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Abstract

Ž .Birnessite d-MnO has swelling properties that resemble those of clay minerals. If birnessite2

is present in a sediment, its swelling or shrinking may affect the dispersivity of the sediment. To
study the physical behavior of birnessite, a column packed with birnessite-coated sand was
injected with a sequence of CaCl , MgCl , FeCl and KBr solutions. The dispersivity of the2 2 2

sediment as a function of the solution composition was evaluated from breakthrough curves. The
birnessite-coated sediment showed in the Mg-form a 4–8 times higher dispersion than in the
Ca-form. This is related to differences in swelling behavior observed with X-ray diffraction at 0%

Ž .relative humidity. After reduction of d-MnO with FeCl and precipitation of Fe OH , the2 2 3

dispersion is 10–15 times higher than in the original sediment in the Ca-form. q 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

In reactive transport modeling, dispersivity is generally treated as a nonvariant
physical property of the sediment. However, in some cases, the chemical interactions
between the solution and the sediment may change the dispersivity in the course of the
reaction. Such interactions may comprise dissolution of minerals present in the sediment
or the precipitation of new minerals. Furthermore, the physical properties of minerals
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Žmay change, for example, due to the swelling behavior of clay minerals Dufey et al.,
.1982; Beekman, 1991 . The column experiments reported in this contribution indicate

Ž .that birnessite d-MnO has properties comparable to clay minerals, such as montmoril-2

lonite, with exchangeable cations causing a swelling or shrinking that result in changes
in dispersion.

ŽBirnessite is an ubiquitous constituent of soils Jones and Milne, 1956; Chukrov and
.Gorshkov, 1981; McKenzie, 1989 and of manganese nodules in marine sediments

Ž .Burns and Burns, 1977 . It can be synthesized in the laboratory via a variety of
Ž .pathways Giovanoli et al., 1970a; McKenzie, 1971; Strobel and Charenton, 1986 , and

its behavior can thus be studied in the ideal form. It has a large cation exchange capacity
Žthat is specific for different ions and varies strongly with pH Murray, 1975; Tsuji et al.,

.1992 . Therefore, it plays a major role in the behavior of trace metals in natural
Ž .environments McKenzie, 1980; Stollenwerk, 1994; Larsen and Postma, 1997 . Birnes-

site has a layer structure consisting of layers of Mn in octahedral coordination with
oxygen. The layers have a charge deficit which is compensated by interlayer cations.
Depending on the cation and the ambient conditions, a variable amount of water can be

Ž .incorporated in the structure Golden et al., 1987; Paterson et al., 1994 .
The behavior of birnessite and its effect on dispersion was studied in a column

experiment containing natural sand coated with birnessite in which solutions of CaCl2

and MgCl of various concentrations were injected. The associated exchange reactions2
Žhave also been modeled but these results are reported elsewhere Appelo and Postma,

.1999 .
Furthermore, birnessite readily participates in redox reactions and is easily reduced

Ž .by ferrous iron Hem, 1978; Postma, 1985; Golden et al., 1986 . A ferrous iron solution
was also injected in the column containing birnessite-coated sand and the following
overall reaction did proceed:

2Fe2qqMnO q2H O™2FeOOHqMn2qq2Hq. 1Ž .2 2

In this reaction, the Mn-oxide is dissolved from the sediment, while a Fe-oxide is
precipitated. The details concerning the redox processes and their interaction with

Ž .exchange reactions are again reported elsewhere Postma and Appelo, 1999 . However,
the dissolution of Mn-oxide followed by the precipitation of Fe-oxide has a considerable
effect on the dispersion properties of the column sediment. The dispersivity of the final
column containing FeOOH was assessed by elution with a KBr solution.

