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Abstract

The occurrence of minor elements in the structure of biogenic diatomaceous opal-A
i1s an important issue because it is closely related to some bio-geochemical processes
driven by the precipitation, sedimentation and storage of diatoms, as well as to the
properties and applications of diatomite, the sedimentary rock composed of diatomaceous
opal-A. However, to date, there is no direct microscopic evidence for the existence of
minor elements, such as Al, Fe, and Mg, in the structure of diatomaceous opal-A, because
such evidence requires observation of the internal structure of frustules to exclude the
disturbance of impurity minerals, which is technically challenging using conventional
techniques. In this work, transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDS) mapping
analysis were performed on diatomaceous opal-A from three typical diatomite specimens
that were pretreated using focused ion beam (FIB) thinning. This technique produces a
slice of a diatom frustule for direct TEM observation of the internal structure of the
diatomaceous opal-A. The results of this work clearly indicate that minor elements, such
as Al, Fe, Ca, and Mg, conclusively exist within the siliceous framework of diatomaceous
opal-A. The contents of these minor elements are at atomic ratio levels of 1 (minor
element) / 10000 (Si) — 1/100, regardless of the genus of the diatoms. The occurrence of
minor elements in the internal structure is likely through biological uptake during
biosynthesis by living diatoms. Moreover, surface coatings composed of aluminosilicates
on diatom frustules are common, and the contents of elements such as Al and Fe are tens
or hundreds of times higher in the coatings than in the internal siliceous structure of
diatomaceous opal-A. The discovery of the incorporation of the abovementioned minor
elements in the diatomaceous opal-A structure, both in the internal Si-O framework and
on the surface, updates the knowledge about the properties of diatomite.

Key words: Diatomaceous opal-A; Diatomite; Focused ion beam (FIB); Transmission
electron microscopy (TEM); Minor elements.
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Introduction

Opal is a naturally occurring hydrous silica mineral that forms in a variety of surface
and near-surface low-temperature environments (Webb and Finlayson 1987; Guthrie et al.
1995). According to its different structural states, opal has been divided into three groups,
1.e., opal-A, opal-C, and opal-CT, where A, C, and T signify amorphous, cristobalite, and
tridymite, respectively (Jones and Segnit 1971; Guthrie et al. 1995). Biogenic opal-A is a
widely occurring form of natural opal and is produced from the mineralization of some
common Si-bearing organisms, such as diatoms and sponges (Shi et al. 2012;
Wysokowski et al. 2018), which are ubiquitous in many ancient and modern marine and
lacustrine environments. Over the past few decades, biogenic opal-A has received
considerable research attention due to its essential role in some key geochemical
processes, such as the global biogeochemical cycle and related atmospheric carbon
fixation (Treguer et al. 2018).

Diatomaceous opal is the most investigated type of biogenic opal-A. It is sourced
from single-cell algae known as diatoms. Diatoms account for ~40% of oceanic primary
production on Earth and control the biogenic cycling of silicon (Si) throughout the
world’s oceans (Treguer and De La Rocha 2013; Conley and Carey 2015). The inorganic
part of a diatom frustule is composed of amorphous silica, which builds up diatomaceous
opal-A in the postmortem stage of diatoms. Over geological time, the deposition of the
frustules of dead diatoms at the bottom of oceans and lakes results in a huge
accumulation of diatomaceous opal-A after a diagenesis process. The role of
diatomaceous opal-A as a Si sink, as well as the close relation of diatomaceous opal-A
with geochemical processes driven by diatoms, have attracted great research interest
(Michalopoulos and Aller 1995; De La Rocha et al. 1998; Presti and Michalopoulos
2008). Additionally, sedimentary rocks rich in diatomaceous opal-A have also received
much research attention because such rocks exhibit high porosities sourced from the

original porosity of the diatom frustules, making them excellent hydrocarbon reservoirs
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(Cortese et al. 2004; Shukla and Mohan 2012).

Moreover, diatomite (also known as diatomaceous earth or kieselgur), the
sedimentary rock composed of diatomaceous opal-A and minor impurities such as clay
minerals, is the result of the accumulation and compaction of fossilized remains of
diatoms over geological time and is widely used in a variety of applications in industry,
such as filter, catalytic support, filler, absorbent, and biomedical materials (Yuan et al.
2004; Losic et al. 2009; Jin et al. 2014; Maher et al. 2018). Such extensive industrial
applications of diatomite are attributed to the intricate and porous frustule structure and
the desirable physical and chemical properties of diatomaceous opal-A, such as strong
absorptivity, low density, low thermal conductivity, high melting point and chemical
inertness (Yuan et al. 2004).

In the structure of opal-A minerals, the occurrence of minor elements, i.e., those
other than Si, O and H, may be very important in terms of its properties and sometimes
for its applications. In some studies (Gaillou et al. 2008), the non-Si elements (such as Al,
Fe, Ca, K, and Mg) present at concentrations above 500 ppm in nonbiogenic opal
minerals have been defined as “impurities”, and the non-Si elements (such as Ba, Sr, Rb,
Mn, and Ti) at concentrations below 500 ppm have been termed “trace elements”.
However, to simplify the description, the present paper uses “minor elements” to refer to
both impurity elements and trace elements. The occurrence of minor elements in the
structure of opal minerals directly affects their property, color, and appearance, such as
the body color of gem opals (Gaillou et al. 2008; Martin and Gaillou 2018). Many
previous studies have investigated the formation mechanisms of nonbiogenic
low-temperature opal minerals and the possible mechanisms regarding the occurrence of
minor elements in the structure of gem opal (Bartoli et al. 1990; Brown et al. 2004;
Chauvire et al. 2019; Horton et al. 2002; Gaillou et al. 2008).

For biogenic diatomaceous opal-A, the presence of minor elements in its structure is

an issue with particular importance. The minor elements in diatomaceous opal-A are
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closely related to some bio-geochemical processes, such as CO, immobilization and
organic preservation, which are driven by the sedimentation and storage of diatoms and
constitute a key part of oceanic biological pump (Treguer and De La Rocha 2013). For
example, Al is the most investigated element that has been considered to be possibly
incorporated into the frustules of diatoms both in natural marine environments and under
cultured conditions (Moran and Moore 1988; Gehlen et al. 2002). Cocycling of Si and Al
based on the intake of Al by diatoms in the ocean has thus been proposed. Furthermore,
Al incorporation into frustules was found to have significant effects on lowering the
dissolution of frustules in the marine water column (Dixit et al. 2001). Therefore, the
amount of biogenic Si transferred through the water column and accumulated in abyssal
sediments is increased because of Al incorporation. This relationship is essential for the
delivery of the organics in diatoms from the water column to the deep-sea or the seafloor
and is therefore important for the preservation of organics via the deposition of frustules
(Treguer et al. 2018).

