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Abstract—The crystal chemical features of the bulk and the uppermost (001) surface layers of freshly
cleaved surfaces of two trioctahedral Fe-rich mica-1M (space group C2/m) polytypes, i.e. a tetra-
ferriphlogopite from an alkaline-carbonatitic complex near Tapira, Belo Horizonte, Minas Gerais, Brazil,
and an Fe*'-bearing phlogopite containing less tetrahedral Fe*" from the Kovdor carbonatite-bearing,
alkaline-ultrabasic complex, Kola Peninsula, Russia, are explored here. Mineral-surface effects were
investigated by X-ray Photoelectron Spectroscopy (XPS) and compared to the bulk structure derived from
single-crystal X-ray diffraction data. Based on microprobe analysis and the X-ray study, the chemical
formulae are [XlI](K0.99)[VI](F6(2>.+08F6(3).+15Mg2.76Ti0.01)[]V](Fe(3).+szsi3.18)010.37F0.24(OH)1.39 and
XK .04Na.06)" (Feg.17F ep.0sMga.7sMng o1 Tio.05)!" (Fep 16Al0.84513.00)010.21F0.35(OH), 44 for tetra-
ferriphlogopite and Fe-bearing phlogopite, respectively. The tetrahedrally coordinated sites of the two
minerals differ, where Fe-for-Si substitution is at 20.5% in tetra-ferriphlogopite and at 4% in Fe-bearing
phlogopite.

The bulk study showed that Fe®" substitution increases the tetrahedral sheet thickness and the mean
tetrahedral edge lengths in tetra-ferriphlogopite compared to Fe-bearing phlogopite. The tetrahedral
rotation angle (o) changes remarkably from tetra-ferriphlogopite (o = 10.5°) to the Fe-bearing phlogopite
(o0 = 8.5°), thus indicating a significantly greater initial lateral sheet misfit (leading to a greater tetrahedral
ring distortion) between the tetrahedral and the octahedral sheets in the tetra-ferriphlogopite compared to
Fe-bearing phlogopite. The Fe*" substitution for Si and the differences in lateral dimensions of the
tetrahedral and octahedral sheets affect the tetrahedral flattening angle (1), with © = 109.9° for tetra-
ferriphlogopite and © = 110.7° for Fe-bearing phlogopite.

The binding energy (BE) of photoelectron peaks in XPS is dependent on the chemical state of atoms and
on their local environment at the near surface. The Mg in both phlogopites is bonded to F, with the BE of
Mg, increasing as coordinated oxygen atoms are substituted by fluorine. For Fe-rich phlogopite (BE =
1306.8 eV), the binding energy is greater than for tetra-ferriphlogopite (BE = 1305.9 eV), and this is
consistent with the bulk composition having greater F-for-OH substitution in Fe-rich phlogopite (Fg 35 vs.
tetra-ferriphlogopite, Fy 4 atoms per formula unit).

Key Words—Crystal Chemistry, Crystal Structure, Surface, Iron-bearing Trioctahedral Mica-1M
Polytypes.

INTRODUCTION

Micas are common rock-forming minerals occurring in
many geologic environments, where they can be used as
powerful petrogenetic indicators (e.g. Brod et al., 2001;
Brigatti et al., 2008; Reguir et al., 2009; Laurora et al.,
2009). Bulk crystal chemistry and structure of micas,
often by X-ray or neutron diffraction, are discussed
extensively in the literature (e.g. Brigatti et al., 1996a,
2001, 2008, 2011; Brigatti and Guggenheim, 2002; Fleet
2003; Guggenheim, 2011). However, the characterization
of the crystal-chemical features of freshly cleaved
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surfaces and their physical properties are much less well
defined (Bhattacharyya, 1993; Biino and Groning, 1998a,
1998b; Biino et al., 1999; and summaries in Guggenheim,
2011; Schoonheydt and Johnston, 2011). Commonly, a
mineral surface differs from the bulk because of both
composition (e.g. impurities) and structure (i.e. relaxation
or reconstruction processes), probably following various
interaction processes (i.e. oxidation, chemical substitu-
tions, interactions with organic molecules, efc.) that are
common in nature.

Mg-Fe trioctahedral micas form a solid-solution
series, i.e. a structural and chemical series, extending
from the phlogopite (Mg) to annite (Fe) end-members
(Bailey, 1984). In the ideal phlogopite—annite join, Fe
can be present only as Fe?" although it often occurs as
Fe** also. Depending on crystallization conditions, the
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Fe?'/(Fe*" + Fe®") ratio can vary significantly, together
with its distribution within the layer. Fe*" can occupy
both tetrahedral and octahedral positions, whereas Fe?"
is located at octahedral sites only (Lalonde et al., 1991;
Brigatti and Guggenheim, 2002; Brigatti et al., 2011).
Fe*"-for-Si*" tetrahedral substitution defines the phlo-
gopite—tetra-ferriphlogopite and annite—tetra-ferri-
annite series (Brod et al., 2001). For these micas, iron
as Fe>* and Fe?" occupies octahedral sites also (Brigatti
and Guggenheim, 2002).

The present study compares the crystal-structural and
chemical data in the bulk and at the surface of two
trioctahedral Fe-rich mica-1M polytypes which display
important differences in Fe’'/(Fe?'+Fe®") ratio and
anion composition: a tetra-ferriphlogopite from an
alkaline-carbonatitic complex (Tapira, Belo Horizonte,
Minas Gerals, Brazil) and a ferroan phlogopite from the
Kovdor carbonatite-bearing alkaline-ultrabasic complex
(Kola Peninsula, Russia).

The crystal chemistry and physical properties of Fe-
bearing phlogopite from the Kovdor phlogopite deposit
were discussed by Krasnova (2001) and Ferraris et al.
(2001), whereas the crystal chemistry and structure of
trioctahedral Fe**-rich micas from the Tapira carbonatite
complex were discussed by Brigatti et al. (1996a, 1996,
1999, 2001) and Cibin et al. (2005).

EXPERIMENTAL METHODS

Defining the chemical and structural relationships
between the bulk and the surface of the two Fe-rich
mica-1M polytypes required a multi-analytical approach
involving electron microprobe analysis (EPMA), single
crystal X-ray diffraction (SC-XRD), and X-ray photo-
electron spectroscopy (XPS).

Chemical composition by electron microprobe analysis

The chemical compositions of both samples were
determined on several crystal fragments using a Cameca
SX 50 electron microprobe. The operating conditions
were: accelerating voltage 20 kV, sample current 20 nA,
and defocused beam diameter = 4 um. The standards
were: orthoclase (K), albite (Na), hematite (Fe), diopside
(Si, Ca), MnTiO; (Mn, Ti), Al,O; (Al), MgO (Mg),
Cr,05 (Cr), and CaF, (F). Analyses of >9 points on each
fragment determined sample homogeneity and a statis-
tically significant average. Compositional variations of
each sample were within 3% of the estimated standard
error for each element, thus indicating chemical homo-
geneity. FeO determination followed the procedure of
Meyrowitz (1970). The F content was determined by the
method of Foley (1989). No evidence of volatilization of
F was observed.

Single-crystal X-ray diffraction data

Each crystal was mounted on a Bruker X8-Apex fully
automated four-circle diffractometer with Kappa geo-
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metry, equipped with a fine focus Mo ceramic X-ray
tube (A = 0.7107 A), and APEX 4K CCD detector. The
data-collection strategy was obtained using the APEX2
software. For both crystals, preliminary lattice para-
meters and an orientation matrix were obtained from
three sets of frames and refined during the integration
process of the intensity data. Diffraction data were then
collected with o scans at different ¢ settings (¢—m scan)
(Bruker, 2003). Data were processed using SAINT+
(Bruker, 2003). The SADABS package (Sheldrick, 1996)
was used to perform a semi-empirical absorption
correction. Space-group determination and data merging
were performed using XPREP (Sheldrick, 1997).
Systematic extinctions on both crystals were consistent
with space group C2/m. Subsequently, the crystal
structure was refined with the package of programs
SHELX-97 (Sheldrick, 1997).

Surface measurements

Chemical compositions of the (001) surfaces of tetra-
ferriphlogopite and Fe-bearing phlogopite were deter-
mined by XPS analysis on freshly cleaved crystal
fragments of ~5 mmx5 mmx0.25 mm. The XPS
analyses were performed at a base pressure of 10”7 Pa
using non-monochromatic Al Ko photons from a
Vacuum Generators XR3 double anode X-ray source
(operated at 15 kV, 18 mA). Spectra were recorded with
a double pass cylindrical mirror analyzer (PHI 15-
255QG), operated at a constant pass energy of 50 eV (spot
size = 2—4 mm).

The binding energy (BE) scale was calibrated (Barr
et al., 1997; Elmi et al., 2010; 2011) with respect to the
Cs signal of adventitious carbon (a common contami-
nant for surfaces exposed to air) on each sample (fixed
at BE =284.8 eV). Owing to the high surface sensitivity
of the XPS technique, determined by the inelastic mean
free path of photoelectrons, the analysis is limited to
only a few nanometers (1—3 nm) with an elemental
concentration >0.1 atom.%. A preliminary identifica-
tion of the elements present at the crystal surfaces
included a fast survey scan (six scans at a pass energy
of 100 eV), extended over a region which assured a
sufficiently strong signal from the chemical species on
each crystal.

Short sputtering of the sample surfaces was per-
formed with an argon ion gun under an accelerating
voltage of 0.5 kV to remove any possible contaminants
from the outermost layer. Each sample was measured
after 30 min of Ar' sputtering. An accurate determina-
tion of each element on the tetra-ferriphlogopite crystal
surface was obtained in the region of the Si,,, Mg,
Fe,p, and K,, core levels, whereas the concentration of
each element on the Fe-bearing phlogopite was obtained
in the region of Siy,, Mgy, Ky, Fesp,, and Aly,. No F
signal from any surfaces was detected. No severe
charging effects, which would compromise data acquisi-
tion, were observed.
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RESULTS AND DISCUSSION
Mineral chemistry

The compositions reported in Table 1 were obtained
by combining the results from the average of the
microprobe point analyses and from the single-crystal
structure refinement (by comparing the mean electron
count and bond lengths of interlayer and octahedral cation
sites). The tetra-ferriphlogopite chemical formula is
[XlI](K0.99)[Vl](Fe%§)8Feg)nsMg2.76Tio.01)[[V](Fegzzsi}18)
01037(F9240H 39) and the Fe-bearing phlogopite chemi-
cal formula is [X[I](K0.94Nao.06)[Vl](Fe%.+l7F3855Mg2.75
Mny 01 Tig.05)"V1(Feq.16Al0.548i3.00)010.21(Fo.350H 44).
The chemical formulae are based on Oy,_,_,, where x is
the proportion of (OH)™ groups per formula unit (p.f.u.)
and y is F~ (atoms per formula unit, a.p.f.u.). The two
minerals show an evident difference in tetrahedral
composition, where Fe-for-Si substitution is at 20.5% in
tetra-ferriphlogopite and at 4% in Fe-bearing phlogopite.
A significantly higher Fe*/(Fe*"+Fe*") ratio occurs in the
octahedral sites of tetra-ferriphlogopite where the ratio is
0.65, compared to Fe-bearing phlogopite, with a
Fe>/(Fe* +Fe") ratio of 0.23.

Crystal chemistry and topology

The trioctahedral micas belong to space group C2/m
and are 1M polytypes (Table 2). Atomic positions of
phlogopite-1M crystals from Brigatti et al. (1996b) were
assumed as starting values. Neutral scattering factors
were used for cation and anion positions. In the final
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cycles, anisotropic displacement parameters were
refined for all atoms. Final refinements yielded an
agreement factor R = 3.43% for tetra-ferriphlogopite and
R = 2.57% for Fe-bearing phlogopite (Table 2). The
final atomic coordinates, displacement parameters,
calculated bond lengths (Table 3), and relevant struc-
tural parameters derived from structure refinement
(Table 4) are reported. The large Fe’" content in the
tetrahedral site of tetra-ferriphlogopite produces a
relatively high average T—O bond length (<T—-0O> =
1.6728 A for tetra-ferriphlogopite and 1.6596 A for Fe-
bearing phlogopite) and larger cell-edge lengths
(Table 2).

Tetra-ferriphlogopite has an appreciably greater
tetrahedral volume (Tyojume = 2.40 A3) than Fe-bearing
phlogopite (Tyoume = 2.34 A3). The average t angle is
smaller in tetra-ferriphlogopite (109.61°) than in Fe-
bearing phlogopite (110.73°), and closer to the theore-
tical 109.47° value, indicating a regular tetrahedral site
with tetrahedral cations located centrally. The mean
tetrahedral basal edge length is greater in tetra-ferriph-
logopite (SO—0>pu5. = 2.725 (3) A) than in Fe-bearing
phlogopite (SO—0>p,5a1 = 2.694(2) A). The average
distance between apical and basal tetrahedral oxygen
atoms is 2.739 A in tetra-ferriphlogopite and 2.726 A in
Fe-bearing phlogopite, which is a significantly smaller
difference between the two samples than observed for
<O—0>p,5a1- The mean tetrahedral basal edge is related,
at a first approximation, to the octahedral edge (i.e.
average O3—03 distance) by the following relationship:

Table 1. Averaged chemical composition' and structural formulae (a.p.f.u.) for tetra-ferriphlogopite and Fe-bearing phlogopite.

Standard deviation in parenthesis.

Sample Tetra- Fe-bearing Tetra- Fe-bearing
ferriphlogopite phlogopite ferriphlogopite phlogopite
Wt.% a.p.fu. ——

SiO, 41.30(0.80) 40.40(0.95) vigj 3.18 3.00
TiO, 0.23(0.09) 0.91(.08) VIA] 0.00 0.84
ALO; 0.00 9.58(0.13) VIpe3* 0.82 0.16
Cr,04 b.d.t. 0.07(0.01) Vg, 4.00 4.00
Fe,0; 16.70(0.30) 3.79(0.11) [V”M% 2.76 2.75
FeO 1.24 2.65 Vllpe>* 0.15 0.05
MnO 0.03(0.01) 0.09(0.01) Vilge2* 0.08 0.17
MgO 24.00(0.85) 24.85(.87) VN2 0.00 0.01
Na,O 0.03(0.01) 0.38(0.02) Vi 0.01 0.05
K,0O 10.10(0.11) 9.98(0.13) Vily, 3.00 3.03
F 0.98(0.28) 1.48(0.36) XN 0.00 0.06
H,0 5.40 5.80 Xt 0.99 0.94
Sum 100.01 99.98 Xy, 0.99 1.00

F 0.24 0.35

OH 1.39 1.44

0 10.37 10.21

z 12.00 12.00

" A least-squares method was utilized to combine chemical data from microprobe analysis and refinement data from single-
crystal refinement (i.e. mean atomic count at octahedral and interlayer sites and mean octahedral (or interlayer) cation—oxygen
bond distances). Tetrahedral sites are assumed to be filled by Si, Al, and Fe** to 4 cations per formula unit.
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Table 2. Crystal, experimental, and refinement data for tetra-ferriphlogopite and Fe-bearing phlogopite.

Tetra-ferriphlogopite

Fe-bearing phlogopite

Space group C2/m

a (A) 5.380(1)

b (A) 9.241(2)

c (A) 10.315(3)

B(°) . 100.08(2)

Cell volume (A®) 505.0(2)

Z 2

Crystal size (mm) 0.18x0.16 x 0.03

0 range (°) 4-38

Total reflections 2928

Unique reflections 1107

Riing (%) 343

Reflections used 1107

Miller index limits -9 < h <8
-15 < k<10
—-16 <1 <17

No. of refined parameters 57

Goof 0.928

Ry (%) [I>20(1)] 3.85

WR, (on [7) 6.53

Apumin (/A% —0.578

APmax (/A7) 0.692

C2/m

5.3296(1)
9.2274(2)
10.2943(2)
99.948(2)
498.65(2)

2

0.19x0.13 x0.05
4-55
8458
3058
2.57
3058
—-12
21
-19
63
0.968
3.04
7.02
—0.432
1.081

NI\ IN

NN N
[\* N
(=)

N
)

Ry = Z|F| — [FellZ|Fol; wRy = (Z[w(Fo = FO’VEZ[W(Fo)'T}'™; GooF = (X[w(Fy — Fo’ln — p)}'™;

w = 1/[c*(F?) + (aP)

+ bP], where a = 0.0269, b = 0 for tetra-ferriphlogopite and a = 0.0422, b = 0 for Fe-bearing phlogopite.

P = (max(F>,0) + 2F2)/3; where n is the number of reflections and p is the number of parameters refined.

cosoL = /3/2x<03 — 03>/<O — O>p,g, (Brigatti and
Guggenheim, 2002), where o is the tetrahedral rotation
angle. The <O3—03> octahedral mean edge distance is
3.093(3) A in tetra-ferriphlogopite and 3.076(3) A in
Fe-bearing phlogopite. The observed tetrahedral rotation
angle is 10.5° and 8.5° in tetra-ferriphlogopite and in
Fe-bearing phlogopite, respectively. The larger value of
10.5° indicates that the lateral fit of the larger tetrahedral
sheet to the smaller octahedral sheet is greater in tetra-
ferriphlogopite than in Fe-bearing phlogopite. The above
formula from Brigatti and Guggenheim (2002) predicts
closely the observed o angles (at values of 10.6° and
8.6°% respectively). If the length of the edge of an ideally
regular tetrahedron, with equal volume as determined for
the two samples, is used in the formula instead of
<O—0>y,5a1, the predicted tetrahedral rotation angles are
now 11.3° and 10.6° for tetra-ferriphlogopite and for
Fe-bearing phlogopite, respectively. Because the tetra-
hedral flattening angle (t) of 110.73° is larger than the
ideal, this parameter reduces the lateral dimensions of
the tetrahedral sheet, much like o but without tetrahedral
ring distortions. However, the tetrahedral ring distortion
significantly affects interlayer coordination. In particu-
lar, as the o angle increases, the effective coordination
number (ECoN, Weiss et al., 1992) of the interlayer
cation decreases (8.9° in tetra-ferriphlogopite and 9.4° in
Fe-bearing phlogopite). The difference between the
inner (nearest oxygen atom neighbors) and outer (second
nearest neighbors) distances around the interlayer cation

increases (0.483 Ain tetra-ferriphlogopite and 0.383 A
in Fe-bearing phlogopite) and the interlayer separation
increases (3.463 A in tetra-ferriphlogopite and 3.451 A
in Fe-bearing phlogopite). These trends, well established
for 1M micas (Brigatti and Guggenheim 2002), are also
confirmed for the two samples here.

Octahedral sheet topology is similar for both samples,
with tetra-ferriphlogopite showing slightly larger dimen-
sions than those observed in Fe-bearing phlogopite
(Table 3).

Surface features

Because of expected charge effects, the binding
energy (BE) of the C; level was obtained from
saturated-hydrocarbon contamination at 284.8 eV, thus
providing an internal standard for the calibration of each
spectrum. The precision of BE values was estimated at
+0.2 eV. An accurate determination of each element on
the crystal surfaces was obtained in the region of the
Sizp, Mgis, Kop, Aly,, and Fey, core levels. The data
obtained are reported in plots representing the number of
emitted electrons vs. their characteristic binding ener-
gies. The XPS plots were fitted to Voigt peaks, after a
Shirley background subtraction (Shirley, 1972).

In Fe-bearing phlogopites, Si is a tetrahedral cation
with possible substitutions of AI*" and/or Fe*" in the
tetrahedral site. The Si,, binding energy in both samples
(BE = 102.7 eV for tetra-ferriphlogopite and BE =
102.2 eV for Fe-bearing phlogopite) is consistent with
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Table 3. Selected bond lengths (A), mean electron count (m.e.c.) and parameters derived from structure refinement.

Sample Tetra- Fe-bearing Tetra- Fe-bearing
ferriphlogopite phlogopite ferriphlogopite phlogopite

Tetrahedral sheet

T-01 1.668(1) 1.6621(3) o (%), 10.5 8.5

T-02 1.674(2) 1.6640(5) Az (A) 0.003 0.002

T-02 1.678(1) 1.6617(5) T (%) 109.9 110.7

T-03 1.671(2) 1.6506(4) Si+Al (occupancy) 0.784(5) 0.989(2)

<T-0> 1.6728 1.6596 Fe (occupancy) 0.216(5) 0.011(2)
Sheet thickness (A) 2.266 2.263

Octahedral sheet

M1-03 (x4) 2.103(1) 2.0927(4) Unmr (9) 58.9 58.6

MI1-04 (x2) 2.060(2) 2.0552(4) Yz (0) 58.9 58.7

<MI1-0> 2.089 2.080 m.e.c. g 13.06(2) 12.67(1)
m.e.c. o . 12.63(3) 12.62(2)

M2-03 (x2) 2.091(1) 2.0823(4) Sheet thickness (A) 2.160 2.162

M2-03" (x2) 2.104(1) 2.0925(4)

M2—-04 (x2) 2.065(1) 2.0641(4)

<M2-0> 2.087 2.080

Interlayer

A—-0O1 (x2) 2.959(2) 2.9856(8) <A—0>jpner 2.952 2.985

A—O1" (x2) 3.445(2) 3.3704(3) <A—0> e 3.440 3.369

A—-02 (x4) 2.949(2) 2.9848(5) A(A-O) (A) 0.483 0.383

A—02" (x4) 3.430(2) 3.3672(6) m.e.c. . 19 17.96(1)

A—-04 4.046(2) Interlayer separation (A) 3.463 3451

o (tetrahedral rotation angle) = X% ,0,/6 where o; = [120°—d¢;/2 and where ¢; is the angle between basal edges of neighboring

tetrahedra articulated in the ring. Az = [Z(Obm omax — Z(0,, ymin] [csinB]. T (tetrahedral flattening angle) = X2 ,(Ob%a] T— Opasal)/3.

s (octahedral flattening angle) = cos™ ' [octahedral thlckness/(2<M O, OH, F>)] (Donnay et al., 1964). Tetrahedral thickness:
((z04+2 x z03)/3—(z01+2 x z02)/3) x ¢ x sinf}; octahedral thickness: (1—2 x (zO4+2 x z03)/3) x ¢ x sinf; interlayer separation:
(2 x (z0142 x z02)/3) ) x ¢ X sinf.

Table 4. Crystallographic coordinates and equivalent isotropic displacement parameters (Az x 10%). Ueq) is defined as one third
of the trace of the orthogonalized Uj; tensor.

X y z U(eq) Up U, Uss Uz Uz Uiz
Tetra- femphlogoplte (Space group: C2/m)
o1 0.0034(4) 0.1703(2) 32(1) 37(1) 27(1) 30(12) 0 0(1) 0
02 0.3328(3) 0.2227(2) 0.1706(2) 32(1) 35(1) 31(1) 29(1) =5(1) 6(1) —4(1)
03 0.1302(2) 0.1674(1) 0.3913(1) 13(1) 9(1) 8(1) 21(1) 0(1) 2(1) 0(1)
04 0.13443) 0.5 0.3984(2) 15(1) 12(1) 9(1) 25(1) 0 5(1)
T 0.0754(1) 0.1666(1) 0.2267(1) 12(1) 10(1) 5(1) 21(1) 0(1) 3(1) 0(1)
M1 0 0 0.5 11(1) 7(1) 5(1) 21(1) 0 3(1) 0
M2 0 0.3331(1) 0.5 10(1) 7(1) 3(1) 20(1) 0 3(1) 0
A 0 0.5 0 36(1) 36(1) 32(1) 39(1) 0 6(1) 0
Fe-bearing phlogopite (Space group: C2/m)
o1 0.0138(2) 0 0.1703(1) 18(1) 26(1) 14(1) 13(1) 0 0(1) 0
02 0.3282(1) 0.2286(1) 0.1701(1) 18(1) 17(1) 24(1) 14(1) 3(1) 4(1) 6(1)
03 0.1303(1) 0.1668(1) 0.3910(1) 8(1) 8(1) 8(1) 10(1) 0(1) 2(1) 0(1)
04 0.1327(1) 0.5 0.3981(1) 9(1) 8(1) 9(1) 10(1) 0 2(1)
T 0.0760(1) 0.1667(1) 0.2282(1) 8(1) 7(1) 7(1) 9(1) 0(1) 2(1) 0(1)
M1 0 0 0.5 8(1) 6(1) 7(1) 10(1) 0 2(1) 0
M2 0 0.3320(1) 0.5 8(1) 6(1) 6(1) 10(1) 0 2(1) 0

A 0 0.5 0 30(1) 35(1) 35(1) 21(1) 0 4(1) 0
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Figure 1. Si,, spectrum of tetra-ferriphlogopite (a) and Fe-bearing phlogopite (b) displayed as a plot of electron binding energy vs.
intensity (the number of electrons per second in a fixed and small energy interval). Dotted lines: experimental spectra; solid lines:

fitted spectra.

tetrahedral coordination (Figure 1a,b) close to literature
values obtained from other silicates (from 102.36 to
102.16 eV; Wagner et al., 1982; Hasha et al., 1988;
Bhattacharyya, 1993; Biino and Groning, 1998a).

Tetrahedrally coordinated Al is only present in
Fe-bearing phlogopite. The Al,, peak was located at
BE = 74.2 eV with no evident asymmetries in the peak
shape (Figure 2). The peak BE is close to values
obtained by Hasha et al. (1988) for silico-alumino-
phosphates with Al in tetrahedral coordination (BE Al,,
values range from 74.2 to 75.3 eV), thus suggesting that
in Fe-bearing phlogopite, Al is tetrahedrally coordinated
also at the surface.

The Mg, spectra show a maximum at BE = 1305.9 eV
for tetra-ferriphlogopite and at 1306.8 eV for Fe-bearing
phlogopite (Figure 3a,b), thus confirming octahedral
coordination (Mittal et al., 2004; Elmi et al., 2010, 2011).

The anion sites are occupied by OH and F.
Furthermore, the OH site can be deprotonated to balance
the layer charge. Nuclear magnetic resonance studies of
Al-rich synthetic phlogopite (Fechtelkord et al., 2003a,
2003b; Fechtelkord and Langner, 2013) demonstrated
that OH™ and F~ ions form homogeneous domains.
Usually, fluorine is located in Mg-rich octahedral and
Si-rich tetrahedral clusters of the Mg-pure phlogopite
structure. Several authors have observed that the Mg
binding energy depends on the chemistry of the anion
site as well as its local environment. In brucite
(Mg(OH),, Haycock et al., 1978) and Mg-Fe spinel
(MgFe,0,4, Mittal et al., 2004) where Mg coordinates
with OH groups or oxygen atoms, the binding energy is
1303.1 eV and 1302.7 eV, respectively. However, if

oxygen is substituted by fluorine, the binding energy of
Mg was observed to shift to higher values (MgF,, BE =
1306.5 eV, Seyama and Soma, 1984). Considering
values characterizing tetra-ferriphlogopite and Fe-bear-
ing phlogopite (1305.9 eV and 1306.8 ¢V, respectively,
Figure 3), Mg cations in Fe-bearing phlogopite seem to

] AL,

BE =74.2 eV

Intensity (counts/s)

I TTT I TTT I TTT l TT ; I TTT ] TTT | LI I LILIL I LI I LILIL
86 84 82 80 78 76 74 72 70 68
Binding energy (eV)

Figure 2. Al,, spectrum of Fe-bearing phlogopite displayed as a
plot of electron binding energy vs. intensity (the number of
electrons per second in a fixed and small energy interval).
Dotted lines: experimental spectra; solid lines: fitted spectra.
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Figure 3. Mg, spectra of tetra-ferriphlogopite (a) and Fe-bearing phlogopite (b) displayed as a plot of electron binding energy vs.
intensity (the number of electrons per second in a fixed and small energy interval). Dotted lines: experimental spectra; solid lines:

fitted spectra.

be preferentially bonded to fluorine, rather than to OH
groups. The larger value corresponds to Fe-bearing
phlogopite showing greater F~ content.

The Fe,, spectra are characterized by doublet
structures relating to the spin orbit splitting between
2p1» and 2p3, states. The deconvolution of the Fe,ps,
peak (BE =712.5 eV, in both samples) leads to two main
components: one component is at BE = 710.7 eV with an
associated satellite peak at BE = 716.0 eV, and the
second component is at BE = 712.5 eV with an
associated satellite peak at BE = 720.0 eV
(Figure 4a,b). Because of the inability to determine the
contribution of each component following a Gauss-Voigt
deconvolution procedure, the main 2p3,, peak maximum
at BE = 712.5 eV represents the summation of the
tetrahedral and octahedral Fe*" components. This result
is similar to that observed for magnetite by Grosvenor et
al. (2004). The deconvolution of the Fe,,;» peak
indicates that the two main components are Fe** (BE =
724.2 eV and BE = 729.9 ¢V) and Fe** (BE = 726.2 and
BE = 732.8 eV).

Several studies (Bronold et al., 1992; Grosvenor et
al., 2004 ) demonstrated that, if the symmetry of a low-
spin Fe?" cation is decreased because of a loss of a
ligand, the binding energy of its 2p;, peak increases.
For the phlogopites examined here, the first component
(label Fe*", Figure 4) at BE = 710.7 eV for both samples
is related to Fe*" in octahedral coordination, similar to
olivine (Mg,Fe),SiO4, where the BE is reported at
710.8 eV (Seyama and Soma, 1987).

The K3/, BE values are at 293.6 and 294.5 eV for
tetra-ferriphlogopite and Fe-bearing phlogopite, respec-

tively (Figure 5a,b). These values agree with those
reported for muscovite (BE = 293.3 eV; Elmi et al.,
2013), where the K coordination at the surface is
reduced from nine to eight (Zakaznova-Herzog et al.,
2008; Elmi ef al., 2013). Also in trioctahedral micas, the
K coordination is slightly lower at the surface than that
observed in the bulk (ECoN = 8.9 in tetra-ferriphlogo-
pite and ECoN = 9.4 in Fe-bearing phlogopite). Strictly
speaking, the information obtained from XPS relates to
the outermost few repeat units of the crystals only. In
margarite, muscovite, and sericite, the escape depth for
all of the photoelectrons is ~15 A ata pass energy of
100 eV (Johns and Gier, 2001). This is important for the
analytical results from the present study because it
confirms that, with respect to alkali and alkaline earth
(K, Na) analysis, only the surface- and the first next
interlayer-ions are considered. The reduction of the
interlayer cation coordination, from nine to eight at the
surface with respect to the bulk, may be an average of
the outermost interlayer and the next interlayer at ~10 A
depth. This inference suggests that the interlayer cation
coordination is subjected to a reduction of coordination
to six and then a slight relaxation occurs. Nevertheless,
future work may provide additional information from
which a more decisive conclusion can be reached.

The K512 binding energy values are 297.3 eV (tetra-
ferriphlogopite) and 297.4 eV (Fe-bearing phlogopite).
These values are greater than, for example, muscovite
where K is in eight-fold coordination (K1, BE =
295.5 eV). This energy shift is roughly related to the
mean distance between K and inner oxygen atoms (2.952
and 2.985 A in tetra-ferriphlogopite and Fe-bearing
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Figure 4. Fe,, spectrum with the curve fit obtained for tetra-ferriphlogopite (a). The spectrum is displayed as a plot of electron
binding energy vs. intensity (the number of electrons per second in a fixed and small energy interval). The Fe*" and Fe*" multiplet

3+

peaks are labeled on the spectrum. Fel;; and FeZ); refer to the associated satellite peaks of Fe®” and Fe", respectively. Feyp, spectrum
obtained for Fe-bearing phlogopite (b). Dotted lines: experimental spectra; solid lines: deconvoluted peaks. See text for additional

explanations.

phlogopite, respectively, and 2.865 A in muscovite).
Although more data are required for confirmation,
experimental data seem to suggest that, in the cleavage
region of the crystal, the interlayer cation coordination is
subjected to a reduction of coordination and then a slight
relaxation effect.

In summary, the tetra-ferriphlogopite and Fe-rich
phlogopite addressed here differ mainly because of Fe®"
in the tetrahedral site, the Fe>"/Fe?" ratio in octahedral
sites, and the anion composition. In particular, the
different tetrahedral compositions produce a significantly
less distorted tetrahedral site in tetra-ferriphlogopite

BE Kzpn=293.6 eV

K2p3n
. BE K:pin=297.3 eV

a K2p 5
60 —
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compared with Fe-rich phlogopite, as demonstrated by
different values in the flattening angle, t. The flattening
angle is believed to be related to the relative misfit
between the tetrahedral and octahedral sheets and thus,
the size differences between tetrahedral Si, Al, and Fe".
A more regular tetrahedron, as found in tetra-ferriphlo-
gopite apparently yields a ‘stiffer’ tetrahedron which
would require more fixed basal oxygen distances, thus
accounting for greater basal oxygen ring distortion, as
measured by the tetrahedral rotation angle. The tetrahe-
dral rotation angle impacts significantly on the coordina-
tion of the interlayer cation, reducing its coordination

K2p3n
2 BE Kzp32=294.5 eV
BE Kapin=297.4 eV

Intensity (counts/s)

|I||IIIIIIII]I|I|III|III|III|‘I
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Figure 5. K5, spectra of tetra-ferriphlogopite (a) and Fe-bearing phlogopite (b) displayed as a plot of electron binding energy vs.
intensity (the number of electrons per second in a fixed and small energy interval). Dotted lines: experimental spectra; solid lines:
deconvoluted peaks. See text for additional explanations.
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number with increasing o. At the mineral surface, the
coordination of the interlayer cation is reduced to eight
oxygen atoms, unlike the coordination (six- and four-fold
polyhedra) of the other cations at the surface, which
maintain the same coordination as found in the bulk. The
XPS investigation of the mineral surface identified
differences in Mg binding energy between the two
phlogopite samples. This difference is believed to be
caused by different F~ contents, which are known to
affect the binding energy of Mg.
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ASSESSMENT OF PEDOGENIC GIBBSITE AS A PALEO-PCO, PROXY USING A

MODERN ULTISOL
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Abstract—The stable carbon isotope composition of CO, occluded in the gibbsite structure is proposed as
a potential atmospheric paleo-PCO, proxy. Analysis of pedogenic gibbsite from a modern Ultisol in the
Piedmont of Georgia, USA, was conducted to test the basis for this concept and to help constrain the
parameters used to describe physical and biological processes affecting such factors as the respiration rate
of CO,. Co-variation of the §'°C and 8'%0 values with depth along a gradient parallel to the mixing line
between the atmosphere and the soil organic material implies that diffusion is the process that determines
the stable isotope composition of soil CO,. In the upper 40 cm, the measured 5'>C values are not consistent
with the expected diffusive depth profile assumed in paleo-PCO, models. The isoto;})e signature is reset
downward in the depth profile with a concentration of the most atmosphere-like 8'*C and 8'%0 values
occurring at the top of the Bt horizon by some as-yet-unknown process. Bioturbation, recrystallization, and
physical translocation are potential explanations for this observation. Regardless of the process at work, the
net effect is an apparent two-component mixing curve between the top of the Bt horizon and deep within
the saprolite. In cases where the A horizon is eroded but the Bt horizon is preserved it is possible that §'>C
values of gibbsite-occluded CO, can serve as a proxy for atmospheric paleo-PCO,. Careful textural study
of all paleosols is therefore essential to match stable carbon isotope signatures with the horizons preserved.
Understanding of modern dynamics and preservation of these isotopic signatures may also be important for
those that employ other carbonate proxies.

Key Words—Paleo-PCO, Proxies, Pedogenic Gibbsite, Soil CO, Diffusion, Stable Carbon Isotopes,

Stable Oxygen Isotopes, Ultisol.

INTRODUCTION

A review of proxy-based estimates of paleo-PCO,
through geologic time reveals a large range of error
associated within individual methods and a large range
of estimates between methods (Royer et al., 2001).
Paleo-PCO, proxies using marine phytoplankton and a
stomatal index have small estimated errors (200 and
50 ppmyv, respectively) but are temporally limited to
Cretaceous and younger samples. In addition, these
proxies are reliable only under relatively low atmo-
spheric PCO, conditions (1250 and 340 ppmv, respec-
tively) (Farrimond et al., 1986; Woodward and Bazzaz,
1988; Marlowe et al., 1990; Freeman and Hayes, 1992;
Van Der Burgh et al., 1993; Kurschner et al., 1996;
Kump and Arthur, 1999; Pagani et al., 1999; Royer et
al., 2001). Pedogenic carbonates provide information
over the much longer history of soils on earth (i.e. the
Phanerozoic) formed in arid environments. However,
uncertainty in estimating the concentration of CO, in the
soil results in large errors. When compared to other
methods such as the GEOCARB model (Berner and
Kothavala, 2001) the pedogenic carbonate method
appears to over-estimate paleo-PCO, (Breecker er al.,
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DOI: 10.1346/CCMN.2014.0620402

2009); the latter authors suggested that better agreement
is possible if seasonal biases for time of mineralization
are factored into model assumptions. Pedogenic goethite
has also been used as a proxy but is limited to Fe-rich,
wet climates mutually exclusive of arid calcrete-forming
environments (Yapp and Poths, 1992, 1996). Direct
comparison of proxy-derived paleo-PCO, estimates are
limited by the effective time and spatial ranges of each
proxy. Other, independent proxies effective over broad
age ranges would therefore be helpful. Recent work
modeling the stable carbon isotope composition of a
carbonate-like component associated with pedogenic
gibbsite suggests that this mineral has the potential to
fill the proxy need (Schroeder et al., 2006; Austin,
2011).

The pedogenic gibbsite proxy employs the same
Fickian diffusion model developed for pedogenic
carbonates by Cerling (1984) and is described in detail
by Austin (2011) who used both analytical and
numerical approaches to evaluate errors. Briefly, the
diffusion model takes the form:

ac; D 0*Cr

(9f - s 822‘ +¢:(Z) (1)

where C is the concentration of CO, in the soil, D is the
diffusion coefficient, ¢ is time, z is depth, and ¢ is the
production rate of CO, in the soil as a function of depth.
Subscript ‘s’ refers to the soil and * refers to bulk CO, as



254

opposed to '>C or '3C. The general solution of this
equation is

Ci) =S + C )

where S(z) is the concentration of CO, in the soil and C¥
is the bulk concentration of CO, in the atmosphere. The
production rate function can take different forms
depending on the assumptions made about how CO,
production varies with depth (¢F in equation 1) (Cerling,
1999). The pedogenic gibbsite proxy is most sensitive to
the soil respiration rate, which is dependent on the
diffusion coefficient and soil CO, production rate, and
the 8'3C value of the soil organic material (SOM) that is
producing CO, in the soil. To assess the applicability of
the model to CO, occluded in the gibbsite structure, a
field test was conducted on an active Ultisol for
comparison to a similar data set (Schroeder and Melear,
1999). The field test also enabled a more detailed
evaluation of the general applicability of modeling
assumptions related to the physical properties of the
soil including porosity, tortuosity, and the 8'*C value of
the soil biomass. The utility of the model will be
increased if the general assumptions for parameters such
as soil bulk density, tortuosity, and CO, production rate
worked equally well for two sites with similar soil types
and vegetation.

CO, collected during the dehydration of gibbsite is
assumed to be liberated from defect sites where it is
trapped during mineral formation in the soil. Bidentate
carbonate anions have been shown to adsorb strongly to
the surface of goethite and gibbsite (Su and Suarez,
1997). The nature of CO, incorporation differs from the
cases of soil carbonate and goethite where the CO, is
assumed to be part of the mineral structure. Infrared (IR)
spectroscopy suggests that carbonate is present in
goethite as a solid solution and is accommodated in an
open channel parallel to the ¢* axis (Yapp and Poths,
1990). The crystalline structure of gibbsite does not have
the required space to accommodate a carbonate ion. In
addition, the charge imbalance resulting from the
exchange of an OH™ with a CO3™ ion prohibits a solid
solution. A constant ratio yield (i.e. CO, to H,O) during
mineral dehydration/decarbonation at ~230°C under
vacuum demonstrates the stoichiometric breakdown of
the goethite structure (Yapp and Poths, 1986).
Fe(O;_x,(CO3)x)OH (where X = moles of occluded
CO,) as shown by the reaction

Fe(0;_x)(CO3)xOH — % Fe,03 + % H,0 + XCO,  (3)

Alternatively as,

(1—X)FeOOH + XFeCO;0H — % Fe,0; + % H,0 + XCO,
(C))

Similar stoichiometric responses for CO, yields from
gibbsite have also been documented (Schroeder and
Melear, 1999). The reaction below shows the stoichio-
metric C/H yielded at ~230°C under vacuum.