( )2. Structure of birnessite d-MnO2

The crystal size of birnessite is generally too small to permit an exact structure
refinement. However, various evidence shows that the basic layout of birnessite is

Žsimilar to the structure of the natural mineral chalcophanite Giovanoli et al., 1970a;
. w xPost and Veblen, 1990; Drits et al., 1997 . Chalcophanite, Zn Mn IO P6H O,2 6 14 2

consists of layers of edge sharing MnO octahedra which alternate with a layer of water6
Ž . 4qmolecules Wadsley, 1955; Post and Appleman, 1988 . One out of seven of the Mn
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positions is empty, which gives a layer charge that is compensated by two Zn atoms
Ž . w xlocated above and below the vacancy Fig. 1 . A structure refinement of Na Mn IO4 6 14

shows the same arrangement of the octahedral layer, but now two Na atoms are located
Žmidway between the octahedral layers instead of one Zn atom close to the layer Chang

. w xand Jansen, 1985 . In this synthetic Na Mn IO the interlayer water is absent.4 6 14

The layer charge of chalcophanite is y2r7sy0.286 per O . Replacement of Mn4q
2

by Mn3q can create additional layer charge, to give a maximum of ca. y0.33 per O in2
Ž . Ž .birnessite Strobel et al., 1987; Drits et al., 1997 . In fact, Post and Veblen 1990 and
Ž .Drits et al. 1997 found that vacancies were almost absent in their synthetic Na-birnes-

sites, and all the layer charge thus originated from replacement of Mn4q by Mn3q. Both
the degree of oxidation of Mn and the layer charge are influenced by the way of

Žpreparing the birnessite Bricker, 1965; Giovanoli et al., 1970a,b; McKenzie, 1971;
. yMurray, 1974 . Preparations based on MnO solutions yield more oxidized birnessite4

Ž .with an OrMn)1.90. Balistrieri and Murray 1982 found an OrMn ratio of 1.96 in

Ž . Ž .Fig. 1. The structure of chalcophanite after Wadsley, 1955 : projection along b-axis top and along c-axis
Ž . Ž .bottom . Reproduced from Strobel et al. 1987 .
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their sample, and ion exchange is then mainly due to the presence of vacancies. Other
Ž . Ž .preparations, which start with a Mn OH solution or with solid Mn O Bricker, 1965 ,2 3 4

yield initially a mixed Mn3qrMn4q compound in which Mn4q can be enriched by
washings with acid. Acid attacks Mn3q that is in a relatively weak structural position
due to Jahn-Teller distortion. The Mn3q either goes into the interlayer, becomes

4q 2q Žoxidized, or disproportionates to Mn and Mn Giovanoli et al., 1970b; Silvester et
. 3q 4q 2qal., 1997 . The disproportionation of two Mn atoms to Mn and Mn creates a

vacancy in the octahedral layer, while Mn2q goes into solution, or into the interlayer.
˚The c-axis spacing of birnessite is 7 or 10 A, with respectively one or two layers of

water molecules in the interlayer region. The amount of water present varies for
Ždifferent interlayer cations and also depends on the ambient conditions temperature,

˚. Ž .humidity; Kuma et al., 1994; Paterson et al., 1994 . Na-birnessite buserite has a 10 A
˚spacing in water, which decreases to 7 A upon drying. The process of contraction and

expansion is reversible, although after numerous cycles, the water uptake tends to
˚Ž .become incomplete Giovanoli et al., 1970a . Other alkalis likewise give a 7 A structure

2q 2q 2q ˚ Župon drying while Mg , Ca and Ni forms maintain the 10 A spacing Golden et
.al., 1987; Kuma et al., 1994; le Goff et al., 1996 . Transition metal cations can also

˚ Ž .stabilize a 10 A spacing Giovanoli et al., 1975; Golden et al., 1987 . At elevated
˚temperature, the structure of Mg- and Ca-birnessite collapses to 7 A during drying