Although Al incorporation into the structure of diatoms has been documented based
on observations of natural and cultured diatoms (Koning et al. 2007), identification of the
exact state of the Al in the diatom structure has not been achieved. Particularly, the issue
of whether Al exists in the structure of the inorganic siliceous component, i.e., the
diatomaceous opal-A, remains ambiguous. From the perspective of mineral chemistry,
the significance of this issue lies in that it is an important factor affecting the property of
diatomaceous opal-A, and it also influences the stability of Al in diatom frustules and is
thus closely related to the Al cycle in the oceanic environment (Gehlen et al. 2003; van
Hulten et al. 2014; Moran and Moore 1988).

However, the detection of Al occurrence in the structure of diatomaceous opal-A is
technically challenging. The major difficulty is that tiny (micron dimension) impurities of
clay mineral particles are always associated with diatoms in natural environments, so

selective detection of the signal of Al occurrence inside the bulk diatoms is quite difficult.
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As noted by Gehlen et al. (2002), for the structural and compositional characterization of
diatom frustules, the disturbance from impurities, such as the clay component in frustule
(e.g., in the pores), cannot be excluded even when the greatest care was taken to avoid
such contamination. Studies on the purification of diatomite ore have also demonstrated
that the association between clay impurities and diatom frustules is too close to
effectively remove impurities without disturbing the frustules (Ibrahim and Selim 2010;
Loucaides et al. 2012). Consequently, there is to date no conclusive evidence (such as
that from microscopic observation) for the existence of Al in the structure of
diatomaceous opal-A, despite some X-ray absorption spectroscopy studies suggesting
that tetrahedral Al exists inside the silica framework of diatoms (Gehlen et al. 2002;
Koning et al. 2007). Obviously, a study focused on microscopic evidence needs to be
conducted to directly determine whether Al exists in the internal structure of the siliceous
structure of diatomaceous opal-A. Compared with Al, the occurrence of other minor
elements, such as Fe, Mg, Ca, K and Zn, in diatom frustules has received much less
research attention (de Jonge et al. 2010; Ingall et al. 2013). Therefore, it is very necessary
to conduct a direct identification of the occurrence of all the above-mentioned minor
elements in the structure of diatomaceous opal-A.

In this work, the occurrence and features of minor elements (such as Al, Fe, Mg, and
Ca) in the structure of diatomaceous opal-A were examined using transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) combined with
energy-dispersive X-ray spectroscopy (EDS) mapping analysis. The diatom frustules
were sliced using focused ion beam (FIB) thinning, which allowed direct electron
microscopy characterization of the internal siliceous structure of the diatomaceous opal-A.
This technique effectively avoids the possible interference of the impurity phase (such as
clay or iron oxide minerals) closely associated with diatomaceous opal-A. By applying
the above-mentioned characterizations, this work identifies the occurrence of the minor

elements in the internal structure of diatomaceous opal-A for the first time. Based on the
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obtained results, some updates of the understanding of the structure and property of

diatomaceous opal-A are proposed, and some related implications are discussed.

Samples and Methods

Diatomite samples

Three diatomite samples from China, Australia, and USA were used in this study.
The Chinese diatomite sample was collected from the diatomite mine in Changbai County,
Jilin Province, with the genus Coscinodiscus Ehrenberg (Centrales) as the dominant
diatom species. This sample is denoted C-Dt hereafter. The Australian diatomite sample
(denoted S-Dt) is from the Mount Sylvia diatomite mine in south Gatton in southeastern
Queensland, with the genus Melosira granulate (Ehr.) Ralfs (Centrales) as the dominant
diatom. The American diatomite (denoted L-Dt) is from the Lompoc diatomite mine in
Santa Barbara county, southwestern California. L-Dt contains several major diatom
species, such as Thalassiothrix longissima Cleve et Grunow, Coscinodiscus radiates
Ehrenberg, Coscinodiscus curvatulus Grunow, and Actinocyclus cholnokyi Van
Landingham. The diatom of the genus Thalassiothrix longissima Cleve et Grunow
(Pennales) was used in this study. The selection of these representative diatomite samples
is based on consideration on the genus of the diatoms and the mine itself. L-Dt originates
from oceanic diatoms; bot C-Dt and S-Dt are from freshwater diatoms. The diatomite
mine where L-Dt was collected is among the largest oceanic diatomite mines in the world,

and the diatomite mine where C-Dt was collected is the largest one in China.

Characterization methods
The powder X-ray diffraction (XRD) patterns of the diatomite samples were taken
on a Bruker D8 Advance diffractometer with Ni filter and CuK,, radiation (4 = 0.154 nm)

using a generator voltage of 40 kV, a generator current of 40 mA, and a scan rate of 1°
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(20)/min. The contents of major elements were determined by X-ray fluorescence
spectrometry (XRF) using an XRF-1800 wavelength dispersive sequential scanning
spectrometer (Shimadzu Corporation, Japan) with a voltage of 40 kV and current of 70
mA.

FIB thinning was carried out using a FIB-SEM (FEI Helios NanoLab 450S)
equipped with a FlipStage and in situ scanning TEM (STEM) detector, a Tomahawk ion
column, and a multichannel gas injection system. The diatom frustules for
characterization were picked from the diatomite powder using a nanomanipulator
(Oxford OmniProbe 200) and were then transferred to the copper specimen stage. For
FIB milling to obtain a thin slice of the frustule, a 5 kV focused gallium ion (Ga") beam
with a beam current of 40 pA was used, and the total thinning time was 2 min. Fig. 1
schematically presents the process of the FIB slicing of both sides and example images of
the FIB treatment on a Melosira granulate (Ehr.) Ralfs (Centrales) diatom from S-Dt. The
thickness of the obtained frustule slice is approximately 40 nm. The slice was then fixed
on the edge of FIB half grid that is made of molybdenum (Mo) by induced platinum (Pt)

deposition.

Figure 1

The in situ field emission SEM (FE-SEM) observation of the frustule slice was
performed with an accelerating voltage of 30 kV and a current of 24 - 9300 pA. Before
FE-SEM observation, the sputtering of chromium (Cr) was carried out to make an
ultra-thin electrically-conducting coating. The elemental distribution of the sliced frustule
was obtained using energy-dispersive X-ray imaging attached to a transmission electron
microscope (FEI Talos F200 TEM/EDS microscope) with a voltage of 200 kV and a
current of 1 nA. The limit of detection of the EDS accessory (FEI Super-X EDS) is

0.01wt% and the accuracy of quantification is over 0.1wt%. The spatial resolution of
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EDS analysis is lower than 5 nm.

The raw EDS data of the weight percentage (wt%) of the elements were obtained.
And they were transformed to the relative atomic concentration of the elements (to Si
atomic concentration), as a normalization that excludes the influence of nonindigenous
elements such as Ga, Mo and Pt. Notably, the signal of Na is strongly disturbed by the

signal of the Ga from the FIB treatment, so its EDS data were not reported.

