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Abstract

Zeolites are a group of aluminosilicate minerals containing various channel and cage
structures that allow for the exchange of cations and H20. Many of fibrous and/or acicular
zeolite samples share similar hand sample characteristics making identification by more
detailed means essential. Most of the zeolite minerals can be distinguished based on
differences in composition, structure and optics. The two zeolite minerals erionite and
offretite contain many overlapping properties that make differentiation problematic at times.
Erionite is listed as a Group | carcinogen meaning that it is known to cause cancer in humans
and animals alike, although the mechanisms by which erionite induces cancer are still unclear.
Conversely, offretite does not possess these carcinogenetic properties. Being able to
accurately distinguish erionite from other zeolite species will allow for analytical testing
laboratories to develop more accurate means of recognizing erionite in an unknown sample.

The zeolites in this study were analyzed using Electron Probe Microanalysis (EPMA)
for composition, Selected Area Electron Diffraction on the Transmission Electron Microscope
(SAED, TEM) and Single Crystal X-Ray Diffraction (SCXRD) for structure, and the Spindle
Stage for optics. Erionite and offretite both are hexagonal minerals with differing unit cell
sizes and space groups. The unique space group symmetry of erionite, P6a/mmc, causes
diffraction constraints (i.e. systematic absences) when using SAED on the TEM, while the
diffraction pattern of offretite does not show diffraction constraints. Compositionally erionite
is more Ca-rich than offretite, which is more Mg-rich, and optically, erionite and offretite
have overlapping refractive indices.

Zeolite minerals are prone to dehydration due to the abundant H-O in their structure.
Dehydration greatly affects the migration of extraframework cations into and out of certain
cage and channel structures. Cation migration and the reorientation of H,O molecules can
have large influences on the compositional, structural, and optical changes observed in these
minerals. Prominent intergrowths, overgrowths, and stacking offsets in erionite and offretite,
along with other zeolite minerals, will also directly reflect changes in mineral properties. This
study aims to use multiple means of identification to differentiate the fibrous and acicular

zeolite species, especially that of erionite and offretite.
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Chapter 1:

Analytical Approach for Identification of the Zeolite Erionite

Pourtabib, K. P. and Gunter, M.E. (2015) Analytical approach for identification of the zeolite
erionite, The Microscope, vol. 63:4, 161-171.

ABSTRACT

The need for precise identification of the fibrous/acicular zeolite mineral erionite has
become increasingly important due to erionite’s ties to mesothelioma in Turkey and the
western North America. The regulatory community struggles to unambiguously identify
asbestiform minerals when they occur in natural rather than built environments. Zeolites
present an even more unique set of problems due to the similar cation content and crystal
structure observed between different zeolite species, such as erionite and offretite. Currently,
there is a lack of regulatory methods for accurately identifying erionite particles in nature. We
test a variety of techniques that can be applied for the identification of erionite, including the
use of selected area electron diffraction (SAED) on a transmission electron microscope
(TEM), indirect zeolite identification through a polarized light microscope (PLM), and
powder x-ray diffraction (XRD) for analysis of bulk composition. We found that smaller
TEM-scale data provides paramount structural information in the form of diffraction patterns
because erionite shows systematic absences (i.e., diffraction constraints) along uv0 of 001 =
2n due to its space group symmetry, while the other zeolites in this study will show different
diffraction constraints along c*, and different repeats in c. We have shown that by using a
combination of scale dependent identification methods such as TEM, PLM, and XRD these

zeolites can be accurately distinguished from one another given sufficient care.

Keywords: Zeolites, erionite, offretite, transmission electron microscopy, selected area

electron diffraction, energy dispersive X-ray spectroscopy, polarized light microscopy



INTRODUCTION

Certain minerals with fibrous and/or elongate morphologies have been shown to have
significant carcinogenic potential. Although the mechanisms by which these particles cause
cancer are still poorly understood (i.e., surface area, surface chemistry etc.), it is critical that
these particles are identified correctly. Litigation associated with negative health effects
related to mineral exposure has largely focused on the five regulated amphiboles and one
regulated serpentine group mineral. However, the zeolite group mineral erionite also has
carcinogenic potential (Lefond, 1983). Previously, erionite was mined for use in industry due
to its cation-exchange capacity (Pabalan and Bertetti, 2001). Mining of erionite largely ceased
after the World Health Organization and the International Agency for Research on Cancer
identified it as a Group | carcinogen, causing both pleural and peritoneal mesothelioma to
humans and animals (IARC, 1987a-b). Other common zeolites such as chabazite, phillipsite
and clinoptilolite are still used in industry (Kalld, 2001), and it is important that analytical
laboratories are able to identify the presence of even trace amounts of erionite for quality
assurance purposes. Currently, methods such as central stop dispersion staining using the
PLM or cation content ratios using EDS on the TEM are used in analytical laboratories for
erionite identification, but these methods will not work (ASTM, 2012). Although the
Environmental Protection Agency (EPA) does not regulate erionite people are still facing
exposure to this mineral due to its natural geologic occurrences both in the United States and
abroad (Dogan et al, 2008).

General Information

Erionite (K2(Na,Caos)s[Al10Si26072]*28H20) is an aluminosilicate mineral whose
structure is comprised of various channels and cages which house both extraframework
cations and H2O. The two main cage structures in erionite include (1) a six-membered double
ring that is usually empty, (2) the cancrinite cage, that mainly houses K, and (3) the erionite
cage, that contains various amounts of Ca, Na, and Mg (Armbruster and Gunter, 2001). This
mineral belongs to the hexagonal crystal system with crystallographic cell parameters
approximately a = 13.26 and ¢ = 15.12 A, and space group of P6/smmc (Figure 1.1). On the
other hand, offretite (KCaMg[AlsSi1303s]*15H20) is also a hexagonal zeolite with



crystallographic cell parameters approximately a = 13.29 and ¢ = 7.58 A, and space group of
P6m2. The four main cage structures in offretite include (1) the six-membered double rings
which are usually empty or have very low occupancy, (2) the cancrinite cage, that mainly
houses K, (3) the gmelinite cage which holds Mg surrounded by disordered H20, and (4) the
wide channels which houses Ca-H>O complexes (Armbruster and Gunter, 2001). The main
differences between erionite and offretite are crystal structure and Si/Al ratios. Based off of
the chemical formula alone (i.e., cation content), erionite and offretite cannot be
differentiated.