˚Ž . Ž .Golden et al., 1986; Kuma et al., 1994 . Post and Veblen 1990 also noted a 7 A
Ž .spacing for Mg birnessite when immersed in alcohol. Kuma et al. 1994 have tried to

relate the expandability to the ionic radius and hydration energy of the interlayer cation,
but the relations are not clear perhaps because the exchange was incomplete. Birnessite
is able to absorb alkyl-ammonium ions, and shows similar expansion as vermiculite
Ž . qGolden et al., 1986 . On the other hand, Na expands smectites while divalent cations
contract the structure, which is commonly related to electrostatic repulsion and hydration

Ž .energy of the interlayer cation. This behavior is contrary to that of dried phylloman-
ganates, but the difference may well be related to an even more delicate dependency of

Ž .the latter on ambient humidity. Paterson et al. 1994 observed that when measured wet
˚ qboth Na- and Ca-birnessite maintained the 10 A spacing, while in the presence of K

2q ˚and Ba the structure contracted to 7 A.

3. Materials and methods

Mn-oxide-coated sand was collected from a groundwater fed small lake in a gravel
pit near Ikast, Denmark. Black Mn-oxide-coated sand was formed at the water table and
was apparently the result of in situ oxidation. The sand consists of grains with an
average diameter of 0.24 mm covered with a uniform, but friable, blackish brown
coating. X-ray diffraction of the coating material showed clear reflections at 2.44 and

˚ ˚1.42 A and a broad band at 7.5 A, corresponding to random-stacked birnessite
Ž .Giovanoli, 1980 . EDAX analysis revealed the following composition: 2.36% Al O ,2 3

86.98% MnO , 7.00% CaO and 3.65% SiO . The oxidation state of manganese in the2 2
Ž .coating was determined, using the method of Murray et al. 1984 , which yielded an
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Ž . Ž .OrMn ratio of 1.77"0.01. If besides Mn IV , only Mn III is present, this would
Ž . Ž .correspond to a Mn oxide containing 54% Mn IV and 46% Mn III . Coating material

was equilibrated with CaCl or MgCl solutions and XRD measurements at low angles2 2
Ž . Žwere performed in wet 100% relative humidity and dry conditions 0% relative
.humidity in N atmosphere . The Ca- and Mg-form exhibited a similar XRD pattern2

˚ ˚with a peak at 10.0 A when wet. Upon drying, the Mg-form contracted partly to 9.1 A,
˚ Ž .while the Ca-form collapsed to give a broad band from 9 to 7 A Fig. 2 . The

contraction of the Mg-form suggests that about one out of three interlayers has lost one
layer of water. The broad band of the dry Ca-form indicates that interlayers have lost
one layer of water in a more random fashion.

Ž .For the column experiment, the sediment was washed with 0.1 M Ca NO to3 2

remove fine particles, with H O until the electrical conductivity was 50 mSrcm, and2
Ž .then kept in 10 mM Ca NO . The wet sediment was packed in a perspex column of3 2

5.22 cm inner diameter for a length of 5.05 cm. The column was capped by 0.2-cm-thick
polyethylene plugs with radial grooves for guiding water from the inlet and to the outlet
tubing. To remove gas pockets, the column was drained for water and filled with CO2

Ž .gas. When a 10 mM Ca NO solution was pumped into the column, the CO was3 2 2

dissolved and all the pores were effectively filled with water. The pore volume was 35.8
ml. In the ensuing experiments, solutions were pumped upward in the column with a
Jasco 880-PU HPLC pump at 3 mlrh, and the effluent was sampled with a Gilson 232
sampler.

In the effluent, the concentration of Fe2q was determined spectrophotometrically
Ž .with Ferrozine Stookey, 1970 and other cations, Ca, Mg, K, Al, Mn and Fe, by atomic

absorption spectrophotometry on acidified samples. Anions, Cl, Br were determined by
ion chromatography. pH was measured in a flow cell directly connected to the column
outlet.