Results

Mineralogical composition of the diatomite samples

The XRD patterns (Fig. 2) show that amorphous opal-A is the main mineral
component of all diatomite samples, as evidenced by the broad diffraction pattern
centered at approximately 21°(26). Quartz is found in all diatomite samples, but
cristobalite only exists in L-Dt (Fig. 2). Additional weak peaks are observed at
approximately 7°(260) and 9°(260) for C-Dt (Fig. 2a), and 13°(26) for S-Dt (Fig. 2b). These
diffractions correspond to clay minerals, such as illite or kaolinite, indicating the
existence of a small amount of clay minerals in C-Dt and S-Dt.

The chemical compositions of C-Dt, S-Dt, and L-Dt are as follows. C-Dt: SiO,,
78.22%, AlOs, 7.86%, Fe 03, 3.02%, CaO, 0.46%, MgO, 0.67%, K20, 0.79%, NaxO,
0.41%, TiOz, 0.23%, and L.O.1, 8.04%; S-Dt: SiO, 86.48%, Al>O3, 3.56%, Fe203, 1.16%,
Ca0, 0.52%, MgO, 0.69%, K>0, 1.03%, NaxO, 0.34%, TiO2, 0.22%, and L.O.1, 6.55%;
and L-Dt: S10,, 84.65%, AL,Os, 5.72%, Fe20Os, 1.27%, CaO, 0.32%, MgO, 0.41%, K>O,
0.10%, Nax0, 0.19%, TiO2, 0.25%, and L.O.1, 7.20%.

Figure 2

Morphology and overall elemental distribution features of diatom frustules

The FE-SEM and TEM images of the diatom frustules from the three original
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diatomite specimens, C-Dt, S-Dt, and L-Dt, are shown in Figs. 3-8. Fig. 3a shows a
frustule with the typical morphology of diatom of the genus Coscinodiscus Ehrenberg in
C-Dt. Like well documented in previous studies (Liu et al. 2010, 2012; Wang et al. 2013),
the frustules of this diatom genus have a disk shape (in plan view) and a round
soapbox-like structure, of which the porosity is high. As measured in our previous study
(Liu et al. 2010), the frustules in C-Dt are relatively uniform in diameter (20-40 pm) and
thickness (1.2-1.8 pum). The pores at the edge region of the frustules form an ordered
hexagonal array and have diameters of 100-250 nm, whereas the pores in the central
region of the frustule (Fig. 3a, the inset at right corner) have diameters of 300-800 nm. A
fragment of the upper epivalve (Fig. 3b) with a length of approximately 35 pm (Fig. 3c),
obtained from FIB thinning, was used for further TEM characterization (Fig. 4).

Two rectangular areas (Area-A and Area-B, indicated in Fig. 3c) on the sliced
fragment of frustule were selected for EDS mapping scanning analysis. Area-A (Fig. 3c)
i1s an area that contains both an external surface and a sliced internal surface of the
frustule, and Area-B (Fig. 3c) is a zone within the newly exposed surface of the sliced
fragment after FIB treatment. Fig. 3d displays the EDS mapping images of Area-A. The
Si distribution in this area clearly displays the siliceous opal-A structure of the frustule.
Minor elements, such as Al, Fe (Fig. 3d), Mg, Ca, and K (images not shown; results
shown in Table 1) are also observed in the siliceous structure of the frustule. The
distribution of these minor elements is not homogeneous, and a variation in the
concentration of the elements in different regions is exhibited (Fig. 3d). The content of
minor elements in Area-A is higher than those in Area-B (Table 1). For example, the
average Al/Si and Fe/Si atomic ratios (shorted as Al/Si and Fe/Si ratios hereafter) of
Area-A is 0.0230 and 0.0047, whereas the Al/Si and Fe/Si ratio of Area-B is 0.0052 and
0.0017, respectively. These results indicate that the minor elements are more concentrated
in the surface area than in the internal structure. Consequently, EDS mapping analysis at

higher resolution is necessary to reveal the elemental distribution in different locations in
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the detailed microstructure of the frustule.

Figure 3

Fig. 4a shows the TEM image of a further sliced fragment in the fragment shown in
Fig. 3c. As detailed in Fig. 4b, eight different places in the fragment were selected for
EDS mapping. The resulting elemental distribution results, represented by their atomic
ratios to Si, are listed in Table 1. The elemental distribution results of analogous places at
other frustules (images not shown) in the same diatomite sample are also summarized in

Table 1.

Figure 4

As shown in Fig. 1a, the frustules of the diatoms of the genus Melosira granulate
(Ehr.) Ralfs in S-Dt have a typical tube-like structure. As indicated by TEM
measurements, most frustules have an external diameter of 10-16 um and a thickness of
6-8 um. The size of the pores in the tube wall of the frustules is 0.3-0.5 pum. A sliced
fragment (Fig. 1 and Fig. 5a) of the selected frustule is used for detailed TEM and EDS
mapping characterization.

Fig. 5b and 5c show the EDS mapping images of two selected areas (Area-I and
Area-Il, indicated in Fig. 5a) in the sliced fragment. Area-I is an eyeglasses-like zone in
the wall of the frustule (Fig. 5b), and the “lens” of the zone has dimensions of
approximately 700 nm (length) x 500 nm (height). The Si concentration in the lens-like
zone is higher than any other region of Area-I, indicating a typical silica composition.
Area-II is another area of the frustule wall, and it also shows a siliceous composition in
the internal region (Fig. 5c). The average Al/Si ratios of Area-I and Area-II are 0.0047

and 0.0035, respectively. In both areas, as clearly evidenced by the EDS mapping results,
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minor elements such as Al and Fe are present at higher concentrations at the surface or in
the near-surface region (referred to as “subsurface” hereafter) than in the internal region

(Fig. 5b and 5c¢), which is in line with the C-Dt observations.

Figure 5

Based on these observations, the minor elements in S-Dt frustule also show a
nonhomogeneous distribution: the minor elements such as Al, Fe, Mg, Ca, K, and Zn
have higher concentrations at the surface of the frustule than in the internal siliceous
structure (Table 1). This feature of the minor element distribution is similar to what was
observed for C-Dt.

Fig. 6a shows the TEM image of the further sliced fragment of the frustule shown in
Fig. 5. Fig. 6b and 6¢ show the TEM images of the left and right zones of the fragment,
respectively, at a high resolution. Eleven different places in the fragment (Fig. 6b and 6c)
were selected for in-depth EDS mapping. The corresponding elemental distribution
results are summarized in Table 1. In agreement with the abovementioned EDS mapping
analysis with a relatively large field of view (Fig. 5), the minor elements are more
concentrated in the surface or subsurface areas than in the internal structure. For example,
the average Al/Si ratios in the subsurface places (0.0852 for Place-1 and 0.0708 for
Place-7) are higher than those in the internal regions (0.0012 for Place-3 and 0.0016 for
Place-9) (Fig. 6 and Table 1), and the Al/Si atomic ratios in the internal structure are in
the range of 0.0009—0.0041.

