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Abstract—We used X-ray absorption spectroscopy at the Al K-edge to investigate the atomic structure of
biogenic silica and to assess the effect of Al on its crystal chemistry. Our study provides the first direct
evidence for a structural association of Al and Si in biogenic silica. In samples of cultured diatoms, Al is
present exclusively in fourfold coordination. The location and relative intensity of X-ray absorption near-edge
structure (XANES) features suggests the structural insertion of tetrahedral Al inside the silica framework
synthesized by the organism. In diatom samples collected in the marine environment, Al is present in mixed
six- and fourfold coordination. The relative intensity of XANES structures indicates the coexistence of
structural Al with a clay component, which most likely reflects sample contamination by adhering mineral
particles. Extended X-ray absorption fine structure spectroscopy has been used to get Al-O distances in
biogenic silica of cultured diatoms, confirming a tetrahedral coordination. Because of its effect on solubility
and reaction kinetics of biogenic silica, the structural association between Al and biogenic silica at the stage
of biosynthesis has consequences for the use of sedimentary biogenic silica as an indicator of past environ-
mental conditions. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION assemblages (Lawson et al., 1978) or diatom cultures (Kama-
_ S _ tani et al., 1980). Several hypotheses have been proposed to
‘Biogenic siliceous particles, made of amorphous, hydrated account for the lowered apparent solubility in sediments. In-
SiO,, are produced in the upper water column as skeletal stead of reflecting a thermodynamic equilibrium between pore
elements by diatoms, radiolaria, and silicoflagellates. Ocean waters and the dissolving phase, asymptotic Si(Dk)ght
waters are undersaturated {00 umol/L) with respect to bio-  yesult from the kinetic competition between release of Si(OH)
genic Si, for which a solubility of 100pmol/L (2°C) has been  from dissolving BSi and its uptake by the formation of alumi-
reported (Trguer et al., 1995). Despite its thermodynamic npgsjlicate minerals (reverse weathering; Mackenzie and Gar-
tendency to dissolve, a fraction of biogenic Si survives transfer |qis 1966: Garrels and Mackenzie. 1971: Ristvet. 1978: Mack-
through the water column and accumulates in abyssal sedi- gnzie et al., 1981). While Michalopoulos and Aller (1995)
ments. Biogenic silica (BSi) is a major constituent of marine 4, mented the importance of reverse weathering reactions for
sediments, and its sedimentary record provides potentially sediments of the Amazon river continental shelf, clay neofor-

valuable information .O.f past_ ocean productlylty and ecosystem mation driven by dissolved Al was verified experimentally by
structure. Our capability to interpret the sedimentary record of Dixit et al. (2001)

BS.' in terms of past enwronmgntal conditions is_ presently Alternatively, the solubility of BSi in marine sediments, after

limited by our lack of understanding of the processes control- . : .

A . correction for pressure and temperature effects, might differ

ling its preservation (Archer et al., 1993; McManus et al., 1995; . .

Nelson et al., 1995) from estimates obtained for fresh plankton assemblages. Pref-

A . . erential dissolution of species with higher specific surface areas

The preservation of BSi is controlled by a competition be- ¢ fragile structur h ines during th ttling of diatom

tween dissolution and removal from the undersaturated waters 2" ' 29!€ SIUCIUIES SUCh as Spines during e_se 90 . ato

frustules through the water column results in a reduction of

by burial. In surface sediments, the ongoing dissolution is i ‘ £ il bl Hurd |
revealed by the buildup of silicic acid (Si[OFj]in pore waters specific surface area of siliceous assemblages (Hurd et al.,

to quasi-constant levels below 5 to 30 cm deep. Reported 1981; Hurd and Bir_d\_/vhistell, 1983; Ba_rker et al., 1994; Van
asymptotic Si(OH) levels range from 100 to 85@mol/L Cappellen, 1996; Dixit et al., 2001). This process alone, how-
(Hurd, 1973; Fanning and Pilson, 1974; Archer et al., 1993; €Ver, cannot account for the apparent low solubilities of BSi in
McManus et al. 1995: Sayles ot al. 1996: Rabouille et al Marine sediments (Dixit et al., 2001). After removal of the

1997) and are in general below the solubility of fresh plankton organic matrix, Al is the most important factor regulating the
solubility of BSi (Lewin, 1961; ller, 1973). The solubility is

decreased significantly by only minor amounts of A0.1%
*Author to whom correspondence should be addressed (Van Bennekom et al., 1989, 1991), compared to an average
(gehlen@lsce.saclay.cea.fr). diatom Al/Si ratio of 1/1000 (Martin and Knauer, 1973). The
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Table 1. Diatom samples discussed in this paper.

