7t based on
€ alone. In addition, the diffusion rate constant (D./a?) is
expected to increase with decreasing grain radius squared.

Results

Intraparticle Porosity and Pore Size Distribution. Nitrogen
adsorption/desorption isotherms were all of Type IV (IUPAC
classification, 29) which is typical for mesoporous media. A
steep increase in the volume adsorbed near p/p, = 1 and the
lower closure point of the hysteresis loop at p/p, = 0.42
indicate that the pores may be slit shaped and macropores
and micropores may be present as well. Pore size distributions
for the limestones (Figure 3) show only a small amount of
pore volume in the macropore range so that the intraparticle
porosity can be determined from nitrogen adsorption at p/p,
= 0.99 alone. The sandstones have higher fractions of
macropores, and a method combining N, adsorption and
mercury intrusion was necessary to determine the overall
intraparticle porosity. In both cases the Hg intrusion method
overestimates the intraparticle porosity in the mesopore
range presumably due to compression of the less rigid POM.
This is obvious especially in the case of the light limestone
JKr, where a high amount of palynomorphous POM (mostly
algae) was observed in OM isolates (Table 1; Figure 3). Overall
intraparticle porosities and solid densities are listed in Table
1. t-plotanalysis of the nitrogen adsorption isotherms showed
no or only minor signs for microporosity in our samples.
Only the dark colored sandstones and limestones of alpine
origin show a slightly higher microporous fraction (Table 1).
These samples were also characterized by a low-pressure
hysteresis in nitrogen adsorption/desorption isotherms (i.e.
hysteresis loop does not close below p/p, = 0.42) and high
C constants (100—200) in the BET analysis (36). Furthermore
these specific lithocomponents also contain a high amount
of inertinite such as charcoals (fusinite) and highly reflecting
coal particles (vitrinite) in the OM isolates (1) which indicates
that the micropores may be located in the POM.

Sorption Kinetics—Retarded Intraparticle Pore Diffusion
Model. Sorptive uptake for all lithocomponents and fresh
rock fragments (Figure 4a,b) agreed very well with the
numerical solutions of eq 1. The results are listed in Table
2. The quartzitic sandstones (RHr, BS), the light sandstones
(SS, LSw), and limestones (JK) showed relatively fast sorption
kinetics and reached equilibrium within the observation time
(<1000 days; see Figure 4a,b). The dark limestones (MsK,
DLy, DLs) and dark sandstones (DSu, DSs) showed much
slower sorption kinetics and were far from equilibrium even
after 700—1000 days. The limestones (fresh rocks: JKr, MsKr)
reached equilibrium within observation time only for grain
size fractions < 2 mm. The Ky ¢q values obtained for the kinetic
samples which reached equilibrium were about the same as
expected from the equilibrium sorption isotherms with
pulverized material (within the analytical error range). The
low sorbing lithocomponents (Qz, Mety) reached equilibrium
in less than 3 days, and no modeling of the data was possible.
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FIGURE 4. (a) Long term sorption kinetics of lithocomponents
separated from the Horkheim aquifer material and fresh rock
fragments (for identification of the samples see Table 1). Kjapp,
nonequilibrium (apparent) K; calculated from mass balance
considerations during the sorption Kinetic experiments; Kjgeq,
equilibrium Ky obtained in batch experiments with pulverized
samples; lines, numerical solutions of Fick’s 2nd law in spherical
coordinates (based on the nonlinear Freundlich type equilibrium
sorption isotherms). (b) Long term sorption kinetics of some
lithocomponets from the Huntwangen and Singen aquifer material

(for identification of the samples see Table 1).