Figure 6

As shown in Fig. 7a, the frustule of the diatom of the genus Thalassiothrix
longissima from L-Dt has a rod-like morphology, and the inside of the frustule has a

porous structure. Most frustules of such type have a length of 80-100 um and an external

12

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2019-6917

diameter of 3-5 pum. A frustule was first cut by FIB slicing into two halves along the
longitudinal axis direction, and a fragment (Fig. 7b) from one half was further sliced to
obtain a thin section (Fig. 7c) for TEM characterization. A rectangular area (marked in
Fig. 7c) was selected for EDS mapping, and the obtained images are shown in Fig. 7d. As
indicated by the images (Fig. 7d), the contents of Al and Fe at the surface is higher than
that in the internal siliceous wall of the frustule, whereas Si shows a homogenous
distribution throughout the frustule. Ten locations in the fragment (Fig. 7¢) were selected
for further EDS mapping characterization at high resolution. The results of the elemental

distribution are summarized in Table 1.

Figure 7

Elemental distribution in the internal siliceous structure of frustule

Based on the contents of the minor elements of different diatomite samples (Table 1),
it is clear that minor elements occur in the internal structure of all samples of
diatomaceous opal-A. The average Al/Si ratios, in the internal structure of C-Dt, S-Dt,
and L-Dt, calculated from all obtained data of each diatomite, are 0.0040(22), 0.0021(10),
and 0.0026(16); and the average Fe/Si ratios are 0.0031(18), 0.0010(2), and 0.0006(3)
respectively. Overall, the contents of Al in the internal structure of all diatomaceous
opal-A are at the same order of magnitude, as they remain at atomic ratio levels of 1/1000
— 1/100 (Al/S1; Table 1). Despite that, variation of the contents of Al among different
places and different diatomaceous opal samples are obvious. The contents of Fe in the
internal structure of all diatomaceous opal samples are also at the same order of
magnitude with atomic ratio levels of 1/1000 — 1/100 (Fe/Si; Table 1). However, the
variation of Fe/Si ratios among different samples is slightly more pronounced than that of
Al/Si; for example, the Fe content in the internal structure of the diatomaceous opal from

L-Dt are lower than those for C-Dt and S-Dt (Table 1).
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Mg, Ca, K, and Zn also occur in the internal structure of the diatomaceous opal-A,
but their contents are lower than those of Al and Fe. Generally, the contents of these
elements in the internal structure are at atomic ratio levels of 1 (minor element) /10000
(S1) — 1/100 (Table 1), and the average ratios for each sample are as follows. C-Dt: Mg/Si
(0.0027(16)); Ca/Si (0.0014(9)); K/Si (0.0020(14)); Zn/Si (0.0013(8)). S-Dt: Mg/Si
(0.0019(8)); Ca/Si (0.0007(5)); K/St (0.0006(4)); Zn/Si (0.0005(3)). L-Dt: Mg/Si
(0.0014(2)); Ca/Si (0.0005(2)); K/Si (0.0006); Zn/Si (0.0004(2)). Similar to the
abovementioned results of Al/Si and Fe/Si, a variation in the contents of the minor
elements is shown among different sample. In general, the minor element contents in the
internal structure of the diatomaceous opal-A follows an order C-Dt > S-Dt > L-Dt

(Table 1).

Minor elements occurring in the surface or subsurface areas of frustule

As shown by the images with relatively large fields of view of the frustules (Fig. 3, 5,
and 7), the contents of minor elements at the surface area of the frustule are higher than
that in the internal siliceous structure. In the high-resolution EDS mapping images,
enrichment of minor elements, such as Al and Fe, at the surface is frequently observed.
Notably, in some surface locations (such as the place outlined by dashed square in the
right corner of Fig. 4b), high Ga and Pt concentrations are observed. These signals
mainly resulted from the contamination by FIB pretreatment.

One major example of the minor elements enrichment at surface is the coating of
impurity minerals on the surface of the frustules, where the minor elements are the
chemical constituents of the coating minerals. As exemplified by the area shown in Fig.
8a, a layer of coating (with a thickness of approximately 57-70 nm) on the inner surface
of the pores (Place-1, Fig. 4b and 8a) in the frustule from C-Dt is clearly resolved. In the
high-resolution observations, the layer-related domain exhibits a one-dimensional lattice

fringe of clay minerals and shows a d-spacing of approximately 1.0 nm (Fig. 8b, the inset
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on the right bottom). This value is in good agreement with the doo1 value calculated from
the selected area electron diffraction (SAED) pattern (Fig. 8b, the inset on the left
bottom). These results indicate that the minerals attached to the surface of the diatomite
might be illite or muscovite. Notably, the EDS analysis of abovementioned area (Place-1)
shows that the Al/Si ratio of the area is 0.3907 (Table 1), which is much lower than the
ideal Al/Si ratio of illite. The reason might be that the signal from the internal siliceous

structure was also included in the EDS signal of the mentioned area (Place-1 in Fig. 4b).

Figure 8

In another major example of the surface enrichment of the minor elements
(exemplified by Place-6 shown in Fig. 4b and Fig. 8c), the component of the surface
coating is fine-grained clay minerals; instead, the coating is composed of Al (or Fe)-rich
poorly crystalline components (Fig. 8c). The amorphous nature is indicated by the broad
and isotropic halo SAED pattern (Fig. 8d, the inset). The Al/Si and Fe/Si ratios of the
amorphous phase are 0.4777 and 0.1403, respectively, which are similar to the Al/Si and
Fe/Al ratios of the composition of some natural iron-containing aluminosilicates. Notably,
thin coatings of clay minerals or poorly crystalline Al-rich phases are readily observed on
the surfaces of frustules from different diatomite samples by using conventional TEM
characterization (without FIB pretreatment), suggesting the common existence of the
coating of Al-rich phases.

In addition to the surface coating, the minor element enrichment in the subsurface
areas is also observed. Table 1 shows that the Al/Si ratios in the subsurface locations are
much higher than that in the internal siliceous structure, e.g., Place-3, Place-4, and
Place-7 for C-Dt (Fig. 4b, Table 1); Place-1, Place-4, Place-7 and Place-10 for S-Dt (Fig.
6b and 6c¢c, Table 1); Place-4, Place-5, and Place-9 for L-Dt (Fig. 7, Table 1). These

subsurface areas are within the near-surface zone with depth of up to approximately 80
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nm, and the minor element contents (exemplified by Al/Si ratio) of these areas are at a
range 0.01-0.09, which are tens of times greater than those of the internal structure
(detailed in Table 1). However, such Al/Si ratios are ten times lower than the Al/Si ratio
of the abovementioned clay-like coating (Table 1). In addition, the bulk phase of such
relatively Al-rich regions in the subsurface areas is still amorphous silica, indicated by the

broad halo-like SAED pattern (not shown).