2q 2q Ž .Fig. 2. Low angle X-ray diffraction results of natural birnessite in the Ca and Mg form at 100% line
Ž .and 0% dotted line relative humidity. Cu Ka radiation, 1 sr0.028.
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4. Dispersivity in the column experiments

The column pore volume and dispersivity were obtained by least squares optimization
Ž .of the advection–reaction–dispersion equation Appelo and Postma, 1993 :

E C E C E 2 C E q
syÕ qD y , 2Ž .L 2E t E x E tE x

Ž . Ž .where C is the concentration in water molrkg H O , t is time s , Õ is pore water flow2
Ž . Ž .velocity mrs , and x is distance m . D is the hydrodynamic dispersion coefficientL

Ž 2 . wm rs D sD qa Õ where D the effective diffusion coefficient, and a is theL e L e L
Ž .x Ždispersivity m . q is the concentration in the solid phase expressed as molrkg H O in2

. Ž . Ž 2 2 .the pores . The term yÕ ECrEx represents advective transport, D E CrEx givesL
Ždispersive transport, and EqrEt is the change in concentration on the solid q in the

.same units as C . The usual assumption is that Õ and D are equal for all solute species,L

so that C can be the total dissolved concentration for a component. For a conservative
element, EqrEts0.

Ž .The solution of Eq. 2 with a flux type boundary condition at the column ends is for
Ž .a conservative element van Genuchten, 1981 :

C L,t sC q1r2 C yC A , 3Ž . Ž . Ž .i 0 i

Ž .where L is the column length m , C is the concentration in the resident solution, C isi 0

the concentration in the injected solution, and:

LyÕt LÕ LqÕt
Aserfc qexp erfc . 4Ž .ž /ž / ž /D4D t 4D t( (LL L

The dispersivity of the column for the various solution displacements was obtained
Ž .by a least square fit of Eq. 3 on the different breakthrough curves.

5. Results and discussion

The sequence in solution displacements in the column is summarized in Table 1 and
the normalized breakthrough curves of the anions for the different experiments are

Table 1
Ž .Displacement of column solution in five experiments and dispersivity mm optimized from anion break-

through curves. Pore volume V s35.8 ml. The pH of the Ca- and Mg- solutions is 5.6"0.050

Ž . Ž . Ž .Exp. Resident mM Injected mM Dispersivity mm

Ž .1 Ca NO , 10 MgCl , 11 1.243 2 2

2 MgCl , 11 MgCl , 170 10.52 2

3 MgCl , 10 CaCl , 50 8.22 2

4 CaCl , 5 FeCl , 15 2.02 2
a5 FeCl , 15 KBr, 100 20.12

aOptimized with PHREEQC, using mass balance on Bry, R s1.17.Br
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Fig. 3. Normalized breakthrough curves for Cly in Exps. 1 and 2 with birnessite-coated sand with fitted
Ž .curves according to Eq. 3 . See Table 1.

shown in Figs. 3–5. Table 1 also contains the dispersivity obtained by the least squares
Ž .fit of Eq. 3 on the breakthrough curves, with an effective diffusion coefficient

D s0.3=10y9 m2rs. The pore volume of 35.8 ml was obtained from the firste

experiment and kept constant in subsequent optimizations.
Ž .In the first experiment, a resident 10 mM Ca NO solution was displaced from the3 2

column with a 11 mM MgCl solution. This displacement yielded a dispersivity of 1.242

mm, which may be compared to the average diameter of the sand of 0.24 mm. When in
Exp. 2, the 11 mM MgCl solution was displaced by a 170 mM MgCl solution, the2 2

dispersivity increased by a factor of 8 to 10.5 mm. In Exp. 3, a 10 mM MgCl was2

flushed with 50 mM CaCl and again a high dispersivity of 8.2 mm was observed.2
Ž . 2qHowever, in the subsequent experiment No. 4 where 5 mM Ca was displaced with

15 mM FeCl , a lower dispersivity of 2.0 mm was found, which is close to that in the2
Ž .first experiment. In Exp. 4, the increase of the cation concentration meqrl was used

