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Abstract: Alkali feldspars with diffuse reflections that violate C-centering symmetry were reported in
Na-bearing adularia, orthoclase and microcline. TEM results indicate elongated nano-precipitates
with intermediate composition of KNa(SigAly)O1¢ cause the diffuse reflections. Density functional
theory (DFT) calculation indicates ordered distribution of K and Na atoms in the nano-phase with Pa
symmetry. K and Na atoms are slightly off special positions for K atoms in the orthoclase structure.
Formation of the intermediate nano-phase may lower the interface energy between the nano-phase
and the host orthoclase. Previously reported P2;/a symmetry was resulted from an artifact of
overlapped diffraction spots from the nano-precipitates (Pa) and host orthoclase (C2/m). Adularia,
orthoclase and microcline with the Pa nano-precipitates indicate very slow cooling of their host rocks
at low temperature.

Keywords: adularia; orthoclase; microcline; primitive alkali feldspar; non-centric symmetry; XRD;
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1. Introduction

Adularias are hydrothermal K-rich feldspars that display a dominant {110} crystallographic
form. Some adularia crystals display diffuse diffractions that violate C-centering symmetry [1-4].
Similar diffuse diffractions were also observed in K-feldspar lamellae in orthoclase and microcline
(~Orgp) from two granites [5]. The mechanism for the cause of the diffuse diffractions was not well
understood. A common explanation is that nano-scale domains with P2;/a symmetry are related by
APBs (or out-of-phase domain boundaries) [3,6]. Tweed pattern was also observed in the adularia [7,8].
It was suggested domains related by P2;/a symmetry causes the diffuse diffractions that violate
C-centering [8]. However, Smith [9] proposed that domains violating C-centering are very small
(nano-meter scale) within the adularia host. Only the very small phases/precipitates contribute to the
diffuse diffractions. A crystal structure with P2;/a symmetry was proposed but was not determined [9].
Smith and Brown [10] suggested that “such adularias should be restudied by optics, X-rays, microprobe
and TEM as they are quite different from orthoclase.” In this paper, we provide both structural and
textural information about the adularia using TEM, X-ray diffraction and density functional theory
(DFT) calculation.

2. Sample and Experimental Methods

A gem quality adularia single crystal (a collection the Department of Earth and Planetary
Sciences, Johns Hopkins University) from St. Gotthard of Switzerland was selected for TEM and
XRD studies. Similar samples from the same locality were studied by Laves and Goldsmith [6],
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Smith and MacKenzie [1], Coville and Ribbe [3] and Phillips and Ribbe [4]. TEM samples were
prepared by depositing a suspension of a crushed small grain on a holey carbon grid. TEM imaging,
X-ray energy-dispersive spectroscopy (EDS) and selected-area electron diffraction (SAED) analyses
were carried out using a Philips CM200-UT microscope equipped with a GE light element and
energy-dispersive X-ray spectroscopy (EDS) at the Materials Science Center at the University of
Wisconsin-Madison operated at 200 kV. Chemical analyses were obtained using the EDS (spot size
5 with a beam diameter of ~100 nm). Quantitative EDS results were obtained using experimentally
determined k-factors from standards of albite, anorthite, orthoclase and labradorite [11].

Powder XRD patterns were collected using a Rigaku Rapid II XRD system (Mo-K« radiation) in
the Geoscience Department at the University of Wisconsin-Madison. Diffraction data were recorded
on a 2-D image-plate detector. The original 2-D diffraction rings were then converted to produce
conventional 20 vs. intensity patterns using Rigaku’s 2DP software. The unit cell parameters at room
temperature were determined by the Rietveld method using the Jade 9 software. A pseudo-Voigt
function was used for fitting the peak profiles.

The single-crystal X-ray diffraction data were collected on a Bruker Quazar APEXII diffractometer
with MoKox IuS source at 100 K. Four w runs and 1 ¢ run were programmed with a scan width of 0.5°
and a 30 s exposure time. The instrument was running at power of 50 kV and 0.6 mA. The detector
was set at a distance of 5 cm from the crystal. Data were indexed on a primitive cell and the unit cell
parameters constrained to monoclinic symmetry were refined with the APEXII software.