Austin and Schroeder

Clays and Clay Minerals
AI(OH);XCO, — 2 Al,03 + % H,0 + XCO, 5)

Values for X in goethite are related to F, which is
defined as the molar ratio of CO,:H,O. Constant values
of F during step-wise extraction of natural goethite range
up to 0.01 (Yapp and Poths, 1991; Yapp, 1997) and
values for natural gibbsite range up to 0.005 (Tabor and
Yapp, 2005). Note that if similar numbers of moles of
carbon are occluded in both minerals, then the C/H is
smaller for gibbsite because of the greater water yield.
Due to the presence of three possible OH™ sites for
CO3~ anion bonding in gibbsite as compared to the
single O~ site in goethite, it is expected that on a molar
basis gibbsite will have a greater capacity for carbon
sequestration. In fact, comparison of CO, yield (umoles
CO,/mg sample) for published values of both goethite
and gibbsite shows that the ratio of gibbsite CO,:
goethite CO, is ~3:1 (Tabor and Yapp, 2005; Yapp and
Poths, 1991).

The §'3C values observed by Schroeder and Melear
(1999) suggest diffusion-controlled soil atmosphere
mixing. Analytical and numerical modeling predicted a
soil respiration rate which is an order of magnitude
slower than the measured rate (Schroeder ef al., 2006).
The present study proposes that the concomitant §'50
composition of the CO, may give additional insight into
the process controlling the isotopic signatures of CO,
occluded in gibbsite and the possibility to detect
exchange of isotopes with the environment after mineral
formation, a process that could compromise the §'C
proxy.

The 8'%0 compositions of soil CO, have been studied
extensively because they are useful for modeling the
carbon cycle, where it has been shown that the soil is a
large reservoir that contributes CO, to the atmosphere
(Hesterberg and Siegenthaler, 1991; Miller et al., 1999;
Stern et al., 1999). The oxygen isotopic composition of
CO, produced in soil by plant and microbial respiration
is expected to be in equilibrium with soil water because
the soil water is assumed to be the same inside and
outside the roots (Cuntz er al., 2003). The §'*0 value of
soil CO, is controlled by diffusion through the soil and
the isotope exchange reaction between soil water and
soil gas CO,. '2C'°0'®0 has a slower diffusivity than
12C1%0, due to its greater mass. Differences in mass-
dependent diffusion rates result in an enrichment of
8.7% in soil CO, if diffusion is the only process
controlling the 8'%0 value (Miller e al., 1999). The
relatively rapid exchange of oxygen atoms occurs in the
reaction,

12C160160 + HéSO N 12C16018O + HZIGO (6)

Quasi-equilibrium exists between the soil water and
the enriched soil CO,. Experimental work under rate-
limiting conditions showed that this reaction will reach
equilibrium in 110 s at 25°C (Stern et al., 1999). In soils
however, this reaction usually does not reach
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equilibrium due to the transport-limiting nature of the
soil pore networks (Hsieh et al., 1998). Therefore, the
expected 3'%0 of the soil CO, is expected to be enriched
by some amount less than 8.7%o0 compared to soil water,
depending on the rate of the isotope exchange reaction.

Note that in experiments conducted on goethite, the
5'80 values of CO, extracted during dehydration varied
as a function of the reaction rate (Yapp, 2003). The
variation is the result of exchange between the liberated
CO, and H,O. A similar result has been shown for
kaolinite and dickite (Girard and Savin, 1996).
Fractionation of oxygen isotopes during dehydration
calls into question the validity of conclusions regarding
the co-variation of 8'%0 and 8'*C values in this study.
The §'%0 data are presented here and the implications of
these questions are discussed in detail.

The purpose of the present study was to examine the
3!3C and 5'%0 compositions of CO, occluded in gibbsite
in an active soil profile with the aim of assessing the
validity of using this signature as a paleoclimate proxy
in paleosols.

SITE DESCRIPTION AND METHODS

The sampling location is a moderately dense decid-
uous forest located in the J. Phil Campbell Natural
Resource Conservation Center, Watkinsville, Georgia,
USA, which has been operated by the USDA-ARS since
1937 (33°51'55""N, 83°27'23"”W). Historical aerial photo-
graphy and anecdotal evidence from local farmers
confirm that the ~3.5 acre (1.4 hectare) plot has been
fenced and managed as a forest for more than a century
and escaped cotton management and tillage. Plants using
a C; photosynthetic carbon fixation pathway are
assumed to be the only input of respired CO,. This site
was selected specifically to mitigate contributions from
carbon isotope pools that may have been generated using
other pathways (i.e. C4). The parent-rock material is the
Athens Gneiss and the soil is identified as CYB2 (Cecil
series soil eroded, with up to 2% slope) (Robertson,
1968). This field location was also chosen for its
relatively high landscape position, to minimize colluvial
inputs from other locations in the watersheds sited at the
experiment station.

Soil material was excavated from a 1 m? square area
at discrete depth layers (e.g. 0—5 cm, 5—10 cm, etc.).
Each layer was removed using a hand trowel and packed
into 5-gallon buckets, which were then closed and sealed
and stored in the field before processing at the
laboratory. The sample at the top of the O, horizon
(0—5 cm depth) was taken after removal of large, loose,
leaf litter which consisted mostly of organic material
with some mineral material. Minor sampling overlap
occurred between the 5—10 cm and 10—20 cm segments
due to heterogeneities in the pit. Beyond 20 cm, to a
depth of 100 cm, the pit was dug over a period of three
months with more accurate depth control. Additional
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samples beyond 100 cm depth were collected from three
peripheral auger cores extracted ~1 m from the pit edges.
Auger core samples were used along with the pit sample
splits to determine percent sand, silt, and clay (by
weight) using standard sieve and settling-tube methods.
Bulk-sample stable carbon isotope composition and
percent organic carbon analysis was performed prior to
chemical treatment at the University of Georgia Stable
Isotope & Soil Biology Lab (http://swpa.uga.edu) using
standard tin capsules, micro-Dumas combustion, a
Thermo Finnigan Delta V, Isotope Ratio Mass
Spectrometer (Bremen, Germany) coupled to a Carlo
Erba NA1500 CHN Analyzer (Milan, Italy) via a
Thermo Finnigan Conflo III Interface, and standards
(relative to Vienna Pee Dee Belemnite).

The <2 pum size fraction was treated chemically with
0.5 M HCI and 30% H,O, following the methods
described by Yapp and Poths (1996) and Schroeder
and Melear (1999) to produce ~300—500 g of sample
mass. X-ray diffraction (XRD) analyses were performed
using a Bruker D8 Advanced diffractometer (Co
radiation). All samples were examined before and after
chemical treatments to verify that no change in
mineralogy had occurred as a result of the chemical
treatment. No peaks for carbonates in the original
diffraction patterns of any sample material were
observed. Ratios of gibbsite (002) peak height to the
kaolinite (001) peak height were calculated and defined
as the mineral index (Figure 1) to allow comparison of
the relative abundance of gibbsite at different depths in
the soil.

The treated sample material was heated in a step-wise
procedure to allow for the collection of CO, liberated
from the mineral structure during the thermal break-
down of gibbsite and goethite following the procedure of
Schroeder and Melear (1999) in the University of
Georgia Stable Isotope Laboratory. During sample
collection, the CO, was separated cryogenically from
the co-evolved H,O using a dry ice ethanol mixture.

The CO, collected was analyzed by conventional dual
inlet mass spectrometry using a Finnigan MAT 252
(Thermo, USA) instrument equipped with a microvo-
lume coldfinger for the stable carbon and oxygen isotope
ratios. The volume of CO, analyzed ranged from 20 to
<1 micromoles (pmol). The stable carbon isotope ratios
were plotted to determine the plateau 8'>C value, which
indicates stoichiometric breakdown and that the CO,
originates from a single pool assumed to be trapped CO,
in the gibbsite structure.

RESULTS

Textural analysis returned values typical of the
regional Cecil-series soil, with the maximum % clay
(63%) occurring at the top of the Bt horizon (30—50 cm)
(Figure 1, Table 1). The wt.% organic carbon reached a
maximum of 6% at the surface and the 8'*C value of the
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Figure 1. Compilation of all data collected from the field site: (A) 8'>C values of plateaus from the dehydration process (the width of the box
represents variability in the results from multiple analyses); (B) 8'%0 values of plateaus from the dehydration process (the width of the box
represents variability in the results from multiple analyses); (C) mineral index defined as the XRD peak height of gibbsite as a ratio with
kaolinite peak height; (D) percentage of clay determined from three soil cores located 1 m from the soil pit; (E) 5'°C values of bulk SOM
(filled squares) and the recalcitrant carbon collected during the final 850°C heat treatment (open squares).

bulk untreated soil material is —27.5%o, consistent with a
C5-dominated environment. Organic carbon 3'°C values
increase with increasing depth as seen in other studies
(Bowen and Beerling, 2004) (Figure 1). At the conclu-
sion of the step-wise dehydration process, a final 850°C
step served to completely dehydrate all remaining
gibbsite in the sample (Table 2). The carbon collected
during this step may be recalcitrant organic carbon that
was not removed during the chemical treatment or the
initial oxidation step. The 8'*C value of recalcitrant
carbon is used as a proxy for the 8'°C value of the
organic material in the soil when using this method to
estimate paleo-PCO, (Yapp and Poths, 1996). Although
the 8'3C values of the 850°C step are, on average, more
depleted than bulk SOM by 3.5%o, with the exception of
two samples, the close agreement between the bulk SOM
and recalcitrant carbon 8'°C values reinforces the use of
this CO, as an acceptable estimate for soil organic
carbon.

X-ray diffraction analysis further showed that the
majority of the <2 pm material in the soil is kaolin and
gibbsite with minor amounts of goethite and hydroxy-
interlayered vermiculite (HIV) (Figure 2). A mica phase
exists in the 0—5 cm and 20—25 cm samples and is
indicative of the foliated gneissic parent material.
Shallow samples also contained more goethite than the
other samples; gibbsite is the dominant oxy-hydroxide
phase present, however. The upper 5—10 cm of the soil
contained the largest amounts of HIV. The presence of
HIV (which can potentially host interlayer organics),

along with the greater bulk organic content, accounted
for increased yield of CO, from the samples taken at
shallow depths. CO, yields at 0—5 c¢m varied between 35
and 80 pmoles g~ !, whereas at depths >5 cm (when HIV
did not dominate the mineral assemblage) yields were
<20 umoles g~" with little variability amongst all deeper
samples (Table 3).

To ensure that the CO, collected during the
dehydration of gibbsite was representative of the trapped
CO,, the ratio of moles of CO, to moles of H,O (F value,
nCO,/nH,0) was plotted vs. the progress of dehydration
(Figure 3). As discussed previously, when the CO, is
released from the mineral structure the F value should
remain constant. CO, collected from 0—5 cm did not
show a constant F value during any part of the
dehydration process. Combined with the large and
variable CO, yield of these samples, the large organic
content of the upper 5 cm of the soil, and the presence of
HIV, the CO, collected is concluded to have originated
from multiple sources and the 813C values are, therefore,
not useful proxies (Figure 3, sample 0005). The rest of
the samples did show constant F values and the CO,
from the plateaus identified were assumed, therefore, to
be representative of CO, trapped in the gibbsite structure
(Figure 3). 8'3C values of the plateaus for the remaining
samples showed enrichment from the surface to 40 cm
followed by the expected depletion with depth (Figure 1)
(Table 2). Similarly, the measured §'50 values were
most enriched at 30 cm and became more depleted with
depth. Keeping in mind the caveat that there may be
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Table 1. Percent clay and total carbon and §'°C values for untreated bulk-soil samples from two cores adjacent to the soil pit
and from the soil pit itself.

Sample ID Depth (cm) % Clay % Total C 3'3C (%0 VPDB)
C11530 Core 1 23 12.2 1.30 —25.78
C14450 47 34.0 0.95 —25.21
C15066 58 41.1 0.43 —24.67
C16682 74 57.0 0.44 —25.25
C18298 90 54.1 0.40 —25.86
C1114130 122 423 0.11 —24.35
C1114130 122 249 0.12 —23.59
30005 Core 3 3 6.8 5.71 —27.05
30515 8 1.53 —26.10
C31524 20 13.4 0.71 —25.43
32430 27 56.4 0.59 —23.70
33040 35 62.1 0.43 —22.87
34047 44 63.1 0.32 —22.61
(35563 59 56.9 0.12 —2232
(35563 59 40.0 0.12 —22.05
36370 67 34.9 0.31 —24.02
37078 74 14.1 0.09 —21.74
(37888 83 20.4 0.13 —21.51
(38895 92 16.9 0.07 —21.55
395105 100 8.4 0.15 —22.28
C3105115 110 10.2 0.10 —22.28
C3115125 120 153 0.09 —21.12
3125135 130 0.09 —22.10
C3135150 143 0.10 —22.44
FS0005 Soil Pit 3 0.95 —26.07
FS0515 10 0.32 —22.58
FS1020 15 0.25 —20.29
FS2025 23 0.22 —21.55
FS32025 23 0.83 —26.23
FS2535 30 0.17 —17.40
FS3545 40 0.09 —18.03
FS4555 50 0.10 ~19.92
FS5575 65 0.10 —20.08
FS5575 65 0.07 —20.07
FS7595 85 0.09 —20.64
FS95105 100 0.09 —20.61

Table 2. Mineral index, plateau 8'>C and §'80 values of treated samples, and 8'>C values of the 850°C dehydration step.

Plateau §'*C Plateau §'°0 850°C §"*C

(%o VPDB) (%o VPDB) (%o VPDB)
Sample 1D Depth  Mineral n e s.d. n 3'%0 s.d. n dhc s.d.

(cm) index

0005 3 0.13 5 —23.3 2.2 5 -33 1.8 4 —24.6 2.2
0515 8 0.24 3 —17.5 2.1 3 —1.8 0.8 2 —26 0.2
1020 15 0.31 3 —15.3 0.3 3 —-1.2 1.0 2 -25.1 2.6
2025 23 0.15 3 -21.1 0.4 3 -2.5 0.5 2 —-25.2 0.4
2535 30 0.47 3 —16.5 0.6 3 1.3 2.1 3 —19.3 0.7
3545 40 0.44 3 —11.5 0.4 3 0.9 2.9 3 —-21.4 0.2
4555 5 0.47 3 —23.1 0.9 3 -33 0.4 1 —234
5575 65 0.37 3 —-20.4 0.8 3 -2.5 0.8 2 222 0.5
7595 85 0.53 3 —24.2 1.1 3 -5.8 3.9 3 —232 1
95105 100 0.44 3 —-25.7 0.5 3 -9.2 33 3 —-233 0.7
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Figure 2. XRD patterns (Co radation) of the <2 um size fraction of soil material (after chemical treatment). H = hydroxy interlayer

vermiculite, M = mica, K = kaolinite, Gb = gibbsite, Q = quartz.

isotope exchange between the CO, and H,O during
sample collection, 8'*0 values below this depth
followed the expected depth profile for diffusion.

Examining the patterns of stable carbon and oxygen
isotopic composition trends with depth for the entire soil
profile, the one-dimensional (1D) Fickian diffusion-
process could not describe the results. Generally, three
regions of the soil profile appeared to reflect different
carbon occlusion processes. In the upper portion of the
soil, above the Bt horizon, the 8'>C values changed from
relatively depleted (i.e. close to the value of SOM) to a
maximum enrichment in the A horizon (15 cm). Values
were more depleted near the AB horizon (22 cm).
Between the AB and Bt horizons (22—40 cm), there was
a large enrichment of '*C with maximum enrichment of
both oxygen and carbon isotopes corresponding with the
top of the Bt horizon (1.3 and —11.5 VPDB, respectively).
At depths > 40 cm, 3'*C values returned to those expected
deep in the soil for a 1D Fickian diffusion process.

DISCUSSION

The 8'°C value of CO, in the soil pore space is
understood to be controlled by the diffusive mixing of
CO, produced at depth in the soil and CO; influx from
the atmosphere (Cerling, 1984, 1991; Cerling et al.,
1989). CO, respired in the soil, by plant roots and
microbes, has an initial 8'°C value that corresponds to
the photosynthetic pathway used by the plants. The
degree of mixing with the atmosphere is determined by
the rate of CO, flux through the soil. These two factors,
therefore, have the greatest degree of influence over
final 8'*C value of the pore space CO, (Cerling, 1991;
Austin, 2011). The soil CO, efflux rate is a product of
the concentration gradient between the atmosphere and
the soil pore space and the tortuosity of the soil pore
space.

The 8'%0 value of soil CO, is also understood to be
controlled by the factors discussed above as they affect
diffusion in addition to the isotope exchange between



Table 3. Gibbsite dehydration CO, and H,O yields.

Sample ID Sample Weight Step  Time  CO, CO, H,0 F 8¢ §Bc %0 8o
weight  lost (min)  yield release rate yield s.d. s.d.
(g (8 (umol)  (umol/min) (umol)

000501 0.554  0.051 1 45 49 0.11 858  0.06 —194 0024 —23 0.036
2 45 2.3 0.05 491 005 —199 0004 —33 0.077
3 45 2.0 0.04 236 008 —194 0061 —3.6 0.042
4 60 2.5 0.04 269 009 —19.6 0.024 27 0.055
5 120 2.6 0.02 186  0.14 =209 0.027 —38 0.039
6 59 11.5 0.19 717.1  0.02

000502 0.731  0.069 1 45 48 0.11 —23.1 0.045 —4.6 0.046
2 45 8.0 0.18 346 023 230 0029 —23 0.078
3 45 6.1 0.14 292 021 —238 0.035 —2.1 0.035
4 60 11.9 0.20 268 044 —247 0.021 —18 0.020
5 120 14.4 0.12 463 031 =250 0.074 21 0078
6 30 30.1 1.00 81.0 037 —247 0035 —4.6 0.030

000503 0.620  0.058 1 45 6.1 0.14 567  0.11 —21.6 0.024 0.1  0.060
2 45 5.5 0.12 515 0.1  —21.1 0.039 —0.1 0.033
3 45 3.2 0.07 —239 0.025 —13 0.069
4 60 6.5 0.11 331 020 —23.8 0.027 —1.4 0.049
5 120 8.4 0.07 388 022 258 0.055 —1.7 0.061
6 30 310 1.03 2858 0.1 —214 0084 —47 0.088

000504 0.508  0.050 1 45 3.0 0.07 244 0.2 —248 0.048 —6.1 0.058
2 45 7.5 0.17 395 019 245 0019 —53 0.023
3 45 8.0 0.18 369 022 246 0016 —56 0.033
4 60 11.4 0.19 350 033 —249 0.029 —7.1 0.044
5 120 16.0 0.13 448 036 —252 0015 —78 0.028
6 30 14.0 0.47 513 027 =262 0.022 —99 0.028

000505 0.697  0.064 1 45 6.3 0.14 365 017
2 48 8.6 0.18 498  0.17 —237 0.032 -3.6 0.027
3 42 5.7 0.14 —246 0.028 —34 0.055
4 60 10.9 0.18 437 025 =256 0.044 —42 0.045
5 120 15.4 0.13 447 034 =257 0.055 =33 0.031
6 30 207 0.69 621 033 —26.1 0024 =55 0.049

051501 0.573  0.081 1 45 2.3 0.05 425 005 —143 0023 34 0.030
2 45 3.0 0.07 553 0.05 —153 0015 =26 0.066
3 45 22 0.05 331 007 —150 008 —1.8 0.199
4 60 3.1 0.05 —21.1  0.030 —2.7 0.077
5 120 6.3 0.05 784 008 —22.7 0.027 —03 0.062
6 30 6.7 0.22 983  0.07 —26.1 0036 —9.7 0.040

051502 0.541  0.076 1 42 1.8 0.04 —156 0014 —2.6 0.042
2 48 2.8 0.06 363 008 —18.0 0025 —1.0 0.024
3 45 2.4 0.05 271 009 =202 0.041 —02 0.108
4 60 2.9 0.05 378 0.08 =227 0.010 —2.7 0.046
5 120 8.5 0.07
6 30

051503 0.668  0.096 1 45 43 0.10 2559 002 —139 0018 —1.1 0.036
2 45 3.7 0.08 103.9 004 —151 0027 —07 0.115
3 45 1.9 0.04 406 005 —183 0013 —10 0.026
4 60 2.7 0.05 540 005 —21.6 0027 —2.6 0.049
5 120 33 0.03 1226 003 —238 0016 —25 0.051
6 30 10.8 0.36 647 017 258 0.024 —52 0.048

102001 0.607 1 45 2.8 0.06 —12.1 0018 —12 0.029
2 45 3.2 0.07 755 004 —11.9 0020 —05 0.027
3 45 1.9 0.04 410 005 —13.9 0020 —02 0.026
4 60 2.5 0.04 512 005 —172 0043 =20 0.107
5 120 2.8 0.02 48.8  0.06
6 30 4.4 0.15 484 009 —233 0014 —7.6 0.025

102002 0.919  0.136 1 45 5.7 0.13 201.1  0.03
2 45 6.2 0.14 1889 003 —11.5 0016 —1.6 0.049
3 45 2.7 0.06 752 0.04 —132 0.051 03  0.126
4 60 33 0.06 83.9 0.04 —167 0025 —14 0.051
5 120 3.6 0.03 715 0.05
6 30 0.00 632 000 —269 0032 —13.7 0.117

102003 0.662  0.098 1 45 2.4 0.05 102.0 002 —134 0030 —3.0 0.057
2 45 4.1 0.09 468 009 —12.6 0019 21 0.050
3 45 3.1 0.07 820 004 —139 0018 —12 0.021
4 60 2.8 0.05 —17.0  0.033  —29 0.032
5 120 33 0.03 753 0.04 —18.7 0.033 —12 0.094
6 30



Table 3 (contd.)

Sample ID Sample Weight Step  Time  CO, CO, H,0 F 8¢ §%c 80 80
weight  lost (min)  yield release rate yield s.d. s.d.
() (g) (umol)  (umol/min) (umol)
202501 0.825  0.094 1 45 2.1 0.05 106.1 002 —149 0021  —20 0.069
2 45 3.1 0.07 751 0.04 —164 0007 —1.7 0.029
3 45 2.1 0.05 410 005 —212 0.039 28 0.057
4 60 3.1 0.05 —20.7 0011 =26 0.035
5 120 35 0.03 51.0  0.07 —21.8 0.031 —25 0.044
6 30 7.6 0.25 623 0.2 =250 0.031 —7.0 0.046
202502 0.578  0.067 1 45 45 0.10 2291  0.02 —140 0.045 0.6 0.125
2 45 2.9 0.06 657 004 —183 0031 —1.5 0.026
3 45 1.8 0.04 392 0.05
4 60 3.6 0.06 569 006 —207 0018 —2.6 0.035
5 120 3.5 0.03 429 008 =201 0017 =31 0022
6 30 7.5 0.25 —255 0055 —58 0.068
202503 0.579  0.067 1 45 1.5 0.03 549 003 —159 0011 —19 0.027
2 45 2.9 0.06 483 006 —17.1 0.024 0.8 0.035
3 45 18 0.04 303 006 —19.1 0016 —0.1 0.088
4 60 2.5 0.04 408 006 —21.5 0019 25 0.030
5 120 3.2 0.03 662 005 —21.5 0016 —1.4 0.048
6 30
253501 0.639  0.149 1 45 2.6 0.06 3362 001 —162 0.027 0.5 0.071
2 45 3.2 0.07 2986 001 —12.0 0.026 13 0.039
3 45 0.7 0.02 270 003 —148 0.018 0.9 0.013
4 60 15 0.03 443 003 —172 0017 —08 0.066
5 120 2.1 0.02 39.7  0.05
6 30 2.8 0.09 350 0.08 —19.6 0.014 —47 0.068
253502 0.742  0.115 1 45 2.5 0.06 2290 001 —11.0 0.027 47 0.043
2 45 2.3 0.05 989  0.02 —11.9 0.036 0.9 0.118
3 45 1.4 0.03 445 003 —152  0.020 0.9 0.087
4 60 2.1 0.04 —17.9  0.052 20 0.102
5 120 2.4 0.02 —182 0.034  —0.6 0.038
6 30 6.1 0.20 570 0.1 —19.8 0.017 =32 0.058
253503 0.909  0.141 1 45 2.2 0.05 —13.1  0.044 24 0.094
2 45 3.5 0.08 722 005 —144 0.043 42 0.087
3 45 2.5 0.06 436 006 —16.7 0.025 48  0.047
4 60 3.3 0.06 580 0.06 —185 0.031 23 0.042
5 120 4.0 0.03 572 0.07
6 30 44 0.15 542 0.08 —185 0.040 —3.0 0.061
354501 0.715  0.115 1 45 2.6 0.06 5160  0.01  —149 0.020 1.9  0.080
2 45 1.7 0.04 1342 001 —109 0.004 1.7 0.018
3 45 0.6 0.01 382 0.02 —17.6 0016 —12 0.030
4 60 1.0 0.02 63.6 002 —132 0.030 2.8 0.043
5 120 1.0 0.01 515 0.02 —151 0.049 24 0.127
6 30 8.2 0.27 112.1 007 =215 0030 —74 0.051
354502 0911  0.326 1 45 3.1 0.07 569.1 001 —132 0.023 —0.7 0.022
2 45 12 0.03 101.8 001 —109 0.08  —0.8 0243
3 45 0.8 0.02 512 0.02 —12.0 0.026 0.7 0.042
4 60 1.1 0.02 820 0.01 —13.5 0.033 =31 0.048
5 120
6 30 251 0.84 —21.5 0023 =75 0.065
455501 0.833 1 45 2.0 0.04 495 004 —182 0.005 2.0 0.049
2 45 1.6 0.04 53.0  0.03 —20.8 0.009 —3.1 0.023
3 45 1.0 0.02 291 003 =225 0015 —16 0.029
4 60 18 0.03 401 0.04 —245 0024 —40 0.071
5 120 1.9 0.02 329 006 —238 0010 —23 0.022
6 30
455502 0.983  0.148 1 45 1.0 0.02 60.8  0.02
2 45 2.1 0.05 440 005 —22.0 0.027 3.1 0016
3 45 1.2 0.03 3.9 0.04 —249 0033 =35 0.076
4 60 23 0.04 411 006 —255 0.006 —44 0.053
5 120 2.4 0.02 39.6 006 —23.7 0011 —44 0.017
6 30 145 0.48 245 059
455503 1.038  0.160 1 45 1.6 0.04 520 003 —193 0021 —27 0.011
2 45 2.1 0.05 426 005 —21.6 0022 35 0013
3 45 1.4 0.03 365 004 —227 0021 —34 0.032
4 60 2.4 0.04 452 005 —23.6 0.024 —40 0.062
5 120 2.4 0.02 423 006 —224 0027 32 0.045
6 30 7.7 0.26 380 020 —234 0057 —83 0.062
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Table 3 (contd.)

Sample ID Sample Weight Step  Time  CO, CO, H,0 F 8¢  §%c 80 8o

weight  lost (min)  yield release rate yield s.d. s.d.
© (@ (mol)  (wmol/min) (smol)

557501 0935 0.128 1 35 0.7 0.02 39.5 0.02 —19.0 0.011 —-2.9 0.024
2 45 0.8 0.02 254 003 =209 0.037 -2.5 0.015
3 45 0.8 0.02 343 0.02 —-21.6 0.022 —-1.4 0.019
4 60
5 120 1.3 0.01 28.7 005 =212 0.040 24 0.126
6 30 2.0 0.07 197 0.10 —22.5 0.013 —9.0 0.025

557502 1.033  0.147 1 45 0.8 0.02 459 002 —181 0.029 —-2.6 0.091
2 45 1.2 0.03 39.7  0.03 —19.1 0.040 —-2.6  0.059
3 45 0.9 0.02 327 0.03 —19.8 0.021 —1.6  0.066
4 60 1.1 0.02 37.8 0.03 —-21.1 0.025 —-32 0.132
5 120 1.3 0.01 346 004 —204 0.002 —-24  0.031
6 30 1.6 0.05 24.5 0.07 —-21.9 0.036 -7.5 0.108

557503 0.940  0.120 1 45
2 45 0.3 0.01 —19.7  0.009 -34  0.029
3 45 0.4 0.01 —20.0 0.050 6.5 0.129
4 60 0.2 0.00 —22.6 0.023 —43  0.014
5 120 0.2 0.00 —21.5  0.038 —-3.0 0.083
6 30 0.2 0.01

759501 1.005  0.111 1 45 2.4 0.05 —19.7 0.016 -2.1 0.037
2 45 2.8 0.06 —-21.3  0.017 —-1.9 0.061
3 45 0.4 0.01 —24.1  0.067 -29 0.170
4 60 22 0.04 —245 0.022 —4.0 0.040
5 120 3.6 0.03 —21.8  0.059 —-3.8 0.195
6 30 6.4 0.21 —224  0.043 —6.5 0.026

759502 0916 0.145 1 45 3.8 0.08 —-21.5  0.012 —4.1  0.026
2 45 1.5 0.03 —255  0.023 —-8.6 0.023
3 45 0.4 0.01 —25.5 0.045 —10.3 0.046
4 60 1.1 0.02 —245 0.036 —13.1 0.122
5 120 1.2 0.01 —233  0.037 —13.6 0.060
6 30 28.0 0.93

759503 0976  0.156 1 45 3.7 0.08 —21.9 0.011 —1.4  0.027
2 45 1.9 0.04 —30.3 0.055 —-9.4  0.139
3 45 1.4 0.03 —23.8  0.006 -3.5  0.028
4 60 0.6 0.01 —22.3  0.032 —5.1 0.086
5 120 9.2 0.08 —19.1  0.043 —0.1  0.069
6 30 28.0 0.93 —229 0.029 —-11.0 0.051

9510501 0977 0.142 1 45 2.8 0.06 —19.7  0.017 —4.8 0.041
2 45 1.1 0.02 —26.1  0.021 —7.1  0.045
3 45 0.9 0.02 —26.2  0.046 —4.8  0.089
4 60 1.2 0.02 —26.1  0.008 —5.5 0.040
5 120 1.3 0.01 —234 0.013 —6.2  0.034
6 30 28.0 0.93 —24.0 0.060 —10.1 0.080

9510502 0.999 0.145 1 45 2.9 0.06 —19.6  0.012 —7.1  0.037
2 45 1.0 0.02 —-264 0.167 —13.0 0.250
3 45
4 60 0.9 0.02 —239 0.038 —12.4 0.100
5 120 0.9 0.01 —21.8 0.024 —11.1 0.042
6 30 —-234 0.022 —-10.2 0.035

9510503 1 45 29 0.06 —19.5  0.019 —6.9 0.030
2 45 0.9 0.02
3 45 0.8 0.02 —26.0 0.031 -9.5  0.022
4 60 0.9 0.02 —25.6 0.050 —11.3 0.141
5 120 1.0 0.01 —23.8 0.013 —-12.4 0.100
6 30




262 Austin and Schroeder Clays and Clay Minerals

-10.0- = —L L 50
g N . e . PR S S H : : ’"" 0,)8
o o
e <
QO )
© @)
e 8
-30.0 0005 0515/
[T
2 =
s o
Y <
QO )
® g
e 300 Z
' 1020 2025] 150
Q ‘.'_ —— —apelmoe = o pmeesesses | jem o 0 e
L
0.35 i .
-5.0 - 10.0
o [ o
fa) T >
< I =
g =2
O o
© g
300 Z
' = 2535 = 3343] 450
0 L
L
0.35- i
-5.0+ - - -10.0
= %]
a >
£ S
S [ == | 3
o i oy o
e 300 =
=001 4555 5575] 450
0 Fmm :
L
0.354 X,CO, i X,CO,
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Figure 4. 8'°C vs. 3'%0 of the plateau samples for each depth.
Error bars represent one standard deviation of all plateau
samples at each depth (Figure 3), R* = 0.73 (p < 0.01). S
represents the average SOM value as determined by all samples
collected during the 850°C heat treatment in the dehydration
procedure. A represents an average value for atmospheric CO,
(Chen et al., 2013). The line between atmosphere and SOM is
arbitrary and represents linear mixing between the two
reservoirs.

soil CO, and H,0 (Stern efr al., 1999). Because the
factors affecting these two isotopes are similar, correla-
tion between the 8'2C and §'%0 values of CO, occluded
in the gibbsite structure with a possible shift in the §'%0
value due to isotope exchange seems likely. A linear
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relationship existed between the 8'*C and §'%0 values of
CO, measured in this study (R* = 0.73) (Figure 4) and
was offset roughly parallel to a hypothetical mixing line
between the atmosphere (Chen et al., 2013) and the
SOM, indicating that the process was controlled by
diffusion. A process other than diffusion must be
responsible for the offset, however.

Fractionation resulting from oxygen exchange
between the CO, and transition states as the CO,
moves through the mineral structure during dehydration
must be considered. Fractionation of oxygen isotopes of
CO; occluded in goethite has been modeled as a function
of the reaction rate, where the greatest extent of
fractionation occurs in association with slow reaction
rate (Yapp, 2003). Gibbsite dehydration was assumed to
proceed via a similar process, by the reaction

2A1(0H); — 2AI0(OH)* + 2H,0 —
2AI0(0H)* —> ALO; + H,O0  (5)

where AIO(OH)* represents a transition state. A reason-
able inference is that a similar reaction rate-controlled
fractionation might occur. Using the method described
by Yapp (2003), InXs(H,) was plotted vs. the cumulative
reaction time to determine the reaction rate (Figure 5).
Xs(H,) was used to determine the progress of the
reaction and is defined as the fraction of the total H,
remaining in the sample. All samples in this study
showed very similar reaction rates. If it was further
assumed that the magnitude of fractionation for gibbsite
was similar to goethite for a given difference in reaction
rate, the measured 8'%0 values relative to each other
were expected to be within 1%o of the relative values of
the original unfractionated CO, 580 values. Therefore,

O 051503: y = -0.0067x - 0.0953

0 .
@ O 102002: y = -0.0076x- 0.0662
[ 8 A 253501: y=-0.0097x - 0.03369
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Figure 5. LnX(H,) vs. cumulative dehydration time for gibbsite samples 051503, 102002, 253501, 35450, 455502, and 557502.
R? for all samples >0.97 except 253501 (R? = 0.92) and 354501 (R*> = 0.86). See Yapp (2003) and the text.
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while the absolute values measured were not useful, the
relative values were, and were used to establish the
relationship between 5'*C and §'®0. Until the structural
580 value of gibbsite is measured, this discussion will
continue using these assumptions.

In addition to fractionation during dehydration, the
difference between the measured mixing line and the
theoretical mixing line could represent isotope exchange
between CO, and H,O in the soil pore space prior to
inclusion in the mineral structure. As shown by Stern
(1999), the amount of exchange is dependent on the
residence time of the CO, in the soil pore space.
Therefore, the degree of change from the assumed pore
space CO, 8'%0 value may have implications for
inferring the soil diffusion conditions during mineral
formation. For example, a relatively small difference
between the mixing line for atmosphere and SOM may
represent high soil respiration rates, precluding isotope
exchange. Conversely, a large shift implies a slow
respiration rate, allowing for more isotope exchange.
Until the reality of fractionation during sample collec-
tion is resolved, exchange and diffusion fractionation
effects cannot be quantified.

Finally, the 8'%0 value of SOM or the atmosphere or
both may change over time. Determining the magnitude
of change was complicated by the uncertainty of the
sequence of formation and transport of gibbsite in the
soil compared to the age of the active soil-forming
processes. Cosmogenic '°Be estimates of the soil
residence time of the Southern Piedmont ranged between
1.3 and 3.1 million years (Bacon et al., 2012).
Radiogenic carbon dates of pedogenic gibbsite measured
at Panola Mountain, Georgia showed at least two distinct
populations deep in the soil on a millennial time scale
(Schroeder et al., 2001). Differences between mineral
‘ages’ and soil residence time suggested that mineral
populations are reforming continuously in the soil.
Therefore, CO, occluded in gibbsite near the surface
should be representative of the relatively recent past
environment (i.e. <10,000 y). Atmospheric CO, 8'>C has
been depleted by ~1.2%0 over the past 250 y (post-
industrial revolution) by the release of depleted organic
carbon into the atmosphere by the burning of fossil fuels
(Francey et al., 1999). 3'80 of atmospheric CO, for time
scales of soil formation is influenced by climate, as it
relates to changes in precipitation, and the carbon cycle,
as it relates to changes in plant type and respiration
(Welp et al., 2011).

While the correlation between 5'*C and §'%0 values
indicated that diffusion was controlling the isotopic
compositions of soil CO,, the depth profile of §'3C
values did not match the progressive decrease with depth
expected in a diffusion-controlled profile. The depth
profile of 8'*C values in the upper 40 cm showed an
erratic increase from the surface to the top of the Bt
horizon. At depths >40 cm, the profile appears to follow
the expected diffusion-controlled profile. This implies
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that there is some process other than diffusion control-
ling the profile shape above the Bt horizon. Because the
correlation of 8'°C and §'%0 implied that diffusion was
the controlling process and the §'°C values of the
gibbsite-occluded CO, at 40 cm are most similar to the
atmosphere, the implication is that transport and mixing
of gibbsite above the Bt horizon is responsible for the
unexpected depth profile. Mixing in the upper portion
made utilization of the pedogenic gibbsite proxy more
difficult but may provide insight into the processes and
timing of events in soils regarding dissolution, forma-
tion, and transport, particularly in deep intensely
weathered soils. Measuring the radiocarbon content of
occluded gibbsite CO, and its distribution down profile
will provide insight into the extent of mixing recorded
by the gibbsite at different depths in the soil.

Regarding the preservation of a weathering profile in
the rock record (i.e. a paleosol), carbon-rich, poorly
consolidated O, A, and upper AB horizons are likely to
have low preservation potential. Thus, paleosols pre-
served in the rock record were probably decapitated
during the erosional and subsequent depositional events
that deposited unconformable sequences above. The
more clay-rich lower AB and Bt horizons are more likely
to be preserved. If these horizons are studied for their
gibbsite CO, 8'°C values, the mixing curve (i.e.
asymptotic values are approached with depth) still
potentially harbors information about the original SOM
pool and the atmosphere with which it mixed. The key to
using gibbsite preserved in ancient soil is observing the
soil textural properties to be sure about the horizons
being sampled. The USDA-ARS study site used here is
unique in that the only mixing of the soil has been
bioturbation and tree-throw (no tilling). Also minimized
at this site was the introduction of an enriched C4 carbon
pool. The present authors suggest that the signal
recorded and preserved here reflects a more pre-human
like condition, where rapid erosion or changes in carbon
input have probably not taken place. In contrast, most
landscapes in the southeastern United States have
experienced intense cultivation, which affects mixing
and can lead to erosion of the A horizon and its gibbsite-
hosted carbon signal (i.e. accelerated erosion). Human-
induced factors have not been considered in previous
occluded gibbsite carbon studies, which were sampled at
a site that probably did undergo significant erosion and
agricultural tilling (Schroeder and Melear, 1999). For
this reason, managed, tilled, and eroded landscapes, with
a concentration of enriched carbon isotopes at the top of
the preserved Bt horizon, may serendipitously appear
more like a paleosol than an undisturbed soil.