Discussion

Forms of the minor elements occurring of in diatomite frustules and their effects on

the properties of diatomaceous opal-A

Previously, the structural incorporation of Al into the structure of diatom frustules
was proposed based on spectroscopic characterization using Al K-edge X-ray absorption
near edge structure (XANES) spectroscopy (Gehlen et al. 2002). Tetrahedral Al exists
inside the silica framework of diatoms through AI-Si substitution has been suggested
based on the above-mentioned spectroscopic studies. However, direct evidence of the Al
occurrence inside the siliceous structure of diatomaceous opal has not been obtained, due
to the disturbance of impurity minerals can not be excluded (Gehlen et al. 2002; Koning
et al. 2007). For the first time, the present work provides a direct microscopic evidence of
the occurrence of minor elements in the structure of diatomaceous opal-A, as clearly
shown by the EDS elemental mapping results of the internal structure of the
diatomaceous opal-A.

The minor element occurrence in the internal siliceous structure indicates that the
incorporation of these elements occurred through biological uptake during the
biosynthesis of living diatoms because the incorporation of elements (such as Al) into
diatom frustules in the post-mortem stage of diatoms mainly occurred at the surface of
the frustules (Koning et al. 2007). Specifically, in incubation experiments in which

diatoms were cultured in seawater at varying Al concentrations (2 to 500 nM) for periods
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of up to 6 months, Koning et al. (2007) found the formation of an aluminum-rich silicate
phase on the surface of the diatom frustules, which indicated the rapid postmortem uptake
of aluminum by the diatom frustules. The precipitation of this surface phase occurs under
experimental conditions mimicking those prevailing at the sediment—water interface
(Koning et al. 2007). Thus, the results of that study effectively support the
postdepositional uptake of Al by diatom frustules during early diagenesis (Dixit et al.
2001). Furthermore, the results suggest that the occurrence of Al incorporation in the
internal structure of diatomaceous opal-A is unlikely to occur as a postdepositional
process. This perspective is also supported by the study conducted by Houston et al.
(2008), in which the surface precipitation of aluminum hydroxides and aluminosilicate
solids was regarded to occur on the surface of amorphous silica, based on bulk solution
chemistry measurements combined with solid-state nuclear magnetic resonance (NMR)
techniques.

Therefore, there exist two basic forms of incorporation of minor elements in
diatomaceous opal-A. One involves the incorporation of minor elements into the silicon
framework via biological uptake during biosynthesis by living diatoms. The content of
the minor elements of this type are at atomic ratio levels of 1 (minor element) / 1000 (Si)
or lower (Table 1). The other form occurs as a surface coating that very likely develops
through inorganic uptake during the postmortem alteration of the diatom frustule (Koning
et al. 2007). Elements such as Al and Fe occur in the form of surface Al (or Fe)-rich
silicate phases, and their contents are tens or hundreds of times higher than those in the
internal siliceous structure of diatomaceous opal-A.

There exist considerable uncertainty regarding the states of the minor elements in
the internal Si-O framework of diatomaceous opal-A as well as how they entered into the
siliceous framework. As mentioned above, it has been thought that the occurrence of Al
incorporation in the internal structure of diatomaceous opal-A unlikely occurs at a

postdepositional process (Dixit et al. 2001; Koning et al. 2007). In the meantime, it is
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well known that Al is not a necessary nutrient for the growth of diatoms, and Al is also
not needed for the assembling of biosilica as building block for the construction of the
frustules during diatoms growth (Kroger et al. 1999). Despite that, the possibility that Al
could be unintendedly brought into the siliceous framework during the biosynthesis
process of living diatoms can not be excluded. That means the isomorphous Al-Si
substitution might occur at the growth of diatoms, such as the biologically-driven
assembling of biosilica, although more investigation on this subject is beyond the scope
of the present work.

Unlike Al, the other involved elements, such as Fe, Ca, Mg, K, and Zn, etc., are the
necessary nutrients for the growth of diatoms (Cooksey and Cooksey 1988; Ushizaka et
al. 2008; Armbrust 2009; Marchetti et al. 2009). So it is likely that their occurrence in the
internal siliceous structure of frustules has something to do with the biological uptake
during the biosynthesis of living diatoms. Theoretically, the isomorphous substitution of
Al and Fe in siliceous structure is able to produce local charge deficiency, which could be
subsequently compensated by the exchangeable K, Na, Ca, and Mg cations (Webb and
Finlayson 1987; Gehlen et al. 2002; Gaillou et al. 2008; Rondeau et al. 2012). However,
the exact mechanism, e.g., the timing of such charge compensation or the underlying
driving force that might be highly sensitive to the biosynthesis pathways, remains
unknown and needs further investigation. There is a notable difference in the contents of
the minor elements between biogenic diatomaceous opals and continental opals, e.g., the
gem opals reported by Gaillou et al. (2008). For example, the Zn abundance in
diatomaceous opal-A are considerably high (Table 1), whereas the Zn abundance are
normally very low in continental opals (Brown et al., 2004; Gaillou et al. 2008). In
addition, the Al concentrations in the subsurface places of diatomaceous opals are with
the same order of magnitude as that in continental opals, whereas the Al concentrations in
the internal structure of diatomaceous opals are much lower.

Furthermore, the Al and Fe concentrations in the different places of a diatom frustule
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is not uniform (Table 1), even for the internal structure. Such variation of the elements
concentration in the same frustule reflects the inhomogeneous composition of the frustule,
which is affected by the diatom structure itself, as well as by the uptake of elements by
diatoms from their living environments. The Al concentration in lake and sea water could
vary in a short period (e.g., in one month) (Hydes, 1989; Koshikawa et al., 2002). This
result implies the elements uptake during the growth of diatoms might be changeable and
thereby might affect the chemical composition of diatomaceous opals. However, it is
unclear how the compositional variations of diatoms were influenced by the
biomineralization process during the growth of diatoms so no further discussion could be
made at this stage.

The elements on the surface of diatomaceous opal-A might be associated with the
formation of aluminosilicate, such as fine clay minerals, in which these elements act as
structural components. In addition, they could be adsorbed by the frustules through
electrostatic interactions (Gehlen et al. 2002). An interesting observation is that the minor
element content in the subsurface area (Table 1) is higher than that of the internal
structure but lower than that of the surface coating. This pattern might be a result of the
inward diffusion of the related elements from the surface.

Mineralogically, the identification of the incorporation of the abovementioned minor
elements in the diatomaceous opal-A structure, both in the internal Si-O framework and
at surface, is of significance for better understanding the structure and properties of
biogenic opal-A, as well as for updating the knowledge regarding the applications of
diatomite, in which diatomaceous opal-A acts as the dominant component. As a result of
the occurrence of tetrahedrally coordinated Al and Fe, AIOH and FeOH groups occur in
the siliceous structure of diatomaceous opal-A. This result implies that the types of
hydroxyl groups in the structure of diatomaceous opal-A are not limited to silanols
(SiOH), whose types have been well identified based on a comprehensive infrared

spectroscopy (Bobon et al. 2011; Chauvire et al. 2017; Yuan et al. 2004) and NMR (Yuan
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et al. 2001) studies.