DFT calculations were run on the Vienna Ab initio Simulation Package (VASP) using the generalized
gradient approximation functional with Perdew, Burke and Ernzerhof (PBE) parameters [12-15].
Pseudopotentials derived by the projector augmented wave method were used with an energy cut off
of 450 eV. A 4 X 2 x 4 k-point mesh was used along with Gaussian smearing and a 0.2 eV sigma value.
Initial structures were based on a monoclinic unit cell with space group Pa. Both cell volume and shape
were allowed to fully relax. Microcline and albite structures were run using a triclinic structure as a
reference for the intermediary phases.

3. Results and Discussions

A [001] zone-axis selected-area electron diffraction (SAED) pattern shows streaking of main
reflections along a* and b* directions (Figure 1, inserted SAED and FFT patterns). Diffuse diffractions
that violate C-centering are not obvious in hk0 reflections. Multi-beam bright-field TEM image shows a
tweed pattern (Figure 1). A similar texture was observed by McConnell [8]. Nano-precipitates are not
obvious in the image along the [001] direction. X-ray EDS spectra show the bulk adularia contains small
amounts of Na (ranging from ~Abg to ~Ab14) and trace amounts of Ba (~Cng ;) (Supplementary Figure
S1). A [100] zone axis SAED pattern and precession image from XRD show some diffuse diffractions
along the b* direction (see the areas indicated by arrows in Figure 2). A [210] zone-axis SAED pattern
clearly shows diffuse diffractions that violate the C-centering lattice (Figure 3, inserted SAED pattern).
Dark-field TEM image using a relatively strong diffuse reflection shows needle-like precipitates in the
adularia (Figure 3). The needle-like nano-precipitates are about 10 to 30 nm long along the c-axis and
about 1-3 nm wide perpendicular to the c-axis. There are about 20 vol.% of precipitates in the host.
The dark-field image shows that only needle-like precipitates contribute to the diffuse diffractions,
instead of proposed APB-like domains [3] or boundary area in the tweed texture [7,8].
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Figure 1. TEM image showing tweed texture due to domains related by Albite-twin and Pericline twins.
Average structure of the crystal is monoclinic, i.e., orthoclase. The inserted SAED pattern (up-right
corner) and Fast Fourier transform (FFT) pattern (low-left corner) display streaking along the a*- and
b*-directions. No diffuse reflections that violate C-centering occur in the SAED pattern.

(b)

Figure 2. [100] zone-axis SAED pattern (a) and precession image from single-crystal XRD (b) showing

weak and diffuse diffractions violating C-centering in alkali feldspars.
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Figure 3. A DF TEM image showing needle-like elongated nano-precipitates along the c-axis.
The inserted [210] zone-axis SAED pattern shows weak and diffuse reflections violating C-centering in
alkali feldspars.

The nano-precipitates are Guinier-Preston zones, or G.P. zones, that have intermediate composition
between the end members of albite and orthoclase (microcline), Ky 5sNag 5(Si3 Al)Og or KNa(SigAly)O16.
Similar G.P. zones were observed in very slowly cooled orthopyroxenes [16,17]. The G.P. zone
precipitates are an exsolved phase that formed at low temperature. The precipitates with stoichiometry
of KNa(SigAly)O16 with an ordered Na-K distribution will have Pa symmetry instead of P2;/1 symmetry.
Na and K atoms are ordered and off special positions in Pa symmetry. Both Ty and T sites in the
orthoclase (C2/m) structure will split into four sites (T100, T102, T1io, T1i2 for Ty site, and Tago, T202, Taio,
Thip for T site), respectively. An adularia (~Orgg_199) from a sub-Cambrian paleosol does not show
precipitates and diffuse diffractions violating C-centering (Supplementary Figure S2) [18]. The tweed
pattern indicates only local domains related by Albite and Pericline twins at the nano-meter scale, which
will not result in diffuse diffractions violating C-centering. The formation of the nano-precipitates in
Na-bearing K-feldspar is the key for the diffuse diffractions violating C-centering. The diffuse reflections
display streaking perpendicular to the c-axis, which also indicates elongated nano-precipitates along
the c-axis (Figure 3). The tunnel-like structure along c-axis in the feldspar allows K-Na diffusion and
ordering at low temperature, which causes the elongated nano-precipitates in the adularia (Figure 3).