CONCLUSIONS

Co-variation of the stable carbon and oxygen isotopic
composition of carbonate occluded in the pedogenic
gibbsite structure parallel to a mixing line between the
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atmosphere and SOM indicates that the process which
controls these compositions is probably diffusive mix-
ing. The difference in the depth profile of measured 3'>C
values and the expected diffusion-controlled profile
suggests that other transport processes have occurred
after mineral formation. In the shallow soil active
mixing by physical or biological processes makes
interpretation of the depth profile of stable carbon
isotope composition difficult. As a result, care should be
taken when using paleosol proxies to identify the soil
type and horizons, especially in soils with Bt horizons
which indicate a concentration of alluvial clay, or with
A, E, or B horizons which may be mixed due to
bioturbation. Restricting samples to the region below the
Bt horizon removes the upper portion of the profile,
which allows for more precise PCO, estimates, but until
the systematics of mixing can be determined and
modeled reliably, estimates using deep soil only will
have errors comparable to current paleosol methods.
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MINERALOGY, GEOCHEMISTRY, AND GENESIS OF MUDSTONES IN THE UPPER
MIOCENE MUSTAFAPASA MEMBER OF THE URGUP FORMATION IN THE
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Abstract—The Upper Miocene Mustafapasa member of the Urgiip Formation in the Cappadocia region
consists predominantly of mudstones, sandstone, and conglomerate lenses with ignimbrite and basalt
intercalations. The mudstones are an important source of raw materials for the ceramics industry in Turkey.
A detailed mineralogical, geochemical, and genesis study of these materials has not been performed
previously and the present study aims to fill that gap. The characteristics of mudstones of the Mustafapasa
member were examined using X-ray diffraction, scanning and transmission electron microscopy, energy
dispersive spectroscopy, and chemical analyses. Weathering products of ophiolitic and pyroclastic rocks
were transported into the tectonically subsided zone where they accumulated as fluvial and lacustrine
deposits. Weathering in the mudstones is evidenced by smectite flakes associated with relict pyroxene, rod-
like amphibole, feldspar, and volcanic glass. The chemical composition of mudstones and their distribution
suggest that the depositional basin was supplied with ophiolitic material in the south and ignimbrite
material in the north. This interpretation is based on an increase in the quantity of feldspar and opal-A and a
decrease in the Fe,O;+MgO/Al,0;3+Si0, ratio from south to north in the study area. The northward
increases in Light Rare Earth Elements/Heavy Rare Earth Elements, La/Yb, Zr/Ni and Zr/Co ratios and Nb,
Ba, Rb, Sr, and Eu in the mudstones of the Mustafapasa member with positive Eu anomalies suggest that
the Fe, Mg, Al, and Si required to form smectite were supplied mainly through the decomposition of
amphiboles, pyroxenes, feldspars, and volcanic glass during weathering processes. After the deposition of
mudstones, relative increases in evaporation-controlled Ca, K, and Al in pore water favored the partial
dissolution of Ca-bearing minerals and smectite flakes and in situ precipitation of calcite and traces of illite

fibers under alkaline micro-environmental conditions during early diagenesis.
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INTRODUCTION

The study area occupies ~400 km? in the Cappadocia
region in central Anatolia (Turkey), which contains
widespread argillaceous sediments of the Upper
Miocene Mustafapasa member of the Urgiip Formation.
In recent decades, extensive attention to the sedimentol-
ogy, mineralogy, and geochemistry of mudstones has led
to significant advances relating to cement, ceramics, and
shale gas (e.g. Casciello et al., 2011; Chermak and
Schreiber, 2014; Osborn et al., 2014; Taylor and
Macquaker, 2014). Most published studies of the area
are related to volcanism, mineralogy-petrography, and
tectonics (Pasquare, 1968; Pasquare et al., 1988; Batum,
1975, 1978; Innocenti et al., 1975; Besang et al., 1977,
Ercan et al., 1987, 1989; Gonciioglu and Toprak, 1992;
Le Pennec et al., 1994; Druitt et al., 1995; Schumacher
and Mues-Schumacher, 1996; Gevrek, 1997; Turkecan et
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al., 2003; Viereck-Gotte and Giirel, 2003; Le Pennec et
al., 2005). Less work has been done on the mineralogy
and distribution of Pliocene clay-rich sediments in
vertical stacked paleosol levels among ignimbrites
(Giirel and Kadir, 2006). The geology and mineralogy
of the Upper Miocene and paleosol and carbonate levels
and their vertical distributions are used as clues to
determine the paleoclimatic conditions of Anatolia and
the Mediterranean region (Giirel and Kadir, 2008; Kadir
etal., 2013; GOz et al., 2014). To date, no detailed study
has been carried out of the mineralogy, geochemistry,
and genesis of these smectitic materials in the Upper
Miocene Mustafapaga member of the Cappadocia Basin.
The implications of ophiolitic and volcanic sources for
deposits which contain several hundred million tons of
clay reserves of potential raw material (for use in
cement, ceramics, and elsewhere) also need to be
understood. The present study focuses on the mineralogy
and geochemistry of the mudstone of the Mustafapasa
member and associated sediments and interprets the
genetic relationship between argillaceous sediments and
ophiolitic rocks and the Yesilhisar conglomerate,
including ophiolitic components and ignimbrites.
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MATERIALS AND METHODS

In the field, representative stratigraphic sections were
measured to study the lateral and vertical variations in
the Mesozoic ophiolitic rocks, the Oligo-Miocene
Yesilhisar conglomerate, the mudstone of the Upper
Miocene Mustafapaga member, and the ignimbrite. One
hundred and seventeen (117) characteristic samples were
collected from these units (Figure 3). Fresh and partially
altered samples were examined under a polarizing
microscope (Leitz Laborlux 11 Pol).

The mineralogical characteristics of the samples were
determined by powder X-ray diffraction (XRD) at the
Turkish Petroleum Corporation (TPAO, Ankara, Turkey)
using a Rigaku Geigerflex instrument. The XRD
analyses were performed using CuKa radiation with a
scanning speed of 1°20 min~'. Randomly oriented
mounts of powdered whole-rock samples were scanned
to determine the mineralogy of each bulk sample.
Samples for clay analyses (<2 pm) were prepared by
separating the clay fraction using sedimentation and
centrifuging the suspension after an overnight dispersion
in distilled water. The clay particles were dispersed
using ultrasonic vibration for ~15 min. Oriented speci-
mens of the <2 pm fractions were prepared from each
sample using the following procedure: drying with air,
solvating with ethylene glycol at 60°C for 2 h, and
thermal treatment at 550°C for 2 h. Semi-quantitative
abundances of rock-forming minerals were obtained
using Brindley’s (1980) external standard method. The
relative abundances of clay-mineral fractions were
determined using their basal reflections and the mineral
intensity factors of Moore and Reynolds (1989).

Scanning electron microscopy (SEM) studies were
performed at Eskigsehir Osmangazi University (Turkey)
using a JEOL JSM 84A instrument equipped with an
EDX detector. Representative clay-dominated bulk
samples were prepared for SEM analyses by adhering
the fresh, broken surface of each sample to an aluminum
sample holder with double-sided tape and coating thinly
(350 A) with gold using a Giko ion coater. Transmission
electron microscopy (TEM) studies were performed at
Anadolu University (Eskisehir, Turkey) using a JEOL
JEM-21007 instrument. The clay particles for TEM
analyses were dispersed using an ultrasonic ethanol bath
for ~30 min. One drop of each clay suspension was
placed on carbon-coated copper grids and dried at room
temperature.

Chemical analyses of 29 ophiolite and related
Yesilhisar conglomerate, mudstone and ignimbrite
whole-rock samples were performed at Acme
Analytical Laboratories Ltd. (Vancouver, Canada)
using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) for major and trace elements
and inductively coupled plasma-mass spectrometry
(ICP-MS) for rare-earth elements (REE). The detection
limits for the analyses were between 0.01 and 0.1 wt.%
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for major elements, 0.1 and 5 ppm for trace elements,
and 0.01 to 0.5 ppm for REE.

Smectite structural formulae were determined for the
chemical analyses of <2 um clay fractions of smectite
(confirmed by XRD). The samples were prepared by
separating the clay fraction using sedimentation fol-
lowed by centrifugation of the suspension after an
overnight dispersion in distilled water. They were then
analyzed using ICP-AES at Acme Analytical
Laboratories Ltd. (Vancouver, Canada). The structural
formulae of smectite were calculated from chemical
analyses based on the 22 oxygen atom content of the unit
cell (Moore and Reynolds, 1989).

GEOLOGICAL SETTING AND DEPOSITIONAL
ENVIRONMENT

Geological setting

The basement rocks of the Cappadocia region
comprise Mesozoic ophiolitic rocks consisting of
serpentinized peridotites and pyroxenites, isotropic
gabbros, diabasic dikes, and extrusive rocks (Dilek and
Whitney, 1997). The ophiolitic rocks were thrust onto
Paleozoic metamorphic rocks, including gneiss and
marble. The region was later subjected to an extensional
tectonic regime from the Middle Miocene until the Early
Pliocene, which caused the occurrence of a depressional
basin in central Anatolia (Toprak, 1998). This subsided
basin is filled with fluvial and lacustrine sediments and
pyroclastic rocks.

The Oligo-Miocene Yesilhisar conglomerate typically
comprises ophiolitic and metamorphic rock fragments
and Neogene sediments. The Yesilhisar conglomerate
overlies discordantly the basement rocks (Figures 1 and
2) and is overlain unconformably by Neogene sediments
of the Urgiip Formation (Pasquaré, 1968). The Upper
Miocene Mustafapasa member is the oldest sedimentary
unit in the Urgiip Formation, which consists of massive
and layered mudstones and conglomerates and sandstones
of fluvial and lacustrine origin. The Mustafapasa member
overlies ophiolitic basement rocks near the Akkdy and
Keslik villages and the Yesilhisar conglomerate to the
south of Yesilhisar. The sediments of the Mustafapasa
member near the Damsa Valley south of Urgiip are
intercalated locally with the Kavak ignimbrite, a welded,
thickly bedded, dark gray Sarimadentepe ignimbrite, and
Damsa Valley basaltic lava. The Mustafapaga member is
overlain conformably by Late Miocene to Pliocene
volcaniclastic and sedimentary units, which are overlain
discordantly by Quaternary ashfall deposits, white
travertine, and alluvium (Figure 2, Viereck-Goétte et al.,
2010).

Description of the lithology

In the study area, the following lithologies have been
distinguished in the Oligo-Miocene and Upper Miocene
sediments (Figures 3, 4).
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Conglomerate. This facies appears in two stratigraphic
levels characterized by thick-bedded fluvial sediments of
the Yesilhisar conglomerate (Figure 4a,b) and channel
filling in the mudstone of the Mustafapaga member. The
Yesilhisar conglomerate consists almost entirely of
conglomerates, including ophiolitic and metamorphic
rock fragments. The pebbles are well rounded and their
size varies from a few c¢cm to 20—30 c¢cm. To the north,
metamorphic components predominate in these con-
glomerates. The matrix of the conglomerate consists of
red, sandy, silty, and argillaceous material. This
lithology appears in an area ~40 km long and 10 km
wide. The channel-filling conglomerates in the mudstone
of the Mustafapasa member are characterized by
massive, gray, unsorted, and sub-rounded conglomer-
ates. The conglomerates are mainly matrix-supported.
The average size of the clasts is ~10 cm. The thickness
of the conglomerate varies from 20 to 50 cm. This
conglomerate channel has a lenticular character with a
cross-section ~2 m wide.

Kiilah et al.
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Sandstone. This facies consists of greenish-gray, medium-
to fine-grained, medium-bedded sandstones with plant
rootlets. The facies is ~50 cm thick and several km long.

Mudstone. This massive and layered mudstone facies
appears in two stratigraphic levels characterized by
different colors (Figure 4c,d). The lower level is
generally greenish-gray, but the upper level is brown-
ish-red. The facies includes plant rootlets and desicca-
tion cracks. The mudstone is ~70 m thick, 10 km wide,
and 60 km long.

Description of stratigraphic sections

Eight stratigraphic sections were analyzed from south
to north in the study area, and the results are described
below (Figure 3, K1—KS).

Hacibekirli section (K1). The Yesilhisar conglomerate
unconformably overlies the Cukurbag Formation, which
is overlain by the Cemilkdy ignimbrite (Giirel et al.,

Mustafapasa mudstone

o

Figure 4. Field view of: (a) the weathered ophiolitic unit and the overlying Yesilhisar conglomerate; (b) close-up view of ophiolite-
sourced pebbles in a matrix of mudstone in the Yesilhisar conglomerate; (c) mudstone of the Mustafapaga member on the weathered
ophiolitic units; and (d) close-up view of the Mustafapasa mudstone with intercalated sandstone lenses and overlain by the Cemilkdy

ignimbrite.
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2007; Figure 3). The section consists predominantly of
ophiolitic conglomerate and sandstone and mudstone
horizons. These units are overlain by the Cemilkdy
ignimbrite.

Arapli Pass section (K2). This section begins with the
Yesilhisar conglomerate, which overlies unconformably
ophiolitic rocks and is overlain unconformably by
mudstones, sandstones, and conglomerates of the
Mustafapasa member (Figure 4a). The Yesilhisar con-
glomerate consists of pebbles and cobbles derived
predominantly from ophiolitic basement rocks, such as
gabbro, pyroxenite, and serpentinite and minor amounts
of marble and gneiss (Figure 4b). This section is covered
by the Cemilkdy ignimbrite.

Arapli section (K3). The ophiolitic basement rocks show
signs of weathering. This unit is overlain unconformably
by the Mustafapasa member deposits which consist of
mudstones intercalated with sandstones and conglomer-
ate lenses (Figure 4c). The Cemilkdy ignimbrite occurs
in the uppermost part of this section (Figure 4d).

Yesilhisar section (K4). This section begins with an
ophiolitic unit that is overlain unconformably by the
Yesilhisar conglomerate, which is overlain unconform-
ably by the sediments of the Mustafapasa member. This
section is covered by the Cemilkdy ignimbrite.

Cevliktas Tepe section and Akkoy section (K5, K6). The
ophiolitic basement rocks are overlain unconformably,
mainly by mudstone deposits of the Mustafapasa
member, which is overlain by the Cemilkdy ignimbrite.

Kolkollu Tepe section (K7). This section begins with the
Sarimadentepe ignimbrite, which is overlain by
Mustafapaga member sediments and topped by the
Cemilkoy ignimbrite. The thicknesses and frequency of
occurrence of conglomerate lenses in the Mustafapasa
member are less than in the southern area. A reddish
color is predominant in the Mustafapasa-member sedi-
ments compared with those of previously described
sections.

Mustafapasa section (K9). This section begins with the
Kavak ignimbrite, which is overlain by Mustafapasa-
member sediments composed of mudstones intercalated
with sandstone and conglomerate lenses and the
Sarimadentepe ignimbrite. This section is topped by
the Damsa Valley basalt.

PALEOGEOGRAPHY

Tectonic activity during the Oligocene caused the
uplift and emergence of the region, after which
ophiolitic basement rocks and ignimbrites were sub-
jected to moderate to intensive weathering. Weathering

Genesis of mudstones in the Mustafapasa member in Cappadocia
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products were eroded, transported, and deposited in the
subsided basin. The Yesilhisar conglomerate, consisting
mainly of ophiolitic components, was deposited close to
the source area in these valleys. Thin lacustrine
sediments were deposited in areas to the north.
Polygenetic volcanoes were active in the Late Miocene
and their pyroclastic products, such as the Kavak and
Sarimadentepe ignimbrites, were intercalated with mud-
stones in the northern part of the study area (Pasquare,
1988; Toprak, 1998; Le Pennec et al., 2005). During the
arid climatic conditions at the beginning of the Late
Miocene, the lacustrine areas were subjected to flash
flooding, which caused the deposition of mud and the
development of mud flats. Argillaceous sediments then
formed in the region (Kadir ef al., 2013). According to
the profiles examined, the main lithofacies consist of
massive and layered mudstones, which occur in three
sections: the very shallow part of the lake (southern lake
margin, Figure 3, K1, K2), the central part of study area
around Akkoy (Figure 3, K3, K4, P5, K6), and a
shallow-lake environment (north, Figure 3, K7, K8). In
the depressional basin, the main paleo-flow direction
was generally determined to have been from south to
north, based on field observations such as pebble
orientation, planar and trough cross-beddings in sand-
stones, and the mineralogical compositions of detrital
sediments.

RESULTS

Mineralogical and petrographical determinations

Ophiolitic rocks are generally composed of serpenti-
nized amphibole, pyroxene, and accessory olivine (Dilek
and Furnes, 2014). The Yesilhisar conglomerate includes
components derived mainly from basement rocks. These
components consist of serpentinized and Fe (oxyhydr)-
oxide-bearing amphibole, pyroxene, and olivine miner-
als with partial to extensive alteration (Nahon et al.,
1982; Delvigne, 1998). Volcanic rocks include plagio-
clase and amphibole phenocrysts in a volcanic glass
groundmass. Feldspars and amphiboles are altered, and
the volcanic glass is devitrified.

The XRD results of the bulk samples from the
measured profiles are given in Table 1. Smectite is
dominant in all of the samples from the sections of the
Mustafapasa member and is accompanied by feldspars,
quartz, amphiboles, pyroxenes, calcite, local olivine, and
traces of illite/mica, kaolinite, chlorite, and serpentine.
The quantities of feldspar and opal-A increase from
south to north in the study area.

Smectite is identified by a sharp basal reflection at
14.48-14.91 A, which shifts to 17.51-17.65 A follow-
ing ethylene-glycol treatment and collapses to
10.08—10.13 A after heating at 550°C for 2 h
(Figure 5). The dygo value of smectite is 1.50 A,
suggesting a dioctahedral character (Moore and
Reynolds, 1989). Illite/mica is identified by reflections
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Table 1. Mineralogical composition and abundance of samples in the measured sections. Sections and their samples are
ordered from north to south.

Sample  Rock type smec  ilt/mc  kin chl srp am px ol fds qz op cal

North

K8

MP2-22  Mudstone ++++ acc acc + acc acc

MP2-21  Mudstone +++  acc acc acc + + +

MP2-20  Mudstone +++ + + +

MP2-16  Mudstone +++ acc + + acc

MP2-14  Mudstone +++ acc acc + + +

MP2-10  Mudstone +++  acc + acc + acc +

MP2-7 Mudstone + acc +++ acc + acc

MP2-4 Mudstone +++ acc acc + acc +

MP2-3 Mudstone ++ acc acc ++ acc acc

K7

KT2-1 Mudstone +++  ace + + +

KT2-2 Mudstone +++  acc ++ + +

KT2-3 Mudstone +++ + +H+ o+ acc

KT2-5 Mudstone ++++ acc acc ++ acc +

KT2-7 Mudstone ++++ acc acc + acc +

KT2-8 Mudstone -+ acc + acc acc

KT2-10  Mudstone +++ acc acc acc +

KT2-11  Mudstone +++ + acc + acc

Middle

K6

AKB-11  Mudstone -+ acc + +

AKB-10  Mudstone ++++ acc + +

AKB-9 Mudstone ++ acc acc + ++

AKB-7 Mudstone +++  acc + acc + acc +

AKB-5 Mudstone ++ acc acc acc + ++

AKB-4 Mudstone ++ acc acc + + + ++

K5

C-2 Mudstone +++  acc acc acc + + acc

C-3 Mudstone +++ acc + acc +

C-4 Mudstone ++ acc acc + + ++

C-5 Mudstone ++ acc + + +

K4

YH-2 Mudstone ++ acc acc acc + + acc ++

YH-5 Mudstone ++ acc acc + +

YH-7 Mudstone ++ acc acc + acc + +

YH-10 Mudstone ++ acc acc acc + + +

YH-11 Mudstone ++ acc + acc + + acc acc

YH-13 Mudstone +++ acc acc + acc + acc ++

K3

AT-5 Mudstone +++ acc acc + +

AT-8 Mudstone ++ + + acc

South

K2

A22N-11 Mudstone -+ acc +

A22N-4  Mudstone -+ +

K1

HB-2 Mudstone +++ acc +

HB-3 Matrix of Yesilhisar —++++ acc acc acc + acc
conglomerate

HB-5 Mudstone ++++ acc acc acc + acc

smc: smectite, ilt/me: illite/mica, kln: kaolinite, chl: chlorite, srp: serpentine, am: amphibole, px: pyroxene, ol: olivine; fds:
feldspar, qz: quartz, op: opal-A, cal: calcite. acc: accessory, +: relative abundance of mineral.
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Figure 5. XRD patterns of smectite-rich mudstone samples (YH-11, YH-13, AKB-10). smc: smectite, kin: kaolinite, fds: feldspar,

qz: quartz, am: amphibole, ol: olivine, cal: calcite.

at 10.0 and 5.0 A, which are not affected by the
ethylene-glycol treatment but undergo a slight shift
toward a higher angle when heated to 550°C because of
dehydroxylation. Kaolinite has peaks at 7.24 and 3.57 A
and serpentine has peaks at 7.63 A. Sharp peaks appear
in amphibole at 8.36 and 3.11 A, in pyroxene at 2.90 A,
in olivine at 2.80 /DX, in quartz at 3.34 and 4.26 A, in
feldspar at 3.18 A, and in calcite at 3.03 A. An increase

in the XRD background intensity in some of the samples
may indicate the presence of opal-A (lijima and Tada,
1981).

Amphibole is associated with accessory chlorite,
serpentine, and olivine and is found mainly in weathered
ophiolitic units, related to weathered units of the Arapl
area in the southern region of the studied area. Illite and
feldspar increase northward near the Akkoy area.
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SEM-EDX AND TEM DETERMINATIONS

Scanning electron microscope images indicate that
flaky smectite predominates in the mudstone and matrix
of the Yesilhisar conglomerate samples (Figure 6). Flaky
smectite crystals (up to 2—7 pm in diameter) appear in
the samples with irregular outlines and are locally edged
with fibrous illite (Figure 6a—h). Amphiboles with rod-
like forms (~10 pum long) and pyroxene relics are
associated with smectite in the mudstones from the
southern part of the study area (Figure 6¢,d). Smectite in
the northern mudstones occur as authigenic flakes and
include relict crystals, such as feldspar and devitrified
volcanic glass (Figure 6e,f). In addition, irregular flaky
smectite in the central mudstone encloses authigenic
euhedral micritic calcite crystals (1—7 pm in diameter)
as regular pore fillings (Figure 6g,h).

Energy dispersive analyses of the smectite flakes
have large peaks for Si, Al, Fe, and Ca and low Al and
Mg (Figure 7a). Energy dispersive analyses of rod and
rod-bundle amphibole crystals yielded Si, Ca, and Fe
and low Al, whereas the pyroxene precursor exhibits
high Ca, Fe, and Si and low Mg resembling augite-type
pyroxenes (Figure 7b,c). Relics of feldspars exhibit high
peaks for Si, smaller peaks for Al, and very faint peaks
for K and Ca (Figure 7d). The altered volcanic rocks
consist mainly of Si with very small peaks for Al, Mg, K,
Ca, and Na (Figure 7¢). Rhombic calcite crystals exhibit
strong peaks for Ca (Figure 7f).

Transmission electron microscope analyses indicate
that the smectite particles occur as wavy fan- and lens-like
plate packets arranged in a well oriented order
(Figure 8a—f). In addition, there are discontinuous, bent
and non-oriented packs of smectite particles
(Figure 8b—f). Smectite plates edge rod-like crystals of
amphiboles in the mudstones (Figure 8d—f). The sharp
edges of the individual fibers suggest moderate to high
crystallinity. The smectite plates have a diameter of
300—600 nm.

Geochemistry

Chemical analyses of representative samples of
ophiolite and the associated Yesilhisar conglomerate
matrix, mudstones, and ignimbrites in the Cappodocia
region are given in Table 2 (please see an extended
version of this table which has been deposited with the
Editor in Chief and is available from http://www.clays.
org/JOURNAL/JournalDeposits.html). The variations in
the major and trace-element profiles appear to be related
to ophiolitic and volcanic provenances (Table 2, plus
extended version, deposited). Therefore, SiO,, KO,
TiO,, ZREE, and Zr values increase and Fe,O5 and MgO
values decrease northward in the mudstones of the
Mustafapasa member. The loss on ignition is an
important indicator of weathering and is proportional
to the amount of calcite and clay minerals. Large
amounts of Cr, Ni, and Co are found in the ophiolitic

Kiilah et al.

Clays and Clay Minerals

rocks with average values of 1850, 1917, and 98.5 ppm,
respectively. The Cr, Ni, and Co contents decrease from
the south to the middle to the north with average values
in the mudstones of the Mustafapasa member of 548,
475, and 40 ppm; 402, 226, and 26 ppm; and 136, 46,
and 15 ppm, respectively. In addition, the Ba, Rb, and Sr
contents of the sediments of the Mustafapaga member
display local increases northward.

SiO; has a positive correlation with K,O, and ZREE
correlates positively with Zr in the mudstone samples
(Figure 9a,b). A plot of Zr/Ni vs. Zr/Co shows a
northward increase in Zr content relative to Ni and Co
(Figure 10).

The whole-rock REE contents of samples from the
study area were normalized to the North American Shale
Composite (NASC) values (Gromet et al., 1984)
(Figure 11). Light REEs (LREEs), such as La, Ce, and
Nd, are enriched relative to the increase in concentrations
of medium REEs (MREEs) and heavy REEs (HREESs)
based on the increase in Lay/Yby ratios from 0.41 to 5.96
in mudstones from south to north in the study area
(Table 1, Figure 11a—c). However, LREEs were leached
relative to the MREEs and HREEs in mudstone samples
close to the ophiolitic units and related Yesilhisar
conglomerates in the southern region (Table 1, Figure
11a,d). Nb/Ti increases parallel to the increase in La/Yb
northward (Figure 12). The LREE/HREE ratio is enriched
in ignimbrite samples (Figure 11e).

The averages [(Eu/Eu*)yasc= 0.98—1.67 and
(Ce/Ce*)nasc = 0.75—1.06] show positive Eu and
negative Ce anomaly values, respectively (Table 2,
deposited). The (Yb/Yb*)yasc ratios range from 0.80
to 1.17 and are positive, revealing a relatively immobile
character.

The structural formulae of smectite were calculated
from chemical analyses of the clay fractions of samples
A22N-11, AKB-11, and KT2-8 (Table 3). The average
structural formula was estimated to be (Si;s9Alg41)
(Al 34Fe0.93Mgg.76Ti0.06Mn0.013)(Cag.20Nag.03Ko.20)
0,0(OH),4. The tetrahedral site is filled by Si, which is
substituted by a small amount of Al. Al is the
predominant cation in the octahedral site and is
accompanied by Fe®", Mg, and traces of Ti and Mn.
Ca, Na, and K were deemed exchangeable interlayer
cations. The average tetrahedral charge/octahedral
charge ratio (xt/xo) is 1.00. These values indicate that
the smectite is montmorillonite, similar to that reported
by Giiven (1988) and Inoue et al. (2004).

DISCUSSION

The basement rocks in the study area consist of
Paleozoic and Mesozoic gneiss, marble, and ophiolitic
rocks. Long-term weathering of ophiolite and ignimbrite
units from the Early Eocene to the Late Miocene produced
an enormous amount of argillaceous material that was
later transported and deposited in the depressional basin
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Figure 6. SEM images: (a,b) irregular cornflake-shaped smectite in southern mudstones (YH11, A22N-11); (c) smectite flakes with
rod-like amphibole crystals (YH-13); (d) altered pyroxene edging smectite flakes (KT2-8); (e,f) authigenic growth of smectite on
and between altered feldspar crystals and devitrified volcanic glass (AKB-13); (g,h) authigenic growth of calcite crystals in pores of
irregular smectite and smectite-edged illite (AKB-8).
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Figure 7. EDX analyses of smectite and precursors in mudstone samples.

as fluvial and lacustrine deposits. Evidence of weathering
is seen in smectite flakes in the mudstones, which are
associated with relict pyroxenes, rod-like amphiboles,
feldspars, and volcanic glass (Figure 6). The suggestion of
a detrital origin for the smectitic mudstone is based
mainly on its repetition in stratigraphic sections and its
matrix form in conglomerates, associated discrete miner-
als derived from ophiolitic and volcanogenic rocks (Hong
et al., 2007, 2012) and micromorphologies of smectite
flakes with irregular boundaries.

Changes in the concentrations of Fe,O3;+MgO,
Al,Os3, and SiO; in the mudstones of the Mustafapagsa
member are caused by vertical and lateral variations in
lithologies. The presence of Fe,O3+MgO in the sedi-
ments may indicate detrital pyroxene, amphibole, and Fe
(oxyhydr)oxide phases from ultramafic units exposed in
the south and SiO, and Al,O; from volcanogenic

materials, such as feldspars and opal-A in the northern
region. Therefore, smectitic mudstones from the south-
ern region contain more Fe+Mg and less Si+Al and
CatK+Na than either the middle or northern parts
(Table 3). After the deposition of smectitic mudstones,
the local concentration of Ca and K (along with Al) in
the pore water resulted in in situ formation of calcite
cement filling the micropores.

The edging of irregular smectite flakes by trace illite
developed as a result of a dissolution and precipitation
mechanism under alkaline micro-environmental condi-
tions during early diagenesis (Braide and Huff, 1986;
Erhenberg, 1991; Meunier and Velde, 2004; Ziegler,
2006). The presence of trace kaolinite in the northern
part was caused by the relative increase of altered
feldspars, amphiboles, and volcanic glass in the volcanic
input throughout the sequence.
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W amphibole

smectite

Figure 8. TEM images showing: (a) smectite plates, plate bundles (A22N-11); (b—d) wavy fan- and lens-like smectite plate packets
(A22N-11, AKB-11); (d—f) smectite plates edging rod-like amphiboles (AKB-11), and (c—d) smectite plates edging fibrous
materials resembling illite (A22N-11, AKB-11).
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Table 2. Major oxides (wt.%), trace elements (ppm), and REE contents (ppm) of ophiolite, the Yesilhisar conglomerate matrix,
mudstones, and ignimbrites in the study area.

Major oxides Yesilhisar

(Wt.%) Ophiolite matrix Mudstone —— Ignimbrite
South Middle North
Avg. (n = 3) (n=1) Avg. (n =4) Avg. (n=11) Avg. (n =239) Avg. (n = 2)
Si0, 39.04 58.57 50.35 44.70 57.87 70.2
AL O3 1.1 19.04 16.95 11.70 15.22 14.29
>Fe,0; 8.05 4.58 9.12 6.23 6.11 1.73
MgO 36.51 2.15 4.38 4.24 1.57 0.39
CaO 0.16 1.26 2.71 11.68 3.1 1.76
Na,O 0.003 1.83 2.09 1.24 1.57 2.33
K,0 - 0.41 0.56 0.92 1.74 3.04
TiO, 0.006 0.68 0.50 0.58 0.56 0.26
P,05 - 0.02 0.04 0.08 0.11 0.03
MnO 0.07 0.02 0.07 0.09 0.06 0.05
LOI 13.8 11.2 13.2 18.3 12.0 52
Total 99.37 99.88 99.86 99.84 99.83 99.90
Trace elements (ppm)
Ba 5 61 50.25 144.3 609 760.5
Be 0.33 2 1 1.7 1.5 2
Co 98.53 34.8 40.05 26 14.8 3.5
Cr 1850 590 547.5 401.8 136.25 80
Cs - 0.9 343 6.3 34 4.9
Ga 0.73 17.3 13.48 10.9 14.2 13.5
Hf - 24 1.4 23 3.8 42
Nb - 2.6 3.1 6 8.8 4.2
Ni 1917 567 474.8 226.3 46 34
Rb 0.16 10.4 29.3 423 76.4 122.8
Sc 8 44 27.5 18.3 12.1 35
Sn 0.33 - - 0.4 0.6 -
Sr 5 72.2 100.4 216.3 2223 217.4
Ta - 0.2 0.26 0.4 0.6 0.9
Th - 1.5 1.9 5.4 12.7 21.9
U 0.3 0.4 1.9 1.6 2.6 6.45
\Y 37.3 255 127.5 109 72 5.5
w 0.43 - 1.05 1.6 22 2.7
Zr 0.4 77.1 51.2 85.2 145.7 148
Y 0.2 389 10.25 154 19.5 15.6
La 0.13 9.8 4.7 15.1 24.6 36.9
Ce 0.13 26.1 10.3 26.7 44.4 60.4
Pr - 3.87 1.17 3.29 4.87 5.93
Nd - 19.5 5.33 12.7 17.8 20
Sm - 5.82 1.29 2.63 3.20 3.05
Eu - 1.96 0.42 0.73 0.85 0.64
Gd - 7.26 1.58 2.65 3.10 2.6
Tb - 1.23 0.26 0.42 0.50 0.39
Dy - 7.30 1.77 2.73 3.20 2.44
Ho - 1.52 0.37 0.55 0.68 0.52
Er - 4.62 1.09 1.56 1.93 1.59
Tm - 0.60 0.16 0.22 0.30 0.26
Yb 0.23 3.77 1.16 1.55 2.16 1.89
Lu - 0.56 0.18 0.23 0.34 0.29
TOT/C 0.1 0.03 0.24 242 0.26 0.15
TOT/S - 0.03 0.25 0.04 0.004 -
Mo 0.07 0.2 0.9 0.3 0.2 1.5
Cu 12.73 30.3 56.46 24.8 13.0 33
Pb 0.33 32 3.8 8.24 5.8 1.7
Zn 18.3 52 52.5 38.6 19.5 7.5
Ni 2017.8 377.3 315.7 204.0 20.7 32.7
As 3.1 4.7 8.1 6.9 14.8 -
Cd - - - 0.05 -
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Table 2 (contd.)
Ma(]v(z;.oozl)des Ophiolite Yfr?;lt?;)s{ar Mudstone —— Ignimbrite
South Middle North
Avg. (n = 3) n=1 Avg. (n =4) Avg. (n=11) Avg. (n = 8) Avg. (n = 2)
Bi - - 0.05 0.07 0.11 0.05
Ag - - - - - -
Au (ppb) 2.6 - 0.9 1.2 1.5 1.2
Hg 0.003 - 0.02 0.02 0.001 -
Tl - - - 0.08 0.1 -
Se - 0.6 - - 0.01 -
XREE 0.69 132.8 40.03 86.46 127.4 152.5
2LREE 0.26 59.27 21.50 59.40 91.70 1232
XMREE 0.2 25.09 5.69 9.71 11.5 10.4
XHREE 0.1 9.55 2.59 5.45 4.73 4.82
Euw/Eu* 1.75 1.30 1.26 1.26 1.20 1.04
Ce/Ce* 0.63 0.89 0.92 0.83 0.87 0.97
Yb/Yb* 0.89 1.02 1.09 1.09 1.06 1.32
Lan/Yby 0.3 0.25 0.41 0.94 5.96 14.42

n: number of samples.

X REE = the sum of (La—Lu)+Y; ZLREE = the sum of La—Nd; XMREE = the sum of (Sm—Ho); XHREE = the sum of
(Er—Lu); Ce/Ce*= 2Cen/(LantPry), EWEu* = 2Eun/(Smy+Gdy), Yb/Yb* = 2Yby/(Tmy+Luy), where N refers to a NASC-

normalized value (Gromet et al., 1984).

The LREES/HREEs in a NASC-normalized pattern
and the (La/YD)y ratios are correlated positively with the
concentration of smectite in the mudstone deposits and
increase from south to north, indicating an increasing
contribution of volcanic materials in that direction.
Therefore, the fractionation of amphibole and feldspar
resulted in the adsorption of LREEs onto the smectite
and Fe (oxyhydr)oxide phases, similar to that reported
by Christidis (1998) and Jeans et al. (2000). However,
the depletion of LREESs relative to MREESs and HREES in
mudstones from the southern region suggests that they
benefited from the alteration of amphibole and pyroxene
that originated from the ophiolitic basement rock
(Cullers and Graf, 1983; Nyakairu and Koeberl, 2001).
A positive Eu anomaly value suggests that the accumu-
lation and alteration of plagioclase originated from the
input of interlayered volcanic units (Nance and Taylor,
1977).

The parallel northward increase in the Nb/Ti abun-
dance ratio relative to the La/Yb ratio suggests that Nb
and La are concentrated with increasing smectite-
dominated mudstone deposits derived mainly from
ophiolite and related Yesilhisar conglomerates and
volcanic source rocks. This was confirmed by a north-
ward parallel increase in the Zr/Ni ratio relative to the
Zr/Co ratio and a positive correlation of Zr with XREE
in the mudstone samples. This suggests that ZREE have
a similar geochemical behavior associated with the
molecular structure of smectite, which increases north-
ward with Zr. This interpretation is also supported by an
increase in Ba, Rb, and Sr in the mudstones of the
Mustafapasa member to the north, close to the Kavak
and Sarimadentepe ignimbrites, and by the increase in
Ni, Co, and Cr in the mudstones in the south, near the
ophiolitic basement units. Intermediate values of these
data are present in the mudstones in the middle area.
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Figure 9. Elemental variation diagrams for major oxides (wt.%) and trace elements of the Cappadocia region samples: (a) SiO, vs.

K,O; (b) Zr vs. ZREE.
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Figure 10. Plots of Zr/Ni vs. Zr/Co for the smectite-dominated mudstone samples from the south, middle, and north of the study area.
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Figure 12. Plots of La/Nb vs. Nb/Ti for the smectite-dominated mudstone samples from the south, middle, and north of the study area.

Table 3. Chemical compositions (wt.%) and structural formulae for pure smectite samples.

Major oxides A22N-11 AKB-11 KT2-8 Average
(Wt.%) South Middle North

SiO, 49.20 50.93 51.0 50.38
Al O3 15.30 15.80 15.30 15.47
2Fe,05 11.08 6.19 7.31 8.20
MgO 2.84 4.09 3.17 3.37
CaO 1.62 1.58 2.20 1.80
Na,O 0.03 0.07 0.18 0.09
K,0 0.84 1.42 0.94 1.07
MnO 0.06 0.10 0.07 0.08
TiO, 0.42 0.53 0.59 0.51
LOI 18.2 19.0 19.0 18.73
Total 99.59 99.71 99.76 99.69
Si0,/AL,04 3.22 3.22 3.33 3.26
Tetrahedral

Si 7.45 7.65 7.68 7.59
Al 0.55 0.35 0.32 0.41
z 8.00 8.00 8.00 8.00
Octahedral

Al 2.18 245 2.39 2.34
Fe 1.26 0.70 0.83 0.93
Mg 0.65 0.92 0.72 0.76
Ti 0.05 0.06 0.07 0.06
Mn 0.009 0.02 0.01 0.013
z 4.15 4.15 4.02 4.11
Interlayer

Ca 0.262 0.254 0.355 0.29
Na 0.009 0.01 0.052 0.03
K 0.162 0.272 0.180 0.20
z 0.433 0.536 0.587 0.52
Tetrahedral 0.550 0.350 0.320 0.41
charge

Octahedral 0.170 0.450 0.610 0.41
charge

Total charge 0.720 0.800 0.930 0.82
Interlayer charge 0.690 0.800 0.930 0.81
Xt/x0 3.24 0.78 0.52 1.00

xt/xo = tetrahedral charge/octahedral charge ratio.
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However, a slight to moderate negative Ce anomaly in
mudstones and ophiolites suggests the substitution of Ce
by Fe in iron-oxide/hydroxide phases under oxidizing
and reducing sedimentation environments (Fulignati et
al., 1999; Karakaya, 2009; Zhou et al., 2013). This
suggestion was supported by the alternation of green,
yellow, and dark red mudstones, reflecting the fluctua-
tion of reducing and oxidizing conditions in the
depositional environment (Eren and Kadir, 2013).

CONCLUSIONS

The development of flaky smectite and smectite +
illite with relict pyroxenes, amphiboles, feldspars, and
volcanic glass suggests that the weathering of ophiolitic
units in the south and volcanic units in the north
contributed to the accumulation of detrital smectite-
dominated fluvial and lacustrine mudstone deposits of
the Mustafapasa member in a tectonic depressional
basin. Serpentinized and Fe (oxyhydr)oxide-bearing
pyroxenes and amphiboles, and the alteration of
feldspars, originated from the weathering of ophiolitic
units, related Yesilhisar conglomerates, and ignimbrites.
Increases in the LREEs/HREESs, (La/Yb)y, Zt/Ni, and Zr/
Co ratios and Ba, Rb, and Sr in the mudstones in the
northern Mustafapagsa member with a positive Eu
anomaly suggest that the decomposition of detrital
materials from ophiolitic and volcanogenic material
were the main sources of FexMg, Al, and Si for the
smectite in mudstones in the study area. Therefore, the
change in the chemical composition of smectite fractions
in the depressional basin is related mainly to the
proximity to the source area.
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OPALINUS CLAY FORMATION AT BENKEN, SWITZERLAND: IMPLICATIONS FOR
THE MODELING OF PORE-WATER CHEMISTRY IN A CLAY FORMATION
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Abstract—Argillaceous rocks are considered to be a suitable geological barrier for the long-term
containment of wastes. Their efficiency at retarding contaminant migration is assessed using reactive-
transport experiments and modeling, the latter requiring a sound understanding of pore-water chemistry.
The building of a pore-water model, which is mandatory for laboratory experiments mimicking in situ
conditions, requires a detailed knowledge of the rock mineralogy and of minerals at equilibrium with
present-day pore waters. Using a combination of petrological, mineralogical, and isotopic studies, the
present study focused on the reduced Opalinus Clay formation (Fm) of the Benken borehole (30 km north
of Zurich) which is intended for nuclear-waste disposal in Switzerland. A diagenetic sequence is proposed,
which serves as a basis for determining the minerals stable in the formation and their textural relationships.
Early cementation of dominant calcite, rare dolomite, and pyrite formed by bacterial sulfate reduction, was
followed by formation of iron-rich calcite, ankerite, siderite, glauconite, (Ba, Sr) sulfates, and traces of
sphalerite and galena. The distribution and abundance of siderite depends heavily on the depositional
environment (and consequently on the water column). Benken sediment deposition during Aalenian times
corresponds to an offshore environment with the early formation of siderite concretions at the water/
sediment interface at the fluctuating boundary between the suboxic iron reduction and the sulfate reduction
zones. Diagenetic minerals (carbonates except dolomite, sulfates, silicates) remained stable from their
formation to the present. Based on these mineralogical and geochemical data, the mineral assemblage
previously used for the geochemical model of the pore waters at Mont Terri may be applied to Benken
without significant changes. These further investigations demonstrate the need for detailed mineralogical

and geochemical study to refine the model of pore-water chemistry in a clay formation.
Key Words—Clay Formation, Diagenesis, Mineralogy, Pore-water Chemistry, Stable Isotopes.