Particularly, even though the Al/Si or Fe/Si ratio in the internal siliceous structure of
diatomaceous opal-A is low (approximately 0.0009—0.0065 for Al/Si and 0.0003-0.0065
for Fe/Si, varying with different specimens), the Al/Si and Fe/Si ratios in the surface or
subsurface areas are tens or even hundreds times greater than the bulk Al/Si ratio (Table
1). Therefore, the hydroxyl groups associated with the minor elements in the surface area
play an important role in the reactivity of diatomaceous opal-A, and they should be taken
into account in the studies on the related interface reactions of diatomaceous opal-A.

Furthermore, the AIOH groups at substitution site in the siliceous structure of
diatomaceous opal-A likely have stronger Breonsted (B) acidity than the SiOH groups,
similar to the case of amorphous Si-Al oxides, as well documented previously (Niwa et al.
2010). Such AIOH groups readily transform to Lewis (L) acid sites after the
dehydroxylation resulting from the calcination treatment (Niwa et al. 2010; Liu et al.
2016). This finding implies that the inherent solid acidity of diatomaceous opal-A might
be stronger than previously supposed, which was based on the assumption that
diatomaceous opal-A is “pure” silica leading to the assumption that both the Lewis and
Bronsted acidities are weak (Yuan et al. 2004; Liu et al. 2010).

Compared with the effects of the minor elements in the internal structure, the
abovementioned Al accumulation on the surface of frustules resulting from the coating of
very thin layers of clay minerals or amorphous nanoparticles might exert stronger effects
on the properties of diatomaceous opal-A. The surface clay layer might provide Lewis
acid sites, thereby contributing to the entire L acidity of diatomite (Yuan et al. 2004).
Notably, the close association of the clay layers with the frustule substrate means that the
clay coating is very difficult to remove, especially for those treated with physical
purification techniques, such as the sedimentation method. Therefore, the reactivity of the
clay (or amorphous Al-Si oxide) layers on the frustules could be considered an inherent

property of the diatomaceous opal-A or diatomite.
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Moreover, the existence of surface clay layers directly affects the surface charge
(e.g., the isoelectric point, pHirp) of diatomaceous opal-A. It is well documented that the
pHiep of pure silica is approximately 2.0 (Lazaro et al. 2018). However, the C-Dt sample
that was treated with only sedimentation purification shows a negative potential across
the whole pH range of determination, so the pHiep of the sample was not obtained (see
details from the Supporting Information). This result is due to the surface clay layers
being constantly negatively-charged (Bergaya et al. 2006), endowing the diatomite
frustules with a constant negative charge. In contrast, for the purified C-Dt that
underwent acid leaching and calcination treatment (see Supporting Information), a pHigp
of 1.9 was obtained. This finding is due to the removal of surface impurity minerals,
resulting in the recovery of the surface properties of amorphous silica. Therefore, great
care should be taken with the surface charge of diatomaceous opal-A, and the possible

effects of the surface Al (or Fe)-rich impurity layers must be considered.

Implications

The findings of this work answer the question “if the minor elements such as Al
exist in the internal structure of diatomaceous opal-A” that is of meaning for not only the
related geochemical processes but the applications of diatomite. The incorporation of the
minor elements into the structure of diatomaceous opal-A indicates that diatomaceous
opal-A acts as a considerable sink for these elements. The sedimentation and diagenesis
of diatoms in lake and ocean environments result in the stable preservation of
diatomaceous biogenic silica, and the global burial of such silica is substantial (Conley
and Carey 2015). The rate of burial of Si in the form of biogenic silica in the global
oceans is approximately 6.30 x 10'2 mol per year (Treguer and De La Rocha 2013), and
that in the global lakes is approximately 1.30 x 10'2 mol per year (Frings et al. 2014). As
documented in previous studies, the amounts of diatomaceous silica in the Lompoc
diatomite mine and Changbai diatomite mine reach up to approximately 8.0 x 10'° tons

21

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2019-6917

(Snelling, 1995) and 2.5 x 10 tons (Zhang et al. 2019), respectively. Based on the
average atomic ratio of the minor elements in the internal structure for L-Dt and C-Dt, the
capacities of the sinks of the elements such as Al and Fe reach millions or even tens of
millions tons in these deposits. Therefore, the occurrence of minor elements in the
structure (or on the surface in the form of a thin coating) of diatomaceous opal-A in the
sedimentary rocks might be a non-negligible huge sink of these minor elements.

For oil and gas geology, sedimentary rocks rich in diatomaceous opal-A are regarded
as excellent hydrocarbon reservoirs (Montgomery and Morea 2001; Cortese et al. 2004)
because of their high porosity. The cation exchange capacity (CEC) is a very important
physicochemical property of sedimentary rocks because it is an indicator of the quantity
of hydrated cations (Derkowski et al. 2015), and is used also for various corrections and
calibrations in wireline log analysis during calculations on the porosity and permeability
in hydrocarbon reservoirs (Brown and Ransom 1996; Matteson et al. 2000; Derkowski et
al. 2015). The possible effects of the surface properties (such as CEC) of diatomaceous
opal on the petrophysical properties of the rock matrix in diatomaceous sedimentary
basins have been proposed recently (Derkowski et al. 2015). The present work specifies
that a variety of cations are incorporated in the diatom frustules and that fine-grained clay
layers occur on diatom frustules. This finding implies that the CEC value of the
diatomaceous opal-A in diatomaceous sedimentary rocks is very likely higher than the
theoretical CEC value of a pure opal, so considerable care should be taken for using the
CEC value of pure opal as reference data in the related calculation on the petrophysical
properties of diatomaceous sedimentary rocks. In addition, the changes in the surface
properties of the diatom frustules, induced by the minor elements, may affect other bulk
properties (such as the efficiency of oil recovery) of reservoirs in diatomaceous
sedimentary basins (Turov and Leboda 1999; Strand et al. 2007), and thereby should be
considered for such applications.

For the applications of diatomite, the meaning of the finding that minor elements
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inherently exist in the siliceous structure of diatomaceous opal-A includes the following
aspects. On the one hand, this finding explains a phenomenon commonly reported in the
mine processing of diatomite, i.e., high-efficiency purification of diatomite is difficult to
achieve through physical purification (such as sedimentation or mild scrubbing
treatments) alone (Al-Wakeel 2009). As shown in Fig. 6, the nanoscale Al (or Fe)-rich
layer is too closely associated with the surface of diatom frustules to be removed by using
mild physical purification. Therefore, chemical purification, such as acid treatment,
seems to be a must-do method for obtaining high-purity diatomite products, despite that
acid leaching is not favorable because of the serious demand for lowering the
environmental impact of chemical purification technology. On the other hand, with the
knowledge that the diatomaceous opal-A in commercially available diatomite products
are actually not ‘pure’, the occurrence of the minor elements, especially in the form of
surface coatings on diatomaceous opal-A, must be considered in the applications of the
diatomite. For example, diatomite has been used as a catalytic support in industry for
loading active components, such as noble metals, and novel catalytic materials based on
diatomite are attracting increasing attention (Bahramian et al. 2008; Yuan et al. 2016).
Under such circumstances, much attention should be paid to -either positive
catalysis-promoting effects or negative catalysis-dampening effects sourced from the
minor elements in diatomaceous opal-A.