Species Sample ID Al (nmol/L)? Si (wmol/L)? Al/SiP Calsi¢ Ti/Si¢

Diatom cultures

Porosira glacialis LV1 5 102 0.07 x 1072 <1x10° <0.1x 1073

Thalassiosira nordenskjioldii 86 9 47 1.30 x 107 22 %107 <0.1x 103

Thalassiosira nordenskjioldii 87 59 27 3.80 x 1073 35x 1073 <0.1x 103

Lauderia annulata 103 400 5 7.00 X 1073 5.4 X 107 <0.1x 107
Natural diatom samples Sample origin

Benthic assemblage TF Wadden Sea tidal flat 8x 107 <1x 1073 0.4 x 1072

Biddulphia sinensis BS North Sea surface waters 8.30 x 1073 n.d. n.d.

2 Dissolved Al and Si concentration in culture medium. For comparison, oceanic Al levels range from 20 to 200 nmol/L. High levels of 400 nmol/L
were necessary during culture experiments to yield maximum Al/Si ratios. Note that the maximum elemental Al-to-Si ratio of cultured diatoms

compares to natural samples.

b Atomic Al/Si ratios determined by atomic absorption spectoscopy after complete digestion of frustules in HF/HCI/HNO, at 110°C or by

particle-induced X-ray emission (PIXE) for sample TF.

¢ Atomic Cal/Si ratios determined by PIXE after Beck at al. (in press). <0.1 stands for trace levels below the detection limit (PIXE); n.d., not

determined.

interaction between BSi and dissolved Al produced by the
dissolution of detrital minerals has been readdressed recently
(Van Cappellen, 1996; Van Cappellen and Qiu, 1997a, 1997b;
Dixit et al., 2001). The authors demonstrated the importance of
diagenetic Al uptake by diatom frustules in modifying BSi
solubility relative to that of fresh plankton assemblages.

The present study focuses on the association of Al with BSi.
The underlying questions are, is Al incorporated into the frus-
tules, or isit bound to the surface? If it is incorporated, can we
identify a structural effect of its presence? While the structural
incorporation of Al has been demonstrated for synthetic Si gels
(Stone et a., 1993) and nonbiogenic low-temperature opals
(Ildefonse and Calas, 1997), there is to date no conclusive
evidence for the opal synthesized by diatoms. A straightfor-
ward analogy between synthetic gels, nonbiogenic mineral
formation, and biomineralization might be misleading. We
have used X-ray absorption spectroscopy (XAS) (Calas et d.,
1984; Brown et al., 1988) to unravel the crystal chemistry of
BSi and provide the first results on the structural association of
Al with Si in diatom frustules. While Al K-edge X-ray absorp-
tion near-edge structure (XANES) spectraindicate the insertion
of Al in the BS framework of cultured diatoms in tetrahedral
coordination, they reveal the coexistence of structural Al with
smectite- and illite-type clay phases in natural marine diatom
frustules. Extended X-ray fine structure (EXAFS) spectroscopy
has been used to get Al-O distancesin BSi of cultured diatoms,
confirming a tetrahedral coordination.

2. MATERIAL

We compared diatom samples derived from cultures and the
marine environment. Cultured diatoms were chosen to provide
an end-member of known particle history on which the feasi-
bility of our approach could be tested. Diatom samples used in
this study are listed in Table 1 along with the corresponding
atomic Al-to-Si ratios. Samples from diatom cultures Porosira
glacialis (LV1) and Thalassiosira nordenskjioldii (86) cover
the low end of frustule Al-to-Si ratios. These ratios (Table 1)
were too low for XAS.

Sample purity, the absence of adhering mineral particles, is
of prime importance in the context of this study. We checked
the mineralogy of natural diatoms by X-ray diffraction and,

within the detection limit of the analytical method, failed to
detect contaminating mineral phases (e.g., clays). In a second
approach, the bulk composition of cultured and natural diatoms
was analyzed by particle-induced X-ray emission. The full data
set is presented in Beck et al. (in press). In this paper, we
present results (Table 1) for Ti as a tracer for a potential
mineral contamination, along with Ca, the latter being relevant
to the interpretation of XAS data. While Ti was below the
detection limit in al cultured samples, significant levels were
obtained for natural diatoms (Beck et a., in press). Titanium
levels of the natural sample TF suggest the presence of mineral
contaminants.