INTRODUCTION

Clay minerals and in particular swelling clay minerals
(i.e. that have the capacity accommodate various amounts
of water molecules, e.g. montmorillonite) are amongst the
most chemically reactive minerals known on Earth, and
also have exceptional mechanical properties. Because of
their small size (which may be a result of crystallization at
ambient temperature) and incorporation of foreign ele-
ments that may act as “poisoning” elements (Meunier,
2006), these minerals have a large density of reactive
surface sites that can immobilize cations such as metals
efficiently (e.g. Tournassat et al., 2013 and references
therein). Clays are efficient cation adsorbents and
exchangers, with cation exchange capacity (CEC) varying
over a wide range depending on the clay mineral:
kaolinite: 30—150 meq kg~' (Ma and Eggleton, 1999),
mixed-layer illite-smectite: 504—782 meq kg~ ' (Miiller-
Vonmoos et al., 1994), illite: 100—400 meq kg™ ", (érodor’l
et al., 1986), smectite: 870—1330 meq kg ' (Miiller-

* E-mail address of corresponding author:
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Vonmoos et al., 1994; Baeyens and Bradbury, 1997),
glauconite: 50—390 meq kg ' (Manghnani and Hower,
1964), chlorite: 40—370 meq kg ' (Martin, 1955). In
addition, swelling clays have the ability, when they are in
a confined medium, to ‘self-heal’ (and/or ‘self-seal”). For
example, cracks in compacted clay materials will, with
time, be filled by clays thus reducing the macro-porosity.
Compacted (swelling) clays have very low permeability
(typically <1072 m s™'; Mazurek ez al., 2008, 2009).
All of the above-mentioned characteristics are found
in argillaceous rocks, which are thus considered suitable
as a geological barrier for the long-term containment of
wastes such as nuclear waste or heavy metals (Madsen,
1998). A large part of our knowledge of argillaceous
rock behavior is provided by the numerous different
experiments conducted in laboratories and in situ
underground research laboratories dedicated to nuclear-
waste storage (ONDRAF/NIRAS, 2001, 2009; NAGRA,
2002; Pearson et al., 2003; Gaucher et al., 2004, 2006,
2009; ANDRA, 2005; Mazurek et al., 2008; Wenk et al.,
2008; Weetjens et al., 2009; Mazurek er al., 2009).
These experiments and laboratories, and the numerous
associated drilling campaigns, were used to obtain
samples representative of these formations over large
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spatial extents (Landais et al., 2012). Mineralogical
analysis of these samples, associated with the “multi-
specimen” approach of X-ray diffraction (XRD) pat-
terns, helped to elucidate the diagenesis of the clay
minerals (Claret et al., 2004; Drits et al., 1997; Hubert et
al., 2009; Lanson et al., 2009; Sakharov et al., 1999;
Ufer et al. 2012a, 2012b), and in particular the so-called
‘illitization’ processes, i.e. transformation of smectite, a
subject to be discussed with care as suggested by
Kauthold and Dohrmann (2010). Previous studies of
the Callovian-Oxfordian formation demonstrated that a
discrete smectite phase coexisted with randomly inter-
stratified illite-smectite minerals, the latter consisting
mainly of illite layers (Claret et al., 2004). With burial
depth, the illitization process manifests itself in the
disappearance of the smectite minerals. This phenom-
enon was originally demonstrated to occur in other clay-
rich formations, especially in the extensively studied
Texas Gulf Coast, but is beyond the scope of the present
study.

The present study provides a full description of the
mineralogical assemblage, including the textural rela-
tions between the different clay and non-clay phases.
This information is essential for a full understanding of
the chemical behavior and the waste-retention capacity
of clay-rich formations because: (1) clays only mini-
mally immobilize anions, whereas carbonate minerals
such as calcite have been shown to be efficient sinks for
a number of them, e.g. iodine (Claret et al., 2010);
(2) clays sorb cations mainly through adsorption reac-
tion, which are to a large extent reversible, whereas
other phases such as calcite, which are much less
reactive over short timescales, can immobilize cations
via structural incorporation; and (3) in order to predict
the evolution of a storage repository, the understanding
of pore-water composition, and its relation to the solid
phase must be known. Indeed, much effort has been
invested in evaluating the composition of pore water
present in argillaceous rock as it will influence both the
evolution of the various engineered materials used in the
facility (steel, concrete, glass, efc.) and the transfer
characteristics of elements such as radionuclides through
the host rock. Three complementary approaches have
been used: (1) geochemical modeling based on knowl-
edge of the concentration of non-reactive solutes in the
pore water, the minerals present in the clayrock, and the
cation exchange properties of the clay minerals;
(2) collection of representative pore-water samples by
means of dedicated experiments carried out in in situ
research laboratories; and (3) the so-called ‘natural
analog approach’ that represents an alternative way of
better constraining the long-term behavior of argillac-
eous rocks by studying their long-term interaction with
the naturally occurring isotope of an element of interest
for storage (e.g. a radioactive element), through their
behavior in the geological past, from the time of
sedimentation to diagenesis and deformation.

Diagenesis of the Opalinus Clay Formation at Benken, Switzerland

287

In 1989 the Opalinus Clay formation (Fm), occur-
ring in Switzerland and in southern Germany, was
proposed as a target formation for disposal of high-
level radioactive waste in Switzerland. Since 1996 the
formation has been investigated in the underground
research laboratory of Mont Terri at Saint Ursanne
(Thury, 2002; Nagra, 2002), the nearby Mont Russelin
anticline (Koroleva ef al., 2011), and at Benken (deep
borehole 30 km N of Zurich: Mazurek et al., 2008,
2009, 2011). Experiments have been aimed at, among
other things, determining present-day pore-water chem-
istry (Vinsot et al., 2008) and the minerals controlling it
(Pearson et al., 2003). This has led to a conceptual
model of the interstitial water in the Opalinus Clay Fm
at Mont Terri (Pearson et al., 2003, 2011). The model
considers that present-day pore waters are at equili-
brium with the clay mineral-based (illite, smectite...)
cation exchanger and a suite of diagenetic minerals in a
nearly closed system. This assumption is considered to
be locally valid given the long residence time of pore-
water chemical constituents, i.e. very low advective and
diffusive fluxes within the formation. This in turn
means that the relative amounts of such divalent cations
as Ca”", Mg?", Fe*", and Sr*" on the cation exchanger
will reflect equilibrium with respect to the correspond-
ing activities of dissolved species. Activities of Ca’",
Mg**, and Fe®" are considered to be controlled by three
pure carbonate minerals in the present form of the
model: calcite (for Ca), dolomite (for Mg), and siderite
(for Fe). Sr** is controlled by the clay cation exchanger.
The redox state is imposed by pyrite and sulfate is
controlled by celestite saturation. More detailed infor-
mation concerning the chemical composition of diage-
netic minerals at equilibrium with present-day pore
waters, as well as their distribution within the
geological formation, however, indicates that consider-
ing pure carbonate minerals in the model or a phase
which is not present throughout the clay formation only
approximates the necessary level of detail required to
inform geochemical modeling. The present study
addresses these various aspects.

The study reported here undertook a petrological and
isotopic study of the Opalinus Clay Fm from the Benken
borehole for the establishment of a pore-water chemistry
model of Opalinus Clay Fm at Benken. The objective of
the petrological study was to establish the sequence of
formation of diagenetic minerals and to determine the
major processes controlling pore-water chemistry over
geological time. Particular attention was paid to
diagenetic carbonates and sulfides/sulfates, which are
the key minerals controlling major cations and redox
reactions according to the pore-water chemistry model
of Opalinus Clay Fm at Mont Terri (Pearson et al., 2003,
2011). In addition, stable-isotope investigations were
performed in order to constrain the temperature of
mineral formation and/or the origin of the fluids from
which the minerals precipitated.
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REGIONAL SETTING

The Benken borehole from which the samples studied
here were taken was drilled in the Ziircher Weinland, in
the Swiss Molasse Basin, a tectonically quiescent region
(Figure la). The bedding is nearly horizontal
(Birkhduser et al., 2001; Spillmann et al., 2010), and
no large faults are present in the vicinity of the borehole.
To the northeast, toward the Hegau-Bodensee Graben,
and in the Jura Mountains to the west, the sedimentary
rocks become faulted and folded (NAGRA, 2002). The
area consequently represents a structurally simple region
on the northern edge of a deep basin, bounded by
deformed sedimentary rocks to the northeast and west.
The drilled profile intersects 70 m of unconsolidated
Quaternary deposits, 130 m of Tertiary Molasse, 250 m
of Malm limestones, 200 m of Dogger dominated by
clay-rich lithologies (including the Opalinus Clay Fm at
a depth between 539 and 652 m), 40 m of clay-rich
Liassic rocks and 300 m of Triassic (heterogeneous
sequence including evaporites) before reaching the top
of the crystalline basement at a depth of 983 m
(NAGRA, 2002).

The Opalinus Clay Fm present throughout northern
Switzerland was deposited ~174 Ma in a shallow marine
environment (Marschall et al., 2005). Northern and
central Europe in Jurassic times was mostly covered by a
structured shelf sea with large expanses of shallow sea
plus some deeper marine basins; land areas were isolated
massifs (Pearson et al., 2003). At Benken the Opalinus
Clay Fm consists of a sequence of dark gray, silty, and
calcareous clay sediments. The upper part of the
formation (539—590 m) contains abundant carbonate-
cemented fine rippled silt laminations and dense
carbonate-silt-filled bioturbations. The uppermost part
displays lithified burrows, indurated surfaces impreg-
nated by siderite, cm-sized nodules and diffuse patches
of pyrite, and cm-sized siderite concretions. The bottom
of the formation (590—652 m) is richer in clay minerals,
poorer in silt layers, and contains cm-sized siderite
concretions at different depths. The base of the
formation is marked by a large carbonate content due
to a bioclast-rich bed. The sediment variations can be
attributed to changes in bottom-water turbulence. The
abundance of laminations in the upper part of the
Opalinus Clay Fm suggests sediment deposition in an
upper offshore environment (~10—30 m below sea
level). Turbulent episodes led to mixing of water,
inducing variable redox conditions at the sediment
surface. The presence of lithified burrows and intense
carbonate-silty bioturbations suggests low sedimentation
rates (at least episodically) for the upper part of the
formation. In contrast, the lower part of the formation
was deposited in a lower offshore environment, probably
corresponding to a maximum flooding of 50—60 m. The
levels where siderite concretions, pyrite nodules, and
siderite induration were observed, as well as sampling
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points, are shown in Figure 1b; characteristic samples
are illustrated in Figure lc.

The Opalinus Clay Fm from Benken was subjected to a
complex burial history including two stages of burial,
separated by a stage of uplift and erosion (Elie and
Mazurek, 2008). A maximum temperature of ~85°C was
reached at ~122 Ma and extended over a period of ~20 Ma
in the Early Cretaceous, corresponding to a burial of
Opalinus sediments to a depth of 1050 m, caused by
subsidence of a large part of Europe associated with
lithospheric rifting (Mazurek et al., 2006). The heating
rate is assumed to be linear with time, starting with a
surface temperature of ~25°C during deposition.
Sediments were uplifted and cooled in the period
102—50 Ma. A linear cooling trend with a final
temperature of 43°C in the Tertiary was inferred.
Temperatures of 20—30°C lower were reached over a
shorter period during the second burial stage (maximum
burial at 1650 m depth) during the Miocene, due to the
Alpine orogeny. Current temperatures are ~38°C at 650 m
depth (Mazurek et al., 2006). Only one sample at
601.90 m (Figure 1c) contains a cm-sized fault, attributed
to the Alpine orogeny. Whether the fault is linked to Jura
folding further to the west, to the Bodensee-Hegau Graben
to the east, or to other tectonic events is unknown.

ANALYTICAL TECHNIQUES

Bulk geochemistry

Major- and trace-element analyses were performed by
X-ray fluorescence spectrometry (XRF; Philips model
2400, Amsterdam, The Netherlands) and inductively
coupled plasma-mass spectrometry (ICP-MS; Thermo
seriX 2, Bremen, Germany). Total carbon and sulfur
were analyzed using a Jobin Yvon EMIE 820V carbon/
sulfur analyzer (Longjumeau, France).

Mineralogical characterization

The main crystalline phases were identified by
powder XRD measurements, conducted on randomly
oriented powders, performed using a Bruker D5000
diffractometer (Karlsruhe, Germany) with CoKa radia-
tion (A Ko, = 1.78997 A), and 10 s counting time per
0.02°20 (step scan mode). Qualitative identification was
achieved by fitting peak positions and relative intensi-
ties. The abundant minerals discussed in the present
study, and their associated ICDD (International Center
for Diffraction Data) records, are (in alphabetical order):
ankerite (00-041-0586), anorthoclase (00-009-0478),
calcite (00-005-0586), chlorite (clinochlore — 00-029-
0701), corundum (00-046-1212), dolomite (00-036-
0426), kaolinite (01-075-0938), muscovite (01-086-
1385), pyrite (00-042-1340), quartz (00-046-1045),
rutile (00-021-1276), and siderite (00-029-0696).
Corundum was introduced artificially in the sample to
serve as internal calibration for phase quantification and
to ensure that both sample height and diffractometer
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Figure 1. Geological setting and sampling: (a) location of the Benken area on a simplified geological sketch map (Mazurek et al.,
2009); (b) lithological log of the Opalinus Clay Fm indicating the levels of siderite concretions, pyrite nodules, siderite induration
and the sampling; (c¢) photographs of some characteristic samples.
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alignment were optimal. Note that anorthoclase was
chosen as the reference for K-feldspar because it best
matched the experimental XRD pattern, but other
minerals from this group may actually be present.
Similarly, the chlorite record used for identification
was the magnesian end-member, but other end-members
could also have been used, as chlorite abundance was
insufficient to distinguish between them. Finally, the
muscovite record was used, but could not be distin-
guished from illite using powder XRD. Instead, phyllo-
silicate mineralogy was investigated by recording and
analyzing the XRD patterns from oriented preparations
of the <2 um fraction subjected to air-drying, ethylene-
glycol (EG) saturation (12 h of contact with EG in
saturated air conditions), and heating for 4 h at 490°C,
successively. A semi-quantitative mineralogical recon-
stitution of the rock samples was realized using the
MINEYV software of P. Blanc (pers. comm., 2013) with
XRD data of the <2 um fraction treated by ARQUANT
(Blanc et al., 2007) and bulk powder treated using
MODPATTERN (P. Blanc, pers. comm., 2013) combined
with the geochemical composition of the bulk rock and
calcimetric data. Refinement of calcite-lattice para-
meters was performed with the U-Fit software (Evain,
1992) by indexing the maximum possible number of
calcite Bragg reflections that were not overlapped by
other minerals. The number of unambiguous reflections
was dependent on the sample studied but was never less
than five. This software allows for the calculation of
uncertainties on refined lattice parameters, which are
reported systematically here.

Observations, analyses, and elemental mapping were
performed using a JEOL JSM 6100 scanning electron
microscope (SEM) (Tokyo, Japan) coupled with a Kevex
Quantum Energy Dispersive Spectrometer (Philadelphia,
USA) at 25 kV and 80 nA. Prior to analysis, a thin
carbon layer was sputter-coated on the samples
(Edwards Auto 306, Genevilliers, France).

The cathodoluminescence (CL) system used was a
cold cathode ‘Cathodyne’ from OPEA (Laboratoire
Optique Electronique Appliquée, Fontenay sous Bois,
France). The electron beam has adjustable energies up to
26 keV and currents up to 250 mA. The Cathodyne was
mounted on an Olympus microscope, allowing magnifi-
cation up to x 10. The system was equipped with a JVC
KYF75U tri-CCD digital camera (Wayne, USA). The
three 12 mm-sized sensors had a resolution of 1024
pixels. Cathodoluminescence was used to support the
identification of detrital K-feldspar occurring as blue
grains and of the different carbonate types: dark orange
colors for calcite cement in silty layers, yellow to bright
orange colors for rare euhedral dolomite grains, orange—
red to dark red colors for biocalcite, bright orange colors
for shell recrystallized into diagenetic calcite, and dark
red for siderite.

Spot analyses of carbonates, silicates, and sulfates
were performed on polished thin sections of samples
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covered with a carbon coating, using a CAMEBAX
SX50 electron microprobe (Genevilliers, France) with an
accelerating voltage of 15 kV, a beam current of 12 nA,
and a 1-2 pum beam diameter. Peak and background
counting times were 10 s for major elements and 60 s for
Ba, Sr, and S. Detection limits were 540 ppm for Ba,
570 ppm for Fe, 545 ppm for Mn, 170 ppm for Sr, and
210 ppm for S. Standards used included both well
characterized natural minerals and synthetic oxides.
Matrix corrections were performed with a ZAF comput-
ing program (Merlet, 1994).

Sulfur-isotope analysis of pyrite

Pyrite was separated by handpicking under the
binocular microscope and then ground in an agate
mortar. Sulfur isotope analyses were performed on
~200—300 pg of pyrite using an elemental analyzer
coupled to a Thermo Scientific delta-Plus Isotope Ratio
Mass Spectrometer (Bremen, Germany). Sulfur isotopes
were not analyzed for sulfate minerals due to the
difficulty in separating enough material to analyze.

Carbon and oxygen isotope analysis of carbonates

The conventional method of Rosenbaum and Sheppard
(1986) was used to extract, successively, calcite and
siderite in siderite concretions from ~400 mg of bulk
powder of concretion. The CO, samples obtained in this
way were analyzed for their isotopic compositions using a
Delta S Finnigan-Mat gas-source mass spectrometer.

The ‘Carbodevice’ is an automatic line which
extracts calcite by attack of several hundred pg of
powder with phosphoric acid (100% anhydrous) at a
temperature of 70°C for 3 min. It was coupled to a
Finnigan MAT Delta S mass spectrometer (Bremen,
Germany) for determining 8'*C and 8'%0. The fractio-
nation coefficient used for the calculations is from Swart
et al. (1991).

All the results are reported in & units relative to
international standards, defined by: 6 = (Rsample/Rstandard
—1) x 1000%o, where R is the measured isotopic ratio in
the sample and in the standard: Standard Mean Ocean
Water (SMOW) for oxygen, and Pee Dee Belemnite
(PDB) for carbon. Reproducibility was +0.2%o for
oxygen and carbon.

Strontium isotope analysis of carbonates and Ba-Sr
sulfate

Strontium isotopic ratios were measured in mineral
separates (calcite, Ba-Sr sulfates) or bulk fractions
(calcite associated with siderite). Calcite and Ba-Sr
sulfates were separated by hand picking on thin sections
and pieces of rock used for the thin sections. Strontium
was extracted by adding 10 mL of 6 N HCI solution
(extra-pure quality concentrated HCI) to crushed mineral
separates in covered Teflon beakers.

Calcite present in siderite nodules was extracted by
attack with 0.5 N HCI at ambient temperature.
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When calcite was not purified and still contained
traces of clay particles and feldspars, the sequential
extraction procedure described by Lerouge ef al. (2010)
was applied using cobalt hexamine trichloride in a first
step to chemically separate strontium hosted in calcite
from strontium extracted from clays.

The leachate was purified using an ion-exchange
resin (Sr-Spec) before mass analysis according to a
method adapted from Pin and Bassin (1992), with blank
<1 ng for the entire chemical procedure. After chemical
separation, ~150 ng of Sr was loaded onto a tungsten
filament with tantalum activator and analyzed using a
Finnigan MAT262 multi-collector solid source mass
spectrometer (Bremen, Germany). The ®’Sr/*°Sr ratios
were normalized to a %6Sr/**Sr ratio of 0.1194. An
average internal precision of +10 ppm (20,) was
obtained and the reproducibility of the 37Sr/*®Sr ratio
measurements was tested through repeated analyses of
the certified NBS987 standard (0.710240).

RESULTS
Mineralogical composition

Examination of powder XRD patterns showed the
systematic and unambiguous presence of phyllosilicates
(chlorite, muscovite, and/or illite, kaolinite), tectosili-
cates (quartz, anorthoclase), carbonates (calcite, side-
rite), sulfides (pyrite), and oxides (rutile), except
samples collected at depths between 610.30 and
610.32 m depth and between 630.64 and 630.68 m, for
which pyrite diffracted intensity is very low (Figure 2).
In addition to the intensity diffracted by these minerals,
powder XRD patterns have a broad diffraction maximum
between 35.7 and 36.2°20. Although anorthoclase
certainly contributes to this maximum, it does not
explain it quantitatively. Two minerals common in
clayey rocks have an intense diffraction maximum in
this range: ankerite and dolomite, the most intense Bragg
peaks of which are at 35.86°20 and 36.09°26, respec-
tively. Both minerals thus have their maxima shifted
slightly from the broad maximum, which may be
explained by a chemical composition deviating from
stoichiometry. In the pattern from the sample collected
at a depth between 560.43 and 560.53 m, this maximum
is sharper, however, and peaks at 35.9°20, suggesting the
presence of ankerite. Given the low diffracted intensity,
however: (1) the presence of dolomite cannot be ruled
out; and (2) the combined occurrence of non-stoichio-
metric variations of both dolomite and ankerite is
possible.

From quantitative analysis of XRD patterns (Table 1)
combined with bulk-rock chemistry (Appendix 1, avail-
able at http://www.clays.org/JOURNAL/
JournalDeposits.html), sample 552.55 m at the top of
the Opalinus Clay Fm is an impure limestone containing
~19 wt.% clay and ~13 wt.% quartz with minor
K-feldspar. Most samples of the Opalinus Clay Fm are
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Figure 2. (a) XRD patterns of the 10 samples: From top to
bottom, samples collected at depths of 552.55 m, 559.05-
559.12 m, 560.43-560.53 m, 568.38-568.47 m, 577.45—
577.50 m, 585.35-585.45 m, 610.30-610.32 m, 630.64—
630.68 m, 640.5 m, and 647.93-647.95 m; (b) close-up of the
XRD pattern between 20 and 40°20 (CoKa) (sample collected
between 568.38 and 568.47 m depth). In the two panels, Chl,
Mus, Kln, Qtz, Sid, Cc, Py, Cor, Rut, An, Dol are used to indicate
the positions of the main diffraction maxima attributable to
chlorite, muscovite, kaolinite, quartz, siderite, calcite, pyrite,
corundum, rutile, anorthoclase, and dolomite, respectively.

carbonate-silty-claystone. The silty fraction consists
mainly of quartz with minor K-feldspar and plagioclase
(<4 wt.%). The carbonate fraction consists mostly of
calcite with significant amounts of siderite. The clay
fraction comprises ~3—7 wt.% chlorite (chamosite +
pyrochlore), ~4—9 wt.% illite, ~25—37 wt.% ordered
mixed-layer illite-smectite (I-S, R1 ordered),
~13-21 wt.% kaolinite, and ~3—6 wt.% muscovite. In
the upper part of the Opalinus Clay Fm (538—60 m),
clay content ranges between 43 and 50 wt.%, associated
with an important silty fraction (28—33 wt.%) and a
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Table 1. Mineralogy of the BENKEN samples estimated using MINEV software (P. Blanc, pers. comm., 2013), the clay
contents estimated using ARQUANT software (Blanc et al., 2007), and the mineral proportions estimated using the
MODPATTERN software (P. Blanc, pers comm., 2013).

Mineral group Mineral Abundance (wt.%)'
552.55 559.05 560.43 568.38 577.35 585.35 610.30 630.64 640.50 647.93

m m m m m m m m m m
Phyllosilicates Chlorite 3 4 5 4 4 5 5 6 5 8
Illite 3 4 8 7 7 7 7 9 6 8
Tlite-smectite MLM? 9 21 22 19 20 19 27 28 28 29
Kaolinite 4 15 15 16 13 13 17 19 21 19
Muscovite 0 6 3 6 4 3 5 4 4 5
Tectosilicates Feldspars® 2 3 2 4 2 2 2 2 1 1
Quartz 11 30 26 27 31 31 23 17 10 16
Carbonates Ankerite/dolomite® <1 <1 1 1 <1 <1 <1 <1 1 2
Calcite’ 58 10 8 9 11 14 7 5 16 6
Siderite® 8 4 4 4 4 2 5 5 4 3
Sulfides Pyrite 1 1 3 1 1 1 <1 <1 <1 1
Oxides Rutile <1 1 1 1 1 1 1 1 1 1

! Abundance is normalized to 100%. When abundance was <1%, the mineral was detected but its concentration was not given
and noted to be <1%.

2 MLM = mixed-layer mineral; it belongs to the R1 group.

3 Feldpars mainly belong to the K-feldspar group.

4 No attempts were made to distinguish between ankerite and dolomite, as both may exist in a non-ideal form (see text for
details).

3 Note that the calcite content determined from modeling of XRD patterns and by calcimetry never differed by more than an
absolute value of 2%, with a mean difference of 0.3%.

¢ Siderite may contain significant amounts of impurities as indicated by the shift of its Bragg peaks as compared to the ideal
position.

carbonate fraction (12—16 wt.%). In the lower part of K-feldspar, flakes of phyllosilicates (muscovite, biotite,
the Opalinus Clay Fm, the clay content increases up to chlorite, and clay particles), and a variable bioclastic
55—63 wt.%, associated with a smaller silty fraction content.
(11-24 wt.%) and a similar sized carbonate fraction Bioclasts disseminated in the clay matrix and in the
(10—21 wt.%). The largest carbonate content, at 640.5 m silty layers consist mainly of carbonate bioclasts
depth, is due to a bioclast-rich claystone. Kaolinite occurring essentially as 10—50 pm-sized clasts of
content ranges between 4 and 21 wt.% with the highest colorless shells and tests, with rare calcium phosphate
contents at the bottom of the formation. bioclasts with characteristic honey color, and
50—200 pm-sized black particles of organic matter.
Examination of carbonate bioclasts under cathodolumi-
The Opalinus Clay Fm consists of a cm-scale nescence in a claystone sample from 640 m depth
alternation of clay layers with mm- to cm-thick silty provided evidence of partial recrystallization into bright
layers. The clay and silty layers are characterized by orange calcite, whereas the preserved bioclast is dark
different distributions of detrital and diagenetic miner- orange due to the presence of organic carbon.
als. Identification of diagenetic minerals is easier in the
silty layers due to larger sizes of primary pores between Diagenetic minerals, textural relationships, and diage-
detrital grains of quartz and feldspars. At Benken, the netic mineral sequence. Diagenetic minerals consist of
Opalinus Clay Fm is essentially undeformed on all abundant calcite associated with minor dolomite, side-
scales, except for one cm-thick fault at 601.90 m. rite, glauconite, pyrite, sphalerite, and baryte. Textural
relationships between them enabled the chronology of
Detrital content. The clay layers are composed of formation of these phases relative to the major stages of
dominant <2 pm-sized clay particles with 10—50 pm- sedimentary history — early diagenesis (just after
sized grains of quartz, minor K-feldspar, calcite, and a sediment deposition), compaction and burial, and late
variable bioclastic content (Figure 3). Rare 10—100 pm-  diagenesis associated with tectonic events (Figure 4) —
long flakes of muscovite, biotite, and chlorite define the to be determined.
bedding. Kaolinite pellets were identified only in a Four generations of calcite were identified in the
siderite nodule of the sample 630.68 m. matrix of the Opalinus Clay Fm: micritic calcite
Silty layers and carbonate-silty lenses consist of associated with pyrite (calcite type 1), isolated
abundant angular detrital grains of quartz with minor 20—40 pum-sized euhedral calcite (calcite type 2), isolated

Petrography
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kaolinite

Figure 3. Detrital minerals in Opalinus claystones: (a) quartz and K-feldspar detrital grains in clay matrix (sample 558.98 m;
transmitted light); (b) detrital flakes of chlorite, muscovite, and biotite, and bioclasts in clay matrix (sample 586.32 m; transmitted
light); (c) detrital residual kaolinite pellet in siderite nodule (sample 630.68 m; BSE image); (d) detrital tourmaline grain (sample
586.32 m; transmitted light).

Early
diagenesis  Burial diagenesis Time
EEEEEEEEEEEEER » Aragonite dissolution

— Micritic calcite
j— Pyrite
mm w1 Sparitic calcite cross-cutting pyrite nodule (549.50 m)
e Euhedral calcite
mmmum  Euhedral dolomite
EEEN mm1 Sparitic calcite

LERTTETD Galena (pyrite nodule)
mmmm Siderite

EEm Sphalerite

mmm  Sr-baryte cementing quartz, pyrite, siderite

Fibrolitic celestite involved in a cm-sized fault (601.91 m) ®®®

Calcite involved in a cm-sized fault (601.91 m) amm

Figure 4. Relative diagenetic sequence determined from observations of textural relationships between the different diagenetic
minerals.
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dominant in silty layers, carbonate-silty lenses, and
nodules. Calcite type 4 of silty layers cements bioclasts
and rare grains of calcite type 2, proving that calcite
type 4 precipitated later than calcite type 2 in the
diagenetic sequence. Limited variations of CL colors
(dark orange) and an almost homogeneous gray in a back-
scattered electron (BSE) image of calcite type 4 suggest
that it has quite an homogeneous chemical composition.

Scarce 5—10 pm-sized euhedral grains of dolomite
are identified by a specific bright orange—yellow color
under CL (Figure 5f). In silty layers dolomite is
cemented by calcite type 4, indicating that calcite
type 4 precipitated later than dolomite.

Siderite is common to abundant in the Opalinus Clay
Fm. Siderite occurs mainly as impregnations at different
depths of the borehole: 548.5 m, 549.68 m, 552.55 m,
558.98 m, 559.05 m, 560.50 m, 568.47 m, 601.91 m,
619.98 m, 630.68 m, and 640.50 m (Figure 5¢), but also as
disseminated pm-sized grains. Three types of siderite
impregnation are distinguished: (1) diffuse impregnation
of lime mudstone at the interface with silty sediments
(samples 548.5 m, 549.68 m, and 552.65 m) at the top of
the Opalinus Clay Fm. These samples are peculiar
because lime mudstones are affected by cm-sized burrows
and overlain by silty sediments. (2) Yellowish concretions
forming flat and roundish masses (samples 558.98 m,
559.05 m, 560.50 m, 601.91 m, 630.68 m and 640.50 m).
(3) A yellowish silty layer cross-cut by a burrow filled
with silty sediment in a claystone (sample 619.98 m).

Under cathodoluminescence, siderite impregnation
imparted a dark red color to the rock. Complementary
SEM observations indicated that siderite occurs as
numerous disseminated micron-sized euhedral crystals
impregnating the matrix extensively; the impregnation
decreases and becomes diffuse around concretions.
Euhedral grains are often formed around pm-sized
undetermined nuclei in the clay matrix but also as
growth coronas around calcite type 2 and euhedral
dolomite. Disseminated micron-sized grains of siderite
clearly precipitated later than pyrite, calcite type 2, and
dolomite, as siderite cements all these minerals. No
textural features were observed that could provide
information on the chronology between siderite and
calcite type 2. Diffuse siderite impregnating lime
mudstone at the interface with silty sediments at the
top of the Opalinus Clay Fm, and the silty layer at the
bottom of the Opalinus Clay Fm, is almost absent in
sediments filling burrows affecting those sediments.
These observations suggest that siderite formed during
depositional hiatuses (which could correspond to hard-
ground surfaces). The morphologies of concretions (flat
and roundish masses) confirm they were also formed in
still-porous sediment, i.e. before compaction. The
homogeneous pm-size of the siderite grains in concre-
tions, their growth around nuclei (e.g. impurities of the
sediment, dolomite) and their reasonably homogeneous
chemical composition suggest that siderite grains formed

Diagenesis of the Opalinus Clay Formation at Benken, Switzerland

295

by crystal growth onto the nuclei at virtually the same
time across the entire concretion rather than by radial
addition of siderite layers around a central nucleus.

Rare glauconite occurs as pellets in clay layers
(Figure 6a). Glauconite’s textural relationship with
other diagenetic minerals is unclear.

Pyrite occurs as isolated pm-sized framboids or
clusters of framboids, but also as <10 um-sized euhedral
grains, disseminated in the clay matrix (Figure 6b), and
as partial cement of some silty sediments with calcite
type 1 (Figure 6¢), throughout the Opalinus Clay Fm.
That suggests its early formation at the water/sediment
interface, contemporaneous with sedimentation. Some
pyrite clusters are included in siderite concretions,
suggesting that the former formed earlier than the latter.
Rare nodules of pyrite were observed at depths of
548.50 m and ~552.68 m, corresponding to a lithological
change between lime mudstone and silty sediments. Rare
micro-fractures of sparitic calcite (calcite type 5) with
traces of galena cross-cut pyrite nodules (sample
548.50 m: Figure 6g—i), indicating that calcite type 5
crystals were formed during or after compaction.

Sphalerite occurs as <50 pm-sized anhedral and
euhedral grains disseminated in clay matrix and in
calcite type 4 of silty layers (Figure 6d). Exceptional
300—400 pm-sized euhedral grains of light brownish
color are observed in the clay matrix, growing into the
microporosity and surrounding fine-grained pyrite,
calcite and siderite (Figure 6e,f). These observations
indicate that sphalerite precipitated later than siderite.

Rare Ba-Sr sulfates occur as scarce filling of residual
porosity in bioclast-rich claystones (552.55 m, 640.5 m),
<50 pm-sized anhedral grains cementing framboids of
pyrite, pm-sized siderite grains and calcite type 4 in silty
layers in sample 619.98 m (Figure 6j) and in siderite
nodules, but also as pm-sized grains disseminated in the
clay matrix (Figure 6k). Ba-Sr sulfates consequently
precipitated later than siderite and other early diagenetic
phases. The order of precipitation of sphalerite and Ba-
Sr sulfates could not be determined from any textural
relationship found. The fissure cross-cutting the pyrite
nodule in sample 548.50 m, and which was filled with
calcite type 5, is aligned with disseminated Ba-Sr
sulfates and sparite in silty sediments. This texture
suggests strongly that calcite type 5 is reasonably
contemporaneous with Ba-Sr sulfate deposition cement-
ing silty sediments.

Cm-sized fault at 601.91 m. The claystone involved in
the fault located at 601.91 m depth has lost its
sedimentary structure. The variable competence of the
different rock-forming materials has led to heteroge-
neous deformation (Figure 7). Silty lenses consisting
essentially of detrital quartz grains cemented by calcite
type 4 are more competent than the surrounding clay
matrix. Consequently, silty lenses behave like blocks
surrounded by a deformed soft clay matrix. They are less
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calcite —

celestite

1mm

Figure 7. Diagenetic minerals in the fault zone (sample 601.90 m): (a) photograph of the polished thin section; (b) large-scale BSE
image showing the presence of massive sulfates along major plane ¢ and of rare fibrolites of sulfates along plane s which is oblique to
plane c; (c) mass of fibrolites of sulfates and silty lenses reworked in the fault (natural light); (d) small fibrolites of sulfates along two
parallel planes s (BSE image); (e) rare fibrolites of sulfates cross-cutting calcite deposited along a plane s (BSE image); (f) numerous
small calcite veinlets cross-cutting the clay matrix along planes s (natural light); (g) network of calcite veinlets (natural light).

Figure 6 (facing page). Diagenetic minerals in Opalinus claystones: (a) glauconite in clay matrix (sample 586.32 m; transmitted
light); (b) framboidal and euhedral grains of pyrite in clay matrix (sample 619.98 m; BSE image); (¢) silty lens cemented essentially
by framboids of pyrite (sample 619.98 m; BSE image); (d) euhedral grain of sphalerite associated with sparite cementing detrital
grains in asilty layer (sample 576.65 m; BSE image); (e¢) euhedral grain of sphalerite enclosing detrital clay particles, calcite, pyrite,
and siderite (sample 619.98 m; transmitted light); (f) BSE image of sphalerite in part e; (g) 10—20 pm-sized euhedral grains of galena
and calcite filling a pore in a pyrite nodule (sample 549.50 m, BSE image); (h) galena and calcite filling a pm-sized micro-crack
crosscutting the pyrite nodule (sample 549.50 m, BSE image); (i) sparite fissure cross-cutting the pyrite nodule (sample 549.50 m;
CL); (j) baryte cementing pyrite and siderite in a fine silty layer (sample 619.98 m; BSE image); (k) baryte grain in clay matrix
(sample 619.98 m; BSE image); (1) BSE image showing detail of a sediment close to a sparite fissure cross-cutting the pyrite in part i,
and providing evidence of Ba-Sr sulfate filling residual porosity in silty sediment (sample 549.50 m; BSE image).
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deformed than the rest, even though some lenses also
seemed to be partially disorganized/recrystallized. The
soft clay matrix consists of heterogeneously crushed
carbonate and disoriented clay particles. Fluids circu-
lated and Ba-Sr sulfates and calcite type 6 precipitated
along deformation planes. Ba-Sr sulfates occur as
masses of fibrolites filling microfractures parallel to
the major direction of the fault (along c planes) and as
small fibrolites in microfractures oblique to the major
direction of the fault (secondary s planes). Calcite type 6
fills numerous veinlets cross-cutting claystone preferen-
tially along secondary s planes. Calcite crystallized as
elongated crystals perpendicular to the veinlets. The
appearance of calcite in the veinlets is slightly gray, due
to the presence of clay particles trapped by calcite.

Mineral chemistry

To complement the XRD data and bulk geochemical
data the following data were also collected: (1) the
chemistry of detrital clay minerals that control cation
exchange; and (2) diagenetic minerals precipitated at
equilibrium with pore water at different stages of
diagenesis, and consequently supposedly recording the
evolution of the pore-water chemistry in the clay
formation over geological time.

Clay minerals. Electron microprobe analyses were
performed on a clay matrix and diagenetic glauconite
analyzed in eight samples (Appendix 2, available at
http://www.clays.org/JOURNAL/JournalDeposits.html).
Analyses of the fine-grained clay matrix, reported on the
triangular diagram of Velde (1985), plot mostly in the
field of mixed-layer illite-smectite minerals, but, for
some analyses, between the field of illite-smectite
mixed-layers minerals and the kaolinite end-member
(Figure 8). Analyses of particles identified optically as
chlorite correspond to analyses of chlorite sensus stricto
but particles of weathered biotite were found to be
chemically between the biotite and chlorite end-mem-
bers. Their structural formulae calculated on the basis of
11 oxygen atoms shows that K ranges between 0.1 and
0.7 a.p.f.u., demonstrating an interlayer charge deficit.
TiO, content is significant (up to 1.9 wt.%), consistent
with a metamorphic origin of the biotite (Guidotti,
1984). The Fe/(Fe+Mg) ratios (denoted Xg. below) are
highly variable (0.20—0.81), probably depending on
their origin. Some analyses of muscovite have a low sum
of oxides (<96 wt.%), probably due to a slightly low
SiO, content. The interlayer charge (K+Na+Ca) ranges
between 0.9 and 1 (a.p.f.u.), showing a slight deficit of
charge for some analyses. Analyses of glauconite pellets
showed a variable interlayer charge, ranging between
0.33 and 0.63 (a.p.f.u.). Xg. was high, ranging between
0.68 and 0.76. A few analyses showed traces of Ti.

Carbonates. Electron microprobe analyses performed on
preserved (dark orange CL color) and recrystallized
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providing evidence of the different types of clay minerals
according to Velde (1985). The data used for this diagram are
based on 2 a.p.f.u. (22 oxygen atoms for illite, mixed-layer ilite-
smectite, glauconite, and micas, and 28 oxygen atoms for
chlorite).