Discussion

Dependency of the Rate Constants of the Grain Radii. From
the intraparticle pore diffusion model the diffusion rate
constant (D./a?) is expected to increase with decreasing grain
radius squared. This was investigated by comparing phenan-
threne sorption kinetics in different grain size fractions of
very homogeneous fresh rock fragments. Due to nonlinear
sorption D,/a? depends on solute concentration, and there-
fore effective diffusion rate constants (De/a?) were calculated
(Table 2). Figure 5 shows the resulting plot of De/a? vs radius.
For the limestones the dependency of the rate constants on
the radius squared holds for grain size fractions larger than
0.063 mm (MsKr) and 0.5 mm (JKr). Sorptive uptake in the
smaller carbonate grains is limited by a process which is 1—2
orders of magnitude slower than expected from retarded
intraparticle pore diffusion in larger grains and almost
independent of grain size. This process is most likely diffusion
into POM present in these limestones. Photomicroscopy of
OM isolates (1) revealed that the organic matter present in
the limestones has arelatively high degree of maturity (types
2 and 3; see Kleineidam et al. (1)), and its particle size is only
1 order of magnitude below or in the same order of magnitude
as the smallest fresh rock fragments investigated (Table 1).
We therefore expect that in relatively small grains which
contain relatively coarse POM (e.g. the limestone fragments)



TABLE 2. Results of the Sorption Kinetic Experiments

lithocomponents radius® a [cm] Dula [1Is] De [cm?/s] i [] Kdeq [L/kg] error? [—]
Huntwangen

dark limestone (DLy)? a0.141 4.0 x 1071 1.8 x 10710 112 79 0.378
b 0.141 1.3 x 10712 9.5 x 1071 214 133 0.380

dark sandstone (DSp)?@ a0.141 24 x 1071 2.2 x 10710 392 175 0.220
b 0.141 3.4 x 10712 1.3 x 10710 695 706 0.118

light limestone (LLy) 0.141 1.0 x 107° 5.4 x 10710 119 9.5 0.126
light sandstone (LShw) 0.141 6.7 x 10710 1.5 x 107° 523 4.9 0.098

Singen

dark limestone (DLs) 0.112 3.6 x 10714 2.8 x 10711 969 16700 0.089
0.224 1.4 x 10714 42 x 1071 466 17953 0.290

dark sandstone (DSs) 0.112 2.7 x 10712 1.3 x 10710 709 1423 0.041
0.224 7.1 x 10713 1.3 x 10710 696 1423 0.360

light limestone (LLs) 0.224 2.9 x 10710 1.1 x10°° 46 27 0.099

Horkheim

triassic limestone (MsK) 0.112 1.5 x 10710 3.0 x 10710 135 60 0.032
0.141 8.5 x 1071 3.2 x 10710 127 72 0.160

jurassic limestone (JK) 0.112 7.6 x 107° 1.5 x 10°° 48 5.9 0.045
0.141 4.1 x 107° 1.3 x 107° 53 6.2 0.062

triassic sandstone (SS) 0.141 2.3 x 1078 7.7 x 107° 60 6.7 0.025
Bunter sandstone (BS) 0.141 3.6 x 1077 4.1 x10°8 14 1.9 0.160

Rock Fragments?

triassic limestone 0.354 3.0x 1071 2.1 x 107° 26 203 0.033
(MsKTr) 0.178 2.1 x 10710 3.3 x 1079 17 184 0.009
0.05 2.0 x 107° 2.2 x 107° 24 166 0.027

0.0063 1.5 x 1077 1.5 x 107° 38 93 0.065

0.0012 3.5 x 1077 3.3 x 10710 334 114 0.005

jurrasic limestone 0.354 2.3 x 10710 4.7 x 1079 23 61 0.022
(JKr) 0.178 7.9 x 10710 3.6 x 1079 30 55 0.015
0.05 9.8 x 107° 2.7 x 107° 40 41 0.026

0.0063 1.6 x 1077 4.8 x 10710 224 30 0.074

0.0016 2.9 x 1077 1.4 x 10710 1516 37 0.015

triassic sandstone 0.178 2.7 x 1077 8.8 x 1079 71 0.39 0.016
(RHr) 0.05 5.2 x 1077 9.1 x 10710 612 0.25 0.016
0.0063 8.0 x 1077 3.6 x 10711 974 0.43 0.075

a Experiments performed with different initial concentrations and solid/water ratios (fractional uptake). » Rock fragments: radii were reduced
by a factor of 1.4 compared to the geometric means of rounded grains according to the Rosin grain size distribution of broken materials (Rosin
and Rammler, (40); Kittleman, (41). ¢ Geometric mean. ¢ Mean weighted squared error.
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FIGURE5. De/@ vs grain radius for fresh rock fragments of different
grain size. The lines are predictions starting with the largest grain
sizes. The value in brackets represents RHr (0.125—0.25 mm)
assuming the same intraparticle porosity as for the larger grains.

intrasorbent diffusion (10—12) becomes the rate-limiting step
in sorptive uptake.