Finally, simulating the formation of diatomaceous silica has attracted
multi-disciplinary research interest (Kroger and Poulsen 2008). The lessons and
inspirations from diatoms for developing novel nanotechnology (Losic et al. 2009), as
well as for biological materials science (Wysokowski et al. 2018), have been
comprehensively reviewed. The present finding concerning the minor elements in
diatomaceous opal-A suggests that the biomimetic synthesis based on diatoms is actually
mingled with the incorporation of non-silicon elements. Of particular interest is the

finding that the unnecessary element, such as Al, for the growth of diatoms, could be
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incorporated into the internal siliceous structure of diatomaceous silica. To find ways
through biosynthesis to tailor the chemical composition and microstructure of
diatomaceous opal would be of significance for the development of next-generation
porous materials possessing intricate frustule-like structures and novel properties such as

catalytic activity. This subject is promising and deserves further study in the near future.
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List of Figure Captions

Figure 1. Schematic representation of the steps of conducting the FIB thinning treatment.
The microscopic images are from the characterization by the FE-SEM, which was used to
monitor the morphological changes of the intermediate products during FIB thinning. The
frustule of diatom of Melosira granulate (Ehr.) was from S-Dt. “Slice” refers to the final
thin-layered sample (with thickness of approximately 80 nm) of a fragment of the frustule
produced from FIB treatment, which was used for further TEM characterization.

Figure 2. Powder XRD patterns of the diatomite samples. (a) C-Dt; (b) S-Dt; (c) L-Dt
Figure 3. Morphology a frustule from C-Dt and the elemental distribution in it. (a) SEM
image of a diatom frustule of the genus Coscinodiscus Ehrenberg. The inset is the image
of the pores at the edge of the frustule. (b) The scheme of the upper epivalve of the
frustule; a fragment of it was further sliced by using FIB thinning. (c) The FESEM image
of a sliced fragment of the frustule, produced from FIB thinning. (d) The EDS mapping
pictures showing the elemental distribution results of Area-A that is indicated in Fig. 3c.
“BF” refers to bright field. The black-coloured background in the EDS mapping images
represents void.

Figure 4. TEM images of the sliced fragment of the frustule in C-Dt. (a) TEM image of a
fraction of the sliced fragment of the frustule shown in Fig. 3c. (b) TEM image of the
areas outlined in Fig. 4a, where some local areas used for EDS mapping characterization
are marked. (c) The EDS spectra of selected locations, Place-6, Place-7 and Place-8,

which are shown in Fig. 4b.

Figure 5. Morphology and elemental distribution of a frustule from S-Dt. (a) SEM image
of the same diatom frustule of the genus Melosira granulate (Ehr.) Ralfs shown in Fig. 1.
(b) The EDS mapping results showing the elemental distribution of Area-I (indicated in
Fig. 5a). (¢) The EDS mapping results showing the elemental distribution of Area-II
(indicated in Fig. 5a).
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Figure 6. TEM images of the sliced fragment of the frustule in C-Dt. (a) TEM image of a
fraction of the sliced fragment of the frustule shown as Fig. 5a. (b) TEM image of a
partial area of the zone shown in Fig. 6a, in which some places used for EDS mapping
are marked. (c) TEM image of another partial area of the zone shown in Fig. 6a.

Figure 7. Morphology a frustule in L-Dt and the elemental distribution in it. (a) SEM
image of a diatom frustule of genus Melosira granulate (Ehr.) Ralfs. (b) The FESEM
image of a sliced fragment of the frustule, produced from FIB thinning. (c) The TEM
image of the sliced fragment shown in (b). (d) The EDS mapping pictures showing the
elemental distribution results of the selected area shown in (c). (e) High-resolution (HR)
TEM images of the selected area shown in (c), where some places used for EDS mapping
characterization are marked. The inset at the right corner of (e) is the HRTEM image of
the rectangular area shown in (e).

Figure 8. TEM images of selected locations in the sliced fragments of the frustule from
C-Dt. (a) layered images of High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and Al EDS mapping (yellow dots) of the selected location
(Place-1 in Fig. 4b) in the sliced fragment. (b) HRTEM images of the selected area shown
in (a). The insets at the right and left bottom of (b) are the SAED pattern and
high-resolution (HR) TEM image of the rectangular area shown in (b), respectively. (c)
layered images of HAADF-STEM and Al EDS mapping (yellow dots) of the selected
location (Place-6 in Fig. 4b). (d) HRTEM image of the square area in (c) and its SAED

(the inset at the left corner).
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Supporting Information

Results of the zeta potential and the isoelectric point (pHep) measurement

Zeta potential measurements were conducted on a Zetasizer Nano-ZS90 type
zeta-porential analyzer (Malven, Britain). A suspersion with solid/liquid ratio of 40
mg/1L was prepared by putting diatomite powder into ultrapure water (18.25 MQ-cm).
The dispersion was stirred for 10 min and then was treated by centrifugation with
centrifugation speed of 2500 r/min for 1 min. The obtained supernatant was used for the
zeta potential measurement. The measurements were repeated for 3 times.

Two diatomite samples were used for the zeta potential measurement. One is the
C-Dt sample which was treated by sedimentation method. The method is as follows. 150
g raw C-Dt was dispersed in a 5 L graduated cylinder with ultra-pure water to height of
35 cm and then vigorously stirred for 30 min. The dispersion was withdrawn by
siphoning after the accurate sedimentation time. The sedimentation time (t, s) needed was
determined by the following equation according to the Stokes’ law. The sedimentation
process was performed for 2 times. The purified diatomite (denoted C-Dtp) was dried at
105°C.

The other diatomite sample is the C-Dt sample underwent acid washing and
calcination treatment. The procedures are as follows. 2 M HCI solution was used to treat
the diatomite sample with a ratio of HCl/diatomite of 15ml/1g, and the suspension was
kept stirring under 105°C water bath for 4 h. The resulting solid product was obtained by
repeated centrifugation and washing until free of Cl™ (tested by AgNO3). After drying at
105°C, the acid-treated diatomite sample was then calcined at 450°C in muffle oven for 2
h. The product was denoted C-Dta.

Figure S1 shows that, at the whole pH range, C-Dtp shows negative potential (-25 —
-50 mV), indicating it possesses constant negative charge. However, C-Dta exhibits an
isoelectric point of 1.9, i.e., the zeta potential at this pH value is zero. Since the acid

washing combined calcination is able to remove the impurity phase of diatomite whereas
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878  sedimentation treatment is not, the different performance between C-Dtp and C-Dta
879 indicates that the impurity of diatomite strongly affect the surface charge of diatomite.