2.1. Diatom Cultures

Unialgal cultures of the marine diatoms T. nordenskjioldii
(Cleve; courtesy of Dr. Drebes, Biologische Anstalt Helgoland,
List/Sylt, Germany), Lauderia annulata (courtesy of Dr. R.
Riegman, Netherlands Institute for Sea Research, Texel, the
Netherlands), and P. glacialis (courtesy of Dr. Admiraal, Uni-
versity of Groningen, the Netherlands) were used. The agae
were kept in F/2 enriched seawater (Guillard and Ryther, 1962)
at a temperature of 12°C under a 14/10 h light/dark cycle and
dimmed light conditions (~100 uEinstein/m?/s).

For the experiments, batch cultures of both species were
grown in artificial seawater (ASW). The ASW was prepared
following the standard ocean seawater recipe (Morel et al.,
1979), modified by adding a second cleaning step. Purification
of ASW consisted of filtering the medium over an active coa
filter to remove organic contaminants, followed by extraction
of dissolved metals by an ion exchange resin (Chelex 100, 200-
to 400-um mesh) at pH 5. Final dissolved Al concentrations
between 2 and 6 nmol/L were reached at a drip rate of approx-
imately 120 cmg/h per column. A Si(OH), stock solution was
prepared by dissolving 1 g/dm® silica gel in ASW at pH 8,
yielding a final Si(OH), concentration of 1400 wmol/dm?®,
During the dissolution of the silicagel, no Al was set free (Van
Beusekom, 1991). To avoid any contamination by heavy metals
derived from the silicagel, the stock solution was purified by an
ion exchange resin (Chelex 100) at pH 8. Nitrate and phosphate
stocks were prepared from suprapure salts (Merck) and the
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Table 2. Al-bearing references presented in this study.

Sample CN Origin Composition AlIVIAI™ Ref.
Berlinite 4 Synthetic AIPO, 1
Albite 4 Location unknown NaAISi;Og 2
Kaolinite 6 Decazeville, France Al,Si,O5(0OH), 2
Muscovite 4,6 LMCP KAI(SizAl)O;o(OH), 0.33 2
Smectite 4,6 Prassa, Hungary Nay 57(Al; 5sM o 20Ti0.01F€% 0.00) 0.03 2
(Size4\l0,06)O10(OH)2

Illite 4,6 Puy en Velay, France N&y 01K 0.64C8,08(Al 1 16Ti0,0aFE> 0.26MNo.0aM o 43) 0.28 2
(Sigs3Al0.47)O10(OH)

Opd-A 4 Salton Sea, USA SO, Al/Si = 0.12 3

References: (1) Jumas et a. (1987), (2) Ildefonse et a. (1998), (3) Ildefonse and Calas (1997) CN = coordination number, LMCP = minera

collection of the Laboratoire de Minéralogie-Cristallographie, Paris).

vitamin stock from reagent-grade chemicals (Merck). The trace
metal mix was prepared from a corresponding stock solution
immediately before use. Aluminum was added separately from
an Al stock solution based on reagent-grade AICI;. A NaHCO,
solution was prepared immediately before use by dissolving 2 g
of Na,CO5 (Baker, Ultrex) in 100 mL nanopure water and
slowly adding 1.8 mL 30% HCI (Merck, suprapure). The en-
riched ASW was assembled by first slowly adding the NaHCO,
solution. Care was taken to avoid carbonate precipitation. The
pH was adjusted to 7.7 to 7.9, and vitamins, silicate, phosphate,
nitrate, and trace metals were added. No EDTA was used to
prevent complexation of Al. The seawater was filtered into
acid-cleaned sterile 25-L polycarbonate culture vessels through
cleaned 0.4-um membrane filters mounted on acid-cleaned
filtration units. In Al-enriched cultures, Al was added to the
polycarbonate culture vessels directly after filtration.

Cultures were grown at a temperature of 12°C and under a
14/10 h light/dark cycle and a light intensity of 300 to 400
wEinstein/m?/s. The cultures were mixed by gentle rotation (1
rpm) on a roller bench. The initia cell density was ~50
cells/mL.

Before each experiment, al polycarbonate equipment was
cleaned overnight with a hot detergent, rinsed several times
with nanopure water, soaked overnight in 0.7% suprapure
HNO;, and rinsed again with nanopure water.