(bright orange CL color) detrital bioclasts and on the
different generations of diagenetic carbonates exhibit
significant chemical variations in terms of Xg. (Figure 9).

Calcite of detrital bioclasts exhibits various Fe, Mg,
and Mn contents, but can contain significant amounts of
strontium (up to 1400 mg kg~ ') and sulfur (up to
2000 mg kg™') in its structure. The largest Sr and S
contents are measured in well preserved parts of
bioclasts and are significantly greater than those of
diagenetic carbonates (<500 mg kg~'). The variation in
the Fe/(Fe+Mg) ratio is probably due to partial
recrystallization.

Diagenetic calcite in claystone generally has small Fe
and Mg contents compared to calcite in limestone.
Among the different generations of calcite, calcite type 1
generally has the lowest Xg. (mean Xg. = 0.49 + 0.13 in
limestone and 0.35 £ 0.23 in claystone). Calcite type 2
(0.43 £ 0.24) exhibits a similar chemical composition to
that of calcite type 1. Calcite type 4 (0.71 = 0.07 in
siltstone and 0.60 + 0.08 in claystone), calcite type 5
(0.61 + 0.04), and calcite type 6 (0.67 + 0.04) exhibit the
highest X, ratios; most of the analyses range between
0.6 and 0.8. Calcite type 4 contains more Fe and Mg than
calcite types 5 and 6, although they have the same range
of Xge ratios. Diagenetic calcite is poor in Ba and S
(below detection limit) and has low Sr content
(<500 ppm) except for calcite type 5 which has an
average Sr content of ~1300 mg kg™

Calcite composition determined using electron
microprobe (Figure 10a) and calcite lattice parameters
retrieved from analysis of XRD data (Figure 10b)
consistently indicate a significant degree of calcite
compositional variation with depth; between 552.50 m
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early-population carbonates, whereas black circles and lines indicate late population of carbonate. The smaller triangles give details

of the different generations of diagenetic calcite.

and 560.53 m, the calcite ¢ lattice parameter increases,
indicating a decreasing concentration with depth of
foreign cations that have a ionic radius less than that of
Ca (e.g. Mg, Fe — Shannon, 1976). From electron
microprobe data, the cationic site of calcite is increas-
ingly occupied by Ca. Below 460.53 m the calcite ¢
parameter decreases until 585.45 m and then increases
consistently, within error, until 647.95 m is reached.
Such evolution is in good agreement with electron
microprobe data, although accurate comparison is
impaired by the following: (1) XRD probes the average
composition of a rock sample including different
generations of calcite whereas electron microprobe
samples the composition of selected grains of the
different generations of calcite identified (and thus
only those that can be easily identified with a micro-
scope) from a specific horizon; (2) the two methods were
not necessarily applied to the same horizons, especially
at the bottom; and (3) in some horizons, only a few
calcite grains were analyzed using the electron micro-
probe, which certainly induces bias in the determination
of the actual mean calcite composition. Note that the
apparent discrepancy between the two methods is in the

~560 m to ~ 568 m depth interval and is certainly related
to the fact that the sample analysed using electron
microprobe is located at 564.55 m depth, i.e. 4 m above
and below the samples used for XRD analyses
(560.43—560.53 m and 568.38—368.47 m), in a zone
where calcite compositional variability is known (from
XRD) to be significant. Using quantitative mineralogical
composition, the evolution of calcite composition
correlates best with rock clay content: the greater the
clay content, the lower the concentration of trace
elements in the calcite lattice (Figure 10).

The rare grains of ankerite observed in 548.50 m
limestone exhibit X, ratios of 0.38—0.48 in their cores
and of 0.79—0.81 at their rims. Rare grains of ankerite in
claystone show various Xg. ratios depending on the
sample: 0.35—0.42 (sample 619.18 m), 0.68—0.80
(sample 558.98 m), and 0.68—0.73 (sample 640.50 m).

Analyses of siderite were difficult due to the micro-
meter-sized grains. Siderite was characterized by its Xp.
ratio and also by its Ca/(CatFetMg) x 100 content.
Siderite with significant Ca and Mg contents is also
known as sideroplesite, and is very common in marine
environments (Mozley, 1989). Siderite overgrowths on
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calcite and ankerite in 548.50 m limestone exhibit a major
Ca content (32 atom.%) and Xg. ratios of 0.66—0.77.
Siderite of nodules in claystones (558.98 m, 559.05 m,
610.30 m, 619.98 m, 630.68 m, and 640.50 m) exhibits
different chemical compositions marked by Ca contents
ranging between 11 and 28 atom.%, and X, ratios ranging
between 0.71 and 1.00. An increase in Ca content is
observed at the top and at the bottom of the formation in
contact with limestones. In contrast, the Xg,. ratio attains
the maximum value of 1 in the middle of the formation
corresponding to the maximum clay zone (Figure 11).
When the chemistry of dolomite/ankerite and siderite

is compared with that of calcite, two main populations of
diagenetic carbonates characterized by two different Xg,
ratios can be distinguished: (1) early populations of
carbonates — calcite types 1 and 2 and core of dolomite

— which exhibit the lowest Fe contents (Xg.<0.5) and

are contemporaneous with pyrite deposition; and (2) late

populations of carbonates — calcite types 4, 5, and 6,

rims of dolomite, ankerite, and siderite — which are

marked by the highest values of Xg. (x 0.7—0.8) are

formed after the deposition of pyrite. Among late
calcites, calcite type 6 can be distinguished from calcite
types 4 and 5 by its lowest trace-element contents.

Sulfates. Ba-Sr sulfates cementing pyrite, quartz, and
carbonates (samples 548.50 m and 640.50 m), and in
shear planes of the fault (sample 601.90 m) were

analyzed for their Ba/(Ba+Sr) ratio. The Ba-Sr sulfate
cement shows a large range of Ba/(Ba+Sr) ratios from
one grain to another, but also within a single grain:
0.32—0.89 in sample 548.50 m, 0.23—0.66 in sample
640.50 m and 0.22—0.26 in sample 601.90 m. Fibrolitic
Ba-Sr sulfates along shear planes in the fault of the
sample 601.90 m exhibit significantly lower Ba/(Ba+Sr)
ratios, between 0.02 and 0.12.

Stable isotopes

(C, O, S, Sr) stable isotope ratios were measured in
diagenetic minerals of the mineral sequence, in order to

(a) Fe/Fe+Mg ratio (b) Ca/(Ca+Mg+Fe)x100
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Figure 11. Evolution with depth of (a) the Fe/(Fe+Mg) ratio
(denoted Xg. in the text) of siderite and (b) the
Ca/(CatFetMg) x 100 value of siderite.
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constrain their formation processes, estimate their
formation temperatures and to discuss the origins of
the pore waters from which they precipitated. The
analyses were performed on mineral separates whenever
possible, i.e. pyrite, calcite, siderite, and Ba-Sr sulfates
(Table 2).

Sulfur isotopic compositions of pyrite. Sulfur isotopes
are widely used with Fe-S minerals and pyrite in marine
clay formations in order to constrain their conditions of
formation (Ohmoto et al., 1990; Wortmann et al., 2001;
Canfield, 2001; Lerouge et al., 2011). Pyrite was
analyzed in only five samples at different levels of the
Opalinus Clay Fm due to the small pyrite content of the
samples in general and because of the difficulty of
separating the pyrite itself (Table 2). Negative %S
values of pyrite in a nodule from sample 548.50 m and of
pyrite in replacement and infilling carbonate bioclasts
from sample 463.5 m indicate that pyrite at the top of the
Opalinus Clay Fm formed by bacterial sulfate reduction
in an open marine environment with a continuous sulfate
supply. Positive 8**S values of pyrite in other samples (a
pyrite nodule at 549.68 m, pyrite cementing silty
sediments filling a burrow and impregnating partially
bedded silty sediments in sample 576.65 m, and pyrite of
bioturbation in sample 647.90 m) indicate that pyrite
formed in a marine environment in which the sulfate
supply was less than the bacterial sulfate reduction rate.

Carbon and oxygen isotopic compositions of carbonates.
Carbon and oxygen isotope ratios of the different
generations of diagenetic calcite and of calcite bioclasts
were measured using the Carbodevice method on bulk
fractions and mineral separates; carbon and oxygen
isotope ratios of siderite and associated calcite type 1 of
six siderite concretions (samples 559.05 m, 560.50 m,
568.47 m, 630.68 m, and 640.50 m) were measured using
the conventional method of Rosenbaum and Sheppard
(1986).

Oxygen and carbon isotopic values of siderite
concretions, of the different generations of calcite
cements, and of calcite bioclasts range from +18.4 to
+32.2%0 smow for 830 and from —5.6 to +6.3%o ppp for
3'3C (Table 2; Figure 12). Siderite in siderite concre-
tions is distinguished by the highest §'%0 values ranging
between +29.9 and +32.2%o0 smow and their wide range
of 8'3C values, between —0.8 and +5.3%o ppg With five
out of six values >+3.4%o for carbon. Associated calcite
type 1 in siderite concretions also has high §'%0 values
up to +30.1%0 smow and a large range of 813C values,
between —5.6 and +3.1%o ppp. The largest 8'3C values of
siderite, up to +5.3%o, and associated calcite type 1
suggest bacterial methanogenic fermentation according
to Irwin et al. (1977) and Spiro et al. (1993). The
different generations of diagenetic calcite are distin-
guished by their 8'*0 values while their 8'>C values are
almost homogeneous, ranging between —1.8 to
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Figure 12. Carbon and oxygen isotopic compositions of the
different generations of diagenetic carbonates reported ina 80
vs. 8'2C diagram.

+0.1%o ppp. Calcite type 1 and calcite type 2 in claystone
have 8'%0 values ranging between +22.6 and
+25.2%0 smow; the lowest values (+22.6 to
+24.2%0 smow) are obtained in the lower part of the
formation and the highest values (+24.8 to 25.2%o smow)
in the upper part of the formation. 8'*0 values of calcite
type 4 in the upper part of the formation range between
+22.2 and +23.4%o0 smow- Calcite type 5 cross-cutting
the pyrite nodule at 548.50 m depth exhibits a §'0
value of 21.6%o spmow- Calcite type 6 in the fault zone at
601.90 m depth exhibits the smallest §'*0 values (+18.4
and +19.0%o SMOW)~

Fibrous calcite forming belemnite rostra (sample
549.68 m), and a bivalve shell (sample 640.50 m) were
analyzed to obtain the most representative values of
seawater contemporaneous with the sedimentation. 8'>C
and 8'®0 values of calcite forming belemnite rostra,
+1.2%o0 ppp and +30.1%o spow, respectively, fall within
the field of marine carbonates. On the other hand, the
small 8'%0 value of calcite (+19.9%o smow) of the
bivalve shell indicates a total recrystallization of the
shell into diagenetic calcite.

Strontium isotopes. The *7Sr/%°Sr values of well
preserved belemnite rostra (549.68 m) and crinoids
(601.90 m) are 0.70728 and 0.70740. These values fit
well with the range of values of Aalenian seawater
(Jones and Jenkyns, 2001). The 873r/%6Sr ratios of a
partially recrystallized bivalve shell (640.50 m), of the
different generations of calcite, and of Ba-Sr sulfates
have greater ®’Sr/%°Sr values, up to 0.70799. Early
diagenetic Ba-Sr sulfate (552.55 m) exhibits an %’Sr/*°Sr
ratio of 0.70741, slightly higher than Aalenian seawater.
Two samples of calcite type 1 associated with siderite in
siderite concretions exhibit %’Sr/*®Sr ratios of 0.70765
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and 0.70776, respectively. Calcite type 4 (559.05 m,
585.35 m) exhibits 57Sr/*°Sr ratios of 0.70752 and
70760. Calcite type 5 cross-cutting the pyrite nodule
exhibits a 7Sr/%°Sr ratio of 0.70752, similar to values
obtained for calcite type 4. Calcite type 6 and celestite in
the fault zone at 601.90 m depth have ¥’Sr/%°Sr ratios of
0.70762 and 0.70799, respectively. The 8'%0 vs.
87Sr/%6Sr diagram displays a coeval increase of
8751/%6Sr values and decrease of 8'°0 values from the
well preserved bivalve to calcite type 6, except for
calcite type 1 in siderite concretions (Figure 13). The
87Sr enrichment of calcite type 1 in siderite concretions
could be due to the technique used to extract Sr; 0.5 N
HCI attack extracts Sr efficiently from calcite and from
that adsorbed on clay particles (0.7087—0.7088) present
in the concretions (Lerouge et al., 2010).

DISCUSSION

Diagenetic minerals precipitated at equilibrium with
seawater during sedimentation and with pore waters
during diagenesis. The chemistry and isotopic signature
of the diagenetic minerals recorded the evolution of
chemistry and isotopic signature of pore-water chem-
istry, therefore, and also reflected depositional processes
through geological time. Because carbonates were the
dominant minerals formed from early to late diagenetic
stages from seawater (except in the fault zone), their
oxygen isotopic compositions were used to estimate
their formation temperatures, though possible partial to
total isotopic re-equilibration during diagenesis and loss
of the pristine 8'®0 values cannot be ignored (Mcllreath
and Morrow 1990; Jenkyns et al., 1994, 2002). Rare
carbonate bioclasts were used to obtain the early paleo-
temperatures of Aalenian seawater. Formation tempera-
tures of calcite combined with the burial curve of the
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Figure 13. Oxygen isotopic compositions and strontium isotopic
ratios of bioclast calcite and the different generations of
diagenetic calcites reported ina 8'*0 vs. ¥7Sr/*¢Srratio diagram.
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Opalinus Clay Fm provide information on the timing of
the cementation. Examination of the textures of pyrite
and siderite combined with the stable isotopic study
permits an assessment of the conditions under which
iron-bearing phases formed in terms of the marine
depositional environment and the reduction-oxidation
zones of the water column. Comparison with other
marine clay formations allows us to define the major
geological, mineralogical, and chemical criteria neces-
sary to better constrain pore-water chemistry modeling.

Oxygen isotopic thermometry based on carbonates

Depositional seawater temperature. The stable oxygen
isotope compositions of well preserved marine fossil
shells have been used as paleo-temperature indicators of
ocean waters for >40 years (Epstein et al., 1953; Bowen,
1966; Lécuyer et al.,, 2004; Brigaud et al., 2008;
Wierzbowski et al., 2013). In the Opalinus Clay
Formation bioclasts are scarce. Only three entire shells
were separated: a belemnite at the top of the formation
(549.68 m), a crinoid (601.90 m), and a bivalve shell at
the bottom of the formation (640.50 m). The crinoid was
very small and used entirely for strontium analysis. The
bivalve shell has been overprinted diagenetically (8'%0
value of +19.9%o smows i.e. —10.6%o ppp, and 5/Sr/%°Sr
value of 0.70759). The belemnite has presumably kept
its primary oxygen composition (3'%0 value of
+30.1%0 smow, i.e. —0.73%oppp, and *’Sr/*°Sr ratio
close to Aalenian seawater). Its 8'%0 value was used
for the standard calculation of temperatures using the
following relation (Anderson and Arthur, 1983):

T(OC) =16-4.14 (61Socalcite_slgoseawater) +
0.14 (6]Socalcilc_slsoscawatcr)z (1)

where 80 .1cie is the oxygen isotope composition of
the shell (%o ppg) and 880 cawater 18 the isotopic value
(%o smow) of seawater in which the shell grew. A
880 urassic seawater OF 0%o0 smow Was considered for the
calculation, taking into account the dominance of
evaporation over precipitation in a shallow-marine
reservoir and the potential occurrence of limited ice-
sheets during the Jurassic period (Hendry, 1993; Pucéat
et al., 2003; Lécuyer et al., 2003). With this assumption,
the seawater paleo-temperature during precipitation of
the belemnite rostra was estimated to be ~19°C. This is
consistent with the paleo-temperature range inferred
from 3'%0 values recorded by belemnites from several
European sections during the early Jurassic (Dera et al.,
2009) and bivalve shells in Middle Jurassic carbonate
deposits at similar latitudes (Anderson et al., 1994).

Burial curve and formation temperatures of diagenetic
carbonates. The formation temperature of siderite
concretions was estimated to be between 23 and 33°C,
using the oxygen siderite-water isotopic fractionation of
Carothers et al. (1988) and a 3'®Ogcawater OF 0%0 sMOW-
Because oxygen isotopes fractionate with temperature
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during calcite precipitation, an equilibrium fractionation
diagram relating calcite 8'30 (SMOW) to precipitation
temperatures was constructed using the calcite—water
oxygen isotopic fractionation data of Kim and O’Neil
(1997) and for different 8'80y4e values (—10 to
0%o smow) (Figure 14). 3'30 of calcite can be used, on
the one hand, to estimate formation temperature of
calcite precipitated from a known fluid composition and,
on the other hand, to estimate fluid composition from
which calcite precipitates at a given temperature.

According to mineral and textural observations, most
of the diagenetic calcites (calcite types 1, 4, and 5) were
precipitated from mainly marine waters during sedimen-
tation and the first stage of burial, which reached
maximum temperatures of 85°C (Mazurek et al., 20006).
The highest 8'%0 value of calcite type 1 in siderite
concretions is consistent with the field of marine
carbonates formed at surface temperatures (~20°C).
3'"80 of calcite types 1 and 2 formed during early
diagenesis from seawater makes it possible to estimate
formation temperatures of 40—55°C. The mean §'%0
value of calcite type 4 (22.6 £ 0.5%o smow) obtained on
the bulk silty sediment indicates a range of formation
temperatures of ~50—60°C. The formation temperature
was estimated to be ~60—65°C for calcite type 5 cross-
cutting the pyrite nodule at 548.50 m, similar to calcite
type 4.

The 8'®0 value of calcite type 6 in the fault is the
lowest value. Lack of knowledge concerning not just the
age of the fault but also the age of the filling make it
impossible to interpret the value either in terms of
temperature or in terms of fluid origin. If calcite filling
occurred early in the system, the fluid is assumed to be
close to seawater, and a 8'%0 value of +19%o smow
corresponds to a formation temperature of ~80°C. If
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Figure 14. Theoretical temperature curve estimated from calcite
8'%0 values, using the calcite-water oxygen isotopic fractiona-
tion of Kim and O’Neil (1997).
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calcite filling was later than the first uplift, the fluid is
assumed to be a mixture of marine and meteoric
components, and formed at a temperature of <65°C.
The low trace-element content of calcite type 6
compared to earlier generations of calcite suggests,
however, that it precipitated from meteoric-derived
dilute fluid rather than from marine fluid.

The clay fraction — origin and diagenesis

The distribution of clay minerals in a clay formation
allows examination of the flux variation of terrigenous
sediments and discussion of the diagenesis of clay
minerals. The clay assemblage in the Opalinus Clay Fm
is relatively homogeneous and consists mainly of
kaolinite and ordered illite-smectite mixed-layer miner-
als (I-S, R1 ordered, with dominant illite) with minor
illite, muscovite, and chlorite. Smectite and disordered
illite-smectite mixed-layer minerals are absent. The
homogeneity suggests the same source of terrigenous
flux throughout the sedimentation of the entire forma-
tion. Warm hydrolyzing climates may have favored the
formation of kaolinite on emerged lands bordering the
basins. Some illite, mixed-layer illite-smectite, and
chlorite were probably inherited from Palaeozoic base-
ment material. The decreasing proportions of kaolinite
were balanced by slightly increasing proportions of
illite, I-S, R1 ordered, chlorite, and glauconite. This
change might be explained partially by the mid-
Cimmerian unconformity (Ziegler, 1990).

The burial temperatures measured on organic matter
(Mazurek et al., 2006; Elie and Mazurek, 2008) and
recorded by calcite (present study) and the absence of
discrete smectite reveal the influence of burial diagen-
esis which may disturb the composition of the terrige-
nous clay assemblages. A signal belonging to the initial
terrigenous composition persists. Illite and chlorite
contents increase slightly with depth at the expense of
the K-feldspar content; this might be interpreted as a
breakdown of K-feldspar at the expense of illite and
chlorite formation, according to reaction 2 described by
Moore and Reynolds (1997):

K-feldspar + smectite — illite + chlorite + quartz 2)

Rare glauconite occurs as pellets. Glauconite is an
Fe-rich illite formed near the water/sediment interface in
semi-confined marine environments (Odin and Morton,
1988; Baldermann et al., 2013). Traces of Ti in some
pellets suggest, however, that some glauconite might
have formed from the breakdown of biotite.

Diagenetic cements and evolution of pore waters
through geological time

The combination of the isotopic data of diagenetic
minerals and the diagenetic mineral sequence allows us
to propose a scheme of depositional processes through
geological time (Figure 15).
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Figure 15. Diagenetic mineral sequence of the Opalinus Clay Fm combined with the burial curve, the formation temperatures of
calcite and siderite deduced from their oxygen isotopic compositions, and strontium of fluids deduced from strontium isotopes of

carbonates and sulfates. BSR indicates bacterial sulfate reduction.

Sedimentation. Based on petrological observations, most
diagenetic phases, calcite types 1 and 2, pyrite
framboids, dolomite, and siderite (concretions and
disseminations) were formed very early in unconsoli-
dated sediment near the water/sediment interface and are
representative of the conditions of sedimentation. The
minimal temperatures recorded by calcite type 1 in
siderite concretions (~20°C) are consistent with the
formation temperature of well preserved belemnite
rostra (~19°C). The presence of small clusters of
framboidal pyrite in siderite concretions indicates that

formation of pyrite predated the formation of siderite
concretions. The formations of pyrite, dolomite, and
siderite are often associated with very variable
sedimentation rates, as well as with large clay contents
and the presence of organic carbon. The degradation of
organic matter takes place over a succession of bacterial
depth zones: oxic zone, suboxic zone (Mn and Fe
reduction), sulfate reduction, methanogenesis, and fer-
mentation, followed by thermal degradation (Froelich et
al., 1979). The formation of pyrite and siderite requires
large iron concentrations in pore water that can be
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reached in the suboxic zone at low sedimentation rates,
where Fe can be liberated to pore water from detrital
material, especially due to transformations of clay
minerals or dissolution of iron (hydro)xides. The
ubiquity of pyrite framboids in the clay formation
indicates that early sedimentation is close to the sulfate
reduction zone, as confirmed by pyrite sulfur stable
isotopes. Dolomite is contemporaneous with the bacter-
ial sulfate reduction (BSR), the effect of sulfate
inhibition being reduced by the consumption of sulfate
during BSR (Compton, 1992) and iron being incorpo-
rated readily into sulfides rather than dolomite
(Raiswell, 1982).

A rapid cessation of the bacterial reduction of sulfate
prevented the total consumption of iron. Once the
bacterially mediated sulfate reduction and Fe consump-
tion by pyrite formation ceased, the greater Fe avail-
ability in the pore water resulted in an increase of the Fe
content and of the Fe/(Fet+tMg) ratio of later diagenetic
minerals, as confirmed by the formation of calcite
type 3, iron-bearing dolomite, and then ankerite. The
iron enrichment was sufficient to achieve siderite
saturation. The rapid cessation of BSR and the formation
of early siderite concretions could be explained by
deposition near a fluctuating boundary between the
suboxic iron reduction zone and sulfate reduction zone,
or between the sulfate reduction zone and the methano-
genesis zone. Large iron concentrations, and a relatively
shallow and stormy distal environment associated with
periodic arrivals of oxygenated water, are consistent
with the precipitation of siderite concretions at a
fluctuating boundary near the suboxic zone rather than
the methanogenesis zone. Temperatures estimated using
siderite (23—33°C) suggest, however, that some siderite
was not formed at the water/sediment interface but
continued during burial, and could be associated with a
fluctuating boundary between sulfate reduction and the
methanogenesis zone, as suggested by carbon isotopic
compositions of some siderite concretions and calcite.

Some Ba-Sr sulfates filling voids in sample 552.55 m
and showing a 37Sr/®%Sr ratio of 0.707406 slightly above
the strontium value of Aalenian seawater could also be
associated with early diagenesis. Pristine seawater is
undersaturated with respect to celestite. Chemical
analysis of diagenetic calcite replacing carbonate
bioclasts indicates, however, that diagenetic calcite is
poorer in Sr than are bioclasts. The remobilized Sr
released by the recrystallization of the primary carbonate
bioclasts allows celestite saturation to occur.

Burial. The main cementation during burial is repre-
sented by calcite type 4 with minor sphalerite in the silty
lenses and layers. The range of temperatures of 40—55°C
estimated from bulk calcite (dominant calcite type 1) in
clay layers suggest that some calcite type 1 could have
continued to precipitate during the beginning of burial.
Galena observed in the pyrite nodule of sample 548.50 m
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could be also associated with this stage. The tempera-
tures estimated from oxygen isotopic compositions of
calcite type 4 are 50—60°C. The consistency of ¥’Sr/3°Sr
ratios and formation temperatures between calcite type 4
and fissural calcite (type 5) with minor Ba-Sr sulfates
cross-cutting the pyrite nodule strongly suggests that
they were almost contemporanecous. At this stage, the
slight ®’Sr enrichment of the fluid relative to Aalenian
seawater could be due to partial disintegration of *’Rb in
the fluid and/or support by *’Rb from detrital clay
minerals.

Telodiagenesis. Ba-Sr sulfates and calcite type 6 occur
as veinlets in the fault zone of the sample 601.90 m,
indicating fluid circulation in the cm-scale shear zone.
Note that sulfates associated with this stage are Ba-poor
celestite, unlike early Ba-Sr sulfates, due either to
chemical changes in the fluid or to changes in the
conditions. Calcite type 6 is also poor in trace elements,
and its Fe/(Fe+Mg) ratio remains constant.

Comparison with other marine clay formations

Diagenetic conditions. Comparison of several marine-
reduced clay formations studied for their possible use in
the disposal/storage of nuclear waste showed: (1) almost
the same mineralogy of cementation that consists of
dominant carbonates with minor framboidal pyrite,
glauconite, sphalerite, baryte, and celestite; and
(2) almost the same diagenetic sequence (Rupelian
Boom Clay, Belgium: Laenen and De Craen, 2004;
Tournemire Toarcian Clay, France: Peyaud et al., 2006;
Bure Callovo-Oxfordian (COx) Clay, France: Lerouge et
al., 2011; Opalinus Clay, Switzerland: Mazurek et al.,
2008). Calcite is the dominant diagenetic carbonate with
minor dolomite, ankerite, and siderite. Carbon and oxygen
isotope ratios of most of the carbonates in these
formations indicate that are dominantly marine. In deep
clay formations such as the Toarcian/Domerian clay
formation at Tournemire or the Opalinus Clay formation
at Benken for which maximal burial reached temperatures
of 80—120°C and 85°C, respectively, formation tempera-
tures obtained from late calcite are ~60—65°C, showing
that calcite cementation continued in residual porosity
through geological time. Little evidence exists in the data
of calcite formed at equilibrium with meteoric waters,
such as late filling of cracks in COx clay (Lerouge et al.,
2011), recording the slow diffusion of meteoric fluids
through the clay formation.

Distribution of siderite in marine clay formations
varies from one formation to the next. Siderite concre-
tions are present at the scale of the Opalinus Clay Fm at
Benken; they are also present in the Rupelian Boom Clay
Fm in Belgium (Laenen and De Craen, 2004) and in the
Oxfordian Clay Fm in England (Hudson et al., 2001). In
these environments, 8'%0 values of siderite concretions
in the Boom Clay Fm (33—36%o spow: Leanen and De
Craen, 2004) or in the Opalinus Clay Fm
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(30—32%0 smow) are consistent with precipitation from
marine-derived water at the water/sediment interface. By
comparison, the Toarcian Clay Fm of Tournemire,
France, contains siderite dissemination at the scale of
the formation whereas the COx Clay Formation at Bure,
France, contains little siderite disseminated in the clay
matrix and limited to the maximum flooding zone
(Lerouge et al., 2011). 5'80 values of disseminated
siderite in COx Clay (+26 to +29%o0 smow) and in the
Tournemire Clay (+19 to +22%osmow) indicate that
disseminated siderite formed at temperatures corre-
sponding to the maximal burial attained by these units.
According to these data, two types of siderite may be
distinguished depending on their occurrence, on their
oxygen isotopic signature and their paleo-environment:
(1) siderite concretions formed at temperature corre-
sponding to the water/sediment interface at a fluctuating
boundary between the suboxic iron reduction and the
sulfate reduction zones; and (2) siderite disseminations
formed at temperatures near maximum burial and at the
fluctuating boundary between sulfate reduction and
methanogenesis zones. Note that the chemical composi-
tions of siderite in the clay formation are almost
comparable, whatever their distribution and type, i.e.
rich in Ca and Mg (sideroplesite); this suggests that
diagenetic fluids in the different depositional environ-
ments evolved in the same trend.

Consequences for the pore-water chemistry and reactive
transport modeling

Models of present-day pore waters in the Opalinus
Clay Fm are based on data acquired at the Mont Terri
Laboratory (Pearson et al., 2003, 2011). Those authors
considered cation distribution to be controlled by cation
exchange on clay mineral-based exchange sites and
equilibrium reactions with diagenetic minerals. In the
2003 model (Pearson et al., 2003), Na, K, and Sr were
controlled by the cation exchanger, Ca by calcite
saturation, Fe by siderite or goethite saturation, Mg by
the cation exchanger or the dolomite saturation. Chlorine
was a free solute fixed by the Cl content measured in
waters analysed in the boreholes and sulfate was treated as
a free solute fixed at the sulfate/chloride ratio of seawater.
Redox was controlled by pyrite saturation. In the 2011
model (Pearson et al., 2011), sulfate was controlled by
celestite saturation, Mg by the cation exchanger, and
calcite saturation was included in all the models,
associated with Ca or carbonate concentration. These
assumptions need to be validated by the identification of
diagenetic minerals at equilibrium with present-day pore
waters and their chemistry, and at the scale of the clay
formation. This approach is suggested for application to
the Opalinus Clay Fm of Benken.

Carbonate control on cation distribution and cation
concentration in pore water. According to XRD data on
bulk claystone samples from the Benken borehole, the
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major- and minor-element contents in bulk calcite (Mg,
Mn and Fe) are correlated strongly with an inverse
relationship with the clay content of the claystone. This
suggests that carbonate chemistry is controlled primar-
ily by the amount and the characteristics of the non-
carbonate phases such as clay minerals in this case, in
agreement with Veizer (1983). The chemical and
isotopic evolutions of the different generations of
carbonates during diagenesis, such as the Xg. ratio
with the bacterial sulfate reduction processes, the trace-
element contents in calcite, and §'%0 of calcite varying
with temperature and/or fluid composition all demon-
strate that diagenetic carbonate minerals reflect the
chemical evolution of pore waters (Ca/Fe/Mg ratios,
3'80) in the clay formation over geological time. This
result is consistent with the role of the clay exchanger
and the use of carbonate/pore-water equilibrium as the
control of the cation distribution in pore water. The
preserved chemical and isotopic variations of carbo-
nates with geological time imply, however, that re-
equilibration between precipitated carbonates and pore
water is very limited, in agreement with Erbacher et al.
(2011) and Pellenard et al. (2014). Consequently, given
the long residence time of pore-water chemical
constituents (i.e. very low advective and diffusive
fluxes within the formation) modeling approaches
may need to consider the chemistry of carbonate grain
surfaces at equilibrium with present-day pore water in a
nearly closed system. The most representative carbo-
nates at equilibrium with pore water at the scale of the
Opalinus Clay Fm of Benken are surfaces of dominant
calcite type 4 in laminated intervals, surfaces of micrite
and euhedral disseminated carbonates (calcite types 1
and 2) in clay-rich zones, and numerous siderite
nodules. All the generations of calcite cited above are
low in Fe and Mg and are characterized by high Xg. ~
0.7; the euhedral disseminated carbonates other than
calcite are ankerite and siderite. Dolomite is scarce and
surrounded systematically by ankerite. These observa-
tions, made at the scale of the Opalinus Clay Fm,
support the assumption of equilibrium of pore waters
with pure calcite and pure siderite, and the use of
Ca/Mg exchange as the control on Mg concentration
rather than dolomite. Siderite in the Opalinus Clay Fm
contains significant Ca and Mg contents. Because
considerable uncertainty about the thermodynamic
data for siderite remains, modeling the equilibrium of
pore waters with pure siderite remains a reasonable
assumption to a first approximation (Tournassat et al.,
2008).

Control of sulfur minerals on redox and sulfate
concentration in pore water. Sulfur minerals in the
Opalinus Clay Fm of Benken consist of pyrite and
(Ba,Sr) sulfates distributed throughout the formation.
The pore-water geochemistry model of Pearson (2011)
considers present-day pore water to be at equilibrium
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with pyrite for the control of the redox, and with
celestite for the control of sulfate. The morphology and
sulfur isotopes of pyrite suggest it was formed at the
water/sediment interface during sedimentation as a result
of bacterial sulfate reduction. Textural observations of
pyrite provide evidence of its stability until the present
day. These results justify the assumption of using pyrite
to control redox of pore water in the model. (Ba, Sr)
sulfates were formed later during diagenesis from
residual sulfates dissolved in pore waters in residual
porosity, i.e. interstitial spaces in silty layers at burial
temperatures of ~50—60°C. Some celestite also occurs as
fillings in a cm-thick fault. These data suggest strongly
that saturation with celestite was attained and main-
tained though geological time, and validates the use of
celestite to control sulfate concentration in the pore-
water model.

Although pyrite and celestite were not formed
contemporaneously, but successively, due to the cessa-
tion of the BSR, the long residence time of pore-water
chemical constituents allows us to assume that pore
waters are at equilibrium with diagenetic minerals.
Consequently the redox state of the formation might be
considered to have been controlled by the pyrite/sulfate
couple throughout virtually its entire geological history.

Comparison with pore-water chemistry models in other
clay formations. A better understanding of the clay
cation exchanger and of mineral equilibrium is needed to
improve the pore-water models. In the different reduced
clay models (Opalinus Clay Fm at Mont Terri: Pearson
et al., 2011; Callovian-Oxfordian clay at Bure: Gaucher
et al., 2009; Toarcian clay at Tournemire: Tremosa et
al., 2012), good knowledge of the carbonate system and,
more specifically of dolomite and siderite, and of
sulfate/sulfide equilibrium, allows better constraint of
pore-water models. In the pore-water model of the
Toarcian clay Fm (Tremosa et al., 2012), Fe was not
taken into account in the modeling and sulfate was fixed.
Siderite and celestite observed in the clay formation
might be used to control Fe and sulfate, respectively. In
the Callovian-Oxfordian Clay Fm of Bure, dolomite is
present at the scale of the formation and was used to
control Mg (Gaucher et al., 2009). Siderite was used to
control Fe, though it cannot be considered to have been
at equilibrium throughout the formation, due to the fact
that its presence is limited to the maximum clay zone
(Lerouge et al., 2013).

SUMMARY AND CONCLUSIONS

From the perspective of nuclear-waste disposal in
Switzerland, the building of an accurate geochemical
model able to predict pore-water chemistry is essential
in the evaluation of the potential migration of radio-
nuclides over a long time scale. Pore-water modeling in
the Opalinus clay Fm at Mont Terri is based on the clay
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exchanger and on the minerals at equilibrium with the
pore waters (Pearson et al., 2003, 2011). The most recent
model (Pearson et al., 2011) demonstrated clearly the
necessity to pursue mineralogical investigations of at
least two major points: (1) the carbonate system and
more specifically the distribution and chemistry of
dolomite, ankerite, and siderite throughout the forma-
tion; and (2) the presence and distribution of celestite.
The present paper provides a detailed mineralogical and
geochemical study of the Opalinus Clay formation from
Benken, in order to apply the pore-water geochemical
model of the Opalinus Clay Fm from Mont Terri to the
Benken site.

The semi-quantitative mineralogical assay, based on
XRD data and the chemistry of bulk rocks, show that
Opalinus claystones at Benken consist of a dominant
clay fraction (43—63 wt.%) associated with a carbonate
fraction (10—21 wt.%) and a variable silty quartz-
feldspar fraction (11—-33 wt.%). The upper part of the
Opalinus Clay Fm contains a smaller clay fraction than
the lower part. Despite variations in the proportions of
silty, carbonate, and clay fractions along the vertical
profile, the mineralogy of each fraction does not vary
significantly. The silty fraction is essentially composed
of quartz with minor K-feldspar and plagioclase
(<4 wt.%). The carbonate fraction is composed of
dominant calcite (8—16 wt.%) with significant amounts
of siderite (2—5 wt.%). The clay fraction is composed of
~3—7 wt.% chlorite (chamosite + pyrochlore),
~4—-9 wt.% illite, ~25—37 wt.% ordered illite-smectite
mixed layers (I-S, R1 ordered), ~13—21 wt.% kaolinite,
and ~3—-6 wt.% muscovite. Kaolinite and I-S, RI1
ordered contents are greater in the lower part of the
Opalinus Clay Fm.

Complementary petrological observations of clays-
tone samples enabled the distribution of the major
fractions and of diagenetic minerals to be defined. The
silty fraction occurs as mm- to cm-thick layers (lamina-
tions) alternating with clay-rich layers. The abundant
presence of laminations in the upper part of the Opalinus
Clay Fm suggests sediment deposition in stormy distal
environments at relatively shallow depth. Diagenetic
minerals in the Opalinus Clay Fm, in decreasing order,
include carbonates, pyrite, sphalerite, (Ba, Sr) sulfates,
and glauconite. Among carbonates, different generations
of calcite are distinguished and represent the dominant
carbonate cement; siderite occurs as disseminated
micron-sized grains or as cm-sized nodules distributed
at different levels of the formation, whereas dolomite
and ankerite are minor. The textural relationships
between the different diagenetic minerals in the
Opalinus Clay Fm combined with mineral chemistry
and stable isotopes enabled the diagenetic mineral
sequence, the formation temperatures of minerals, and
the processes involved to be determined:

(1) Pyrite associated with micritic calcite and
euhedral carbonates (calcite and dolomite) was formed
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at an early stage at or near the water/sediment interface.
Sulfur isotopic data from pyrite suggest that pyrite was
formed by bacterial reduction of sulfate in a ‘closed
system’, i.e. in a system in which sulfate supply was less
than the BSR rate. These data, obtained essentially in the
upper part and at the bottom of the formation, are
consistent with a shallow-depth sedimentation environ-
ment. The carbonates formed at this early stage are poor
in iron due to the consumption of iron by pyrite
formation.

(2) At the end of the bacterial reduction of sulfate,
iron still available in the pore waters was incorporated in
carbonates (sparitic calcite, ankerite, siderite) and in
glauconite, whereas available sulfate and strontium
released by dissolution of carbonate bioclasts in pore
waters was partly incorporated in Ba-Sr sulfates.

Siderite is abundant, occurring as cm-scale concre-
tions in the Opalinus Clay Fm of Benken. This
morphology and oxygen isotopes indicate that these
concretions were formed at an early stage close to the
water/sediment interface at the fluctuating boundary
between suboxic iron reduction and sulfate reduction
zones. The quite regular occurrence of siderite concre-
tions at different levels of the Opalinus Clay Fm could
suggest small sedimentation cycles with the formation of
siderite linked to pauses in sedimentation and iron
enrichment of pore waters. However, some carbon and
oxygen isotopic data on siderite also suggest that some
of it continued to precipitate during burial at the
fluctuating boundary between sulfate reduction and the
methanogenesis zone.

Sparitic calcite was formed at temperatures of
50—-60°C from marine-derived fluids. Galena and
sphalerite are associated with sparitic calcite.

Ba-Sr sulfates were formed later than sparitic calcite
and contemporaneously with fissural calcite cross-
cutting the pyrite nodule. Oxygen data from fissural
calcite indicates formation temperatures of 60—65°C
from marine-derived fluids, i.e. during burial.

(3) Celestite and calcite occur as veinlets in the only
1 cm-thick fault observed in sample 601.90 m.