Occurrences in Nature

Erionite can be found throughout the western United States, as well as in similar
geologic environments such as central Mexico and the Cappadocia region of Turkey (Dogan
et al, 2008: Van Gosen et al., 2013). Generally erionite and other zeolites such as offretite
form in either altered volcanic tuff or within the vesicles of basalts (Figure 1.2: Hay and
Sheppard, 2001). In volcanic tuff, erionite occurs in combination with other minerals such as
feldspars, clays, quartz, volcanic glass, and other zeolites. Normally the erionite is confined
to certain geologic units, but fine-grained zeolite particles may also be disseminated
throughout easily erodible formations. Erionite within volcanic tuffs is readily entrained into
the atmosphere, thus providing the main source for exposure leading to a mesothelioma
diagnosis (Bish and Chipera, 1991). In addition, alkaline-rich hydrothermal waters precipitate
zeolites in the vesicles of basalts. Erionite in basalt vesicles can form well-developed
crystals, but is usually found in small quantities and is difficult to access as it is encased in
basalt.

Classification Schemes

The three main classification schemes applied to distinguish between the various
zeolite species include (1) framework topologies (Meier et al, 1996), (2) structural building
units (SBU) (Breck, 1974), and (3) a combination of SBUs and historical context (Gottardi
and Galli, 1985). There are currently over 40 different framework topologies used to classify
zeolites, which also considers the framework density (number of T-atoms per 1,000 A®) of the

individual zeolite. Framework topologies differentiate zeolites using three letter structural



codes (e.g., NAT). The zeolite that was discovered first receives priority in naming. For
example, in the NAT group, which includes natrolite, mesolite, scolecite, gonnardite, and
paranatrolite, natrolite was historically the first mineral discovered and thus has the NAT
group named after it. Erionite’s framework topology is ERI and is currently the only zeolite in
this group. The second main classification scheme, SBU, is based on the linkages of
tetrahedra. There are seven main SBU groups. For example, Group 5 (TsO10) includes
zeolites such as natrolite, mesolite, and scolecite. In this group the predominant
crystallographic components are linked chains of five tetrahedra parallel to the c-axis, which
causes minerals in this group to be elongated parallel to this axis. Erionite falls into SBU
Group 2 or the S6R (single six-ring) group, which also contains offretite. The final
classification scheme used is a combination of framework topologies and historical context.
This classification scheme simply takes information from the SBU and attaches a group
descriptive modifier to it. For example, erionite is in the 6-ring group as it combines the
single and double six-membered ring zeolites. Some confusion in zeolite nomenclature arises
in the fibrous zeolite subgroups, which are Group 5 (TsO10) zeolites. Although zeolites in this
subgroup have elongate morphologies, zeolites outside of this group may also exhibit this
same morphology. For example, erionite can occur in both a fibrous and elongate
morphology yet does not fall into the fibrous zeolite subgroup.

Zeolites can be difficult to differentiate using hand sample identification alone.
Unless a well-defined crystal form can be observed, most zeolites share a similar vitreous,
clear to white appearance. Identification of different zeolites requires an understanding of
crystal chemistry, crystal structure, and optical properties. Many of the techniques for
identification utilize instrumentation that can be found in most analytical laboratory setting,
such as SAED on the TEM, PLM, and XRD. These methods are discussed below.

MATERIALS AND METHODS

Zeolite samples used in this study all exhibit elongate particle morphologies. Samples

were collected from basalt vesicles and altered volcanic tuff (Table 1.1).



Transmission Electron Microscopy

Instrumentation
TEM analyses on the zeolite samples were carried out at the University of Idaho on a
JEOL JEM 2010 using a double tilt sample holder, and energy dispersive spectroscopy (EDS)
was performed using a Thermo Scientific detector coupled with NSS software. Samples were
run at an accelerating voltage of 200 KeV, and a thallium chloride diffraction standard was
used.

Sample Preparation

Sample preparation techniques follow the Jaffe-Wick method (Yamate et al, 1984).
Samples were crushed with an agate mortar and pestle, diluted to 50 ml in isopropanol
alcohol, and sonicated. Crushed aliquoits were run through a simple vacuum filtration set up
and particles were deposited onto 0.2-um polychloroethylene (PCE) filter paper. Dried
sample-coated PCE filter paper was then carbon coated, cut, and transferred to blank 200-
mesh copper TEM grids using chloroform. Samples were kept in a glass-covered dish for at
most 24 hours, or until the PCE filter paper had dissolved. If this modified version of the
Jaffe-Wick method was unsuccessful, crushed samples were placed in isopropanol alcohol,

sonicated, and pipetted directly onto a carbon-coated TEM grid for analysis.

Methods
Both SAED on the TEM and indexing the diffraction patterns using CrystalMaker

software were used to characterize the structure of the zeolites. Erionite can be differentiated
from offretite based upon SAED as seen by looking at the space group symmetry of P6z/mmc.
The 63 designation in the space group indicates that erionite’s arrangement of atoms in the
unit cell contains a symmetry operation called a screw axis. This screw axis is defined as
being a 180° rotation followed by a % translation along the c-axis in the unit cell. This creates
a plane of atoms in the unit cell and results in systematic absences (i.e., diffraction
constraints) at 00l = 2n along c*. Since the erionite samples used in this study had elongate
morphologies, and the c-crystallographic axis in erionite is parallel to the long direction, the

minerals predominantly had the c-axis within, or close to, the plane of the stage. Zone axis



patterns could be obtained by adjusting the double-tilt sample holder. SAED patterns of
erionite, along with many of the other zeolites, must be imaged quickly due to the abundance
of H20 in the structure causing the diffraction pattern to disintegrate quickly under the intense
electron beam. Consequently, the diffraction pattern should be analyzed first, followed by
EDS and then a final particle image.

All of the zeolites analyzed in this study by TEM yielded diffraction patterns, images,
and EDS with each sample. The known sample location and rough EDS served as the
primary identification technique for these zeolites. Further identification by indexing the
diffraction patterns was obtained using the CrystalMaker and SingleCrystal software (Palmer,
2015). This software allows users to download already determined crystal structure files from
the American Mineralogist Crystal Structure Database (or create their own crystal structure
data) into CrystalMaker and simulate a diffraction pattern in a certain orientation through
SingleCrystal. Finally, the user is able to upload their own diffraction data into SingleCrystal
and manipulate the software until a simulated and real diffraction pattern is matched. By
using the SingleCrystal software for diffraction pattern indexing, it is easier to notice the
systematic absences in erionite compared with the other zeolites from this study. Although
there can be some discrepancies between the downloaded data and the user’s data, it is
important to note that the samples used may have slightly different unit cell dimensions and
composition resulting in non-perfect matches when using the software along with real
diffraction data.