A detailed description of the experimental setup is presented
by Van Beusekom and Weber (1992). Dissolved Al and Si
levels of the culture medium are listed in Table 1 along with the
order of magnitude of dissolved Al encountered in ocean wa-
ters.

2.2. Marine Diatom Samples

Two natural samples were used for of this study: (a) a
benthic species assemblage from a Wadden Sea tidal flat (TF)
and (b) a North Sea pelagic species Biddulphia sinensis (BS)
(now referred to as Odontella sinensis). The benthic species
assemblage was obtained by letting the diatoms migrate
through three layers of lens tissue toward the light. The col-
lecting technique relies on positive phototaxis and was first
described by Eaton and Moss (1966). Triple layers of lens
tissue are used on top of the sediment to ensure collection of
sediment-free diatoms.

The pelagic sample was obtained by plankton tows. B. si-
nensis was collected in the Dogger Bank area of the North Sea.

The rationale behind this selection of samples is to provide a
characterization of BSi before its incorporation to sediments.
Samples were purified by repeated settling and decanting. Or-
ganic matter was removed by low temperature ashing.

2.3. Reference Mineral for XAS

Several reference compounds have been selected for XAS:
albite and berlinite for tetrahedral Al and kaolinite for octahe-
dral Al. In addition, muscovite, smectite, and illite have been
selected as model compounds for minerals containing mixed 4-
and 6-coordinated Al. Thelist is completed by alow-Al opal-A
sample (Al/Si = 0.12), which is not of biogenic origin. A
description of reference compounds is presented in Table 2.

3. ANALYTICAL METHODS

Al K-edge XANES and EXAFS spectrawere collected on the SA 32
line (E range 0.8 to 3.5 keV) at the LURE/Super-ACO synchrotron
radiation facility (Orsay, France). The storage ring was operating at 800
MeV positron energy and 100 to 300 mA positron current. The X-ray
beam was monochromatized using a Yb66 double-crystal monochro-
mator. Samples were powdered onto pure indium and mounted on a
copper slide. Spectrawere calibrated with a pure Al foil at the inflexion
point of the K-edge (1559 eV) and recorded in fluorescence yield mode
over a photon energy range of 1550 to 1600 eV (0.2-eV steps) for
XANES and 1500 to 1820 eV (1-eV steps) for EXAFS. The intensity
of the Al K-edge spectra was normalized relative to the atomic absorp-
tion above the threshold and linearly background fitted. The energy
position of absorption edges of individual samples was determined
from second derivative spectra. Background extracted EXAFS oscilla-
tions were Fourier transformed over the k range 1.5 to 7.5 A~%. The
resulting Fourier transforms correspond to pseudoradia distribution
functions around the Al atoms, which were not corrected for phase
shift.

4. RESULTS
4.1. XANES Spectroscopy: Reference Compounds

Al K-edge XANES spectra of Al-bearing reference com-
pounds are presented in Figure 1. Al K-edge XANES spectra of
abite (tetrahedral Al), kaolinite (octahedral Al), and nonbio-
genic opal-A (tetrahedral Al) are plotted in Figure la. Spectra
of muscovite (mixed coordination), smectite (mixed coordina-
tion), and illite (mixed coordination) are shown in Figure 1b.
The energy positions of main Al K-edge structures are sum-
marized in Table 3.

Al K-edge XANES spectra of tetrahedral Al-bearing miner-
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Fig. 1. Al K-edge X-ray absorption near-edge structure (XANES) spectra of reference compounds. (a) Crystalline model
compounds albite (tetrahedral Al) and kaolinite (octahedral Al) compared to amorphous nonbiogenic opal-A (tetrahedral
Al). (b) Model compounds for mixed 4- and 6-coordinated Al: muscovite, illite, and smectite. Positions in energy of main
Al K-edge structures are exemplified on the XANES spectra for albite, kaolinite, and muscovite. Absorbance in arbitrary

units (a u.).

als, such as albite, are characterized by a strong and narrow
single-edge maximum at 1565.4 €V. The edge maximum is
shifted toward higher energy in the XANES spectra of miner-
as, which contain octahedral Al, with a strong influence from
the geometry of the Al octahedron. The main absorption edge
consists of several features located near 1570 eV, the relative
intensity of which varies among the minerals investigated. In
some phases, such as diaspore or pyrophyllite (Ildefonse et a.,
1998), the edge maximum corresponds to the position of the
low-energy resonance. By contrast, in kaolinite (Fig. 1a), the
higher energy resonance is the most intense. In smectite and
illite, both resonances have similar intensities (Fig. 1b). The Al
K-edge XANES spectrum of muscovite (Fig. 1b) shows three
edge maxima, one located at the energy position of tetrahedral
Al and the two other corresponding to the two structures
characteristic of octahedral Al. Above the absorption edge, al
spectra show the presence of weak features, the positions and
relative intensities of which are different among the various
phases. XANES spectra are thus a sensitive tool not only for
determining the coordination of Al in mineral compounds but
aso for revealing information on the medium-range structure

and the kind of phase in which Al occurs (lldefonse et a.,
1998).