Based on these mineralogical and geochemical data
of the Benken claystones, the mineral assemblage used
for the geochemical model of the pore waters at Mont
Terri might be applied at Benken without significant
adjustment. The scarcity of dolomite and the presence of
an ankerite corona surrounding dolomite suggest that
present-day pore waters are not at equilibrium with
dolomite. Rather it is suggested that Mg concentration in
pore waters is controlled by Ca/Mg exchange, according
to Pearson et al. (2011). The observation of celestite
through the formation is consistent with the use of
celestite saturation to control sulfate concentration
(Pearson et al., 2011). These investigations show the
need for a detailed mineralogical and geochemical study
to refine the pore-water chemistry model in a clay
formation.
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THE DYNAMIC SHEAR MODULUS AND DAMPING RATIO OF CLAY
NANOCOMPOSITES

Z. NESE KURT* AND SUAT AKBULUT

Ataturk University, Department of Civil Engineering, 25240 Erzurum, Turkey

Abstract—Clay soils are very useful as liners in geotechnical structures such as landfill sites, dams, water
channels, efc. Swelling is a common problem in clay liners, however. To better understand swelling
properties, in the present study clay nanocomposites were produced by means of the sol gel method, using a
hydrophobic clay, polymers (locust bean gum, latex, glycerine, vinyl acrylic copolymer), and rubber
powder. The study focused on the swelling and dynamic properties (secant shear modulus and damping
ratio) of the clay nanocomposites researched experimentally in laboratory conditions. The dynamic tests
were conducted on samples compacted using two different compaction energy levels. The test results were
compared with those of natural clay and hydrophobic organo-clay. The test results revealed that the
damping ratios and secant shear modulus of clay nanocomposites without rubber (CNC) and with rubber
(CNCr) that were compacted with both the El and E2 energy levels were increased and decreased,
respectively. In addition, with increasing percentage of vinyl acrylic in nanoclay composites, the secant
shear modulus values were decreased and damping ratio values were increased. Consequently, the test
results found that the swelling and dynamic properties of clay nanocomposites can be optimized in order to
attenuate the negative effects of dynamic loads on clay liners.

Key Words—Clay nanocomposite, Damping Ratio, Hydrophobic Clay, Secant Shear Modulus,

Swelling

INTRODUCTION

Determination of dynamic soil properties is an
extremely important aspect of geotechnical earthquake
engineering (Kumar et al., 2013). The dynamic response
of soils is an important engineering property because
soils can underlay critical support structures such as
highway bridges or levees (Bate, 2010). The dynamic
shear modulus and damping ratio of clay soils are
important parameters for constructing engineering struc-
tures which may be subjected to dynamic loads such as
earthquakes, machine vibrations, and waves. Shear
modulus is a measure of the shear stiffness of the soil.
The secant shear modulus can also be used to
approximate dynamic loading over a cycle of loading
at any given strain amplitude (Darendeli, 2001). At
moderate to high strains, the secant shear modulus is
used to represent the average soil stiffness. The material
damping ratio is a measure of the amount (or magnitude)
of energy dissipated by the soil when undergoing shear
or plastic deformation (Zhang et al., 2005; Aghaei Araei
et al., 2010). The most important dynamic parameters of
soils are shear modulus and damping ratio (Aghaei Araei
et al.,2010; Bate and Burns, 2012). Determination of the
secant shear modulus and material damping ratio are
important for soils, therefore.

Energy-absorbing systems find applications in many
situations where excess energy needs to be managed
without causing damage to surrounding objects

* E-mail address of corresponding author:
znkurt@atauni.edu.tr
DOI: 10.1346/CCMN.2014.0620405

(Chaudhari et al., 2005). Energy-absorbing materials
are produced from rubber-based elastomers (Moon et al.,
2002; Kilar and Koren, 2009). In recent years, polymer/
layered silicate nanocomposites have been investigated
widely because of their excellent properties which are
different from either clay or polymer. Polymer/layered
silicate nanocomposites are composite materials,
obtained from clay which has interacted chemically
and physically with polymer (Alexandre and Dubois,
2000; Ray and Okamoto, 2003; Tjong, 2006; Pavlidou
and Papaspyrides, 2008). Biopolymers are naturally
occurring polymers that are found in all living organ-
isms. Biopolymers are therefore considered to originate
from renewable sources; consequently, their use is
expected to have a less negative effect on the environ-
ment than petroleum-based materials. At present,
biopolymers are used in a variety of applications such
as therapeutic aids, medicines, coatings, food products,
and packaging materials (Petersson and Oksman, 2006).

Surfactants are substances that cause a hydrophilic or
a hydrophobic surface which can increase or decrease
the surface tension. Clay nanocomposites (polymer/
layered silicate nanocomposites) are prepared by incor-
porating finely dispersed layered silicate materials in a
polymer matrix. In recent years polymer/layered silicate
nanocomposites have attracted great interest from
researchers (LeBaron et al., 1999; Paiva et al., 2008;
Mittal, 2009; Akbulut et al., 2010, 2012, 2013). The
dynamic properties of organo-clays have also been
investigated. The dynamic properties of organo-bento-
nites using resonant column tests were investigated by
Bate and Burns (2012).
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The fundamental properties and preparation of clay
nanocomposites (polymer/layered silicate nanocompo-
sites) were investigated by previous researchers (Lagaly,
1999; Alexandre and Dubois, 2000; Fischer, 2003; Ray
and Okamoto, 2003; Liu, 2007; Pavlidou and
Papaspyrides, 2008). A number of these studies have
focused on the thermal and mechanical properties of
polymer/layered silicate nanocomposites (Burmistr et al.,
2005; Tjong, 2006; Yasmin et al., 2006; Hbaieb et al.,
2007; Zare-Shahabadi et al., 2011). The mechanical
properties of silicon rubber consisting of blended silicone
gums with varied vinyl contents were improved by Xu et
al. (2010). Tanniru et al. (2006) compared the mechanical
response of a clay-reinforced polyethylene nanocomposite
with un-reinforced polyethylene under identical proces-
sing conditions. Those authors found that the addition of
clay to polyethylene led to retention of adequately high-
impact strength in the temperature range investigated —40
to +70°C (Tanniru et al., 2006). Zhu and Wool (2006)
synthesized a new bio-based elastomer from soybean oil
filled with nanoclay to generate an elastic nanocomposite
and observed that the mechanical properties were
improved significantly by the addition of organoclays.

Other studies focused on the barrier properties and
flame-retardant properties of polymer/layered silicate
nanocomposites (Koh et al., 2008; Mohan and Kanny,
2011; Mishra et al, 2012). A series of rubber/clay
nanocomposites prepared by the latex-compounding
method (He et al., 2010) was shown to have low cost/
performance ratios, excellent tensile strength, superior
gas-barrier properties, improved flame-retardant proper-
ties, and outstanding anti-fatigue properties. The advan-
tages of using nanocomposite materials in civil
engineering over those of the more conventional
construction materials were listed by Hackman and
Hollaway (2006) who noted that the tensile modulus and
flexural modulus of nanocomposites were increased.

Kurt and Akbulut
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The damping ratios and secant shear modulus of clay
nanocomposites were investigated by a number of
researchers. One of these studies focused on improving
clay nanocomposites using latex and glycerin. The
damping ratios of these clay nanocomposites were
investigated (Majedi, 2013) in an attempt to modify
clay nanocomposites and to investigate the effects of
locust bean gum (biopolymer-LBG), latex (LTX),
glycerin (GLC), vinyl acrylic (VA), and rubber powder
(RP) on the swelling properties, secant shear modulus,
and damping ratio of the natural clay (C) and hydro-
phobic clay (HOC). The hydrophobic clay was used to
eliminate the negative effects caused by the swelling of
clayey soils.

To better understand the swelling and dynamic
properties (secant shear modulus and damping ratio)
swelling of the clay nanocomposites, the present study
produced clay nanocomposites by means of the sol gel
method, using a hydrophobic clay, polymers (locust bean
gum, latex, glycerine, vinyl acrylic copolymer), and
rubber powder, and determined swelling and dynamic
properties of different combinations and preparations.

MATERIALS

Natural clay

The clayey soil samples came froma clay pit in the
Oltu-Narman deposits in Erzurum, Turkey and are
classified as high-plasticity clay (CH), according to the
Unified Soil Classification System (USCS), and also
based on some engineering properties of natural clay
(Table 1). Natural clay was used as the template sample.

Hydrophobic organo-clay

In the present study, hydrophobic organo-clay
(Table 1) was prepared using the procedure of Kurt
(2009). A cationic surfactant, dialkyl ammonium meta

Table 1. Some engineering properties of natural and hydrophobic clays (after Kurt, 2009).

Some properties Clay Hydrophobic
organo-clay
Clay content <0.002 mm (%) 56 -
Specific gravity Gy 2.62 2.52
Liquid limit wr (%) 72 —
Plasticity index 1, (%) 39 —
Contact angle ° 37 88
Cation exchange capacity (meq/100 g of dry soil) 26.25 21.62
Optimum moisture content* Wopt (%) 16.5 14
Maximum dry density* Ydmax (kKN/m?) 17.55 16.67
Unconfined compression strength* Guu (kPa) 1048 998
BET (N,) surface area (m*/g) 10,19 5
Soil classification, (USCS) CH —
Damping ratio* D (%) 12.74 16.9
Secant shear modulus* Giec MPa 2.843 2.757

* The results were investigated from samples compacted with energy level El.
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Table 2. Properties of LBG, latex, glycerine, vinyl acrylic copolymer, and rubber powder.
Properties Locust bean gum Latex Glycerine Vinyl acrylic Rubber
(LBG) (LTX) (GLC) copolymer (VA) (RP)
Chemical (1—4) linked beta-D mannose C3H;3N C3HgO5 — -
formula residues and the side chain of
(1-6) linked alpha-D galactose.
Chemical Galactomannan Styrene Glycerol Vinyl acrylic Styrene
composition (a group of hydrocolloids) Butadiene copolymer Butadiene
Emulsion emulsion Copolymer
pH 5-7 8§—12 7 5+1 —
Viscosity (cps) 2000—-3500 — 1200 1000—5000 —
Density (g/em®) — 1.015 1.261 1.03 1.15—1.198

sulfate (DAMS), was used in the preparation of
hydrophobic organo-clay. First, 40 g of clay was
dispersed in 8 L of deionized water and stirred with a
magnetic stirrer at 1000 rpm for 2 h. Previously prepared
surfactant solution (DAMS and deionized water) was
added slowly to the clay suspension at 30°C. The
modified product (hydrophobic clay) was dried at room
temperature. The surfactant included 5% (250 ppm) by
weight of clay.

Polymers and other materials

In the present study, locust bean gum, latex,
glycerine, vinyl acrylic copolymer, and rubber powder
(Tables 2, 3) were used to improve the clay nanocom-
posites.

Locust-bean gum (LBG). The conventional use of locust-
bean gum as an excipient in drug products utilizes its
thickening, gel forming, and stabilizing properties (Dey
et al., 2012). Locust-bean gum is a virtually neutral

Table 3. Chemical structures of LBG, latex, glycerine, and vinyl acrylic copolymer.

Chemical structure

Locust bean gum

N Hy H
IRV EREN N
H.
Latex | :
/C
H‘ﬁ (l'JH
NP
H
OH
Glycerine
Y Ho._J__OH
0]

Vinyl acrylic copolymer

C
H

| H, Hz_

Hp Hy
C C CH C C
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galactomannan polymer extracted from the seeds of the
carob tree (Lopes da Silva et al., 1994). Locust-bean
gum increases the strength of the gel markedly and
changes the gel character of the nanocomposite from
brittle to elastic (Maier et al., 1993). The LBG was used
in the experiments in order to increase the gel strength of
the clay nanocomposites.

Latex (LTX). Latex, which was the other polymer used in
the experiments, is an elastomer. Natural rubber is
produced from the latex of the Hevea brasiliensis tree
(Hamed, 2001). Latex as an elastomer was used in the
experiments in order to improve the elastic properties of
the nanocomposites.

Glycerine (GLC). The presence of glycerine is essential
for preparing nanocomposites (Lin ef al., 1993). In some
previous studies for preparing nanocomposites, glycer-
ine was used as the plasticizer (de Carvalho et al., 2001;
Tang et al., 2008; Rhim, 2011).

Vinyl acrylic copolymer emulsion (VA). Vinyl acrylic
copolymer emulsion is a water-based resin (Barmar et
al., 2010). Such resins are often used as the adhesive
component of the composition (Murphy et al., 1977).
The pigment-binding and film-forming properties of the
vinyl acrylic copolymer are significant and its water
stability is also notable. Vinyl acrylic copolymer was
also used for its adhesive properties.

Rubber powder (RP). The rubber powder used in the
present study was purchased from Kahya Rubber,
Sakarya, Turkey. Due to its light-weight nature and its
capacity for damping energy, the rubber powder can be
used to mitigate seismic forces and to absorb earthquake
vibrations (Nakhaei et al., 2012). The use of waste fiber
materials in geotechnical applications was investigated by
Akbulut er al. (2007) to evaluate the effects of scrap tire
rubber and synthetic fibers on the unconfined compressive
strength parameters, and on the dynamic behavior, of
clayey soils. Soil samples reinforced with scrap-tire
rubber fibers were investigated and the results indicated
that increased use of scrap-tire rubber could lead to
improved damping ratios and shear moduli of clayey soils.

Kurt and Akbulut
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CHARACTERIZATION OF COMPOSITES
Sample preparation and tests

The clay nanocomposites were obtained by the sol- gel
method (Schadler 2003). First, LBG (0.5%) was added to
2 L of water and mixed using a mechanical stirrer at
4000 rpm until dissolved. During stirring, latex (10%) was
added and mixed for 20 min. Then, glycerine (10%) was
added and the solution was mixed for 10 min. Next, 2500 g
of hydrophobic organo-clay and 1 L of water were added
and mixed for 1 h. Finally, vinyl acrylic copolymer was
added in different proportions (0%, 5%, 10%) and mixed
with a mechanical stirrer. (These products were clay
nanocomposite samples without rubber powder additive
CNC). Rubber powder (5%) was also added and mixed for
10 min to produce clay nanocomposite samples with rubber
powder additive (CNCr). The leach products (clay nano-
composites) were dried at room temperature for 48 h. All of
the percentages of polymers and additives were used as the
percentages of clay weight. The materials used for
nanocomposites are listed in Table 4 with the percentage
of dry hydrophobic clay weight.

In order to prepare the clay nanocomposite samples
for swelling and dynamic simple shear tests, bulk
samples of clay nanocomposites were compacted with
an automatic compactor. The maximum dry unit weight
(Yamax) and optimum moisture content (wypy.) were
determined in the clay nanocomposite samples in
accordance with standard ASTM D 1557 (2012). To
compare the swelling and damping properties of clay
nanocomposites with different compactive energy levels
and moisture contents, two different energy levels were
applied to the samples. The samples were compacted in a
152.4 mm diameter mold with a 44.48 N rammer
dropped from a height of 457.2 mm. The samples were
added to the mold in five layers and each layer was
tamped 25 times. The calculated compactive effort was
2597 kJ/m> (energy level E1). In addition, the samples
were also added to the mold in five layers in the mold
and each layer was tamped 50 times. The calculated
compactive effort in this case was 5192 kJ/m> (energy
level E2). The leach samples with optimum moisture
content were then used to prepare samples for swelling
tests and dynamic simple shear tests.

Table 4. Clay nanocomposite contents (see Table 2 for abbreviations).

Content
C Natural clay
HOC Hydrophobic clay
CNCO HO-%0.5LBG-%10LTX-%10GLC
CNC5 HO-%0.5LBG-%10LTX-%10GLC-%5VA
CNCI10 HO-%0.5LBG-%10LTX-%10GLC-%10VA
CNCRO HO-%0.5LBG-%10LTX-%10GLC-%5RP
CNCRS HO-%0.5LBG-%10LTX-%10GLC-%5VA-%5RP

CNCRI10

HO-%0.5LBG-%10LTX-%10GLC-%10VA-%5RP
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The swelling tests were carried out in accordance
with ASTM D 4546 Method C. The tests were conducted
on the compacted samples with optimum moisture
contents using a consolidation test apparatus manufac-
tured by ELE (Bedfordshire, UK). The swelling tests
were conducted on the natural clay, hydrophobic
organoclay and clay nanocomposite (CNC and CNCr)
samples.

Dynamic simple shear tests

The dynamic simple shear test apparatus used in this
study is a GeocompTM ShearTrac II-DSS system
(Geocomp, 2007) (Figure 1). The dynamic simple
shear (DSS) tests were carried out in accordance with
ASTM D 6528 (2007) on the natural clay, hydrophobic
organo-clay, and clay nanocomposite samples com-
pacted with energy levels E1 and E2. The device allows
load-controlled constant-volume DSS tests with a load
frequency up to 1 Hz on a consolidated soil specimen. A
computer controls the micro-stepper motors that apply
vertical and horizontal loads to the specimen. A soil
specimen of diameter 63.5 mm was confined by a rubber
membrane supported by Teflon-covered aluminum rings
instead of conventional reinforced membranes.

Natural clay, hydrophobic clay, and clay nanocom-
posite samples were consolidated under a vertical stress
of 100 kPa which was greater than the estimated
preconsolidation pressure. In the experiments, the
frequency of cyclic load (f) was 1.0 Hz. The cyclic
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stress ratio (CSR) was 0.40. To compare the effect of VA
on the clay nanocomposites, the DSS tests were
conducted at a single CSR. The maximum peak to
peak strain is £2.5%.

With the raw data taken from the tests performed on
hydrophobic clay and clay nanocomposite, shear strain
and shear stress values of the second cycle were
determined and the graphs of second cycles were
plotted. The hysteresis loop is a stress-strain path. The
secant shear modulus (G) and damping ratios (D) were
determined from idealized hysteresis loops (Figure 2)
produced by cyclic loading. G is defined in equation 1
where T is the shear stress and 7y is the shear strain.

G=1vy (D

The material damping ratio, D, is the proportion of
dissipated energy to the maximum retained strain energy
during each cycle at a given strain amplitude (Figure 2).
The energy dissipated over a loading cycle is represented
by the gray area within the hysteresis loop (4r), and the
maximum retained strain energy is represented by the
triangular area (4Ar) that is calculated using peak shear
stress and peak shearing strain (Kramer, 1996;
Darendeli, 2001).

D = A/ (4ndr) 2

The material damping ratio is a result of friction
between soil particles, strain rate effects, and
non-linearity of the stress-strain relationship in soils

Figure 1. Specimen preparation for DSS tests: (a) the test sample, (b) covering the specimen with a membrane, (c¢) fixing the
membrane to the bottom plate by O-rings and installing Teflon-covered rings around the specimen, (d) the DSS device includes the

sample.
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Shear
stress, T

Shearing strain, y

G=r1ly
D =4,/(4nAd,)

Figure 2. Determination of secant shear modulus, and damping
ratios from the idealized hysteresis loop produced by cyclic
loading (after Darendeli, 2001).

(Darendeli, 2001). Some of the tests were repeated as
many as three times to assure the repeatability of the
results.

RESULTS AND DISCUSSION

Swelling tests

The swelling test results (Figure 3) revealed that the
swelling pressures of clay nanocomposites (CNC and
CNCr) were lower than those of hydrophobic clay. The
decrease in the swelling pressures of clay nanocomposite
samples are due to the hydrophobic properties of clay
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nanocomposites (Akbulut et al., 2013). The negative
effects of swelling of clayey soils were eliminated by
decreasing the swelling pressures of the clay
nanocomposites.

Dynamic simple shear test results

Hysteresis loops. The hysteresis loops from second
cycles (Figure 4) indicated that the secant shear modulus
(determined using equation 1) of clay nanocomposites
compacted with energy levels E1 and E2 were decreased
when compared with natural clay and hydrophobic clay.
The damping ratio values (determined from equation 2)
of clay nanocomposites compacted with energy levels
El and E2 were increased.

Shear modulus. The dynamic simple shear test results
(Figure 5) showed that the secant shear modulus of E1-
and E2-compacted clay nanocomposites (CNC and
CNCr samples) decreased when compared with both C
and HOC. Similarly, the secant shear modulus of E1-and
E2-compacted clay nanocomposites decreased with
increased addition of VA.

The test results (Table 5) showed that the secant
shear modulus of hydrophobic organo-clay compacted
with the energy level E1 decreased by 3% relative to the
natural clay. The secant shear modulus of clay nano-
composite (CNC) samples decreased by 39% and 35%,
respectively, relative to natural clay and hydrophobic
organo-clay. Similarly, the secant shear modulus of
hydrophobic organo-clay compacted with energy level
E1l decreased by 17% relative to the natural clay. The
secant shear modulus of clay nanocomposites (CNC)

90
—— E1-compacted
80 samples
&g 70 —e— E2-compacted
> samples
£ 60
o es{sl+ El-compacted
3 50 samples (with rubber)
w
g_ 40 ee®s+ E2-compacted
oo 30 samples (with rubber)
°
& 20
10 :::::..."E"OOo...o-
..."Oooooocooo.
0 O
HOC CNCO CNC5 CNC10
CNCRO CNCR5 CNCR10

Clay nanocomposites

Figure 3. Swelling pressures of clay nanocomposite samples.
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Figure 4. Hysteresis loops at the second cycle of samples.
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Figure 5. Secant shear modulus values of compacted clay nanocomposite samples.



320

Kurt and Akbulut

Clays and Clay Minerals

Table 5. Secant shear modulus values of clay nanocomposite samples compacted with energy levels E1 and E2.

El energy E2 energy
Gsec Decreasing, %  Decreasing, % Gsec Decreasing, %  Decreasing, %
(MPa) (relative to C) (relative to (MPa) (relative to C) (relative to
HOC) HOC)

C 2,843 — — 3,360 — -
HOC 2,757 3 - 2,868 17 -
CNCO 2,572 11 7 2,582 30 11
CNC5 2,178 31 27 2,251 49 27
CNCI10 2,048 39 35 2,177 54 32
CNCRO 2,308 23 20 2,414 39 19
CNCRS5 2,255 26 22 2,331 44 23
CNCR10 2,234 27 23 2,380 41 21

decreased by 54% and 32%, respectively, relative to
natural clay and hydrophobic organo-clay. The secant
shear modulus of the CNCr samples compacted with
energy level El also decreased by 27% and 23%,
respectively, relative to natural clay and hydrophobic
organo-clay. Similarly, the secant shear modulus of clay
nanocomposites (CNCr) compacted with energy level E2
decreased by 41% and 21%, respectively, relative to
natural clay and hydrophobic organo-clay.

The test results demonstrated that the secant shear
modulus values of E2-compacted natural clay samples
were greater than El-compacted natural clays. The
secant shear modulus values of clay nanocomposites
increased slightly with increasing energy.

Furthermore, secant shear modulus values in clay
nanocomposites decreased when the percentage of VA
increased. Large stiffness values may lead to negative
dynamic effects, such as reduction of damping; in general,

few materials possess both significant damping and
rigidity properties (Finegan and Gibson, 1999; Finegan
and Gibson, 2000; Ludwigson et al., 2002; Chung, 2003;
Rivin, 2007) . This problem was overcome by Finegan
and Gibson (2000) who used hybrid composites (with a
combination of coated and uncoated fibers) which appear
to be a good compromise for obtaining improved damping
without much loss of rigidity. The unconfined compres-
sive strengths of clay nanocomposites decreased with the
increased VA percentage.

Damping ratios. The dynamic simple shear test results
(Figure 6) revealed that the damping ratios of E1- and
E2-compacted clay nanocomposites (CNC and CNCr
samples) had increased when compared with hydropho-
bic organo-clay and natural clay. Similarly, the E1- and
E2-compacted clay nanocomposites increased when the
VA percentage increased.

25

20

15

Damping ratio (%)
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—a— [ 1-compacted samples

—e— E2-compacted samples

eedslee El-compacted samples
(with rubber)

ees@++ E2-compacted samples
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CNCRO

CNCO CNC5

CNCR5

CNC10
CNCR10

Clay nanocomposites

Figure 6. Damping ratios of compacted clay nanocomposite samples.
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Previous research indicated that the initial damping
ratio decreases when the mean effective stress is
increased (D’Onofrio and Penna, 2003). The effective
stress increased when the pore-water pressure decreased
(Das, 1998). The experimental results revealed that the
damping-ratio values of samples compacted at lower
moisture contents were less than those of samples
compacted at greater moisture contents and these results
supported the findings of previous research.

The test results (Table 6) showed that the damping ratio of
hydrophobic organo-clay compacted with energy level El
increased by 33% relative to natural clay. The damping ratio
of clay nanocomposites (CNC) increased by 68% and 27%,
respectively, relative to natural clay and hydrophobic organo-
clay. Similarly, the damping ratio of hydrophobic organo-clay
compacted with the energy level E1 increased by 80% relative
to natural clay. The damping ratio of clay nanocomposites
(CNC) increased by 101% and 11%, respectively, relative to
natural clay and hydrophobic organo-clay. The damping ratio
of clay nanocomposites (CNCr) increased by 70% and 28%,
respectively, relative to natural clay and hydrophobic organo-
clay. Similarly, the damping ratio of clay nanocomposites
(CNCr) compacted with the energy level E2 increased by
121% and 23%, respectively, relative to natural clay and
hydrophobic organo-clay.

The test results also showed that the damping ratio
values of E2-compacted natural clay samples were less
than El-compacted natural clays. The damping ratio
values of clay nanocomposites decreased slightly with
increasing energy, however.

The damping ratios of clay nanocomposites increased
when the VA percentage increased. According to
Kyminas et al. (1989), coating films, which are tough
and flexible, which adhere well to various substrates
with very low water-vapor permeability, and which have
improved weather resistance, contain vinyl acrylic
copolymers. The clay nanocomposites could gain these
properties from the flexible structure of VA.

In civil engineering, ‘base isolation systems’ were used in
buildings to decrease the negative effects of dynamic loads.
‘Base isolation’ is a technique in which isolation bearings are
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installed in structure foundations to reduce the damaging
motion transmitted by horizontal earthquakes to those
structures (Moon et al., 2002). Seismic base isolation is a
valuable earthquake-resistant technique for structures such as
buildings and bridges (Ashkezari, 2008). The energy-
absorbing ability was increased with increase in the damping
ratios of the CNC and CNCr samples. Eventually, the clay
nanocomposites may be used as a damper rather like a
seismic isolator, under buildings. The clay nanocomposites
can also be used as a damper liner between the building and
soil because of the decrease in swelling pressures.

CONCLUSIONS

The present study was undertaken to investigate the
swelling properties and dynamic properties (secant shear
modulus and damping ratio) of some clay nanocompo-
sites and to compare the swelling pressure, damping
ratio, and secant shear modulus values with those of
natural clay and hydrophobic organo-clay. The swelling
pressures of clay nanocomposites that compacted with
energy levels E1 and E2 were decreased when compared
with hydrophobic organo-clay. The experimental results
indicated that the secant shear modulus and damping
ratios of clay nanocomposites changed significantly in
comparison with those of natural clay and hydrophobic
organo-clay. The secant shear modulus values of clay
nanocomposite samples without rubber (CNC) and with
rubber (CNCr) compacted with energy levels E1 and E2
decreased when compared with natural clay and hydro-
phobic organo-clay. The secant shear modulus of clay
nanocomposites compacted with energy level E1 was
less than that for clay nanocomposites compacted with
energy level E2.

The damping ratios of clay nanocomposites without
rubber (CNC) and with rubber (CNCr) compacted with
energy levels E1 and E2 increased when compared with
natural clay and hydrophobic organo-clay. The damping
ratios of clay nanocomposites compacted with energy
level E1 were greater than clay nanocomposites com-
pacted with energy level E2. The secant shear modulus

Table 6. Damping ratios of clay nanocomposite samples compacted with energy levels E1 and E2.

El energy E2 energy
D Increasing, % Increasing, % D Increasing, % Increasing, %
(%) (relative to C) (relative to (%) (relative to C) (relative to
HOC) HOC)

C 12.74 — — 9.09 — —
HOC 16.9 36 - 16.38 80 -
CNCO 18.1 42 7 17.42 92 6
CNC5 19.92 57 18 18.9 108 15
CNCI10 21.41 68 27 18.25 101 11
CNCRO 19.86 56 18 18.8 107 15
CNCRS5 20.24 59 20 19.5 115 19
CNCR10 21.67 70 28 20.09 121 23
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and damping ratios of clay nanocomposites decreased and
increased, respectively, with increased VA percentage.

The improvement of clay nanocomposites by decreas-
ing swelling pressures and increasing damping ratios
could help to solve the dynamic problems of clayey
soils, which could then be used as a damper for soils
under buildings as a ‘base isolation system’.
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Abstract—Nickel-lateritic ore is the most common source of nickel in Brazil. The Niquelandia deposit,
located in State of Goias, is one of the most famous deposits due to the large amounts of nickel associated
with both oxidized and mainly silicated ores. The terms oxidized and silicated ores are used to specify two
different ores formed exclusively by oxides and silicate (clay) minerals, respectively. The aim of the
present study was to characterize thoroughly the silicated ore to identify the Ni-bearing clay minerals and
their crystal chemistry in support of developing a better mineral-processing method or optimizing the
current one to improve Ni recoveries. X-ray diffraction, chemical analyses, scanning electron microscopy,
and Fourier transform infrared (FTIR) spectroscopy demonstrated that nickel is associated with Ni-rich
stevensite and to a lesser extent with Fe-rich montmorillonite. The crystal chemistry performed by FTIR
spectroscopy revealed that Ni is present in the octahedral positions, substituting for Mg or Fe, which results
in significant chemical and layer-charge heterogeneity in the samples. This heterogeneity seems to be
responsible for reduction in Ni recoveries during the hydrometallurgical process.

Key Words—Clay Minerals, Crystal Chemistry, Fe-montmorillonite, Nickel, Smectite, Stevensite.

INTRODUCTION

Nickel is important as a metal or as an alloying
element in steels because of its low rate of oxidation and
consequent resistance to corrosion. In nature, Ni is
associated with sulfides and lateritic deposits. According
to Dalvi et al. (2004), 70% of nickel worldwide is
contained in lateritic deposits, and production of
Ni-laterites increased from 140 kt/year to 1200 kt/year
between 1950 and 2003. For this reason, extensive
research into Ni-bearing clay minerals has been carried
out. Nickel is associated with a wide variety of clay
minerals such as serpentine, talc/kerolite/pimelite, and
smectite.

Nickel exhibits a specific geochemical affinity for
mantle-derived (mafic and ultramafic) rocks (Christidis
and Mitsis, 2006). Mafic and ultramafic intrusions were
responsible for the formation of the Niquelandia
ultrabasic massif during the Archean period (Marini et
al., 1984). The combination of relief and seasonal
alternations of large and small amounts of precipitation
led to intense weathering of dunites, peridotites, and
pyroxenites and to the formation of clay minerals.

Previous mineral characterization studies conducted
at Niquelandia have indicated that the nickel is
associated with a mixture of di- and trioctahedral
smectites and talc (Bosio et al., 1975; Brindley and de
Souza, 1975; de Souza et al., 1978; Colin et al., 1985,
1990; Decarreau et al., 1987; Oliveira, 1990; Coelho et

* E-mail address of corresponding author:
elli_mano@hotmail.com
DOI: 10.1346/CCMN.2014.0620406

al., 2000; Raous et al., 2013). Ni-bearing smectite is one
of the secondary phases formed during low-temperature
weathering processes of ultrabasic rocks — these
smectites contain Fe®" as the main octahedral cation
with small amounts of Ni, ~<0.4 atoms per half formula
unit (p.h.f.u.) (Bosio et al., 1975; Gaudin et al., 2004a).
Nickel grades were observed to vary from 10 to 84% of
occupancy in the octahedral sites of trioctahedral
smectites in Niquelandia (Colin ef al., 1990). A Ni-rich
stevensite has also been reported from Othrys, Greece
(Christidis and Mitsis, 2006). The complex crystal
chemistry of the clay minerals in Niquelandia may be
the cause of significant variability in the ores which
affects the recovery rates of Ni from the hydro-
metallurgical process. In the present study, the clay
minerals in the silicated ore were characterized, focusing
on the Ni-stevensite and Fe/Ni-montmorillonite. A
detailed characterization of the Ni-bearing clay minerals
in the samples, including the variability in the silicated
ores, will help us to understand smectite formation and
will provide pathways for improving Ni recovery from
the hydrometallurgical process.

MATERIALS AND METHODS

The Niquelandia deposit is located in the State of
Goias, central Brazil (Figure 1). The relief seen at
Niquelandia reveals dunites and peridotites making up
an old plateau covered by silcrete; pyroxenites are found
in valley regions. Different parent rocks are responsible
for different grades (high, intermediate, and low) of Ni
in the silicated ore. In order to characterize these three
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Figure 1. Topographic and sampling-site map of Niquelandia, Brazil (image courtesy of Votorantim Metais Niquel).

silicated ore types, seven samples were collected
throughout the deposit (Figure 1). Chemical analyses
of the bulk samples were performed using inductively
coupled plasma-atomic emission spectroscopy
(ICP-AES) for the main elements (Mg, Si, Fe, Ni, Al,
Cu, Co, Mn, and Cr) and confirmed the broad chemical
variability, especially for NiO and Fe,Os;. Loss on
ignition (LOI) was also measured.

Sample AS-ANi3 represents a partially altered
peridotite with large amounts of NiO (lowermost part
of the weathering profile). Sample ASL-I5 corresponds
to the intensely altered part of the profile (uppermost),
near the oxidized zone, which results in large Fe,O3
contents. Samples from peridotites located near quartz
veins, such as AS-BNi2, contain low grades of NiO. The
other samples have intermediate amounts of Ni and Fe,
varying according to their location in the weathering
profile.

In order to identify the clay minerals, the <2 pum
fraction was extracted from each of the bulk samples.

Initially, the samples were dispersed in distilled water.
The fine fractions (<50 pum) were separated from coarse
material (>50 um) by wet sieving. The coarse fractions
were discarded. The fine fractions (<50 pm) were
saturated with 1 mol L™' NaCl (Moore and Reynolds,
1989) to deflocculate the particles. The clay fraction
(<2 um) was obtained by centrifugation (according to
Stokes’ law). A proportion of the <2 um fraction of each
sample was subsequently flocculated and saturated with
0.5 mol L™' CaCl,. Ca-saturated clay fractions were
washed with distilled water to remove excess salts. The
remainder was kept in suspension for extraction of
<0.1 pm fractions.

Oriented preparations of Ca-saturated <2 pm frac-
tions were obtained by depositing clay suspensions on
glass slides which were dried at room temperature (air-
dried: AD) and also saturated with ethylene glycol (EG)
vapor at 50°C for 16 h.

In order to distinguish high- from low-charge smec-
tites, the Ca/K/Ca sequence of saturation was carried out
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(Calarge et al., 2003). First, the samples were saturated
with 0.5 mol L™" CaCl,, followed by 1 mol L™" KCI;
then, a further Ca saturation step was performed.
Ultimately, the samples were washed to eliminate the
excess salts. Smectites with high tetrahedral charge
remained collapsed at ~10 A in AD and EG states,
whereas smectites with low tetrahedral charge re-
expanded to ~15 A in AD and ~16—17 A in EG states,
once Ca replaced K in the last saturation step. For samples
AS-ANi3, VSL-R2, and ASL-AN3, the <0.1 pm fractions
were obtained by repeated centrifugation cycles until the
supernatant became clear. Later, the fractions were Ca-
saturated and prepared using the same procedure as
adopted for the <2 pm fractions.

Lithium saturations were performed to characterize
the octahedral (Oc) and tetrahedral (Te) locations of the
charge (e.g. Hofmann and Klemen, 1950). Samples were
saturated with 1 mol L™' LiCl and washed with ethanol
to remove the excess salts; they were then heated
overnight at 300°C. The first step involved a complete
exchange of the interlayer cations by Li* and the second
step involved migration of the Li" to the octahedral
vacancies of the dioctahedral smectites and, conse-
quently, neutralization of the octahedral layer charge.
The swelling properties of the clays are affected in
different ways, depending on the layer charge and on the
location of the charge. According to Petit et al. (2002)
and Gaudin er al. (2004a), layers having tetrahedral
charge of <0.18 per half unit cell do not swell following
the Hofmann-Klemen (HK) treatment and EG solvation,
whereas layers with tetrahedral charge >0.18 per half
unit cell are expandable. For trioctahedral smectites with
octahedral charge, Li-saturation followed by heating
(HK treatment) results in only partial neutralization and
compensates approximately half of the charge (Li" vs.
Mg*" or Ni*") and the layers remain expandable (Petit et
al., 2008).

X-ray diffraction (XRD) patterns for oriented pre-
parations were recorded using a Bruker D8 Advance
diffractometer (CuKo radiation, 40 kV, 40 mA, Lynxeye
detector) from 2.5 to 35°20 in 0.012°26 steps and a
counting time per step of 96 s. The XRD patterns were
obtained from oriented Ca-saturated clay in AD and EG
states, oriented Ca/K/Ca saturations in AD and EG
states, and after Li-saturated preparation, in AD and EG
states, heated overnight at 300°C (LizgoH) and followed
by solvation with EG (LizooH EG).

The dys.33 on randomly oriented powders of <2 pm
fractions were used to distinguish between di- and
trioctahedral clay minerals. The samples were prepared
using the back-loading procedure (Moore and Reynolds,
1989). Powder XRD patterns were obtained by scanning
from 57 to 63°20 in 0.02°20 steps at 96 s/step. The
HighScore Plus™ software (PANanalytical/Spectris,
Netherlands) was used to analyze the patterns.

Microanalyses were performed by EDX (energy
dispersive X-ray spectroscopy) (INCA, Oxford, UK)

Mano et al.
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using 20 kV with SDD (silicon drift detector), coupled to
a scanning electron microscope (SEM) (LEO-Stereoscan
440 from Leica). A JEOL JSM-5600LV coupled to a
BRUKER X-Flash 4010 EDS spectrometer was also used
to analyze the <2 pum powders. The EDX microanalyses
of the clay particles were plotted on ternary diagrams to
compare the different smectite compositions.

Fourier-transform infrared (FTIR) spectroscopy was
used to constrain the crystal chemistry of the Fe-Ni
smectites studied as well as to further refine the layer-
charge distribution using ammonium saturations (Petit et
al., 1998). Mid-infrared (MIR) analyses were performed
using a Nicolet Magna-IR 760 spectrometer in the
400—4000 cm ™' range with a 2 cm™! resolution. The
spectra were obtained from pressed KBr pellets,
prepared by mixing 1 mg of sample with 150 mg of
KBr and pressing at 10 t cm ™2 and drying overnight at
110°C. Near-infrared (NIR) spectra from 4000 to
10,000 cm™" were obtained at a resolution of 4 cm™'
on powder in glass vial, using a Thermo Scientific
Integrating Sphere (diffuse reflectance) with an internal
InGaAs detector coupled to a Thermo Scientific Nicolet
6700 FTIR spectrometer.

Before and after Li treatment, the samples were
saturated with 1 mol L™' NH,CI five times and washed
with ethanol until free of NHy salts. This procedure was
performed to quantify the amounts of NHj in the
NHy-saturated smectites. The detailed procedure was
given by Petit et al. (1998, 2006). The NH; fixed by the
bulk smectites corresponds to the total layer charge
(permanent Te + Oc + variable edge charges), i.e. the
cation exchange capacity (CEC) (at the pH of the NH,C1
solution). After Li saturation and heating for 16 h at
300°C (Hofmann-Klemen treatment), the amount of NHj
adsorbed corresponds to the remaining charge after
neutralization by Li fixation. As a result, the difference
between them was attributed to the neutralized charge by
the Li treatment, i.e. the octahedral charge for the
dioctahedral smectites (montmorillonites) and half of the
octahedral charge for the trioctahedral smectites (ste-
vensite) as described by Petit er al. (2008). The IR
spectra of NHj-saturated samples (NH,; and LisooNHy)
were recorded using the same amount of clay and they
were normalized to the main SiO band around 1020
em™" using Omnic™ software (Thermo Fisher Scientific
Inc, United States) as the samples contain both
dioctahedral and trioctahedral smectites and are devoid
of quartz. The integrated intensity of the NH, deforma-
tion (v4NHy) band at 1400 cm™' was measured before
and after Li treatment (area: ANH,; range
1353—1500 cm ') in arbitrary units using the Omnic®™
software. The surface area of the vNH, band (after
normalization) was correlated to the CEC of the sample
(Petit et al., 1998, 2002, 2008; Gaudin et al., 2005). The
ratio of the integrated intensity of ALizooNH4/ANH4
corresponded to the percentage of the charge remaining
after Li treatment.
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Table 1. Chemical composition (wt.%) determined using ICP-AES, for all samples.