Polarized Light Microscopy

Instrumentation
PLM analyses on the zeolite samples were performed on an Olympus BH-2
microscope and images were taken on an Olympus DP-70. Any PLM would be acceptable
for use in this portion of the analysis, and the objectives used can vary depending on the

resolution of your microscope.



Sample Preparation
A refractive index liquid of 1.484 was used in order to distinguish between erionite
and offretite due to having no overlap in refractive index values at this boundary, although
future optical work might better define this boundary (Tschernich, 1992: Deer et al, 1967).
For sample preparation a simple immersion method was used which included crushing
samples with a mortar and pestle and then dropping sample directly onto a glass microscope

slide with refractive index liquid and a cover slip for analysis.

Methods

Particle morphologies, Becke line analyses, and the sign of elongation were used for
indirect identification of erionite (Figure 1.3 A). Samples were placed in 1.484 refractive
index liquid for grain mount analysis. Previous studies show that this refractive index liquid
value defines the boundary between epsilon in erionite and epsilon in offretite (Figure 1.3 B).
Based on this boundary between these two zeolites, the Becke line was additionally used to
differentiate between erionite and offretite. However, erionite and offretite occasionally occur
as overgrowths of one another, so results from Becke line analyses were at times ambiguous
(Wise and Tschernich, 1976). Lastly, the sign of elongation was used in order to differentiate
erionite from other elongate zeolites such as offretite, mordenite, and scolecite. The sign of
elongation Test uses an elongate grain and determines whether the large or small refractive
index is parallel to the long axis of the crystal. This is accomplished by having the crystal
parallel to the slow direction of the accessory plate (Bloss, 1999). During this test the long
axis of the grain is rotated clockwise 45 degrees from the polarizers, the polarizers are
crossed, and the accessory plate is inserted. If there is an increase in retardation then the
mineral is length slow (not related to optic sign), and the highest refractive index value is
parallel to the long direction of the mineral. Conversely, if there is a decrease in retardation
then the mineral is length fast, and the smallest refractive index value is parallel to the long

direction of the mineral.



Powder X-Ray Diffraction

Instrumentation
Analyses were performed on a Bruker Diffractometer D5000 using the software XRD
Commander and Eva. Individual scans were run from 2-52°0 for a period of about three hours

in order to obtain better sensitivity on the main peaks in the scan.

Sample Preparation
Altered volcanic tuff samples were initially crushed with an agate or ceramic mortar
and pestle, and then further crushed using a McCrone Micronizing Mill. Crushed samples
were then prepared for analyses’ using a back filled powder mount to assist in creating
reproducible scans. For vesicle samples, low quantities of zeolite prevented the use of the
back filled powder mount method. Instead, samples were plucked from the basalt host and
crushed with a mortar and pestle. Samples were then suspended in acetone and poured over a

quartz zero background plate.

Methods
The software Eva was used to identify the crystalline phases within the samples.
Rietveld Refinements and further crystallographic refinements were not used, as the main

purpose was mineral identification.

RESULTS

TEM Analysis Results

TEM analysis of the various elongate zeolites used in this study further confirmed that
erionite shows systematic absences (i.e., diffraction constraints) of 00l = 2n along uvO0 due to
its space group symmetry while the other zeolites along a similar orientation will show no
diffraction constraints (Figures 1.4-1.7). TEM results also proved that relying on cation
content obtained by EDS for sole identification is inaccurate due to differences in count times,
dead time, and overall composition of a unique zeolite sample, the EDS spectra used in these

images were chosen to be representative of the unique zeolite formulas from this study,



although these are best grain case scenarios. The identification of these zeolites is mostly
dependent on structure; due to similarities in cation content looking at compositional

differences by EDS alone is not enough to distinguish between zeolite species.

Hand Calculations

Since many analytical testing laboratories rely on the use of hand calculations to
determine the zone axis of certain diffraction patterns, hand calculations were also performed
on these zeolites. Using a thallium chloride standard, the zone axis was calculated for
erionite, offretite, scolecite, and mordenite. The calculation for erionite will be discussed in
detail. Using the 40 cm camera length used to obtain the diffraction pattern of erionite, the d-
spacings of the standard, and the standard measurements, the camera constant was calculated
to be roughly 72.998 mmA (Figure 1.8 A). Both d; and dz as well as the angle between the
vectors was measured for the pattern of erionite, and using the Eva software hkl values were
determined to be [200] and [512] (Figure 1.8 B). Further calculations showed the zone axes
of the erionite pattern to be [042] or [021], which differs from the [150] zone axis match
found using SingleCrystal.

PLM Analysis Results

Using the sign of elongation test to differentiate erionite from the other zeolites was
often prohibited, as many samples did not contain particles large enough to produce
noticeable coloration differences when the accessory plate was inserted because the sample
yielded very low retardation. Zeolites in altered volcanic tuff samples were smaller than those
in basalts [< 5 nm]. Elongate zeolites were often splayed or bundled, producing anomalous
interference colors that could not be quantified. On larger, well-defined, single crystals of
erionite, the sign of elongation proved to be a useful technique for quick differentiation
between the zeolites offretite, mordenite, and scolecite (Figure 1.9). Due to small particle

sizes, the Becke line was only used when there were well-defined single zeolite particles.
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Powder XRD Analysis Results

The three-hour (2-52°0) powder XRD analysis of an altered volcanic tuff sample from
Rome, Oregon, revealed abundant erionite with minor clay and/or feldspar mineral phases
(Figure 1.10).