Fig. 4. Normalized breakthrough curves for Cly in Exps. 3 and 4 with birnessite-coated sand with fitted
Ž .curves according to Eq. 3 . See Table 1.
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y Ž .Fig. 5. Normalized breakthrough curves for Br in Exp. 5 with Fe OH -coated sand, and a PHREEQC3
Ž .modeled curve according to Eq. 2 with a s20.1 mm. For comparison the dotted curve is for a s1.24L L

mm, the dispersivity found in Exp. 1.

for calculating dispersivity, since the anions were not analyzed in the initial part. These
results clearly illustrate that the dispersivity of the birnessite-coated sand column is
highly dependent on the solution composition.

After a FeCl solution was pumped through the column, the birnessite coating on the2

sediment grains is replaced by a Fe-oxide coating. The dispersivity of the Fe-oxide
coating was determined in Exp. 5 by displacement with a 100 mM KBr solution. The
Bry breakthrough showed a retardation of 1.17 and the model breakthrough of Bry

Ž .shown in Fig. 5 was obtained with an adapted version of PHREEQC Parkhurst, 1995 ,
Ž . Ž .which includes nonlinear sorption on Fe OH . The dispersivity of the Fe-oxide-coated3

sand is 20.1 mm or roughly 10 times larger than the dispersivity of the Ca-birnessite-
coated sediment.

Both physical and chemical effects must be considered when discussing the changes
in dispersivity. An increased front spreading can be a consequence of increased
hydrodynamic instability of the interface of the resident and the displacing solution. It

Žmay be induced in upward flow when the displacing solution is less dense Bachmat and
.Elrick, 1970; James and Rubin, 1972; Wooding et al., 1997 , or in both upward and

Ž .downward flow when the displacing solution has a lower viscosity Dullien, 1992 . The
increased instability of the interface generates fingers which grow with the density
andror the viscosity contrast of the two solutions. Increased front spreading can also be
due to anion exclusion which makes the pores less accessible for anions during transport
Ž .James and Rubin, 1986 . Anion exclusion increases when the anion concentration

Ž .decreases Bolt, 1982 . Dispersivity has also been observed to increase by a factor of 2
in montmorillonitic soil when the exchangeable sodium percentage increased from 0 to

Ž .20% Dufey et al., 1982 . This behavior was related to swelling of clay minerals and
blocking of pores for mobile water.

In our experiments, the dispersivity of the birnessite-coated sand could appear to be a
Ž .function of the salt concentration of the displacing solution Table 1 . However, since

the more saline, and hence more viscous fluids, were pumped upwards in the column,
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the density and viscosity contrast over the front is expected to decrease dispersion which
is the reverse of what is observed. Therefore, the changes in dispersivity of the
MnO -coated sand must be related to changes in the pore structure. The dispersivities2

listed in Table 1 are derived from the anion breakthrough curves. During transport in the
column, the cation and the anion of the injected solution rapidly separate since the
injected cation is retarded by ion exchange. The dispersivity of the sediment must then
be determined by the resident cation.

In the Mg2q form, birnessite-coated sand shows a higher dispersivity than in the
Ca2q form, which implies that Mg2q has the same effect on birnessite as Naq has on
montmorillonite. Swelling of birnessite, which covers the sand grains and forms the
contact points, partially blocks pores which then are bypassed by the flowing water. The
step change in the concentration of Cly arrives therefore earlier at the end of the
column. The blocked pores remain accessible by diffusion and the concentration front is
therefore smeared out. However, front spreading can still be characterized with the
advection–dispersion equation using an increased dispersion coefficient. A simulation

Ž .with the dual porosity model in CXTFIT Toride et al., 1995 indicates that when using
the small dispersivity of 1.24 mm for the pores through which water flows, the more
dispersed profile can be obtained if about half of the pores have become stagnant.