Samples NiO Fe,O3 Al,O3 MgO SiO, Cr,0O53 LOI
AS-BNi2 2.11 17.7 3.95 4.87 51.0 8.45
AS-ANi3 23.4 5.23 2.45 7.44 39.9 6.82
ASL-I5 1.16 324 4.76 5.07 44.6 1.96 6.68
VSLIA 9.60 10.9 8.52 7.45 44.1 2.39 7.91
VSL-R2 4.74 10.1 3.93 19.1 35.1 1.08 3.71
ASL-AN3 7.75 13.4 5.07 12.4 40.1 1.33 5.53
CSL-G8 2.08 153 5.07 10.5 50.7 1.39
RESULTS peak at dog1ap X 15A that expanded to dyp; ~ 16.5 A

Chemical analyses

The chemical compositions (main elements) of the bulk
samples are shown in Table 1. Samples with abundant SiO,
and LOI between 6 and 8 wt.% suggest the presence of clay
minerals. High abundances of NiO (23.4%) for sample AS-
ANi3 and Fe,O3 (32.4%) for sample ASL-IS were
measured. The samples VSL-R2 and ASL-AN3 contained
4.7 and 7.7% of NiO and 19.1% and 12.4% of MgO,
respectively. The sample VSLIA had similar amounts of
NiO and Fe,O5; (10—11%) and the largest AlLO3 content
(8.5%). Finally, AS-BNi2 and CSL-G8 contained 17.7 and
15.3% Fe,0s, respectively, and a small amount of NiO and
Al,O3 (<5%). Sample AS-BNi2 contained <5% MgO,
whereas CSL-G8 had 10.5% MgO.

X-ray diffraction

The XRD patterns of the Ca-saturated clay fraction of
the different samples were similar and showed a main

following the EG solvation (Figure 2). The peak at 8.3 A
was attributed to the 002 reflection of glycolated
smectite. The peaks in the AD and EG states were
symmetrical and the samples exhibited uniform swel-
ling, supporting the presence of pure smectite layers and
the absence of mixed layers with swelling and non-
swelling layers in the different samples.

Powder XRD patterns exhibited asymmetrical hk
reflections that are characteristic of turbostratic stacking
of layers typical of smectites. The samples AS-BNi2,
ASL-AN3, ASL-I5, CSL-GS8, and VSL1A revealed dys.33
values which varied from 1.50 to 1.51 A (Figure 3)
indicating that they consist essentially of dioctahedral
Fe-rich smectites as described, for example, by
Desprairies (1983), Petit et al. (1992), and Gaudin et
al. (2004a, 2004b). The samples VSL-R2 and AS-ANi3
exhibited a large dye.33 peak (Figure 3) probably due to
the possible overlapping of different smaller peaks that
hinder the identification of the di- or trioctahedral

CSL-G8

AS-BNi2

VSL-R2

ASL-AN3

AD —
EG ——

VSL1A

ASL-I5

AS-ANi3

T T

20
°20 (CuKa)

T T 1

25 30 35

Figure 2. XRD oriented patterns of the <2 pm fraction for the Ca-saturated samples. AD: air-dried state (solid lines); EG: ethylene

glycol-treated (dashed lines).
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57 58 59 60

61 62 63

°26 (CuKo)

Figure 3. dyg_33 reflections. VSL-R2 presents a large dos.33 peak attributed to mixtures of di- and trioctahedral smectites. AS-ANi3
consists essentially of trioctahedral smectites, whereas ASL-I5 consists of entirely of dioctahedral smectites.

character. Sample AS-ANi3 (dyg.33 = 1.52 ;\), however,
appeared to belong to the trioctahedral type, whereas
VSL-R2 showed a mix of di- and trioctahedral mineral
characteristics.

Following K" saturation, all the samples collapsed
from 10.8—12.4 A (AD) to 9.5-9.9 A after heating at
550°C (patterns not shown). The XRD patterns for Ca/K/
Ca samples were very close to those of the Ca-saturated
samples (not shown) suggesting a rather small tetrahe-
dral charge of the layers for all of the samples, as K is
replaced by Ca in the third saturation step.

The layer-charge distribution was determined by the
HK procedure (Figure 4). The XRD patterns after HK

16.7 A
|
N
/T
Y
/

°26 (CuKa)

treatment indicated a collapse of the layers between 9.3
and 9.6 A. Following EG solvation, the 001 and 002
reflections broadened and the dy; values varied between
16 and 16.7 A for different samples. For samples VSL-
R2 and CSL-G8, HK swelling was almost complete for
all layers after EG solvation. For most of the samples,
however, the different d spacings and non-harmonic dgg;
and dyp, values indicated different swelling behaviors
that are related to the presence of HK-swelling and HK-
non-swelling layers (random mixed layers). The smec-
tites from Niquelandia have a heterogeneous layer-
charge distribution, therefore, within the same popula-
tion and between different samples, making it difficult to

°26 (CuKa)

Figure 4. XRD patterns of samples after Hofmann-Klemen treatment. The solid lines correspond to LizooH and the dashed lines to

LizooHEG samples, respectively.
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further refine the distribution of the layer charge from
these XRD measurements.

Infrared results

Three categories of samples were differentiated by
MIR spectroscopy: dioctahedral samples (ASL-I5, CSL-
G8, and AS-BNi2 — Group A), trioctahedral samples
(AS-ANi3 — Group B) and a mixture of these two types
(VSL-R2, ASL-AN3, and VSL1A — Group C).

Dioctahedral samples ASL-I5, CSL-G8, and
AS-BNi2 (Group A) consist mainly of dioctahedral
smectites with a small amount of trioctahedral clays. In
the OH-bending region, the bands at 820 cm ™' and at
~765 cm ' (Figure 5) were assigned to 8Fe®"Fe®*OH
and to 8Fe*"MgOH (and/or maybe 8Fe* " NiOH), respec-
tively, and the band at 870 cm™' was attributed to
SAIFe* OH (Farmer, 1974; Petit et al., 2002; Bishop et
al., 2002; Gaudin et al., 2004a, 2004b, 2005).

In the OH-stretching region (Figure 5), the wide band
at ~3555 cm ' was attributed to vFe**Fe*"OH super-
imposed on the vFe* "MgOH band at 3575 cm™" (Farmer,
1974; Wilson, 1994; Petit et al., 2002; Petit, 2005;
Gaudin et al., 2004a, 2004b, 2005; Gates, 2005;
Decarreau et al., 2008; Andrieux and Petit, 2010).
These features are characteristic of Fe-rich montmor-
illonites with Mg (and/or probably Ni) in the octahedral
sites and indicate that Fe, Mg (and/or probably Ni) may
occur in adjacent octahedral sites responsible for the

3676 3624 3555

3420 (H,0)
|

a

AS-BNi2

T T T 1
3800 3600 3400 3200
Wavenumber (cm™)

Ni-bearing smectites
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heterogeneity of the samples. The IR spectra of
Niquelandia dioctahedral smectite (ASL-15, CSL-G8,
AS-BNi2 — Figure 5) are very similar to the Fe-
montmorillonite characterized in weathered ultrabasic
nodules in Olberg, Germany (K&ster et al., 1999; Petit et
al., 2002) or in pyrite-bearing calcareous sediments in
the Costa Rica margin (Gaudin ef al., 2005).

Trioctahedral sample AS-ANi3 (Group B) consists
mainly of trioctahedral Ni-smectites. Bands at
3624 cm™' and 710 cm™' (Figure 5) were assigned to
VNi;OH and 6Ni;OH, respectively, as described for
kerolite and talc (Wilkins and Ito, 1967; Farmer, 1974;
Gerard and Herbillon, 1983; Petit, 2005; Christidis and
Mitsis, 2006). This is in agreement with the large Ni
content determined by chemical analysis.

Samples VSL-R2, ASL-AN3, and VSL1A (Group C)
correspond to the mixture of dioctahedral and tri-
octahedral smectites described above and thus showed
the characteristic bands of both smectite groups.

The NIR spectra corroborated the MIR results. A narrow
band at 7185 cm™' (Figure 6) was assigned to the 20Mgs-
OH vibration of talc (Petit et al, 2004; Petit, 2005;
Madejova et al., 2011), for samples AS-ANi3 and VSL-R2.

Layer-charge reduction by Li treatment

The IR spectra of all samples (but to a lesser extent in
sample AS-ANi3) are affected by the HK treatment
(Figures 7, 8).
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Figure 5. MIR spectra of all samples: VSL1A, ASL-AN3, VSL-R, AS-ANi3, AS-BNi2, CSL-G8, and ASL-I5. (a) The Ni-rich
trioctahedral smectites present bands at 3624 cm ™! attributed to vNisOH. (b) The Fe-rich smectites present bands at 870 and
820 cm !, related to AIFe* OH and 8Fe**Fe’"OH, respectively.
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Figure 6. NIR spectra of samples VSL-R2, ASL-AN3, AS-ANi3, AS-BNi2, CSL-G8, VSL1A, and ASL-I5. The characteristic band
for talc, at 7185 cm’], is noted.

For the dioctahedral samples, the structural changes region, the bands at 3675 cmfl, 3645 cmfl, and the
after Li treatment were similar to those described for the shoulder at ~3600 cm ™' were observed after Li
Olberg sample (Petit et al., 2002). In the OH-stretching saturation (Figure 6). They were attributed to

Li saturation
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Figure 7. MIR spectra (range: 3000—4000 em 1) of bulk samples (a) and after HK treatment (b) for samples VLS1A, ASL-AN3,
VSL-R2, AS-ANi3, AS-BNi2, CSL-G8, and ASL-I5. New bands were observed after Li treatment (3675 cm™ ', 3645 cm~ !, and a
shoulder at 3600 cm™ ).
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Figure 8. MIR spectra (range: 1000—400 cm ') of bulk samples (a) and after HK treatment (b) for samples VSL1A, ASL-AN3,

VSL-R2, AS-ANi3, AS-BNi2, CSL-G8, and ASL-IS.

VLiR*'OH vibrations (R being Mg**, Fe** or Ni*") by
Petit ez al. (2002) and Gaudin et al. (2005). In addition,
the intensity of the band at 3555 cm™' decreased. In the
OH-bending region, structural changes were also
observed (Figure 8). After Li treatment, the
SAIFe* OH band at 870 cm™" shifted to 880 cm ™!, the
intensity of the band at 820 cm™' (8Fe’'Fe’’OH)
decreased, and a band appeared at 750 cm '
(AS-BNi2Li). The latter band is attributed to the
trioctahedral domains created by the migration of Li
into the vacant sites (Petit ez al., 2002).

For the trioctahedral samples, the changes in IR
spectra after Li treatment were more subtle as observed
by Petit et al. (2008) for synthetic Zn-stevensite.

The decrease in layer charge after Li treatment was
obtained from the decrease in the integrated intensity of
the v,NH,; band at 1400 cm™' (Figure 9, Table 2)
showing about half of the CEC (44% for VSL-R2 and
63% for CSL-G8) determined for the <2 pm fraction of

a Trioctahedral - VSL-R2 i
; /NH4 fi
¥ 7/ VisaoiNH \

e

—

all the samples. For dioctahedral smectites, the remain-
ing charge not neutralized by Li* was attributed to
tetrahedral plus variable charges. For trioctahedral
smectites (e.g. AS-ANi3), the remaining charge was
~50% of the total layer charge, consistent with the 50%
neutralization of the octahedral charge by Li' in the
stevensite structure ([NH4],,Si4[Mg, Ni]3_,[1:0;0[OH],
— [NH4],Siy[Mg, Ni];_,<Li>,0,0[OH],; [ being a
vacancy), as described by Petit et al. (2008) for synthetic
Zn-stevensite.

The CEC values for samples ASL-I5 and AS-ANi3,
measured independently using the ammonium acetate
method, were 81 and 41 meq/100 g, respectively. Using
these values and integrated intensities of the 1400 cm ™'
band of the NHy-saturated samples, the CEC of the other
samples was estimated (Petit et al., 1998). The CEC of
the <2 pum fractions ranged from 41 (AS-ANi3) to
100 meq/100 g (AS-BNi2) (Table 2). The <2 pm and
<0.1 pm fractions of sample AS-ANi3 revealed the same

b Dioctahedral - cSL-G8 h

2000 1000

Wavenumber (cm’')

4000

T
4000 2000

Wavenumber (cm)

Figure 9. MIR spectra for samples VSL-R2 (a) and CSL-G8 (b): Lizgg (solid line), LizooHNH, (dashed line), and NH,4 (dash-dot line).
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Table 2. CEC and octahedral charge obtained for Niquelandia smectite samples.
Samples AS-BNi2 AS-ANi3 ASL-I5 VSL-R2 CSL-G8 VSLIA ASL-AN3
Di Tri Di Di+Tri Di Di+Tri Di+Tri
Size (um) <2 <2 <0.1 <2 <2 <0.1 <2 <2 <2 <0.1
CEC (megq/100 g) 100 41 39 81 60 77 79 83 67 89
Ratio of charge 55 48 52 57 44 71 63 54 49 69

neutralized by Li" (%)

CEC and origin of charge (Table 2). This is in agreement
with the similarity of the FTIR spectra for both size
fractions (Figure 10). In contrast, for samples VSL-R2
and ASL-AN3, which are mixtures of di and tri-
octahedral smectites, the CEC and the origin of charge
varied significantly between the <2 um and <0.1 pm
fractions, with a larger CEC value and higher ratio of
charges neutralized by Li'. In fact, the FTIR spectra of
the two fractions of these samples revealed that the <0.1
um fractions are relatively enriched in Fe-montmorillon-
ite compared to the <2 pum fractions with a relative
increase in the band at 820 cm™' and an increase in the
band at 670—710 cm ™' (trioctahedral smectites).

Scanning electron microscopy

The typical morphology of smectites, honeycomb
structure and wavy flakes (Figure 11), was observed in
the Ni-rich sample (AS-ANi3) and in the Mg-rich sample
(VSL-R2).

The SEM-EDX microanalysis data of the K-saturated
<2 pm fractions plotted in ternary diagrams (Figure 12)
revealed chemical heterogeneities for the different

3625

3545

samples. Sample AS-ANi3 contains a remarkable
amount of Ni (31 + 2.4%; Figures 12b and 12c¢) and
corresponds to the trioctahedral Ni-rich stevensite end-
member (Figure 12a). The samples ASL-I5 and AS-BNi2
are enriched in Fe (Figures 12b and 12c¢) and correspond
to the dioctahedral end-member (Fe-montmorillonite)
(Figure 12a). Samples CSL-G8, VSLIA, VSL-R2, and
ASL-AN3 have chemical compositions intermediate
between the two end-members described above
(Figure 12b,c¢).

For samples VSL-R2 and ASL-AN3, the oriented
trend toward the Mg pole (Figure 12d) may be
attributable to the presence of talc as revealed by other
techniques.

The average structural formulae of the two di- and
trioctahedral end-members of the Niquelandia smectites
were estimated roughly from powder analyses of
samples ASL-I5 and AS-ANi3 based on 11 oxygens,
expressing Fe as Fe®", and taking into account FTIR
structural data (Table 3). The octahedral charge was
adjusted to take into account the results of FTIR and
LizooH-NH, saturations.

4000 3800 3600

Wavenumber (cm™)

3400 3200 3000

Wavenumber (cm™)

Figure 10. MIR spectra of the <2 pm (solid line) and <0.1 pm fractions (dashed line) of samples AS-ANi3, VSL-R2, and ASL-AN3.
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Figure 11. SEM-SE (secondary electron) image of smectite in
sample VSL-R2 with typical wavy-flake particles.
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The dominant octahedral cation of the dioctahedral
end-member is Fe®" (1.50 atoms per half unit cell),
which is in the range of values obtained by Petit et al.
(2002) and Gaudin et al. (2004a) for Fe-montmorillo-
nites. For trioctahedral smectites, the dominant octahe-
dral cation is Ni (>2 atoms per half unit cell).

DISCUSSIONS AND CONCLUSIONS

The results for the <2 pm fractions confirmed that
most of the samples are formed by mixtures of Fe-
montmorillonite and Ni-stevensite with traces of talc for
some samples.

The calculated structural formulae (Table 3) obtained
by EDX and FTIR analysis show that there is no
chemical substitution in tetrahedral sheets for tri-
octahedral smectites (AS-ANi3). For dioctahedral smec-
tites, Si*" is replaced by AI’" in small proportions (0.14
atoms per half unit cell).

With respect to the octahedral sheet, the NiZ" is the
dominant cation for trioctahedral smectites, reaching 2.2
Ni atoms per half unit cell. Ni-rich smectites are rare in
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Figure 12. SEM-EDX microanalysis of K-saturated powders plotted in ternary diagrams (atom.%).
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Table 3. Structural formulae of Niquelandia smectites (on the
basis of 11 oxygens) from SEM-EDX analyses of powders of
K-saturated samples. The layer-charge distribution is adjusted
on the basis of FTIR data. Tri = AS-ANi3; Di+Tri = VSL-
R2, VSLI1A, and ASL-AN3; Di = ASL-IS.

Di Tri
v Si*" 3.86 4
v NG 0.14 0
v Fe** 0 0
VI AP* 0.25 0
VI Fe** 1.50 0.20
A M%Z* 0.16 0.21
\%! crt 0.04 0.07
VI NiZ* 0.05 22
inter K" 0.31 0.33
Y 4.00 4.00
pAY| 2.17 2.69
Charge 1V —0.50 0
Charge VI —0.66 0.33
Total charge —1.15 0.33
% charge VI 57 100
% charge LizooH 57 48
nature; a dioctahedral Ni-smectite which does not

exceed 0.4 Ni atoms per half unit cell was studied by
Bosio et al. (1975), Brindley and de Souza (1975), and
Gaudin et al. (2004a). Only Christidis and Mitsis (2006)
found a Ni-smectite in Othrys, Greece, with >2 Ni per
half unit cell. For the dioctahedral smectites, Fe*" is the
dominant octahedral cation (1.5 Fe atoms per half unit
cell). Niquelandia dioctahedral smectites show an over-
occupancy of octahedral sheets (2.17 atoms p.h.f.u.).
Lithium saturations and structural formulae showed
that the layer charge arises especially in octahedral
sheets for most samples, confirming that Fe-montmor-
illonites are characteristic dioctahedral smectites in
ultrabasic weathered rocks as described by Gaudin et
al. (2004a, 2004b). Another Fe-rich octahedral charged
smectite was also described in deep-sea pyrite-rich
sediments (Gaudin et al., 2005; Wiewiora et al., 2001).
The samples AS-ANi3 and VSL-R2, located at the
bottom of the profile, consist essentially of Mg and Ni-
rich smectites and also of some preserved pyroxene
grains, suggesting that Mg- and Ni-rich smectites were
formed from alteration of peridotites and pyroxenite. A
trioctahedral Mg-bearing smectite was observed
(Oliveira, 1990; Nahon et al., 1982; Colin et al., 1990)
to have formed by incongruent and congruent dissolution
of olivines and pyroxenes. The olivine from the
peridotites is a continuous source of Ni capable of
replacing Mg in trioctahedral smectites. The intense
weathering process and continuous Mg and Ni leaching
transformed trioctahedral smectite into an Fe-rich
dioctahedral smectite (Colin ef al. 1990). This inter-
pretation was confirmed by the infra-micrometric

Mano et al.
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fractionation study that showed that Fe-montmorillonite
coexists, at the smallest size (<0.1 pm), in the tri-
octahedral Ni-Fe stevensite samples. This also agrees
with the results of Decarreau and Bonnin (1986) who
determined that a nontronite-like smectite formed from
an Fe-stevensite in atmospheric oxidized conditions.

The great heterogeneity of Ni distribution in both
dioctahedral and trioctahedral smectites seems to be
responsible for the large variation in Ni recovery during
ore processing. Differences in the clay-mineral structure
due to chemical substitutions may require different ore
behaviors during the leaching process. Likewise, for the
same smectite, different dissolution rates for one sample
treated with Li* and another treated with Ni*" were
observed by Palkova et al. (2003) due to structural
modifications.
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EXPANSION BEHAVIOR OF OCTADECYLAMMONIUM-EXCHANGED LOW-
TO HIGH-CHARGE REFERENCE SMECTITE-GROUP MINERALS AS REVEALED
BY HIGH-RESOLUTION TRANSMISSION ELECTRON MICROSCOPY ON
ULTRATHIN SECTIONS
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Abstract—Ultrathin sections of reference 2:1 layer silicates treated with octadecylammonium cations
were examined using high-resolution transmission electron microscopy (HRTEM) to establish the layer
structure. Hitherto, few HRTEM ultrathin-section data existed on the expansion behavior of smectite-
group minerals with different interlayer-charge values. Without such information, the expansion behavior
of both low-charge and high-charge smectite minerals cannot be characterized and the structures observed
in HRTEM images of clay-mineral mixtures cannot be interpreted reliably. Reference smectite-group
minerals (Upton, Wyoming low-charge montmorillonite; Otay, California high-charge montmorillonite; a
synthetic fluorohectorite; and a Jeanne d’Arc Basin offshore Newfoundland clay sample) with a range of
layer charge values were examined. To prevent possible intrusion of epoxy resin into interlayers during
embedding, the clay samples were first embedded in epoxy, sectioned with an ultra microtome, and then
treated with octadecylammonium cations before examination using HRTEM. Lattice-fringe images
showed that lower-charge (<0.38 €q/O1o(OH),) 2:1 layers had 13—14 A spacings, whereas higher-charge
(>0.38 eq/0;0(OH),) 2:1 layers had 21 and 45 A spacings. These differently expanded silicate layers can
occur within the same crystal and an alternation of these layer types can generate rectorite-like structures.
For comparison, clay samples were also treated with octadecylammonium before epoxy embedding and
sectioning and then examined with HRTEM. These samples mostly had highly expanded interlayers due to
epoxy intrusion in the interlayer space. The reference clay minerals embedded in epoxy resin, sectioned,
and treated with octadecylammonium cations were used to characterize smectite-group minerals in a
natural clay sample from the Jeanne d’Arc Basin, Eastern Canada. Smectite-group minerals in this sample
revealed similar structures in lattice-fringe images to those observed in the pure reference clay samples.
Rectorite-like structures observed in lattice-fringe images were in fact smectite crystals with short,
alternating sequences of low-charge and high-charge smectite layers rather than illite-smectite (I-S) phases
with expanded smectite layers and non-expanded 10 A illite layers.

Key Words—Clay Minerals, High-resolution Transmission Electron Microscopy, Lattice-fringe
Images, n-alkylammonium Cations, Mixed-layer Illite/smectite, Rectorite-like Structures, Smectite-
group Minerals.

INTRODUCTION
in various subsequent studies to estimate layer charge

Organic compounds such as glycerol and ethylene
glycol are commonly used to identify expandable
smectite-group clay minerals and to differentiate them
from non-expandable clay minerals such as illite and
chlorite (MacEwan, 1944; Brindley, 1966). The expan-
sion of the 2:1 layer silicates, caused by the replacement
of inorganic interlayer cations by n-alkylammonium
cations, is used to determine layer-charge magnitude and
distribution (Lagaly and Weiss, 1969; 1970a, 1970b,
1970c). This method became a frequently used technique

* E-mail address of corresponding author:
dschumann@fibics.com
DOI: 10.1346/CCMN.2014.0620407

and charge distribution in expandable 2:1 layer silicates
(Lagaly and Weiss, 1971; Stul and Mortier, 1974;
Rithlicke and Kohler, 1981, Stanjek and Friedrich,
1986; Laird et al., 1989a; Olis et al., 1990) but
limitations and problems associated with the method
were also identified (Mermut, 1994). X-ray diffraction
(XRD) analysis has been the usual method for routine
identification and structural characterization of clay
minerals. However, XRD patterns average signals over
thousands of unit cells and particles and therefore cannot
provide the micro- and nano-scale information required
for a reliable identification of clay minerals, particularly
of mixed-layer minerals.

Transmission electron microscopy (TEM), however,
can be used to obtain this crucial information about clay
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materials. A detailed review of the preparation methods
of clay-mineral and soil samples for TEM investigations
was given by Elsass er al. (2008). Special preparation
techniques have been developed to examine silicate
layers perpendicular to the stacking axis direction
(Eberhart and Triki, 1972; Lee et al., 1975). The
n-alkylammonium cation-exchange method was first
combined with TEM lattice-fringe imaging of different
2:1 clay-mineral ultrathin sections (Vali and Koster,
1986) to investigate structure and expansion behavior.
This approach, in which rn-alkylammonium cation
exchange is performed before clay minerals are
embedded in epoxy resin (Figure 1: method 1), was
also applied in various other studies (Graf von
Reichenbach ef al., 1988; Ghabru et al., 1989; Laird et
al., 1989b; Laird and Nater, 1993; Malla et al., 1993;
Cetin and Huff, 1995).

Previous smectite-group minerals studies (Vali, 1983;
Vali and Koster, 1986; Malla et al., 1993) that prepared
samples using method 1 always found larger spacings in
TEM lattice-fringe images than those determined by
XRD analyses (Table 3). The additional expansion
observed in TEM images was attributed to incorporation
of epoxy resin into clay interlayers during the embed-
ding of n-alkylammonium-treated smectite-group miner-
als in epoxy.

In order to avoid resin infiltration in the interlayer
space, Vali and Hesse (1990) developed a new method in
which samples are first embedded in epoxy resin. After
ultrathin sections are cut and transferred to TEM grids,
the treatment with n-alkylammonium cations is per-
formed on the ultrathin sections (see Figure 1: method 2,
and Table 1). This method was used subsequently in
several studies that used HRTEM to examine 2:1 layer
silicates from various geological settings. Most clay
minerals prepared according to the Vali and Hesse
(1990) method (method 2) for HRTEM examination
were reference high-charge 2:1 layer silicates
(Marblehead Illite, Zempleni Illite, Llano and Jefferson
vermiculite) and clay mixtures from various geological
environments that contained different proportions of
smectite-group minerals, illite, vermiculite, and mica
(Vali et al., 1991, 1993, 1994; Vali and Hesse, 1992;
Sears et al., 1998; Lee et al., 2003; Shata et al., 2003).

The only reference smectite-group sample prepared for
HRTEM examination that was alkylammonium-
exchanged after epoxy embedding and sectioning was
the SWa-1 nontronite (Vali and Hesse, 1990). No
reference smectite-group minerals other than nontronite
have been prepared using method 2 and examined with
HRTEM (Figure 1). Without knowing the expanding
behavior of low-charge and high-charge smectite-group
minerals prepared using this method (method 2), however,
correct interpretation of the structures in silicate clay-
mineral mixtures or explanation of the discrepancies
between the d values obtained from HRTEM lattice-fringe
images and XRD analyses is impossible.
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Figure 1. Sample preparation for examination by HRTEM using
methods 1 and 2.

The objectives of the present study were, therefore,
to: (1) embed in epoxy resin smectite-group minerals
with a range of layer charge, prepare stacking axis-
parallel ultrathin sections, treat the ultrathin sections
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Table 1. Procedural steps describing the different embedding and octadecylammonium cation-exchange treatment methods on
the copper grid as well as the octadecylammonium cation treatment before embedding in epoxy resin.

Sample Method 1

octadecylammonium cation exchange
treatment before embedding

Method 2
octadecylammonium cation exchange
treatment after embedding and cutting

of ultrathin sections

1. 2. 3. 1. 2. 3.
exchange washing embedding embedding exchange washing
Upton Montm. 20 minutes
Upton Montm. gently
Otay Montm. with in in 20 min submerge
Fluorohectorite (0.4) 5 days 100% ethanol Epon resin Epon resin TEM grid in
Fluorohectorite (0.6) up to a Petri dish
20 times with preheated
distilled H,O
(65°C)
with octadecylammonium (nc = 18) cations (Figure 1, lected at the core storage facility of the Canada-

method 2), examine them with HRTEM; and (2) com-
pare the d values obtained from HRTEM lattice-fringe
images to d values from XRD analyses and HRTEM
lattice-fringe d values from the same clay samples
treated with octadecylammonium before embedding in
epoxy resin and sectioning (Figure 1, method 1).

MATERIALS AND METHODS

Samples

The two montmorillonite and two hectorite samples
selected as reference materials for this study were Upton
montmorillonite from Wyoming (reference No. 25 of the
American Petroleum Institute (A.P.I.)), Otay mont-
morillonite from California (A.P.I. No. 24), and
synthetic fluorohectorites. Samples of synthetic fluoro-
hectorite with interlayer charges of 0.4 and 0.6 eq/
019(OH), were synthesized and provided by Josef Breu,
University of Bayreuth, Germany (Breu et al., 2001;
Malikova et al., 2007). The reference clay minerals have
the following structural formulae:

Upton montmorillonite:
Rgg6/n mH,0 (AILSSFeSfIZFe%BZMgO.ZS)
[A10_06Si3_94]010(OH)2 (Vogt and Késter, 1978)

Otay montmorillonite:
Nao.42Mgo.09C30.01mHzo(All.35F€8.+06Mgo.59)
[Alo‘ozsi}gg]olo(oH)z (SChultZ, 1969)

Synthetic fluorohectorite:
Nag 4mH,0(Mg; 6Lig.4)[Sig.0]O10F> and
Nag mH,0(Mg; 4Li0.6)[Sis.0]O010F>.

One argillaceous rock sample from an area that is
currently undergoing active burial diagenesis in the
Jeanne d’Arc Basin, offshore Newfoundland, Canada,
was selected in order to study the <0.1 pm fraction of
natural smectite-group minerals. The sample was col-

Newfoundland and Labrador Offshore Petroleum Board
(C-NLOPB) in St John’s (Newfoundland) from core
cuttings that came from the well Adolphus D-50
(AD-D50) (C-NLOPB Schedule of Wells, 2007). The
sampled core cuttings were obtained from 2035 m depth
from the Paleocene to Pliocene Banquerecau Formation
that represents the Tertiary passive-margin sediment fill
of the Jeanne d’Arc Basin (Sinclair, 1988). The <0.1 um
grain size fraction of this sample was described by Abid
et al. (2004) as R = 0 randomly interstratified I-S mixed-
layer clay minerals with 34% illite in I-S.

The Jeanne d’Arc Basin well cuttings of sample AD-
D50 (2035 m) were dispersed and washed several times
in distilled water. The <0.1 pum factions of samples AD-
D50 (2035 m), Upton montmorillonite, and Otay mont-
morillonite were separated using a high-speed, bench-
top, Beckman Coulter AllegraTM 21R centrifuge at
10730 x g using a fixed-angle rotor. The clay-mineral
suspensions were frozen and freeze-dried. The synthetic
fluorohectorite material was used as received.

n-alkylammonium cation-exchange method

The n-alkylammonium cation-exchange method
developed by Lagaly and Weiss (1969) is a tool to
determine the interlayer-charge density, layer charge,
and charge distribution of expandable 2:1 layer silicates,
such as smectites, vermiculite, and illitic minerals in
XRD. An n-alkylammonium cation consists of an alkyl
chain (C,cH,,c+1) and an ammonium group (NH3) with
the general formula chH(anH)NH; (nc = number of
carbon atoms in the chain).

Alkylammonium-cation arrangements within 2:1
layer-silicate interlayers depend on layer-charge magni-
tude and density. Low-charge smectite-group minerals
have monolayer (~13.6 ;\), bilayer (~17.7 A), or
pseudotrimolecular (21.7 A) arrangements. Long-chain
n-alkylammonium cations, such as octadecylammonium,
form 25 to >30 A paraffin-type arrangements (Figure 2)
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H high charge
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Figure 2. Schematic model showing smectite-group and
vermiculite-group 2:1 layer silicates before and after treatment
with octadecylammonium (nc = 18) cations (not to scale):
(a) low-charge smectite-group mineral; (b—c) low-charge
smectite-group mineral with a monolayer (13.6 A) and bilayer
(17.7 A) arrangement of the octadecylammonium cations;
(d) high-charge smectite-group or vermiculite-group 2:1 layer
silicates with a pseudotrimolecular (21—22 A) arrangement of
octadecylammonium cations; (g—f) paraffin-like arrangement
of octadecylammonium cations with different tilt angles of the
alkyl chains. Diagrams based on the original drawings of Lagaly
and Weiss (1969, 1970c), Lagaly (1981), and Vali et al. (1994).

in high-charge smectite-group minerals, vermiculite-
group minerals, expandable illite, or altered micas
(Lagaly and Weiss, 1969, 1970a, 1970c; Lagaly, 1981,
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1982). A pseudotrimolecular arrangement can form in
2:1 layer silicates with a layer charge of >0.4 eq/
0,0(OH), whereas paraffin-type orientations of the alkyl
chain occur at interlayer charges >0.63 eq/O;o(OH),
(Lagaly, 1982; Malla and Douglas, 1987; Lagaly and
Dekany, 2005). For a detailed summary of the theore-
tical background of the n-alkylammonium cation-
exchange method and additional references see Sears
et al. (1998) as well as Laird and Fleming (2008).

XRD and TEM

To prepare octadecylammonium cation-exchanged
samples for XRD analysis, ~40 mg of freeze-dried clay
material were placed in 1.5 mL polypropylene
Eppendorf micro-test tubes (Eppendorf Canada
Limited, Streetsville, ON, Canada) and dispersed in a
0.05 M solution of octadecylammonium hydrochloride
(nc = 18) (Acros Organics, Thermo Fisher Scientific,
New Jersey, USA) and left in an oven at 65°C for 24 h.
This exchange procedure was repeated four times. The
samples were washed thoroughly up to 20 times with
100% ethanol to remove excess alkylammonium salts.
The washed clays were dispersed in ~1 mL of 100%
ethanol and pipetted onto glass slides, dried at room
temperature, and X-rayed. The XRD analyses were
performed using a Siemens D5000 diffraction system
equipped with a Sol-X solid-state detector with CoKa1,2
radiation in the Département des sciences de la Terre et
de I’atmosphére of Universit¢é du Québec a Montréal
(Québec, Canada). The following analytical conditions
were used: operating voltage of 40 kV, beam current of
30 mA, step-size of 0.02°26, counting time of 2 s per
step, 0.02 mm receiving slit, and scanning range of 1.75
to 55°20. After analyses the Co-Kal,2 radiation was
converted numerically into CuKa radiation and the
background as well as the Ka2 signal were removed
from the XRD patterns.

For HRTEM investigations the samples were
embedded in Epon epoxy resin (Electron Microscopy
Sciences, Hatfield, Pennsylvania, USA) (Figure 1:
method 2). For this procedure, ~10—20 mg of freeze-
dried clay samples were placed in 1.5 mL polypropylene
Eppendorf micro-test tubes and dehydrated for 48 h by
adding 100% acetone to remove adsorbed water. After
centrifugation at 16060 x g for 15 min with an accuSpin
Micro bench-top centrifuge (Fisher Scientific Company,
Ottawa, ON, Canada), the supernatant was removed and
the clay material dispersed in a mixture of 10% Epon
resin and 90% acetone. These steps were repeated with
mixtures containing 30%, 50%, 70%, and 100% resin. The
dispersion of the material in the acetone resin mixtures
was achieved through stirring and agitation using an
electrical shaker. Each incubation step lasted 24 h and
during that time the samples were placed on a rotating
plate to ensure continuous agitation of the material. The
resin-clay mixture was transferred into embedding molds
after the fifth incubation step (100% Epon resin). After a
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settling time of 1—2 h the embedding molds (Electron
Microscopy Sciences, Hatfield, PA, USA) were placed in
an oven for 48 h at 65°C. Ultrathin sections (~80 nm) were
obtained from the polymerized resin blocks using a
Reichert-Jung Ultracut E microtome (C. Reichert AG,
Vienna, Austria) and transferred to 300-mesh copper TEM
grids with carbon support film (Structure Probe, Inc. West
Chester, Pennsylvania, USA).

The octadecylammonium cation-exchange treatment
was carried out using a modified version of the
procedure described by Vali and Hesse (1990). Each
grid was placed face down in a 1.5 mL micro-test tube
on the surface of the octadecylammonium cation
solution diluted to 50% (0.025 M). The micro-test
tubes were left for 20 min in an oven at 65°C. The
grids were removed from the tubes, held submerged in a
Petri dish filled with 65°C preheated distilled water and
agitated gently for several minutes in order to remove
excess alkylammonium solution and salts.

Some aliquots of the Upton and Otay montmorillonite
were first treated with octadecylammonium cations and
then embedded in Epon resin (Figure 1: method 1).
These samples were treated in a 5-day cation-exchange
reaction like those that were prepared for XRD analyses.
An additional sample of Upton montmorillonite was
only treated with octadecylammonium cations for
20 min, washed and embedded. The different treatment
methods were chosen in order to compare possible
differences in the expansion behavior caused by the
different order of the treatment steps.

All samples were studied in bright-field illumination
mode at an acceleration voltage of 200 kV with a Philips
CM200-TEM at the Facility for Electron Microscopy
Research (FEMR) of McGill University (Montreal,
Canada). The TEM is equipped with a Gatan Ultrascan
1000 2k x2k CCD Camera and an EDAX Genesis
Energy-Dispersive X-Ray Spectroscopy system (EDS).
The spherical aberration coefficient for the TEM is
1.2 mm. Lattice-fringe images were taken at Scherzer
defocus (underfocus) conditions at magnifications of
59000—75000 (Vali et al., 1991; Vali and Hesse, 1992).
Lattice-fringe measurements were taken, when possible,
on sets of lattice fringes. For d values of single bilayers,
measurements were taken throughout the images on
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similar layers in order to obtain representative d values.
The d-value measurements were taken using the graphics
program CorelDRAW® X3 and calculated in
Microsoft™ EXCEL.

RESULTS AND DISCUSSION

Upton and Otay montmorillonite (<0.1 um)

The incubation of the <0.1 pm grain-size fraction of
Upton montmorillonite in octadecylammonium cations
for 20 min and for 5 days resulted in similar XRD
patterns. A sharp first-order reflection appeared at
5.02°26 (17.58 A) followed by integral reflections at
8.77 A (002), 5.83 A (003), 4.37 A (004), 3.50 A (005),
2.92 A (006), and 1.95 A (009) (Table 2).

The Otay montmorillonite <0.1 pm grain-size frac-
tion exchanged with octadecylammonium cations
showed a first-order reflection at 20.32 A in the XRD
pattern followed by nearly integral reflections at 10.39 A
(002), 6.98 A (003), 5.44 A (004), 4.36 A (005), 3.54 A
(006), and 3.07 A (007) (Table 2).

20 min octadecylammonium cation-exchange treatment
of ultrathin sections after embedding and sectioning
(method 2). Lattice-fringe images of ultrathin sections of
Upton montmorillonite after treatment with octadecyl-
ammonium cations showed thick packets or ribbons of
2:1 layer-silicate sequences with a spacing ranging
between 13 and 14 A (Figure 3a). The spacings
measured in the lattice-fringe images are different
from those obtained from the XRD pattern of the
octadecylammonium-treated sample. The 13—14 A
sequences suggest a monolayer arrangement of the
octadecylammonium cations in the interlayer space
whereas the first-order XRD reflection of 17.58 A is
typical for a bilayer arrangement (Figure 2b,c).
Lattice-fringe images of Otay montmorillonite ultra-
thin sections treated with octadecylammonium cations
showed short sequences of two to five 2:1 silicate layers
with a spacing between 13 and 14 A (white half circles),
highly expanded sequences of two to eight 2:1 silicate
layers with spacing ranging between 26 and 45 A (white
diamonds), and sequences of 2:1 silicate layers contain-
ing both low (13 to 14 A) and highly (26 to 45 A)

Table 2. XRD peaks of the octadecylammonium cation-exchanged <0.1 um grain-size fractions of Upton montmorillonite

(UM) and Otay montmorillonite (OM).