DISCUSSION

Zeolite identification, especially that of erionite can be less than ideal due to small
particle sizes and similar hand sample appearances, but by using scale-dependent
identification techniques zeolite minerals can be distinguished from one another. SAED on
the TEM utilizes a small-scale approach to identification, looking at the differences in unit
cell (i.e., diffraction constraints) between erionite and other zeolite species. As shown in the
results, erionite will have systematic absences along uv0, while the other zeolite species
analyzed do not. However, when relying on the method used in analytical laboratories for
zone axis hand calculations, these results are commonly inconsistent from what is actually
being observed on an SAED pattern. For example, since erionite is hexagonal the last number
when referring to the zone axis (i.e., [uvw]) corresponds to the c-crystallographic axis, and
because the c-axis is lying within the plane of the microscope stage it should be zero or nearly
zero. This just proves that with the integration of new tools such as SingleCrystal into an
analytical laboratory setting, inconsistencies in the standard hand calculation practice become
more prevalent, and TEM analysts must have a general understanding of when results make
sense and when they do not. Identification using the PLM focuses on a larger scale, looking
at the relationship between epsilon and omega in erionite versus other closely related zeolites
such as offretite, and uses the sign of elongation test to show that erionite is the only zeolite
used in this analysis to be length slow. Lastly, powder XRD is a good tool to use when trying
to distinguish between the various zeolite species from a bulk sample since they each have
unique structural fingerprints, although some analytical laboratories do not have access to a
powder XRD. However, with the use of powder XRD, the patterns for both erionite and
offretite overlap, so a match for erionite may also contain offretite, but a match for pure
offretite will not have any erionite due to certain reflections being absent (Passaglia et al,

1998). We advise the use of all three methods for erionite identification.
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Ultimately, the best method of identification is the use of SAED on the TEM along
with the CrystalMaker software for mineral diffraction indexing. PLM and powder XRD are
very useful, but most altered volcanic tuff of erionite is too small to get good resolution in the
PLM and powder XRD will have a difficult time detecting small quantities of sample if the

scan is too short.

FUTURE WORK

Future studies of erionite and other closely related elongate zeolites would benefit
from more precise optical characterizations, and better constraints on the changes in refractive
index due to differences in cation content between erionite and closely related zeolites such as
offretite. By using previously published compositional data on erionite and offretite by
electron microprobe analysis, Gladstone-Dale values (i.e., average refractive index) could be
determined and potentially related to changes in composition, as certain samples of erionite
have shown to be either optically positive or negative (Passaglia et al, 1998). Calculated
Gladstone-Dale constants thus far have shown no trend in relating the composition of erionite

and offretite to refractive index value (Figure 1.11).
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Table 1.1
Zeolite Name Geologic Environment Location
erionite altered volcanic tuff Rome, Oregon
erionite altered volcanic tuff Killdeer Mountains, Dunn County,
North Dakota
offretite basalt vesicle Adamello, Italy
mordenite basalt vesicle Challis, Idaho
scolecite basalt vesicle Poona, India

Zeolite samples and locations used in this study, noting the geologic environment.



Figure 1.1

Diagram looking down the c axis of erionite. Si (dark blue), H20 (black), Ca (light
blue), O (red), and K (purple) (Gualtieri et al, 1998).
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Figure 1.2

Stereoscope images (A), altered volcanic tuff from Killdeer, North Dakota containing
erionite and other minerals (B), and offretite and chabazite in a basalt vesicle from Adamello,
Italy.



Figure 1.3
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PLM iamge of woolly erionite from Durkee, Oregon. (B) Refractive index values for epsilon and omega of erionite and
offretite (Tschernich, 1992; Deer et al, 1967). Red dotted line indicates regon of no refractive index overlap.
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Figure 1.4

TEM results of [150] zone axis orientation of erionite from the Killdeer Mountains in
North Dakota (A), simulated diffraction pattern from CrystalMaker (yellow), overlain on top
of the real SAED diffraction pattern (black dots), note the systematic absences along c*
(Gualtieri et al, 1998). (B) EDS of erionite particle showing major cation content along with
(C), TEM image of oriented erionite grain, and (D) CrystalMaker oriented structure diagram
of erionite.



Figure 1.5

TEM results of [140] zone axis orientation of offretite from Adamello, Italy (A),
simulated diffraction pattern from CrystalMaker (yellow), overlain on top of the real SAED
diffraction pattern (black dots) (Gualtieri et al, 1998). (B) EDS of offretite particle showing
major cation content along with (C), TEM image of oriented offretite grain, and (D)
CrystalMaker oriented structure diagram of offretite.
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Figure 1.6

TEM results of [110] zone axis orientation of mordenite from Challis, Idaho (A),
simulated diffraction pattern from CrystalMaker (yellow), overlain on top of the real SAED
diffraction pattern (black dots) (Simoncic and Armbruster, 2004). (B) EDS of mordenite
particle showing major cation content along with (C), TEM image of oriented mordenite
grain, and (D) CrystalMaker oriented structure diagram of mordenite.
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Figure 1.7

TEM results of [100] zone axis orientation of scolecite from Poona, India (A),
simulated diffraction pattern from CrystalMaker (yellow), overlain on top of the real SAED
diffraction pattern (black dots) (Kuntzinger et al, 1998). (B) EDS of scolecite particle showing

major cation content along with (C), TEM image of oriented scolecite grain, and (D)
CrystalMaker oriented structure diagram of scolecite.
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Figure 1.8

Zone axis hand calculations (A), thallium chloride standard at 40cm, and (B) locations
of measurements taken from Killdeer Mountain, North Dakota erionite sample.
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Figure 1.9
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PLM images of sign of elongation test (A), Killdeer Mountain erionite in 1.484 liquid
showing addition (B), Poona, India scolecite in 1.510 liquid showing subtraction (C)
Adamello, Italy offretite in 1.484 liquid showing subtraction, and (C), Challis, 1daho
mordenite in 1.474 liquid showing subtraction upon insertion of the wave plate.



Figure 1.10
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Figure 1.11
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Chapter 2:

Optical Analysis of the Fibrous/Acicular Zeolites: A Spindle Stage
Approach

Kristina P. Pourtabib
Mickey E. Gunter

ABSTRACT

In recent years, analytical laboratories are observing that in addition to receiving
samples containing asbestos and amphibole minerals they are noticing an increase in zeolite
samples, in particular the mineral species erionite. It is now evident that a reliable method of
identification is needed which uses a combination of the equipment most readily available to
these analysts such as the Transmission Electron Microscope (TEM), Polarized Light
Microscope (PLM), and powder X-Ray Diffractometer (XRD).

According to literature, the closely related zeolites erionite and offretite have
Refractive Index (R.I.) values that do not overlap, specifically at 1.485 for epsilon (¢) in both
minerals. Upon further analysis of R.1. values using various applications of the Spindle Stage
and Abbe Refractometer on a suite of elongate zeolites from various locations, the R.1. of
erionite and offretite for both epsilon and omega (®) are seen to significantly overlap. This is
most likely due to overlapping chemical compositions and hydration states of the minerals. In
addition to R.1., the sign of elongation for both erionite and offretite was thought to be a
means to differentiate these two species (length slow for erionite and length fast for offretite).
Again, upon further investigation, the sign of elongation can also vary between these species
again due to compositional similarities and frequent intergrowths/overgrowths that make
determining sign of elongation anomalous.