4.2. XANES Spectroscopy: Diatom Samples

The Al K-edge XANES spectra of cultured diatom samples
87 and 103 indicate an identical position of the absorption edge
and edge maximum. The weak structures present at higher
energy do not occur at the same position in both samples (Fig.
2a). The features of sample 103 are located at an energy
position similar to that observed in the crystaline reference
abite (Fig. 1a), suggesting a fourfold coordination of Al. The
spectra of diatom samples are less resolved than the crystalline
reference, an indication of a strong structural disorder. In line
with this observation, the spectrarecorded for cultured diatoms
closely correspond to that of nonbiogenic opal-A (Fig. 2a).

The spectra of the natural diatoms are identical for both
samples (Fig. 2b). They show a more complex edge maximum
than the spectra of cultured diatoms (Fig. 2a). The energy
position of the absorption edge corresponds to that of albite,
and the three resonances that constitute the main edge occur at

Table 3. Energy positions of main Al K-edge structures on X-ray absorption near-edge structure spectra of crystalline reference compounds.

Sample A B C D E Reference
Albite 1564.4 1569.5 1573.5 1579 1583 Kroll and Ribbe (1983)
Kaolinite 1568.2 1570.8 Bish and Von Dreele (1989)
Muscovite 1565.4 1567.8 1571.0 Rothbauer (1971)
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Fig. 2. (a) Al K-edge X-ray absorption near-edge structure (XANES) spectra of cultured diatom samples 103 and 87. The
spectra of diatom samples yield an absorption edge and a maximum amplitude at the same energy position. The Al K-edge
XANES spectra of cultured diatoms are compared to the spectrum of low-Al opal. The XANES multiple-scattering features
are consistent with a disorder surrounding clusters and imply corner sharing tetrahedra. (b) Al K-edge XANES spectra of
marine diatom samples TF and BS. Spectra of smectite and illite are included for comparison. Both diatom samples process
spectra close to identical. While the first resonance is characteristic of fourfold-coordinated Al, the two other resonances
correspond to sixfold-coordinated Al. The shapes of the adsorption edges of diatom samples and smectite are similar. The
relative intensities of XANES structures indicates the coexistence of structural Al with a smectite- or illite-type clay

component. Absorbance in arbitrary units (a.u.).

the same position as in smectite and illite. The first resonance
is characteristic of fourfold-coordinated Al, and the two further
resonances correspond to sixfold-coordinated Al, by compari-
son with the spectra of crystalline references. A high-energy
feature is observed near 1590 eV. This position in energy is
similar to that observed in spectra of octahedral Al (feature E,
kaolinite, Fig. 1a). Al thus appears to be present with mixed
coordination numbers in both natural samples.

4.2. EXAFS Spectroscopy: Cultured Diatom Samples

Al K-edge EXFAS spectra were recorded for cultured dia-
tom samples 87 and 103. Background subtracted Al K-edge
EXAFS spectra of diatom cultures 87 are presented in Figure
3a as a function of wave vector k compared to berlinite.
Berlinite is selected as a reference compound for this compar-
ison because of its regular and well-described structure. Be-
cause of the proximity of the Si-K absorption edge, only a
limited energy range is accessible, and the information is
mostly limited to the nearest neighbors, as shown by the pres-
ence of one major contribution on the Fourier transform (Fig.
3b). The close match of the module and the imaginary part of
the Fourier transforms indicates identical coordination number
and Al-O distances in sample 87 and berlinite. The energy
positions of absorption edges and the mean Al-O distances of
sample compounds 87 and 103, which were obtained by fitting

the signa corresponding to the first shell of neighbors, are
summarized in Table 4.