The difference between the dark (MsKr) and the light
limestones (JKr), where the dependency of the rate constants
holds for grains =0.063 and 0.5 mm, respectively, can be
explained by the type of organic matter in these sedimentary
rock fragments. In the dark limestone an amorphous type of
POM with a maximum particle size of 5 um dominates, while
the light limestones (JKr) have a high amount of palyno-
morphous POM (mostly algae and coalified wood) with a
maximum particle size of 50 um (Table 1). Whether sorptive

uptake of phenanthrene in sand and gravel sized limestone
grainsis governed by retarded pore diffusion or intrasorbent
diffusion therefore depends mainly on the POM particle size
relative to the grain size.

The diffusion rate constants determined for the light and
highly porous sandstone (RHr) seem to have no correlation
with the radius squared (Figure 5). Due to very low organic
carbon content and log Koc values (0.04 mg/g and 4.34,
respectively) it seems unlikely that diffusion into mature POM
could account for that behavior. However, preparing smaller
and smaller grain sizes of this sandstone material resulted
in a subsequent loss of porosity mainly in the macropore
range (Table 1; Figure 3). Therefore it is expected that the
smaller grain size fraction has a much smaller porosity and
thus smaller D, than the coarse fractions which explains the
behavior observed. If we account for the loss of porosity (by
an proportionally higher De) the data for the smallest
sandstone grains would again fit the expected line (Figure
5;value in parentheses). Sorptive uptake in the smallest grain
size fraction occurs presumably in dense iron and manganese
hydroxide precipitates which occur in these sandstones but
not in the quartz grains. These precipitates are the result of
former bacterial activity and often are accompanied by
organic carbon accumulation (37).

Diffusion Coefficients and Intraparticle Porosity. The
diffusivity (D' = /7;) for the different lithocomponents and
rock fragments was calculated from the measured intrapar-
ticle porosity and the tortuosity factors obtained by the
numerical modeling of the sorptive uptake. D' depends only
on rock properties and is therefore chemical independent
assuming that the constrictivity in small micropores is
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FIGURE 6. D' vs € (Archie’s law) for lithocomponents > 2 mm and
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insignificant (the mean pore size is much larger than the size
of the phenanthrene molecule). Analogous to electrical
conductivity in porous media (32) D' is expected to depend
approximately on the intraparticle porosity squared. Figure
6 shows the results for the different lithocomponents >2
mm and rock fragments =1 mm investigated in this work.
The limestones (MsK, MsKr, JK, JKr, DLy, DLs) are in very
good agreement with Archie’s law (33). Some of the light
(RHr, SS, BS, LSy) and dark sandstones (DS, DSs) yield lower
D’ values than expected from Archie’s law.

The deviation of D' from Archie’s law for the alpine derived
sandstones (DSh, DSs, LSy) may be attributed to diffusion
into POM (intrasorbent diffusion). The depositional environ-
ment of these sandstones is represented by high amounts of
autochthonous palynomorphous POM with relatively large
particle sizes. Furthermore the dark sandstones contain large
charcoal particles (fusinite) up to 150 um in diameter,
probably produced during paleo-wildfires. These charcoals
were the dominant type of organic matter in the OM isolates
of these sandstones and are responsible for the high Koc
values observed (1). It is known from investigations of
sediments from Lake Michigan (38) that carbon particles
produced by anthropogenic burning of wood have typical
particle sizes around 10—100 um. This along with the relatively
high intraparticle porosity (1.5—4.6%) of the sandstones could
lead to limitations in sorptive uptake which is controlled by
diffusion into POM also for larger grains (>2 mm).