Ultimately, preliminary PLM investigations combined with TEM analysis are required
at a minimum for the identification of erionite. Until a precise chemical analysis and structural

analysis can be performed on these zeolites using Electron Probe Microanalysis (EPMA) and
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Single Crystal X-Ray Diffraction (SCXRD), then optical identification solely by PLM will

not be a reliable technique for distinguishing erionite from offretite.

Keywords: zeolites, erionite, offretite, Optical Mineralogy, spindle stage, Abbe

Refractometer, Sénarmont Compensator, Vickers A.E.l. Image Splitting Eyepiece

INTRODUCTION

Asbestos minerals and commercial materials containing asbestos have long been
encountered in the regulatory community. A standard protocol has been established for the
identification of these minerals, but what happens when a relatively new mineral needs to be
identified consistently and accurately? These are the issues that stem from the need for a
correct identification method of the mineral erionite.

Arthur Eakle first discovered the mineral erionite in 1898 (Eakle, 1898). The
discovery was made in what is now the type-locality for the mineral erionite, Durkee, Oregon,
in a rhyolitic-tuff type deposit. Eakle described the mineral to contain a very wooly habit,
although this habit is more recently known to be less common of erionite. Much later
following the minerals discovery, studies linked erionite to cases of malignant mesothelioma
(Carbone et al, 2012). Erionite-related cases of malignant mesothelioma are attributed to
airborne exposure to the mineral, typically in a home or work setting where the mineral can be
found abundantly in the surrounding geologic environment (not prevalent in basalt-hosted
erionite samples). Links between erionite and malignant mesothelioma are most well known
in the Cappadocia, Turkey case, where residents of certain villages built their homes from
erionite-containing rock, and experienced a consistent and prolonged exposure to the mineral
(Baris et al, 1979; Dogan et al, 2006). Other recorded instances of erionite-related malignant
mesothelioma are rare, although in 2008 there were confirmed cases in the States of Jalicso
and Zacatecas in Mexico also related to environmental exposure from the surrounding zeolite-
rich rocks (llgren et al, 2008; Oczypok et al, 2016). According to the Environmental
Protection Agency (EPA), erionite is currently listed as a Group | carcinogen causing both
pleural and peritoneal mesothelioma to humans and animals, but erionite is not regulated by

the EPA (IARC 1987a-b). The mechanisms behind the carcinogenetic properties of erionite
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are still unclear, but studies have shown that a relationship between surficial Fe-nanoparticles
and high surface area, due to the elongate morphology of erionite, could lend itself to
producing cancerous mutations within the body (e.g., Ballirano et al, 2015).

Erionite K2(Na,Cao.5)s[Al10Si26072]*28H20 is a zeolite group mineral that occurs
mainly in the vesicles of volcanic rocks or in altered volcanic tuff-type deposits (Saini-
Eidukat and Triplett, 2014; Van Gosen et al, 2013). When erionite occurs in environments of
diagenetically altered volcanic rock the composition is typically more Si and Na-rich
(Passaglia et al, 1998). Erionite has a space group of P6z/mmc characterized by offretite-type
stacking faults with various cage structures and channels that run perpendicular to the c-axis.
The various cage structures, along with the cations they most commonly contain, include, a
six-membered empty double ring, a cancrinite cage with mainly K, and an erionite cage with
varying amounts of Ca, Na, and Mg. The zeolite mineral offretite
(KCaMg[AlsSi13036]*15H,0, space group of P6m2, found in vesicles of volcanic rocks) was
also focused on in this study as it is very similar structurally and chemically to erionite and
they can be easily misidentified (Armbruster and Gunter, 2001; Passaglia et al, 1998;
Pourtabib and Gunter, 2015). Another aspect attributing to the confusion between the
identification of erionite and offretite are the frequent intergrowths and overgrowths that can
occur between these minerals and with other zeolites such as levyne. Erionite and offretite
intergrowths occur less frequently in nature, and Mg is the primary factor that determines
whether erionite or offretite will crystallize. Erionite is more commonly found overgrown on
levyne while offretite can more commonly be found overgrown on the zeolite mineral
chabazite (Armbruster and Gunter, 2001; Passaglia et al, 1998; Wise and Tschernich, 1976;
Kokotailo, 1972).

The hydration state (i.e. orientation and quantity of H,O molecules) of erionite and
offretite can also affect the R.1. In most zeolites R.I. will decrease upon dehydration, but once
the zeolite structure collapses, the R.1. will again increase, reflecting changes in the electron
density of the sample. When zeolite structures are partially or fully dehydrated (before
structure collapse), the cations will migrate within the structure also causing reorientation of
H>0 molecules and changes in refractive index. Typically when erionite is dehydrated, the
monovalent K cation is driven out of the cancrinite cage by the divalent cation Ca. Since

zeolites are framework silicates, there is not a great difference between the large and small
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R.1. values, thus, small changes in crystal structure and chemistry can affect crystal optics.
Differences in H>O contents of erionite and offretite, as seen in their generalized chemical
formula for one unit cell, can also affect R.I. values. Since H20 has a high refractivity, a
sample with higher H2O contents can be predicted to have a higher overall R.l. (Gunter and
Ribbe, 1993; Palmer and Gunter, 2000; Ballirano and Cametti, 2012).

Problems encountered with discriminating between erionite and offretite species is an
ongoing issue for many analytical labs developing efficient identification protocols. Many
labs only have access to instruments like the PLM, TEM, and possibly a powder XRD. PLM
techniques for identification were assumed to be straightforward when observing changes in
retardation (A) and differences in R.I. values. Since both erionite and offretite occur most
often in elongate habits, and are both uniaxial with erionite being optically positive (+) while
offretite is optically negative (-), optical identification appeared to be straightforward.
However, due to the variable chemistry, and presence of intergrowths and overgrowths, PLM
alone proves to be uncertain for differentiating erionite and offretite. Methods most
commonly used on the PLM in the past have been the sign of elongation test and the Becke
Line Test. For the sign of elongation test erionite was thought to be length slow while offretite
is length fast (Sheppard, 1996; Deer et al, 2013). Note that sign of elongation is not the same
thing as optic sign (Bloss, 1999). Because of frequent intergrowths and overgrowths initial
optical determinations by the sign of elongation were inconclusive for erionite and offretite.
This method, once frequently used to differentiate these two zeolite species, has since been
discounted as a sole means of identification due to the overlapping Si/Al ratios of erionite and
offretite that correlate to R.I. (Passaglia et al, 1998). Also, according to literature, it was
thought that erionite and offretite could be easily differentiated by comparing differences in
R.I. values, (¢ in erionite < 1.485 while ¢ in offretite > 1.485); this is also an unreliable means
of identification (Figure 2.1; Tschernich, 1992; Gottardi and Galli, 1985; Deer et al, 1967).
Optical data for erionite, offretite, and other fibrous/acicular zeolites in general is sparse, and
not always explained in detail. However, certain studies such as by Gunter and Ribbe, 1993,
thoroughly explain optics in relation to crystal chemistry (Appendix A). It is important to
characterize these elongate zeolites with as much detail as possible in order to understand the

relation between optics, structure, and chemistry. This can be accomplished by combining