5. DISCUSSION

5.1. Structural Interpretation of Spectra of Cultured
Diatoms

Aluminum may enter the framework of amorphous silica by
two distinct structural processes (Narshneyer, 1994). It may
enter as a network former, preserving the three-dimensional
structure built by the corner sharing SiO, tetrahedra, provided
there is charge compensation by akalis or akaine earths
located in a nearby position. Alternatively, a nonbridging oxy-
gen is created by the presence of two octahedral Al atoms
linked to an oxygen belonging to a SiO, tetrahedron. At low
temperature, Al is encountered in poorly ordered aluminosili-
cate phases formed during continental weathering, such as
allophanes, imogolites, and Al-bearing amorphous silica (opal-
A). The presence of both 4- and 6-coordinated Al in natural
allophanes has been recognized by various authors. In nonbio-
genic low-Al opal-A, al Al occursin fourfold coordination and
plays the structura role of a network former in the three-
dimensiona structure (Ildefonse and Calas, 1997).

The XANES and EXAFS data shown in this study are
similar for cultured diatoms and crystalline minerals in which
Al istetrahedrally coordinated like albite (Fig. 1a) or berlinite
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Fig. 3. Al K-edge extended X-ray absorption fine structure (EXAFS) spectra of cultured diatom sample 87 compared to
model compound berlinite. (a) Background-substracted EXAFS plotted as a function of wave vector k. Extracted EXAFS
spectra were Fourier transformed over the k range of 1.5 to 7.5 A~* (vertical bars). (b) Module ( FT ) and imaginary part
(im FT) of Fourier transforms corresponding to the Al K-edge EXAFS spectra. Distances are not corrected for phase shift.

(Fig. 3). The energy position of the absorption edge and the
mean Al-O distance are comparable. This indicates that Al is
predominantly fourfold coordinated in samples of diatom cul-
tures. XANES spectroscopy is sensitive to the medium-range
organization around the absorbing atom. XANES spectra may
thus be used to understand the structural significance of the
tetrahedral coordination of Al within the silica framework of
cultured diatom samples. Full multiple-scattering calculations
have been made for the Al K-edge XANES spectra of the
reference minerals used in this study (Cabaret et al., 1996). The
main resonance corresponds to atomic-like levels and gives
direct information on the coordination state of Al. By contrast,
the higher energy resonances correspond to multiple scattering
and are related to the geometrical arrangement of the nearest
and next nearest neighbors around Al. The first coordination
shell gives rise to a single, broad resonance close to 1585 eV,
characteristic of a tetrahedral coordination. Further resonances
are found when considering the contribution from second and
further shells at the same time as the broad resonance shifts
toward lower energy. The low intensity of these features indi-
cates a strong disorder around Al, which is characteristic of the
insertion of Al in the amorphous structure of biogenic opal.
Along this line of thought, the differences between samples 87
and 103 may be explained by a stronger disorder in the former.
The presence of resonances at 1571 and 1574 eV on the
XANES spectrum of sample 103 indicates multiple-scattering
events in clusters based on corner-sharing silicate and alumi-
nate tetrahedra. These clusters have diameters between 9 and
11.7 A.

Table 4. Energy positions of absorption edges (a-edge) and mean
Al-O distances of diatom samples. Al'V-O refers to fourfold coordina-
tion.

Sample ID a-edge (eV) Al'V-0 (A)
Berlinite 1565.8 + 0.2 1.74
Diatom culture 87 1565.2 1.73 £ 0.02
Diatom culture 103 1565.2 1.78

Thelocation of Al in cultured diatoms could be explained by
three hypotheses. First, Al could be present within trace alu-
minosilicates. Framework silicates are the only low-tempera-
ture minerals in which Al is exclusively in tetrahedral coordi-
nation. The corresponding spectra are characterized by the
occurrence of well-defined characteristic multiple-scattering
features above the main edge, as exemplified for abite in
Figure 1la. These features are better resolved in albite and other
crystalline references (lldefonse et al., 1998) than on the cul-
tured diatom spectra. The presence of trace crystalline alumi-
nosilicates can thus be ruled out. Aluminum could also be
present in trace aluminosilica gels included inside the diatom
frustules. To yield the measured bulk Al levels, these included
gels must be concentrated in Al. However, in natural, nonbio-
genic auminosilica gels and poorly ordered phases such as
allophanes and imogolites (lldefonse et al., 1994), Al occupies
both coordination states (6 and 4). This is not consistent with
the XANES and EXAFS results presented for cultured diatoms.
The only occurrence of exclusively tetrahedral Al isin nonbio-
genic opals that have low Al contents (<1%). The chemical
analysis of the bulk material agrees with the Al content of
low-Al opas. The XANES multiple-scattering features are
consistent with a disorder surrounding clusters and imply cor-
ner-sharing tetrahedra, as expected in a low-Al opal. In addi-
tion, the considerations on multiple-scattering events at the
origin of the major XANES resonances indicate a medium-
range order, implying an Al-bearing tetrahedron connected to
four silicate tetrahedra, with some longer range ordering. We
conclude that the XANES and EXAFS data of cultured diatoms
indicate that Al belongs to the silica framework synthesized by
the organism.