Some signs of stagnancy are apparent in the breakthrough curves. In the second
Ž .experiment high MgCl injected in Mg-sediment, Fig. 3 chloride levels off early in the2

tail and cannot be modeled well with the standard advection–dispersion equation. This
indicates that stagnant zones have developed in the column. The following displacement

Ž .with CaCl Exp. 3, Fig. 4 shows the same dispersivity but with less tailing in the end,2

which indicates that the stagnant zones are disappearing. This may be related to the
onset of magnesium displacement from the exchanger sites by calcium. The subsequent

Ž .displacement of CaCl with FeCl Exp. 5, Fig. 4 shows again a small dispersivity2 2

initially, but with CrC )0.6 deviations occur. The deviations are probably due to the0
2q Ž .chemical reactions in the column when d-MnO is reduced by Fe and Fe OH2 3

precipitates.
The effects of Mg2q and Ca2q on swelling of the birnessite are apparent. Both the
2q 2q ˚Ca and the Mg form have an identical c-axis spacing of 10.0 A, but they only

Ž .behave differently in XRD when humidity is reduced to zero Fig. 2 . How the different
behavior in the column experiment must be related to the swelling behavior at 100%
humidity is not clear. In any case, the results suggests that dispersivity is extremely
sensitive to the detailed behavior of layer minerals as a function of changes in chemical
composition of the solution.

The final displacement of FeCl with 100 mM KBr showed a much increased2
Ž .dispersivity Exp. 5, Fig. 5 , but is in this case related to changes in the pore structure in

Ž .the sediment due to the dissolution of birnessite and the precipitation of Fe OH . Note3

in Fig. 5 that the breakthrough volume for Bry is much larger than for Cly in the
previous experiments. It was assumed that the pore volume in the column was not

Ž .affected by the reaction. When 7.2 mmol MnO dissolves, and 10.7 mmol Fe OH1.75 3

precipitates, the difference in volume between the precipitated and dissolved mineral is
probably in the order of 0.1 ml. This is much less than the total pore volume of 35.8 ml.
The exact pore volume could no longer be derived from the breakthrough curve of the
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Ž .anions, since the precipitated Fe OH acted as an anion exchanger at the pH of 3.0 in3

the column. The breakthrough of Bry and the dispersivity was therefore optimized by
Ž .modeling with PHREEQC Appelo and Postma, 1999 .

The changes of sediment dispersivity in conjunction with changes in exchangeable
cations or dissolution and precipitation of minerals have a bearing on the modeling of
the breakthrough curves. The effect will be most conspicuous for conservative or
linearly retarded solutes. The breakthrough of solutes which take part in mineral
reactions, or which exhibit nonlinear exchange isotherms may be dominated by the

Ž .reaction term EqrEt in the advection–reaction–dispersion equation Appelo, 1996 .
Since the exact response of dispersivity to exchanger composition can only be specula-
tive at the present stage, the only viable modeling scheme seems to be to take a constant
dispersivity value for one displacement experiment, given by the effluent curve of the
conservative tracer.

6. Conclusions

Ž .Birnessite d-MnO is a layer mineral which exhibits swelling and shrinking due to2

gains and losses of interlayer water. The swelling depends on the type of interlayer
cation, and is intricately connected with column dispersion. Birnessite-coated sediment
shows a 4–8 times higher dispersivity in the Mg-form than in the Ca-form. The contrast
is related to differences in swelling behavior observed at 0% relative humidity of the
Mg- and the Ca-forms. The dispersivity contrast is a factor 2 larger than has been
reported for montmorillonitic soil. The enhanced effect is probably due to the nature of
the sediment. The grains are coated by the birnessite, and this mineral constitutes the
contact points of the individual grains. Even very small swelling effects are therefore
important.

The birnessite can be reduced completely with FeCl solution. The resulting2
Ž .Fe OH -coated sediment shows at least 10 times higher dispersion than the birnessite-3

coated sediment in the Ca-form. It is clear that the chemical reactions induce changes in
the pore structure, which influence the flow properties of the sediment. Such effects are
hitherto not considered in hydrogeochemical transport models.
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