31

precise EMPA chemical data, and structural data either by SCXRD or SAED on the TEM in

order to better understand the crystal optics at play.

MATERIALS AND METHODS

Zeolite samples used in this study were basalt-hosted, and the majority of samples
were of elongate particle morphology (Figure 2.2; Table 2.1; Figure 2.3 A-B). No altered-
volcanic tuff samples were used because the particle size was too small for spindle stage
optics to be performed. Sample number 35 (okenite) is not a zeolite but a sheet silicate
mineral. Okenite is included in this study because it is a mineral commonly found in
association with zeolites in vesicles of basalt and shares similar hand sample properties to the
zeolites group minerals. For each sample location used in this study three grains were chosen
for optical analysis in order to lessen the possibility of encountering irregular grains (i.e.
sample location 1 provided samples 1, 1a, and 1b). The Natural History Museum of Los
Angeles County, Philip Neuhoff, obtained from Shannon & Sons Minerals, and Mickey E.
Gunter provided samples for this study. Zeolite identification and species names were taken
directly from the already provided sample labels. Future EPMA work will better constrain the

zeolite species present within this suite of samples.

Instrumentation

Optical analyses of the zeolite samples were performed at the University of Idaho.
Spindle stage analysis was performed on a Leitz Wetzlar, German 630168 microscope with
10x objective using a Supper spindle stage and spindle stage goniometer head with upper and
lower arcs (Figure 2.4 A). Spindle stage microscope accessories used include a Carl Zeiss
Sénarmont compensator A/4, standard A (530 nm) accessory plate, standard immersion cell,
heated immersion cell, Leitz Wetzlar monochromator, Vickers A.E.I. Image Splitting
Eyepiece (1.5x magnification), and camera. In addition to the spindle stage microscope an
Olympus BH2-UMA microscope, Leica EZ4HD stereoscope, and a Bellingham and Stanley
Abbe 60 Refractometer were also used in this study (Figure 2.4 B).
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Sample Preparation

Using the stereoscope, individual zeolite grains are plucked from the main vesicle and
placed in a clear dish. Next, a glass fiber is set inside of a brass pin with wax, and each grain
is mounted to the end of the glass fiber using generic colored nail polish. Every elongate grain
is mounted so that its long axis is almost parallel to the long axis of the glass fiber, in order to
simplify the spindle stage set up. After the nail polish dries, the brass pin then is placed into
the spindle stage goniometer, and then onto the Supper spindle stage. Finally, the sample is

centered under plane-polarized light (PPL) and ready for optical measurements.

Methods

Once set up on the spindle stage for analysis, the zeolite samples were first visually
checked for particle morphology (i.e. bundle of fibers, single crystals, multiple crystals).
Many zeolite samples were comprised of multiple single grains, and for these samples the
thickness, extinction, and Sénarmont measurements were done on one of the multiple grains.
Exceptions to this measurement criterion were for fiber bundles. Fiber bundle measurements
in this case were taken as an average of all the fibers. In addition, since the R.I. of zeolites are
generally low, it is important to choose a R.I. liquid for use with the Vickers A.E.I. Image
Splitting Eyepiece, and Sénarmont Compensator that is different from a oil/crystal match in

order to ensure there is enough sample relief to make accurate measurements.

Sign of Elongation

The sign of elongation test for each zeolite sample is used to determine if there are any
possible intergrowths or overgrowths present. Intergrowths and overgrowths can exhibit more
than one sign of elongation on a single crystal, but generally either the tip or core of an
elongate grain will be the most common place for this to be seen (Figure 2.5 A-C). The test is
also used to show that sign of elongation for erionite and offretite will vary based on
compositional changes within the crystal and that it is not an exclusive way to differentiate
between erionite and offretite (Passaglia et al, 1998). For the sign of elongation test, the

elongate particle is first oriented in a NE-SW orientation or 45° clockwise from the N-S
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analyzer. This insures that the vibration direction parallel to the long axis or cleavage is being
measured. The analyzer is then inserted so that the crystal is viewed in cross-polarized light
(XPL) and the accessory plate (1A or 530 nm wave plate) is inserted. If there is an increase in
the interference colors (retardations add = positive elongation) according to the Michel-Lévy
chart then the vibration direction closest to the long axis or cleavage is the slow ray and the
mineral is length slow. Vice versa, if there is a decrease in interference colors (retardations
subtract = negative elongation) then the vibration direction closest to the long axis or cleavage
is the fast ray and the mineral is length fast (Bloss, 1999; Dyar and Gunter, 2008). Remember,

the sign of elongation is not the same as optic sign.

EXCALIBR and 2016 Modified Version

Data for this study were recorded and calculated using a 2016 modified version of the
program EXCALIBR originally created by Bloss and Reiss (1973), and most recently
modified by Gunter et al. (2005) (Gunter et al, 1988; Gunter and Schares, 1991). The 2016
modified version of EXCALIBR is formatted in excel and this user-friendly format was
created by Cody Steven of the University of Idaho. This 2016 modified version of
EXCALIBR was used on all of the optical analyses in this study with the exception of the
Becke Line Test, sign of elongation test, and Vickers A.E.l. Image Splitting Eyepiece
calculation. Additionally, extinction data along with stereographic projections were plotted
for usable biaxial grains using the 2016 modified version of EXCALIBR and extinction data
for uniaxial grains were plotted using the Gunter et al. (2005) version of EXCALIBR. At the
time of this study, the uniaxial portion of the 2016 modified version of EXCALIBR was
incomplete, hence the reason for using two different EXCALIBR versions for plotting
extinction data.