The presence of trace elements such as alkalis or akaline
earths may reflect processes of charge compensation at the
origin of the stability of tetrahedral Al inthis peculiar surround-
ing. Substitution of Si** by AI®" creates a negative charge
which needs to be balanced by alkali or alkaline earth cations.
In cultured samples, Ca correlates with Al in such away that it
may balance the charge deficit around Al tetrahedra. The Ca-
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Fig. 4. A structural model of biogenic silica. Al enters the structure
as a network former preserving the three-dimensional environment
built by the corner-sharing SiO, tetrahedra. Substitution of Si** by
AI®* creates an unit negative charge. The compositional analyses of
diatom samples suggest a charge compensation by Ca®*.

to-Al atomic abundance relationship (Table 1) isgiven as Ca =
0.55 X Al + 0.0015 (Beck et d., in press). The slope of the
Cato-Al relationship is close to 0.5, which indicates that Ca
alone may be responsible for the charge compensation of the
substituted Al in BSi synthesized by cultured diatoms. The
resulting structural model of BSi is presented in Figure 4.

The interlinkage of Al and Si tetrahedra within diatom frus-
tulesis astrong indication of the incorporation of Al during the
biosynthesis of frustule silica and does not result from subse-
guent contamination. It also provides a structural explanation
for the effect of Al on the solubility of BSi. The structural
position of Al is unusual at low temperature, at which Al is
generaly found in octahedral coordination. This structura pe-
culiarity is only observed at low Al concentrations, provided
there is charge compensation by neighbor cations. It reflects the
structural constraints imposed by the Si framework.

5.2. Structural Interpretation of Spectra of Natural
Diatoms

In experimental spectra of natural diatoms, the well-identi-
fied absorption edges of tetrahedral and octahedral Al indicate
the presence of the two coordination numbers. The mixed
coordination might be due to the presence of Al exclusively in
clay minerals such asillite or smectite, in which Al has the two
coordination numbers, without a contribution of Al associated
to the diatoms. As indicated above, the strong intensity of the
tetrahedral component as well as the relative intensity of the
two edge crest features indicates that the first explanation is not
consistent with the observed XANES structures.

An alternative explanation may be the coexistence of the
structural Al in BSi with a clay component, which will signi-
ficantly increase the relative intensity of the feature related to

the presence of tetrahedral Al. The relative intensity of the
tetrahedral component is not compatible with the presence of a
muscovite clay fraction, which might indicate a higher contri-
bution from octahedral Al. The relative intensity of the two
edge components is also different between natural diatoms and
muscovite, with an inversion of the relative intensities of these
features. The shape of the main edge is thus not in favor of the
presence of muscovite or of aluminosilicate gels, in which the
low-energy resonance related to octahedral Al is the most
intense. The higher intensity of the high-energy resonance in
diatom samples might originate from the presence of smectite-
or illite-type clay phases, which process a similar edge shape
(Fig. 2b). The presence of other phases, such as gibbsite, may
be excluded despite a similar relative intensity of the two main
edge resonances. The high-energy feature characteristic of
these phases is much broader and less resolved than on the
spectra of natural diatoms (lldefonse et al., 1998). Spectra of
natural diatoms are thus consistent with the coexistence of
structural Al in fourfold coordination within BSi and Al bound
within a smectite- or illite-type phase. Smectite and illite are
major components of the clay fraction of North Sea sediments
(Zollmer and Irion, 1993). Despite our best efforts to isolate
clean diatom frustules, a contamination by adhering clay par-
ticles cannot be excluded at this stage. We conclude that by
analogy to the cultures, the fourfold coordination reflects Al
incorporated during frustule biosynthesis, while the smectite-
or illite-type phase probably corresponds to adhering clay par-
ticles.