Compared to the unit cell parameters at the room temperature from powder XRD (a = 8.539(2),
b =12.970(3), c = 7.202(2) A, B =116.03(2)°), the unit cell of adularia at 100 K from single-crystal XRD
(a =8.5291(1), b = 12.9795(2), ¢ = 7.2032(1) A, B =116.0521(7)°) shows the extremely anisotropic thermal
contraction, only with shortening of the a-axis. The same trend of thermal contraction was observed in
orthoclase and sanidine [19].

To confirm the Al in the tetrahedral sites for the ordered Pa structure, structural models with
different Al-Si distribution were calculated using the DFT method. The most stable structure is the
configuration with Al in Ty,, and Ty, sites, respectively (Figure 4). The ordered structure shows
opposite shifts of Na and K atoms off the special position. Details about the structure and bond
distances are listed in Tables 1 and 2, respectively. The diffuse reflections are very weak in the [100]
zone-axis diffraction pattern (Figure 2), but obvious in the [210] zone-axis diffraction patterns (Figures 3
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and 4). The calculated SAED pattern match observed diffraction patterns well (Figure 5 and the
inserted SAED pattern in Figure 3).

We also carried out single-crystal XRD refinement for two phases of the host orthoclase (C2/m) and
the nano-precipitates (Pa) with same orientation and unit cell parameters using JANA2006 software
(Supplementary Tables S1-54, Supplementary Figures S3 and 54). The refinement results show that Na
and K atoms are off special position slightly. The deviation (y coordinate) is slightly larger for Na atom
than that for K atom, which is similar to the results from DFT calculation.

Table 1. Fractional coordinates for the nano-phase alkali feldspar with Pa symmetry (0 K).

Label Atom x y z
M, Na 0.76710 0.73584 0.14141
M, K 0.72382 0.24384 0.86156
T100 Al 0.99905 0.43201 0.20296
Ti02 Si 0.98176 0.42819 0.75421
Tiio Al 0.50176 0.93246 0.79588
Tiio Si 0.51655 0.92662 0.24160
T200 Si 0.29038 0.36899 0.63497
Too2 Si 0.68963 0.36265 0.32198
Taio Si 0.20559 0.86970 0.35674
Toip Si 0.80675 0.86349 0.67794

Oay 4 o 0.99984 0.38887 0.97310

Oaj » o 0.51152 0.88700 0.02930

Oa20 o 0.11072 0.75651 0.28148

Oaz o 0.37894 0.25641 0.71607

Oboo o 0.16227 0.39553 0.74253

Obo2 O] 0.80957 0.38101 0.20447
Obio o 0.33133 0.89222 0.24267
Obi2 o 0.69325 0.88182 0.80208

Ocoo O] 0.45947 0.44707 0.72688
Oco2 o 0.51662 0.43469 0.24071
Ocio o 0.03766 0.94857 0.26821
Ociz O] 0.98068 0.93439 0.75671

Odoo o 0.18882 0.37127 0.38839

Odo2 o 0.80901 0.37269 0.57356
Odio O] 0.31467 0.87414 0.60170
Ouiz o 0.68582 0.87183 0.42717

Note: Unit cell parameters are a = 8.49384 A, b = 13.02193 A, ¢ = 7.27200 A, g = 116.380°.

Table 2. Bond distances for the T sites in the density functional theory (DFT)-calculated structure.

Oa Ob Oc Od Average
T100 1.7662 1.7456 1.7533 1.7637 1.7572
T102 1.6131 1.6293 1.6372 1.6396 1.6298
T1io 1.7645 1.7370 1.7534 1.7612 1.7540
Thip 1.6103 1.6391 1.6371 1.6349 1.6304
T200 1.6336 1.6345 1.6403 1.6080 1.6291
Too2 1.6638 1.6121 1.6178 1.6564 1.6375
Thio 1.6522 1.6438 1.6394 1.6026 1.6345

Toin 1.6550 1.6046 1.6158 1.6517 1.6318
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Figure 4. DFT calculated structure of the intermediate nano-phase “orthobite” at 0 K showing the
opposite shifts of Na (yellow) and K (purple) atoms off the special position. Al atoms (turquoise color)
are in T1oo and T1io sites, respectively.
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Figure 5. [210] zone-axis precession image from single-crystal XRD (a) and the calculated SAED pattern
(b) showing consistent intensities for the diffraction spots violating C-centering, which also matches
the inserted SAED pattern in Figure 3.