Vickers A.E.I. Image Splitting Eyepiece

Measurement of particle thickness (t) was performed using the Vickers A.E.l. Image
Splitting Eyepiece. This device works by splitting the particle image to varying degrees
utilizing a set of rotatable rhombohedral and right-angle prism blocks cemented together
which are contained within the image splitting device. This allows for the width of particle to

be found by shearing the images until they are tangent, reading the micrometer displacement,
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and converting to units of length using constants unique to your microscope set up (Schubel
and Schiemer, 1967). For this study, the mostly elongate particles are rotated with the
particles’ long axis being parallel to the lower (E-W) polarizer, the microscope is kept in PPL,
and a 10x objective is used. Light is then allowed into the Vickers A.E.l. image splitting
eyepiece and the micrometer displacement knob is rotated so that there is no image
displacement. This value (i.e. 500.4-501.4) is then recorded as the baseline for this
measurement. The micrometer displacement knob is then rotated counterclockwise until the
single image is sheared into two edge-touching (red-blue) images and the value is recorded,
next the same process is repeated with the knob moved in a clockwise direction and the two
values are averaged. This averaged value is then multiplied by the constant determined for
this microscope set up (i.e. 1.73 pm) and the resultant thickness is determined. Accuracy of
measurements taken using this device can be as high as 0.0001 mm (= 0.1 pm) depending on

the numerical aperture (N.A.) of the objective lens used (Bloss, 1981).

Sénarmont Compensator

Measurement of sample retardation is determined by using the Sénarmont
Compensator. Since the fibrous/acicular zeolites have such a small retardation (0.001-0.02
nm), differences in retardation cannot be observed without the use of a device such as the
Sénarmont Compensator. In basic terms, the Sénarmont Compensator works on the basis of
converting elliptically vibrating light into linearly vibrating light of which the azimuth (0) can
be determined (Carl Zeiss Sénarmont Compensator and Rotary Mica Compensator operating
instructions). In order to use this device, a microscope with a rotating analyzer (0.1° vernier
scale) and a monochromatic light source must be used. The Sénarmont Compensator differs
from other accessory plates in that when inserted into the microscope the compensator can be
rotated to align parallel to or perpendicular to the privileged direction of the polarizer.
Generally each degree of rotation of the analyzer that produces crystal extinction (with the
compensator inserted and the crystal at 45°) will equate to a retardation of /180 (Bloss,
1981). When taking measurements using the Sénarmont Compensator the analyzer is first
rotated so that it is perpendicular to the lower polarizer (note analyzer normal setting), next,
the crystal is rotated in XPL to 45° showing maximum interference colors, the monochromator

is inserted to ~540 nm (~89.5 messort number, green light), analyzer is then rotated until the
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background is green and the grain is black (note analyzer final setting) (Figure 2.6 A-B).
Retardation (A) can then be calculated using the equation A = (6/180°) L (Bloss, 1981). For
example, with an analyzer normal setting of 97, analyzer final setting of 126.4, and a
monochromatic wavelength of 540 nm the retardation will equal 88.2 nm. From there
thickness and retardation obtained from the Vickers A.E.l. Image Splitting Eyepiece and the
Sénarmont Compensator can be incorporated into the simple equation for birefringence (6 =

tA or 6 =t I N-n I), whereas N = large R.I. value and n = small R.I. value.

Double Variation Method

The Double Variation Method was used on only two of the samples in this study. This
method utilizes a heated immersion cell along with a monochromator (variable wavelength
plate) in order to get precise crystal/R.I. matches without having to constantly change the R.1.
oil in the immersion cell (Bloss, 1981). Due to the fact that the zeolite grains were very thin
(5-50 um), few grains exhibited a visible dispersion when there was a crystal/R.1. match, so
the Becke Line test was primarily used for getting a basic R.I. match. On another note, since
the grains are thin, R.1. matches only parallel to or near parallel to the long axis of the crystal
are determined; the R.1. value perpendicular to the long axis of the grain was later calculated.
When performing the Double Variation Method, grains are first matched closely with a R.1.
liquid, the monochromator is then inserted until the Becke Line boundary is reached (line
goes into the crystal and then into the liquid with minimal movement of the monochromator),
this value along with the corresponding messort number (found on the side of the
monochromator) and temperature is recorded. Next, the immersion cell is slightly heated (2-
5°C) and the process is repeated. Eventually with enough data points, a Double Variation
curve is constructed with wavelength on the x-axis and R.I. on the y-axis. In an ideal
situation, it is possible to map dispersion curves for each vibration direction in the grain and
match it to various R.I. values within the visible spectrum (Bloss, 1981). Since the Double
Variation method proved difficult with the zeolite samples in this study, it was not used in the

final data sets.
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Abbe 60 Refractometer

Precise oil calibrations were obtained through use of the Abbe 60 Refractometer. Data
were recorded and calculated using the 2016 excel-modified version of the program
EXCALIBR as previously mentioned above. The Abbe 60 Refractometer data are fit to
multiple calibration curves including the Cauchy, Sellmeier, Refractometer, and Equation 1
created by Gunter (Gunter, 1989).

Once R.1. oil(s) of match are determined by using the Becke Line test or Double
Variation Method, the oil is then used on the Abbe Refractometer to get a precise match of the
R.1. value(s). The Abbe Refractometer uses two glass prisms to measure the critical angle of
incidence for light passing through the R.1. liquid to the measuring prism (Bloss, 1981). The
wavelengths of light used for the Abbe Refractometer measurements include Mercury (435.8,
546.1, 579 nm), Cadmium (467.8, 480, 508.6, 643.8 nm), and Sodium (589.3 nm). If the
Becke Line test indicates two possible R.1. (i.e. 1.482/1.484) oils of match then both oils are
calibrated using the Abbe Refractometer and the final values are averaged. It is important to
note that all Abbe Refractometer calculations are corrected for temperature.

The first, and most widely used, calibration curve for fitting R.I. data is Cauchy’s
Equation. Cauchy’s Equation works on the principle of dispersion, whereas refraction will
vary with varying wavelengths of light n; = ¢1 + (c2/42) + (C3/23)... n; = R.l., ¢ = Cauchy
Constants, and A = wavelengths (nm) of light. The Sellmeier Equation is similar to the Cauchy
Equation, but it takes into account selective absorption bands that may occur near or in the
visible spectrum, n? = 1+{(A)A?) / (A2 — ho®)} where n = R L, L = wavelength (nm), Ao =
wavelength of maximum absorption, A = absorption band (constant) (Bloss, 1999). The
Refractometer equation used was taken directly from the Abbe 60 Refractometer operating
instructions manual, and the final Equation 1 by Gunter calculates a more precise R.I. value
(up to the 5™ decimal place) using predicted estimators from regression analysis (Gunter,
1989).