Sample Treatment 001 002 003 004 005 006 007 009
20/ A 20/ A 20/ A 20/ A 20/ A 20/ A 20/ A 20/ A
Upton octadecylammonium 5.02 / 10.08 / 15.18 / 20.30 / 2542/ 30.54 / 46.44 /
cations for 20 min 17.58 8.77 5.83 4.37 3.50 2.92 1.95
Upton octadecylammonium 5.02/ 10.08 / 15.18 / 20.30 / 2542/ 30.54 / 46.44 /
cations for 5 days 17.58 8.77 5.83 4.37 3.50 2.93 1.95
Otay octadecylammonium 434/ 8.49 / 12.66 / 16.28 / 20.34 / 25.13 / 28.97 /
cations for 20 min 20.32 10.39 6.98 5.44 4.36 3.54 3.08
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Figure 3. TEM lattice-fringe images of the ultrathin sections of Upton montmorillonite: (a) HRTEM image of an ultrathin section
after treatment for 20 min with octadecylammonium cations (method 2) with sequences of silicate layers spacings of 13—14 A;
(b) lattice-fringe images of Upton montmorillonite treated for 20 min with octadecylammonium cations before embedding in resin
(method 1). Most crystals are expanded significantly with spacings of between 21 and 26 A. Some double layers or short sequences
show 13—14 A spacings; (c—d) Lattice-fringe images of Upton montmorillonite exchanged for 5 days with octadecylammonium
cations before embedding (method 1). Most crystals show sequences with spacings of 21 —-25 A and 17—18 A. Some crystals have
short sequences with 13 to 14 A spacings.
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expanded interlayers in a random distribution
(Figure 4a—e). Lattice-fringe images also showed the
presence of short sequences composed of alternating low
(13—14 A) and highly (26—45 A) expanded 2:1 silicate
layers resembling a rectorite-like structure (Figure
4b,d,e: white star). The spacings measured using
HRTEM contrast with the results obtained by XRD.
The 20.32 A spacing observed in the XRD pattern
suggests a pseudotrimolecular arrangement of the
octadecylammonium cations (Figure 2¢). The 13—14 A
layers in lattice fringes have a monolayer structure while
the highly expanded 26—45 A sequences could be
interpreted as a paraffin-type arrangement of octadecyl-
ammonium cations (Figure 2b,e,f).

20 min octadecylammonium cation-exchange treatment
before embedding (method 1). Lattice-fringe images of
Upton montmorillonite treated with octadecylammonium
cations for 20 min before embedding mainly showed
disrupted 2:1 silicate-layer sequences. The majority of
the sequences consisted of highly expanded 2:1 silicate
layers with spacings ranging between 21 and 26 A
(Figure 3b). Some sequences showed spacings as large
as ~34 A (not illustrated in any of the figures). Other 2:1
silicate layers showed expansions of 13—14 A similar to
the spacings observed in lattice-fringe images of the
ultrathin sections treated with octadecylammonium
cations after embedding.

Five days of octadecylammonium cation-exchange treat-
ment before embedding (method 1). Lattice-fringe
images of Upton montmorillonite treated for 5 days
with octadecylammonium cations before embedding
showed highly expanded sequences of 2:1 silicate layers
with spacings of 21-25 A, short sequences with
spacings between 17 and 18 A, and minor amounts of
2:1 silicate layers with 13—14 A spacings (Figure 3c,d).
Some highly expanded sequences reached spacings of up
to 34 A. The measured d values between 17 and 18 A
were in the same range of spacings obtained from the
XRD analyses of the material exchanged with octadecyl-
ammonium cations (Table 2).

The Otay montmorillonite sample treated with
octadecylammonium cations before embedding showed
packets of highly expanded sequences of 2:1 silicate
layers with spacings ranging between 20 and 26 A
(Figure 4f).

Synthetic fluorohectorite

Lattice-fringe images of ultrathin sections of the
0.4 eq/O;0(OH), fluorohectorite treated with octadecyl-
ammonium cations after embedding and sectioning
(method 2) showed both crystals with highly expanded
21-27 A silicate layers and others with a spacing of
13-14 A (Figure 5a,b). These structures occur, in many
instances, within the same crystal (Figure 5c, d). They
resemble a rectorite-like structure if they occur in an
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alternating manner (Figure 5d: white stars). Some of the
2:1 silicate layers changed their expansion behavior
within one layer from a small spacing (13 to 14 1&) to a
large expansion (21 to 27 A) (Figure 5a,c.d: white
arrows). Some highly expanded sequences reached
spacings of up to 30 A.

Lattice-fringe images of ultrathin sections of the 0.6
eq/010(OH), fluorohectorite treated with octadecyl-
ammonium cations revealed the predominance of thick
sequences of highly expanded 2:1 silicate layers with d
values ranging between 21 and 27 A (Figure Se, f). Some
layers reached spacings of up to 30 A. In some cases,
layers with 13—14 A spacing occurred within these
highly expanded sequences (Figure 5f).

Comparison between d values obtained from XRD and
TEM treatment method 1 and 2

Upton montmorillonite exchanged with octadecyl-
ammonium cations showed a first-order reflection of
17.58 A in XRD pattern. In TEM lattice-fringe images,
the same exchanged material embedded in epoxy resin
(method 1) showed disrupted and highly expanded
packets of 2:1 silicate layers with spacings ranging
from 21 to 34 A. Similar highly expanded packets of 2:1
silicate layers were observed by Vali (1983) and Vali
and Koster (1986) for Upton montmorillonite and
hectorite (Hector, California) in lattice-fringe images
despite the slightly different pre-treatment procedure.
Those authors’ samples were also saturated with Na
before they were exchanged for only 3 h with octadecyl-
ammonium cations and embedded in epoxy resin
(Table 3).

Otay montmorillonite from the present study pre-
pared according to method 1 also showed highly
expanded sequences of 2:1 silicate layers in lattice-
fringe images (20—26 A) (Figure 4f) but only 20.32 A as
a first-order XRD reflection (Table 3). Similar discre-
pancies between XRD peak maxima and measured
stacking periodicities on HRTEM images were observed
by Malla et al. (1993) for the montmorillonite samples
SWy-1 and SAz-1 exchanged with dodecylammonium
(nc = 12) cations and embedded in Spurr resin. The XRD
patterns showed first-order reflections of 17.70 A while
lattice-fringe images showed highly expanded packets
ranging from 20 to 48 A (compare column 3 and 4 for
smectites in Table 3). The large expansion of the 2:1
silicate layers in the lattice-fringe images of material
treated with n-alkylammonium cations before embed-
ding (method 1) can be attributed to the intrusion of
epoxy resin into the interlayer spaces that were already
expanded by the intercalation of n-alkylammonium
cations (Vali and Koster, 1986; Laird er al., 1989b;
Malla et al., 1993).

Different expansion behaviors of smectite-group
minerals can be observed if the samples are treated
with n-alkylammonium cations after embedding and
cutting of ultrathin sections (method 2). For example,
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Figure 4. (a—e) HRTEM lattice-fringe images of Otay montmorillonite after treatment with octadecylammonium cations (method 2)
showing the different expanded 2:1 silicate layer sequences. Short sequences of 2:1 silicate layers with d values of 13—14 A (white
half-circles in parts a and b). Sequences with highly expanded 26—45 A silicate layers (white diamonds in parts b and c¢). Both
structures may also occur within the same crystal (b,d,e). Some crystals also contain alternating highly expanded layers (26 —45) and
13-14 A layers which resemble rectorite-like structures (white stars in parts b, d, and e). (f) Lattice-fringe images of Otay
montmorillonite treated with octadecylammonium cations before embedding in epoxy resin (method 1) showing the predominance
of disrupted, highly expanded sequences of 2:1 silicate layers with 20—26 A spacings. The different expansion behavior of the
silicate layers which are due to interlayer-charge differences can only be observed in samples prepared according to method 2.
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Figure 5. HRTEM lattice-fringe images of synthetic fluorohectorite samples with layer charges of 0.4 and 0.6 eq/O,o(OH),. The
ultrathin sections of the of 0.4 eq/O;o(OH), fluorohectorite treated according to method 2 reveal several different expanded
structures: (a) large crystals with highly expanded 2:1 silicate layers with 24—25 As acings (white diamond). Some layers show
expansions of 13—14 A.(b) Crystals that only have layers with an expansion of 13—14 A (white half circle). (c—d) Highly expanded
silicate layers (21 —-27 A) and 13—14 A layers commonly occur within the same crystal. In many cases, the alternation of these layers
generate short sequences resembling rectorite-like structures (white stars in d). The expansion behavior can also change laterally
within the same silicate layer indicating a change in layer charge (white arrows in a, ¢, and d). (e—f) Lattice-fringe images of 0.6 eq/
010(OH); fluorohectorite show crystals with highly expanded silicate layers of between 23 and 26 A.Some of these highly expanded
sequences can contain 13—14 A layers.
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g the treatment of ultrathin sections of Upton mont-
© morillonite does not result in the large expansion of
f\z the silicate layers that was observed in lattice-fringe
Sa images of the same material treated with octadecyl-
% oy N ammonium cations before embedding and cutting
5:; ;:.“3 (method 1). Lattice-fringe images showed thick
z 7 § % sequences co)f 2:1 silicate layers with a uniform expansion
M T i of 13—14 A (Figure 3a).
§ g g 3 E Lattice-fringe images of other smectite-group miner-
i 5 ‘i L als such as Otay montmorillonite or synthetic fluoro-
= > 2 2 = hectorite showed sequences of highly expanded 2:1
o = E silicate layers (26—4015 A) and sequences with an
‘g ;‘i = g expansion of 13—14 A (Figures 4a—e, 5a—d; Table 3,
'gm: % § column 5). Both layer types also occurred frequently
S & - within the same crystal in short alternating sequences
§§ 3 gg that resemble rectorite-like structures (Figures 4b,d,e,
f E< = @ﬁ SC,d:Owhite stars). Instead of containing non-expanded
Oot :. ot 2 - ~10 A double layers as in rectorite, however, the double
'§ 52 x g % layers in the Otay montmorillonite and the fluorohector-
E a‘ E 8‘ § = ite are silicate layers with a spacing of 13—14 A.
X What is the reason for these differences? Why did
‘“i :; Upton montmorillonite only show sequences of 13—14 A
§y§ in lattice-fringe images while Otay montmorillonite
%A showed both 13—14 A and highly expanded structures
_ :n:m of 26—45 A? What caused the difference in the spacings
| S §§ obtained from XRD analyses and those measured in
2 |z o HRTEM lattice-fringe images?
< .
: UN; Lc:né The 13—14 A silicate layers in lattice-fringe images
5 | A 8 ; (method 2)
® g 5 4 A possible reason for the discrepancy between
I =S & spacings obtained from XRD for Upton montmorillonite
é‘f Tﬁ@“ 8 (17.58 10\) and those measured in lattice-fringe images
T ~ oz TR § (13—14 A and 26-45 A) was the different treatment
§ S §?§ methods (methods 1 and 2). The expansion behavior of
Q %% é smectite-group minerals in ultrathin sections treated
5 % L; with octadecylammonium cations depends essentially on
g £ _0;3 the level of the layer charges. Based on XRD analyses,
_QOQM ] the transition from a monolayer (~13.6 A) to a bilayer
g = arrangement is achieved if the layer charge of the 2:1
g § =) layer silicate is >0.24/0,o(OH), (Maes et al., 1979).
- 2 :’ I Upton montmorillonite has an average interlayer
. :‘.’i_ o ”AS = charge of 0.36/0,¢o(OH), and the bila)ofer arrangement
3 d—%?,q 2 2 " of octadecylammonium cations (17.58 A) was achieved
< %S S %Tﬁ § both in a 20 min and a 5-day exchange process for XRD
z & :N“%“ E: samples (Table 2). The evaluation of the XRD patterns
E % 2 E alone would suggest that the time period of the exchange
g L ZE treatment does not have an influence on the arrangement
2 gol_; g of octadecylammonium cations in the interlayer space.
§ §n E i_:: 2 However, evaluation of the HRTEM lattice-fringe
R :’j 3 images of the sample treated for 20 min and for 5 days
R = 'é n 2 é:‘é with octadecylammonium cations before the embedding
2 %‘ = E G338 (method 1) suggested that time did indeed play a role.
£ B Jga 28 L Both samples showed the predominance of disrupted
% % .g R ‘;] ; = highly expanded sequences \:vith 21 to 34 A spacings that
St E %: %: 2 ™ ”U were originally 17—18 A structures with bilayer
[ wnlzz MRS arrangement before the intrusion of resin into the
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interlayer space during the embedding. The ‘20 min’
sample (method 1) also contains minor amounts of
double layers and short sequences with an expansion of
13 to 14 A (Figure 3b, Table 3).

The sample exchanged for 5 days (method 1), in
addition to highly expanded sequences, also showed
silicate layers with spacings of 17—18 A and only very
few silicate layers with expansions of 13—14 A (Figure
3c,d). The silicate layers with spacings of 13—14 A and
17—18 A in both the 20 min’ and the ‘5 day’ samples
did not experience additional intrusion of the embedding
resin. The presence of the 13—14 A layers in the lattice-
fringe images of the ‘20 min’ sample suggests that the
time of 20 min was not sufficiently long to completely
form a bilayer arrangement in the very low-charge 2:1
silicate-layer sequences. However, a bilayer arrange-
ment of the octadecylammonium cations in the lower-
charge interlayers was achieved after a 5 day exchange
period, which is shown by the 17—18 A layers in the
lattice-fringe images (Figure 3c,d). The minor amount of
13—-14 A layers that were still observable in lattice-
fringe images of the ‘5 day’ sample probably originated
from silicate layers with a charge of <0.24/0,o(OH), as
a transition from monolayer to bilayer is only achieved
by charges >0.24/0,o(OH), (Maes et al., 1979).

The short time period of 20 min for the octadecyl-
ammonium cation-exchange treatment of ultrathin sec-
tions (method 2) of Upton montmorillonite could have
been one reason why lattice-fringe images only showed
sequences with a spacing of 13 to 14 A (Figure 3a). The
layer charges were simply not high enough to achieve
greater expansion during the short exchange period. The
possibility that a bilayer arrangement (17—18 10\) of the
octadecylammonium cations could have been achieved if
the exchange time for method 2 was extended to 5 days
was tested. Large crystals of octadecylammonium salts
form everywhere on the TEM copper grid during this long
exchange time and cover the ultrathin sections of the clay
minerals, however, which makes it impossible to inves-
tigate the layer structure in TEM. An intensive washing
procedure with ethanol in order to remove the octadecyl-
ammonium salts as was done for the XRD sample
materials was not an option because the ethanol would
have destroyed the epoxy ultrathin sections that contain
the clay minerals on the TEM grids. The gentle washing
of the TEM grids with preheated distilled water (method
2) in a Petri dish works reasonably well for removing
excess octadecylammonium solution from the surface of
the ultrathin sections that were exchanged for 20 min but
not for ultrathin sections on TEM grids that were
exchanged for 5 days.

Exchange kinetics may play a role for samples
prepared according to method 2 but the interlayer
charges also have an influence on the expansion
behavior. While Upton montmorillonite only shows
sequences with 13-14 A layers, Otay montmorillonite
ultrathin sections treated with octadecylammonium
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cations (method 2) showed both highly expanded silicate
layers (26—45 A) and layers with spacings of 13—14 A
within the same crystal (Figure 4a—e). Otay mont-
morillonite is a smectite-group mineral with a hetero-
geneous interlayer charge distribution ranging between
0.38 and 0.62 eq/O19(OH), (Schultz, 1969; Hetzel and
Doner, 1993). The occurrence of sequences that contain
both layer types illustrates the presence of differently
charged 2:1 silicate layers within the same crystal.

The same material treated with octadecylammonium
cations before the resin impregnation, however, showed
lattice-fringe images of highly expanded sequences of
2:1 silicate layers with spacings ranging from 20 to 26 A
(Figure 4f). No significant spacing differences (inter-
layer-charge heterogeneities), either laterally or in the
stacking direction, were observed in Otay montmorillon-
ite crystals prepared using method 1. The interlayer-
charge heterogeneities that are revealed in lattice-fringe
images from octadecylammonium cation-exchanged
ultrathin sections (method 2) cannot be seen in these
images (Figure 4a—e,f).

The lattice-fringe images from the different embed-
ding and octadecylammonium cation treatment methods
for the Upton and Otay montmorillonite as well as the
data from Vali and Koster (1986) and Malla et al. (1993)
confirmed that smectite-group minerals treated with
n-alkylammonium cations before embedding in epoxy
resin (method 1) will appear mainly as highly expanded
sequences of 2:1 silicate layers, due to the additional
incorporation of resin molecules into the interlayer space
(Table 3, columns 2 and 4). The evaluation of such
lattice-fringe images would, therefore, lead to an
incorrect interpretation of the interlayer charge proper-
ties of members of this 2:1 layer silicate group, if the
effects of sample treatment were not taken into
consideration.

The highly expanded 2:1 silicate layers in lattice-fringe
images (method 2)

The question that has to be answered next is the
discrepancy between the relatively large expansions of
26—45 A observed in lattice-fringe images of the Otay
montmorillonite prepared according to method 2 and the
spacing of 20.32 A obtained from the XRD pattern
(Table 2, Figure 4b—e; Table 3, columns 3, 5). The
difference in the values can be explained by the different
preparation techniques. In method 2, the clay minerals
were embedded without pre-treatment (Figure 1) and
therefore the intrusion of epoxy resin into the interlayer
space of the Otay montmorillonite silicate layers
sequences was less likely, which contrasts with the
smectite-group minerals that were treated with octadecyl-
ammonium cations before embedding (method 1).

Observations by TEM showed that clay-mineral
aggregates were engulfed by resin during the embedding
process (method 2) and only some clay minerals on the
outsides of the particles were affected by resin
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infiltration, not crystals in the interior parts of larger
crystal aggregates. During the treatment procedure of the
ultrathin sections on the TEM grids, the exchangeable
inorganic interlayer cations are replaced by n-alkyl-
ammonium cations which expand the 2:1 clay-mineral
structures according to their layer charges. After this
exchange reaction, additional pairs of n-alkylammonium
cations can enter the interlayer space and are held there
through van der Waals interactions (Lee and Kim, 2002;
He et al., 2004). The gentle washing process of the TEM
grid with the ultrathin sections in preheated distilled
water did not completely remove all excess n-alkyl-
ammonium molecules from the interlayer space. The use
of ethanol for the washing was not an option for carbon-
coated TEM grids that contain ultrathin sections of clay
minerals in Epon epoxy resin, because the ethanol would
destroy the carbon film and the epoxy resin.

Additional incorporation of n-alkylammonium
cations into the interlayers of 2:1 silicate layers holding
a certain threshold interlayer charge could be a reason-
able explanation for the observed high expansion. This
conclusion was supported by a study of Lee and Kim
(2002) who investigated the effect of different concen-
trations of hexadecyltrimethylammonium (HDTMA)
solutions on the expansion behavior of smectite-group
minerals. The XRD patterns of their study showed first-
order reflections of 27.6 and 40.5 A for smectite-group
minerals treated with a 0.01 M HDTMA solution that
had a concentration equivalent to 1.5—2.5 times the
cation exchange capacity (CEC) of the sample
(104.3 meq/100 g). Additional incorporation of
HDTMA molecules in the interlayer space and subse-
quent expansion up to 40 A occurs through hydrophobic
bonding if the alkylammonium molecule concentration
increases beyond the CEC of the material (figures 2a,
10d of Lee and Kim, 2002).

Otay montmorillonite has a CEC of 121.0 meq/100 g
(Maes and Cremers, 1977). The octadecylammonium
hydrochloride solution used in the present study had a
concentration of 0.025 M. The highest concentration of
HDTMA used by Lee and Kim (2002) was close to 0.01 M
and caused interlayer expansions of >40 A. This concentra-
tion was still 0.015 M less than the concentration of the
octadecylammonium solution (0.025 M) used in the present
study. In the light of these results, the high concentration of
the exchange solution in the present study probably caused
the additional incorporation of octadecylammonium mole-
cules into the interlayer space, generating the highly
expanded (26—45 A) 2:1 silicate layers. The arrangement
of the octadecylammonium cations in the interlayer space is
not known. They may be aligned in a dense paraffin-like
arrangement in double layers (Lagaly, 1981; He et al,
2004) or in a less dense irregular paraffin-type configuration
as proposed by Lee and Kim (2002) (Figure 6b,c).

The question now arises as to why the XRD pattern of
the octadecylammonium cation-exchanged Otay mont-
morillonite did not show these large expansions that were
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described for the smectite-group minerals used in the
study of Lee and Kim (2002)? The difference was due to
the different washing procedures used by Lee and Kim
and in the present study. Their samples were washed only
once with distilled water, whereas the octadecyl-
ammonium cation-exchanged samples of this study were
washed up to 20 times with 100% ethanol before XRD
analyses with the purpose of removing the excess
n-alkylammonium molecules. On the other side, the
gentle washing procedure of the TEM grids with the
ultrathin sections after the octadecylammonium exchange
treatment (method 2) in preheated distilled water, as used
in this study, was indeed comparable to the “one-time”
washing procedure of Lee and Kim (2002). This, however,
was not sufficient to remove all excess n-alkylammonium
molecules from the interlayer space and led to the
observed highly expanded 2:1 silicate layers.

These findings showed once again that the arrange-
ment of the alkylammonium cations within the 2:1 layer
silicate interlayers depends upon the magnitude of the
layer charge, the charge density, the concentration of the
exchange solution, and the washing procedure (Lagaly
and Weiss, 1969, 1970c; Lagaly, 1981, 1994; Lee and
Kim, 2002).

As little about the washing procedure of the TEM
grids with the ultrathin sections in preheated distilled
water can be changed, future studies should test whether
the excess incorporation of alkylammonium cations into
the interlayer space of clay minerals prepared according
to method 2 could be prevented by using lower
concentrations of octadecylammonium cation exchange
solutions. The solutions that should be tested in future
studies should have concentrations of 0.01 M, 0.005 M,
0.0025 M, and 0.0001 M or even lower. Ultrathin
sections (microtome sections) of one higher-charge
smectite-group mineral, e.g. Otay montmorillonite,
should be treated with these exchange-solution concen-
trations according to method 2. Lattice-fringe images of
these samples will then show how the interlayer spacing
is influenced by the concentration of the octadecyl-
ammonium exchange solution.

At what interlayer-charge threshold does the additional
incorporation of n-alkylammonium cations in the
interlayer space of smectite-group minerals occur?

The average interlayer charge for Upton mont-
morillonite is 0.36 eq/O;9(OH), (Table 3). Lattice-fringe
images of this sample showed only thick sequences with
spacings of 13—14 A. In contrast, the interlayer charges
for Otay montmorillonite range from 0.38 to 0.62 eq/
019(OH), which is reflected in the different spacings
observed in the lattice-fringe images (Figure 4b—e,
Table 3). The minimum charge of 0.38 eq/O;o(OH),
probably corresponded to the limit for the 13—14 A
expansion.

Synthetically produced fluorohectorite with known
interlayer charges was chosen in order to estimate the
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charge at which smectite 2:1 silicate layers in ultrathin
sections showed large expansions after the treatment
with octadecylammonium cations. Lattice-fringe images
of the 0.4 eq/O;o(OH), fluorohectorite also showed
crystals both with highly expanded (21—30 A) and less
expanded (13—14 /0\) 2:1 silicate layers (Figure S5a,b).
Numerous fluorohectorite (0.4 eq/O;o(OH),) crystals
also have rectorite-like sequences with alternating
highly expanded 2:1 silicate layers (21—27 A) and
13-14 A layers (Figure 5c,d). The occurrence of such
rectorite-like sequences was assumed by Breu et al.
(2001) in a synthetic fluorohectorite with an average
interlayer charge of 0.5 eq/O,o(OH),. The XRD patterns
of the fluorohectorite (0.5 eq/O;o(OH),) treated with
n-alkylammonium cations suggest a certain amount of
regular interstratification of an Rl-ordered structure
containing monolayers and bilayers of n-alkyl-
ammonium cations (figure 10 in Breu et al., 2001).

The expansion behavior of the 0.4 eq/O;o(OH),
fluorohectorite crystallites suggested that not all crystals
have the same interlayer-charge values. The charge
values even differ within the same crystal, as shown by
sequences containing both 13—14 A and highly
expanded 2:1 layers which are similar to the Otay
montmorillonite. Therefore, the interlayer charge of 0.4
€q/0,o(OH), for the fluorohectorite must be interpreted
as an average value.

The proportion of highly expanded sequences of 2:1
silicate layers increases in lattice-fringe images of
smectite-group minerals if the interlayer charge
increases beyond 0.4 eq/O;9(OH), as observed in images
of the more highly charged fluorohectorite (0.6 eq/
019(OH),). It showed crystals with highly expanded 2:1
silicate layers (Figure 5e, f). Some silicate layers with a
monolayer arrangement (13—14 A) also occurred within
these sequences, but less frequently than in the lower-
charge fluorohectorite (0.4 eq/O;o(OH),) (Figure 5f).
These observations showed that even high-charge
smectite-group minerals still contain some 2:1 silicate
layers with low interlayer charges of <0.4 eq/O;o(OH),.

From the expansion behavior of the synthetic
fluorohectorite, the Upton montmorillonite, and the

Figure 6. Models showing a smectite-group mineral with
heterogeneous charge distribution before (a) and after (b)
treatment with octadecylammonium cations (not to scale). This
model illustrates the observations made in lattice-fringe images
of Otay Montmorillonite and synthetic fluorohectorite
(method 2). The 2:1 silicate layers with spacings of 13—14 A
are interpreted to have a monolayer arrangement of the
octadecylammonium cations. The sequences with highly
expanded 2:1 silicate layers can have a double-layer paraffin-
like arrangement or may form some sort of irregular arrange-
ment of the octadecylammonium cations as shown in model (c)
(Lee and Kim, 2002). Diagrams (a) and (b) are modifications of
original drawings by Lagaly and Weiss (1969, 1970a, 1970b,
1970c), Lagaly (1981), and Vali et al. (1994).
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Otay montmorillonite, the critical interlayer charge at
which the silicate layers become highly expanded 2:1
silicate layers in the ultrathin sections is probably ~0.40
€q/019(OH), with a minimum value of 0.38 ¢q/O;c(OH),
which is the lower value of the interlayer-charge range
of the Otay montmorillonite (Table 3).

The fact that the Upton montmorillonite consists of
sequences of 13—14 A silicate layers in lattice-fringe
images suggests that the layer charges are below the
threshold of 0.38—0.40 eq/O;9(OH), in order to develop
expansions as in Otay montmorillonite or fluorohector-
ite.

The treatment of smectite-group minerals with
octadecylammonium cations after preparation of the
ultrathin sections (method 2) not only prevented dis-
integration of the primary arrangement of layers and
additional expansion from infiltration of resin into the
alkylammonium-expanded interlayer space of 2:1 layer
silicates as suggested by Sears et al. (1998), it also
allowed the distinction between differently charged 2:1
silicate layers within the same crystal. This treatment
method illustrated well the differences in interlayer
charges from layer to layer within the crystals. It made
charge heterogeneities visible that occur within the same
2:1 silicate layer (Figure 5c,d: white arrows).

Reference samples vs. sample AD-D50 2035 m

Lattice-fringe images of the octadecylammonium
cation-exchanged <0.1 pm size fraction of sample AD-
D50 (2035 m) showed expanded structures of smectite-
group minerals that are similar to those observed in
lattice-fringe images of Otay montmorillonite and the
synthetic fluorohectorite. The sample contained both
smectite crystals that have highly expanded 2:1 silicate
layers (white diamonds) ranging from 22 to 27 A
(maximum values up to 33 A) and short sequences of
silicate layers with an expansion between 13 and 14 A
(white half circles, Figure 7a,b). Both layer types
occurred within the same crystal in random distribution
but could also be observed as short rectorite-like
sequences (Figure 7b). Minor amounts of illite packets
(I) with 3—6 non-expanded ~10 A layers also occur
between smectite-group minerals (Figure 7a).

The observations made in lattice-fringe images from
Otay montmorillonite, the synthetic fluorohectorite, and
the sample AD-D50 (2035 m) suggest that crystals of
smectite-group minerals may have, like rectorite, polar
2:1 silicate layers (Lagaly, 1979; Ahn and Peacor, 1986;
Giiven, 1991; Vali et al., 1994). In rectorite, one of the
tetrahedral sheets in the 2:1 silicate layers has a low
charge and one a high charge. The low-charge layers in
rectorite have a beidellite-like composition. Beidellite is
a dioctahedral smectite-group mineral in which the
majority of the interlayer charges originate from the
tetrahedral sheets due to isomorphous substitution of
Si** by AI*". The interlayer charges in the dioctahedral
smectite mineral, montmorillonite, however, originates

Schumann, Hesse, Sears, and Vali

Clays and Clay Minerals
mainly from isomorphous substitution of trivalent (AL*",
Fe*") by divalent cations (Fe**, Mg?") in the octahedral
sheet. This charge can increase by reduction of Fe** to
Fe®* or decrease by oxidation of Fe** to Fe*". The
synthetic fluorohectorite is a trioctahedral smectite in
which the charge originates from the octahedral sheet
due to isomorphous substitution of Mg?" by Li". The
rectorite-like appearance of 2:1 silicate layers in lattice-
fringe images of Otay montmorillonite and synthetic
fluorohectorite is, therefore, probably due to the hetero-
geneity of the occupancy in the octahedral sheets which
causes a dissymmetry of the charges on the basal
surfaces (interlayers) of the 2:1 silicate layers.

The fact that smectite-group minerals show rectorite-
like expansion behavior in lattice-fringe images is an
important finding for the characterization of clay-
mineral assemblages that were previously interpreted
to contain mixed-layer illite-smectite clay minerals (e.g.
Abid et al., 2004).

Rectorite-like, R1-ordered I-S structures, for exam-
ple, were described from lattice-fringe images in studies
by Vali et al. (1993) (their figure 4a—c), Sears et al.
(1998) (their figure 6b), and Sears (2001). A reevalua-
tion of the lattice-fringe images from those studies in
light of present findings concluded that many of those
R1-ordered structures are in fact smectite-group crystals
with short sequences of alternating low-charge and high-
charge silicate layers rather than I[-S phases with
expanded smectite layers and non-expanded (10 /0\) illite
double layers. They are smectite crystals with charge
heterogeneities in the tetrahedral or octahedral sheets
that cause a rectorite-like expansion behavior.

SUMMARY AND CONCLUSIONS

Alkylammonium cation exchange on ultrathin sec-
tions of smectite-group minerals and their subsequent
examination using HRTEM can reveal layer-to-layer
charge heterogeneities within crystals or even within the
same 2:1 silicate layer. The treatment of the ultrathin
sections with octadecylammonium cations after embed-
ding in epoxy resin (method 2) made charge-density
heterogeneities visible that could not be observed if the
samples were treated with octadecylammonium cations
before embedding (method 1). Treatment of the smec-
tite-group minerals with octadecylammonium cations
before resin impregnation expanded the 2:1 silicate
layers and facilitated the intrusion of embedding resin
into the interlayer space. This led to additional expan-
sion and layer-sequence disintegration. Such charge
heterogeneities within single smectite crystals, revealed
by HRTEM imaging of ultrathin sections (method 2),
were not revealed in XRD patterns.

The treatment of smectite-group minerals with
octadecylammonium cations after ultrathin-section pre-
paration (method 2) prevented disintegration of the
primary layer arrangement and the additional expansion
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Figure 7. HRTEM lattice-fringe images of the octadecylammonium-exchanged <0.1 pm size fraction of sample AD D-50 (2035 m)
showing smectite crystal aggregates with an expansion behavior that is similar to those observed in Otay montmorillonite and
synthetic fluorohectorite. (a—b) Sequences of highly expanded (white diamonds) 2:1 silicate layers of smectite phases with 22—27 A
spacings. Sequences of low-charge smectite layers (13—14 A) occur as separate phases or within high-charge smectite crystals
(white half circles). Alternating low-charge and high-charge layers (white stars). Note the presence of minor amounts of authigenic
illite (I) with spacings of 10—11 Ain image (a) that grow between the smectite-group mineral crystals.

due to resin infiltration into alkylammonium-expanded
interlayers.

Smectite-group minerals with layer charges <0.38 eq/
019(OH), had spacings of 13—14 A in lattice-fringe
images, while silicate layers with >0.38 eq/O;o(OH),
showed spacings between 26 and 45 A. Smectite crystals

can also contain short sequences of highly-expanded
(higher-charge) silicate layers that alternate with
13—14 A silicate layers (lower charge) and resemble
rectorite-like structures. This demonstrates that smectite-
group minerals, similar to rectorite, may have alternating
low- and high-charge 2:1 silicate layers. This finding is
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important for a correct interpretation of lattice-fringe
images of clay-mineral assemblages that were previously
thought to contain mixed-layer illite-smectite minerals.

Knowledge of the expansion behavior of 2:1 layer
silicates, such as smectite-group minerals with a range of
layer charge, can be used to distinguish the minerals in
the clay-mineral assemblages from argillaceous rocks of
sedimentary basins, soils, or in hydrothermal alteration
zones. For example, smaller crystallites of vermiculite
with no non-expanded and only highly expanded silicate
layers are difficult to differentiate in clay-mineral
assemblages from high-charge smectite-group minerals
due to their similarity in lattice-fringe images. However,
high-charge smectite-group crystals might also contain
lower-charge 2:1 silicate layers due to charge hetero-
geneities. Thus, the existence of 13—14 A layers within
a highly expanded 2:1 silicate layer sequence indicates a
high-charge smectite-group mineral with some low-
charge layers. In contrast, unexpanded 2:1 silicate layers
in vermiculite crystals with 9.3—-10.5 A spacings can be
distinguished easily from the 13—14 A layers that can
occur in high-charge smectite-group minerals.

The results of this study also suggest that the
discrepancies between d values measured in lattice-
fringe images and those obtained from XRD analyses are
related to HRTEM and XRD sample-preparation meth-
ods. Highly-expanded 2:1 silicate layers observed in
lattice-fringe images of high-charge smectite-group
minerals are caused by additional n-alkylammonium
cations incorporated into the interlayers.
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Spectroscopic Methods in Mineralogy and Materials
Sciences. Grant S. Henderson, Daniel R. Neuville, and
Robert T. Downs, editors. Reviews in Mineralogy and
Geochemistry v. 78, Mineralogical Society of America
and the Geochemical Society, Chantilly, VA, ISBN 978-
0-939950-84-3. Price: $50.

Spectroscopic analysis is a powerful tool for analyz-
ing the composition and structure of materials. Some
spectroscopic methods, such as powder X-ray diffracto-
metry, are widely used in the earth sciences, whereas
others are more specialized and their use is confined to a
smaller number of laboratories. An understanding of
spectroscopic methods is critical to 21st century
researchers in mineralogy, petrology, geochemistry,
and related fields, as they produce most of the data
underpinning the current understanding of geomaterials.

The application of various spectroscopic methods to
geologic materials was previously covered in volume 18
of ‘Reviews in Mineralogy and Geochemistry’ (RiMG),
published in 1988. The underlying theory has not
changed in the 26 intervening years, and the older
volume can still be consulted profitably for that
information; however, the practical use of many
techniques has changed dramatically since that time.
Technological advances in instrumentation have
improved the reliability, reproducibility, resolution,
and detection limits of many techniques, while improve-
ments in computer equipment and control software have
increased ease of use and of data collection, storage,
analysis, and sharing. The increased availability of very
bright synchrotron radiation sources has expanded the
sensitivity of established techniques such as infrared
spectroscopy and X-ray diffractometry, and has per-
mitted in situ monitoring of experiments in real time.
Newer analytical methods have also been adopted
profitably for application to earth materials. The
intention of this new RiMG volume is to present both
updated information on techniques covered in the
previous volume, and descriptions of newer techniques
that are not currently as well known. This is a massive
undertaking, and the editors are to be commended for
producing such a valuable work for earth scientists.

The 19 chapters in this book cover X-ray diffracto-
metry, X-ray absorption fine structure and near-edge
spectroscopy, X-ray photoelectron spectroscopy, Fourier
transform infrared spectroscopy, nuclear magnetic
resonance spectroscopy, electron paramagnetic reso-
nance spectroscopy, optical spectroscopy, Brillouin
scattering, Raman and X-ray Raman, and luminescence
spectroscopy. Additional chapters discuss remote sen-
sing spectroscopic techniques, transmission electron and

atomic force microscopy, sampling errors, theoretical
modeling, and in situ spectroscopy of high-pressure and
high-temperature experiments. Many of the chapters
discuss techniques that were also covered in the
previous volume, and these focus mostly on develop-
ments since that time, but all chapters provide at least
some theoretical background.

One particular factor that has changed dramatically
since 1988 is the wide availability of powerful computing
resources and of specialized software for data processing,
theoretical modeling, and the management of very large
datasets (i.e. datacubes). This has expanded tremendously
the capability to make full use of modern analytical
instruments and the torrents of data they often produce. It
has also allowed the development of advanced computa-
tional modeling techniques such as those discussed in
depth by Jahn and Kowalski in chapter 17 of this volume,
and more briefly in other chapters.

Researchers familiar with the techniques described in
various chapters will find them to be excellent resources
for training students. The great usefulness of most of the
chapters in this book is that they include not only good
descriptions of the theoretical principles underlying the
techniques and their specific usefulness, with examples
of recent applications to geologically interesting pro-
blems, but also valuable practical tips from experienced
users on how to obtain the best results. The chapters on
techniques with which this reviewer is familiar with are
clearly written and very readable, particularly the
chapter by Newville on Fundamentals of XAFS and
that by Henderson, de Groot, and Moulton on XANES.
Among the many other well written and informative
chapters in this book, chapter 12 by Hofmeister may be
of the greatest general value in training students to use
laboratory analytical techniques. It discusses the various
sources of error in infrared and ultraviolet spectroscopic
measurements and how they must be considered in
different applications, with several specific examples of
past issues and how they have been or might be
resolved. Even when IR or UV spectroscopy are not
specifically being used, this chapter should be tremen-
dously useful reading for those students who tend to
think of a laboratory instrument as a magical box that
tells only perfect truth.

The book is generally well edited, and although
certain chapters suffer from more typographical errors
than others, there are few for such a large volume. As of
this writing, one erratum is posted on the Mineralogical
Society of America website, a correction to Figure 14 in
chapter 13 (Advances in Raman Spectroscopy).

This book will be very valuable to the student who
needs to learn new techniques, to the researcher who
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may wish to understand more about unfamiliar methods,
and to anyone training new users of these techniques. It
will be an excellent companion volume to RiMG v. 18,
and deserves a place in the row of white volumes on the
shelf of every geochemist, petrologist, and mineralogist.
LESLIE BAKER

University of Idaho

The Geochemistry of Geologic CO, Sequestration.
Reviews in Mineralogy and Geochemistry v. 77,
Mineralogical Society of America and the
Geochemical Society, Chantilly, VA, ISBN 978-0-
939950-92-8. Price: $40.

If we continue our business-as-usual greenhouse
emissions, our species will need to sequester (i.e.
prevent from reaching the atmosphere) trillions of tons
of carbon dioxide over the next 100 years if we are to
avoid dangerous climate change. The Geochemistry of
Geologic CO, Sequestration collects together the under-
pinning science of CO, storage in underground rock
formations in 15 chapters. As you might expect from the
RiMG series, this volume focuses on the molecular and
pore-scale processes occurring in a CO, reservoir. One
hundred pages were dedicated to a comprehensive
review of the kinetic and thermodynamic properties of
CO,—H,0O-mineral interaction in high-pressure systems
(chapters 3, 4, and 5). Chapter 3 is a formidable review
of carbonate mineral thermodynamics in which citations
from the 1970s (e.g. the classic work of Robie and
Hemingway) are interspersed with recent work on more
exotic carbonate minerals. Chapter 3 is an excellent
summary of brine—CO, interaction, which is a critical

Book reviews 355

factor in evaluating the storage capacity of a reservoir,
but which lacks fundamental experimental data.

This leads neatly to the state-of-the-art geochemical
modeling currently employed to describe these environ-
ments, and attempts to connect the pore-scale processes
(chapter 8), with the larger-scale rheology of a CO,
storage formation (chapter 12). A contribution by Bickel
et al. (chapter 2) presents some of the natural analogs of
underground CO, storage, including methods of mon-
itoring and quantifying leakage from these systems.
Power et al. (chapter 9) present a summary of carbon
mineralization, an alternative pathway to sequestration
involving the chemical transformation of CO, into
carbonate minerals.

The widespread acceptance of underground carbon
sequestration for climate change mitigation is presently
held back by uncertainties in the capacity and longevity
of the storage reservoirs. While this book discusses
contemporary investigations of these, including a
section on cap-rock fracture (chapter 13), the natural
examples of leaking CO,-rich aquifers (chapter 2), and
the relative and time-dependent contribution of physical
and chemical trapping (throughout), there are no over-
arching conclusions or normative statements that might
decrease this uncertainty. These uncertainties, of course,
can only be resolved by reservoir-specific studies, and it
is probably too much to ask of this volume. I would
encourage anyone with interests in CO, sequestration to
acquire a copy of this book as it is likely that CO,
reservoir engineers of the future will call heavily upon it
as a standard reference text.

PuiL RENFORTH
Cardiff University, UK
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