Na-K ordering causes polarity of the structure (and piezoelectric property). A weak second
harmonic generation (SHG) signal (~1/50 of that from quartz) was observed only in an adularia from
Switzerland [20], which indicates the part of the adularia is non-centric. The determined structure of
the nano-precipitates of Na(SigAl;)O14 with ordered Na—K is a reason for the observed SHG signal.

Based on strain-free solvus in the alkali feldspars (Figure 6), the adularia (~Anj;) crystallized
at ~400 °C or higher from a hydrothermal system. When the crystal reached ~300 °C or lower,
exsolution of albite lamellae within the K-spar host is a low energy state. Exsolution between albite
and microcline will result in a large lattice mismatch. Nano-precipitates with intermediate composition
of KNa(SigAly)O16 and K end-member phase may lower the interface energy although it is not the
lowest energy state. Figure 7 schematically illustrates free energies for alkali feldspar solid solution
and the intermediate phase at low temperature. Formation of the needle-like precipitates and ordering
between Na and K at low-temperature can be achieved through diffusion in the tunnel-like positions
along the c-axis. The K-rich alkali feldspar with the nano-precipitates may indicate slow cooling of
alkali feldspars and their host rock at low temperature. The formation process for the nano-precipitates
is very similar to that for the G.P. zones in slowly cooled orthopyroxenes [16,17]. The nano-precipitates
in an adularia with similar microstructure may be a reason for the reported unusual mixing behavior
between Na- and K-end members [21].
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Figure 6. A phase diagram for alkali feldspar showing strain-free solvus vs. coherent solvus, with
meta-stable solvus between the intermediate phased and the microcline. A blue arrow shows a possible
path for the adularia with the tweed pattern. The intermediate phase of nano-precipitates (“Ob” or
“orthobite” that is between orthoclase and albite) forms at low temperature. The diagram is modified
from Yund [22] based on the recent mixing energy for the solid solution from Hovis [21]. The crest of

the solvus is at ~Oryg.

Figure 7. A diagram schematically showing the energy curves for alkali feldspar solid solution
and the intermediate phase at low temperature. Formation of nano-precipitates “orthobite” with a
KNa(SigAly)O14 composition instead of albite exsolution lamellae was due to the low interface energy
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4. Conclusions

7 of 9

TEM results indicate that elongated nano-precipitates with an intermediate composition of
KNa(SigAly)O1¢ cause the diffuse reflections in the adularia. The ordered distribution of K and Na
atoms in the nano-phase resulted in Pa symmetry. K and Na atoms are slightly off the special position.
Formation of the intermediate nano-phase may lower the interface energy between the nano-phase
and the host orthoclase, and the structure energy penalty is smaller than the interfacial energy benefit.
K-rich alkali feldspars with the Pa nano-precipitates indicate very slow cooling of their host rocks
at low temperature. The combined TEM, XRD and DFT methods can be applied for solving crystal
structures of nano-phases within their host crystals in natural and synthetic materials. Structure
refinement using a single-phase model for the intergrowth of nano-precipitates and the host phase will

result in incorrect structure.



Minerals 2019, 9, 649 80f9

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/11/649/s1,
Figure S1: A representative X-ray EDS spectrum from the adularia; Figure S2: TEM image with SAED and EDS of
adularia from North American sub-Cambrian paleosols; Figure S3: Structure model from XRD refinement; Figure
S4: Precession image from XRD and calculated SAED pattern from the refined structure; Table S1: Experimental
and crystallographic information of the adularia sample (100K); Table S2: Fractional coordinates for the adularia
average structure with C2/m symmetry (100K); Table S3: Fractional coordinates for the nano-phase alkali feldspar
with Pa symmetry (100K); Table S4: Bond distances for the T sites.
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