880

881

882
883 Figure S1. Zeta potential measurement results of diatomite C-Dtp and C-Dta
884
885

886
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887  Table 1. The contents of the minor elements in the frustules from different diatomite samples, represented by the atomic ratio of the minor
888  element to silicon (Si).

Sample Region / Places Al/Si Fe/Si Mg/Si Ca/Si K/Si Zn/Si Sample Region / Places Al/Si Fe/Si Mg/Si Ca/Si K/Si Zn/Si
Area-A 0.0230  0.0047  0.0004  0.0013  0.0026  0.0030 Place-3 0.0012  0.0009  0.0012  0.0003  0.0003  0.0003
Area-B 0.0052  0.0017 _ 0.0002 _ 0.0002 _ 0.0007 __ 0.0007 Place-9 0.0016  0.0008  0.0013  0.0003  0.0005  0.0002
Place-2 0.0012  0.0009  0.0009  0.0003  0.0003  0.0006 Place-12*  0.0019  0.0014  0.0027  0.0011  0.0008  0.0005
Place-8  0.0064  0.0019  0.0013 00006  0.0006  0.0010 Internal Place-13* 00012 0.0009  0.0009  0.0003 . 0.0003
Place-9* 0.0059  0.0029  0.0032  0.0018  0.0026  0.0015 structure Place-14*  0.0025  0.0011  0.0022  0.0008  0.0011  0.0003
Place-10*  0.0037  0.0046  0.0043  0.0015  0.0025  0.0009 Place-15*  0.0028  0.0012  0.0021  0.0005  0.0009  0.0007
Internal Place-11*  0.0028  0.0003  0.0016  0.0003  0.0006  0.0009 Place-16*  0.0028  0.0009  0.0018  0.0012  0.0006  0.0006
structure Place-12*  0.0059  0.0028  0.0059  0.0019  0.0028  0.0009 Place-17*  0.0009  0.0006  0.0012  0.0003  0.0003  0.0003
Place-13*  0.0019  0.0026  0.0016  0.0006  0.0006  0.0003 Place-18*  0.0041 _ 0.0009 _ 0.0035 _ 0.0015 _ 0.0009 _ 0.0012
Place-14*  0.0065  0.0065  0.0028  0.0028  0.0041  0.0017 Place-1 0.0852  0.0385  0.0385  0.0055 0.0192  0.0110
Place-15*  0.0036  0.0044  0.0039  0.0022  0.0017  0.0019 Place-2 0.0452  0.0190  0.0167 0.0131  0.0143  0.0131
Place-16*  0.0041  0.0054  0.0017  0.0012  0.0041  0.0029 Place-4 0.0452  0.0040 - 0.0062  0.0022  0.0058
Place-17%  0.0062  0.0036  0.0033  0.0026  0.0029  0.0020 Place-7 0.0708  0.0230  0.0529  0.0179  0.0136  0.0281
Place-18*  0.0019  0.0013 _ 0.0016  0.0006 _ 0.0010 _ 0.0006 S-Dt Subsurface Place-8 0.0386  0.0346  0.0427  0.0346  0.0183  0.0122
Place-3 00117  0.0028  0.0011  0.0021  0.0028  0.0018 Place-10 0.0352  0.0018  0.0015 0.0066  0.0022  0.0011
Place-4 00167  0.0130  0.0107  0.0047  0.0070  0.0043 Place-19%*  0.0255  0.0255 - 0.0179  0.0306  0.0077
Place-7 0.0718  0.0438  0.0630  0.0298  0.0385  0.0753 Place-20*  0.0406  0.0031  0.0058  0.0062  0.0018  0.0076
C-Dt Place-19*  0.0104  0.0117 - 0.0097  0.0110  0.0013 Place-21*  0.0717  0.0358 - 0.0179  0.0430  0.0287
Subsurface Place-20*  0.0231  0.0154  0.0035  0.0049  0.0115  0.0056 Place-22*  0.0488  0.0220  0.0146 _ 0.0244 _ 0.0756 _ 0.0098
Place-21*  0.0216  0.0043  0.0138 - 0.0062  0.0007 Place-5 0.0788  0.0190 - 0.0190  0.0326  0.0245
Place-22*  0.0787  0.0132  0.0007  0.0033  0.0081  0.0011 Surface Place-6 0.1208  0.0340 - 0.0453  0.0453  0.2189
Place-23*  0.0246  0.0057 - 0.0038  0.0035  0.0035 Place-11 0.0923  0.0564 - 0.0308  0.0615  0.0205
Place-24* _ 0.0280  0.0268  0.0052 _ 0.0128 _ 0.0198 _ 0.0041 Place-23*  0.0745  0.0239 - 0.0266  0.0452  0.0479
Place-1 03907  0.0817  0.0269  0.0047  0.0610  0.0026 Place-24* _ 0.1207 __ 0.1010 - 0.0591  0.0739 _ 0.0690
Place-5 02296 02074  0.0148  0.1185  0.1111  0.1407 Internal Place-1 0.0016  0.0010  0.0016  0.0006  0.0006  0.0006
Place-6 04777  0.1403  0.0302  0.0220  0.0378  0.0019 structure Place-2 0.0050  0.0003  0.0012  0.0003  0.0006  0.0003
Place-25* 02357  0.1857  0.1429  0.1500  0.1714  0.0571 Place-3 0.0019  0.0006  0.0013  0.0006  0.0006  0.0003
Surface Place-26* 03083  0.1889  0.1833  0.0861  0.0917  0.1083 Place-8 0.0019  0.0006 _ 0.0015 _ 0.0006 _ 0.0006 _ 0.0003
Place-27% 03782 14706 03782 02689 03445  0.5630 Subsurface Place-4 0.0139  0.0026  0.0110 - 0.0048  0.0359
Place-28* 03898  0.0064  0.1335  0.0254  0.1038  0.0911 LoDt Place-5 0.0063  0.0036 - 0.0040  0.0083  0.0008
Place-290* 02242 0.0266  0.0340  0.0100  0.0209  0.0048 Place-9 0.0261 _ 0.0112__ 0.0036 __ 0.0058 _ 0.0063 _ 0.0031
Place-30* _ 0.1186 __ 0.0499 - 0.0355__ 0.0532 _ 0.0366 Surface Place-6 00322  0.0302  0.1429  0.0262  0.0342  0.0040
S-Dt Area- 0.0047  0.0021 - 0.0011  0.0016  0.0005 Place-7 0.1004  0.0961  0.0786  0.0699  0.0699  0.1878
Area-II 0.0035__ 0.0010 - 0.0005__ 0.0015 - Place-10 0.0950  0.0588 - 0.0407 _ 0.0724 _ 0.0543
889 * These data are from the measurements on the frustules from the same diatomite sample, but not from the frustules whose images are shown in the manuscript.
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