Organic matter particles up to 60 um in diameter (Table
1), which are dominantly coal and charcoal, and high log Koc
values (1) were also observed in the alpine derived dark
limestones (DLy, DLs). Due to the very low intraparticle
porosity and high tortuosity factors the rate constants in
these sedimentary rock fragments seem to be limited by
retarded intraparticle pore diffusion.

Deviations of D' from Archie’s law for the highly porous
sandstones separated from the River Neckar sediments and
fresh rocks of the corresponding source area may be explained
by slow diffusion into the low porosity matrix of these
sedimentary rocks (iron and manganese precipitates which
are probably associated with organic matter). Note that the
smallest grain size fraction of RHr, where macroporosity was
lost during sample preparation, again fits Archie’s law (Figure
6; value in parentheses).

We therefore think that in most sedimentary rocks and
aquifer material systems, where sorption kinetics of organic
compounds is much slower than predicted by the retarded
intraparticle pore diffusion model and Archie’s law, this can
be explained by diffusion into POM or low porosity regions
inside the grains (“dual porosity” limestones/sandstones)
rather than by restricted diffusion in real micropores which
could also account for slow sorption processes (13, 14, 16).
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Slow sorption and desorption processes in the condensed
regions of diagenetically altered organic matter in sediments
have been reported by Weber and Huang (17). The same
authors (17) and Huang and Weber (39) reported that organic
matter (condensed OM) may have properties similar to
microporous sorbents where entrapment of sorbing mol-
ecules can resultin sorption/desorption hysteresis. We found
relatively small amounts of microporosity in the alpine
derived lithocomponents investigated in this work (Table 1)
presumably associated with the charcoals and highly di-
agenetically altered coalified wood particles in the dark
sandstones and limestones. Whether this results in sorption/
desorption hysteresis is investigated in ongoing research
(desorption experiments).

In summary our investigations showed that the retarded
pore diffusion model is valid for most of the coarse sand and
gravel sized lithocomponents, and effective diffusion coef-
ficients can be estimated based on intraparticle porosity and
Archie’s law (Figures 5 and 6). Sorption kinetics in this case
can be predicted based on the grain size, the intraparticle
porosity, and the Freundlich sorption isotherm. Acomparison
of the lithocomponents separated from aquifer sediments
and the fresh rock fragments obtained from source rocks
showed no significant impact of weathering on sorption
equilibrium and kinetics.

Diffusion into POM can be the limiting mechanism in
sorptive uptake in small rock fragments which contain
relatively large organic matter particles (e.g. coal, charcoal)
compared to the grain size. According to our observations
the diffusion into the POM also follows the spherical
intraparticle diffusion model (note that for porous organic
matter particles the pore diffusion model probably applies
again analogous to adsorption kinetics in granular activated
carbons). Since the size of the POM identified in our samples
isin the order of 10—150 um (maximum diameter) relatively
high sorption rate constants and therefore relatively fast
equilibration is expected in POM compared to the sand and
gravel sized rock fragments.
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Nomenclature

a grain radius [cm]

o rock capacity factor [—]

C solute concentration in pore water [ug/L]
D’ diffusivity [—]

d grain size [mm]

D, apparent diffusion coefficient [cm?2/s]
Da/a? diffusion rate constant [1/s]

Daq agueous diffusion coefficient [cm?/s]

De effective diffusion coefficient [cm?2/s]
De/a? effective diffusion rate constant [1/s]

ds solid density [g/cm?]

€ intraparticle porosity [—]

Kd,app apparent distribution coefficient [L/kg]
Kd,eq equilibrium distribution coefficient [L/kg]
Koc organic carbon normalized distribution coef-

ficient



Ker Freundlich equilibrium coefficient [L/kg]

1/n Freundlich exponent [—]

oM organic matter

POM particulate organic matter

P/po relative pressure [—]

o bulk density [g/cm?]

t thickness of an adsorbed film [A]; time [s]
Tf tortousity factor [—]
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