5.3. The Coupling of Al and Si Geochemical Cycles

Al-K XANES and EXAFS spectra collected for diatoms
demonstrate for the first time the structural association between
Al and Si in BSi and lend support to the close coupling of Al
and S marine geochemical cycles by diatom dynamics. The
coupling of marine geochemical cyclesof Al and Si through the
interaction between dissolved Al and biogenic siliceous parti-
cles was proposed over 20 yr ago. Active biological uptake of
Al by diatoms during biosynthesis and itsincorporation into the
siliceous frustule was inferred from the apparent Al-Si covaria-
tion of pelagic dissolved Si and Al levels (Van Bennekom and
Van Der Gaast, 1976; Mackenzie et a., 1978; Stoffyn and
Mackenzie, 1982; Chou and Wollast, 1997). This covariation,
which implies a nutrient-like distribution for dissolved Al in
ocean waters, is however restricted to particular oceanic envi-
ronments such as estuaries or the Mediterranean Sea. In the
open ocean, the vertical distribution of dissolved Al and its
digtinct differences between ocean basins suggest a control of
dissolved Al dominated by scavenging (Li, 1991). The strong
affinity of biogenic siliceous particles for dissolved Al is cor-
roborated by the observation that reduced levels of dissolved Al
are associated with high diatom production (Orians and Bru-
land, 1986; Van Beusekom, 1988). The exact nature of the
association between dissolved Al and biogenic siliceous parti-
cles, however, remains controversial.

Previous experiments with diatom cultures supported Al
removal from seawater by biologic uptake (Stoffyn, 1979; Van
Bennekom et al., 1991; Van Beusekom and Weber, 1992,
1995). Other studies stressed the importance of a primarily
inorganic removal mechanism of Al by its association with
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particle surfaces in controlling the distribution of dissolved Al
(Hydes, 1979; Orians and Bruland, 1985; Moran and Maore,
1988, 1992). In living diatoms, frustules are protected from
alteration by the organic matrix in which the BSi building
blocks are encased. The protective role of this organic matrix
was highlighted by Bidle and Azam (1999). The authors dem-
onstrated the role of bacteria in controlling the dissolution rate
of BSi. The underlying mechanism involves the removal of the
organic matrix by bacterial activity followed by the exposure of
frustule walls to undersaturated seawater. As long as the or-
ganismisalive, the siliceous skeleton is shielded from the outer
environment. The presence of Al in frustules of living cultured
diatoms in exclusively fourfold coordination thus strongly sug-
gests its incorporation during biosynthesis.

Because of the strong inhibition of BSi solubility by minor
amounts of Al, itsincorporation at the stage of biosynthesisis
expected to result in varying solubilities of the BSi flux depos-
ited at the sediment-water interface. This line of thought is
compatible with regional variations in the solubility of BSi
inferred from pore water data (Archer et al., 1993; McManus et
al., 1995). It suggests a possible contribution of surface ocean
processes to the control of BSi solubility through the coupling
of biogeochemical Al and Si cycles. Aluminum is added to
open ocean waters by the deposition of eolian dust of conti-
nental origin followed by the partial dissolution of the alumino-
silicate fraction (Measures and Brown, 1996; Measures and
Vink, 2000). Without denying the importance of postdeposi-
tional uptake of Al by diatom frustules during early diagenesis
(Van Bennekom et al., 1989, 1991; Dixit et a., 2001), the
regiona variability of BSi solubility should in part reflect
dissolved Al availability and thus be related to its main source:
the partial dissolution of the aluminosilicate fraction of conti-
nental dust.

6. CONCLUSIONS

Al K-edge XANES and EXAFS spectra collected for dia-
toms underline the structural association between Al and Si in
diatom frustules. In samples of cultured diatoms, Al is present
exclusively in fourfold coordination. The location and relative
intensities of XANES features suggest the structural insertion
of tetrahedral Al inside the silicaframework synthesized by the
organism. The peculiar structural position of Al within the BSi
framework is invoked to explain the inhibiting effect of Al on
the solubility of BSi (decrease of solubility). The incorporation
of Al at the stage of biosynthesisis expected to result in varying
solubilities of the flux of BSi deposited at the sediment-water
interface.

In natural diatom samples, Al is present in mixed six- and
fourfold coordination. The relative intensities of XANES struc-
tures indicate the coexistence of structural Al with asmectite or
illite component. While grestest care was taken to avoid con-
tamination of samples collected in the marine environment by
adhering mineral particles, it cannot be excluded that the clay
component corresponds to trace mineral particles occluded in
frustule pores.
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