RESULTS

Zeolite samples that did not provide refractive index matches using the Becke Line

test were omitted from the final results of this study. Reasons for not obtaining a Becke Line
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match include, if the sample was too fibrous (composed of bundles of individual grains), if
extinction data were anomalous due to particle morphology and/or particle thickness, or if the
sample was in an unusable orientation. Sample numbers 4b, 5, 5a, 5b, 15, 15a, 19b, 22a, 22b,
23, 23a, 23b, 34, 34a, 34b, 36, 36a, 36b, 37, 37a, 37b, 41, 42, and 42a were excluded from the
results of this study. Again it is important to note that the sample names used in these results
came directly from the labeled samples and future compositional using SAED and SCXRD

work might alter some of these name designations.

Sign of Elongation

Although the sign of elongation test was performed on all of the zeolites in this study,
only the results of erionite and offretite-containing samples were analyzed due to their similar
composition and structure (Figure 2.7). From the samples analyzed, it is apparent that there is
much overlap between length fast and length slow sign of elongations for both erionite and
offretite. In partial agreement with earlier studies (Sheppard, 1996; Deer et al, 2013), the
majority of erionite samples were found to be length slow, while the majority of offretite
samples seemed to be a mix of both length fast and length slow possibly relating to the
presence of overgrowths or intergrowths. Samples labeled as being erionite/offretite
intergrowths were length slow while samples labeled as offretite intergrowths were found to

be length fast.

Refractive Index Values

Upon completion of optical analyses, R.I. values for each sample are recorded on an N
(slow) vs. n (fast) scatter plot (Figure 2.8). The variables N and n are used to represent the
largest (N) and smallest (n) R.I. values for each mineral so that all zeolite samples can be
plotted together regardless of optical class (i.e. uniaxial or biaxial). For the elongate zeolite
samples, the R.I. value parallel or near parallel to the long axis of the crystal is approximately
measured using the Becke Line Test and further refined after performing an oil calibration on
the Abbe 60 Refractometer. The other R.I. value is then calculated solving for either N or n in
the equation for birefringence. It is important to note that zeolite samples of the same species
may appear to cluster together on the N vs. n plot, but this is likely due to the samples

originating from the same location, thus having similar compositions. For this study, erionite
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and offretite comprised the majority of zeolite samples analyzed, so R.I. values for the other
zeolites might not be equally representative. Generally, all of the zeolite samples plotted
below 1.500 for both N and n while okenite, the non-zeolite mineral, plotted above 1.515 for
both R.I. values. When looking at the N vs. n data for just erionite, offretite and intergrowths
(overgrowths), no clear pattern can be observed between the large and small R.1. values
(Figure 2.9). This point further shows that R.I. values for erionite and offretite cannot be
distinguished based on optic analysis alone. Other minerals such as mordenite and natrolite
have R.I. values that can overlap with erionite and offretite but they are both biaxial while
erionite and offretite are uniaxial making differentiation by PLM possible (Tschernich, 1992;
Gottardi and Galli, 1985; Deer et al, 1967). Expanded N vs. n graphs for the other zeolite
minerals can be viewed in Figures 2.10 — 2.11.

Birefringence and Retardation

The birefringence and retardation for each sample was compared on a scatter plot for
each mineral (Figure 2.12). Remember, retardation and birefringence were calculated using a
combination of the Sénarmont Compensator and Vickers A.E.l. Image Splitting Eyepiece.
The graph’s results are consistent with what is to be expected with zeolite minerals, a low
birefringence and retardation. Again, zeolites are framework silicate minerals so they
typically display low, first order interference colors under XPL meaning there is a very small
difference between R.1. values. The majority of erionite, offretite, and intergrowth
(overgrowth) samples appear to be clustered at the lower end of birefringence and retardation

values, while the other zeolite samples are more scattered.

DISCUSSION

Optical identification of the zeolites erionite and offretite should be used in
combination with other identification methods such as TEM, EPMA, SCXRD, and XRD. The
sign of elongation test alone should no longer be used to differentiate between erionite and
offretite. With the precise optical analysis of a large zeolite sample set, it is easy to see that
erionite and offretite overlap significantly when it comes to sign of elongation and R.I. The

role that intergrowths and overgrowths play in affecting zeolite optics is still unclear, so
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again, future studies are needed to better highlight this connection. Overall, a much more
realistic picture of the R.I. ranges for both € and o for erionite and offretite was achieved in
this study as compared to the narrow range of R.I. values defined in previous literature.
Differences in environments of formation of these zeolite species, H>O content, and cation
content will always be a major factor in controlling the R.I. of these samples. Optics alone is

not an exact determination of crystal chemistry or structure for erionite and offretite.

FUTURE WORK

Future work on these fibrous/acicular zeolites will include more precise chemical
determinations using EPMA. Since, optical identification of these zeolites is more of an
indirect method of investigation, it is important to continue to emphasize the identification of
these fibrous/acicular zeolites using a suite of analyses. This idealized suite of analyses
include using Selected Area Electron Diffraction (SAED) on the TEM for structural
characterizations and/or SCXRD, PLM for indirect analysis, and using Wavelength
Dispersive Spectroscopy (WDS) on EPMA for precise chemical compositions if available. In
the future, after EPMA with these samples are complete, the now polished epoxy-hosted
zeolite samples will again be analyzed optically under the PLM for potential correlations
between changes in sign of elongation and changes in chemical composition of individual
grains. The most interesting samples in this study came from the Ajo. District of Pima, Co.,
AZ, USA (Figure 2.13). The majority of these samples were large, single crystals, and had
distinctive intergrowths/overgrowths on the grains. Samples like these will help to better
constrain the chemical changes associated with intergrowths and overgrowths of erionite,
offretite, and other zeolite species. This will provide more insight into how variations in

chemical composition and structure affect the optics of the fibrous/acicular zeolite samples.
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Table 2.1

Sample Number |Sample Location Primairy Zeolites
Phelps Dodge Co. Well No. 1, Little Ajo Mtns,
1and 45 Ajo District, Pima County, AZ, USA erionite {Ca)
Bozarth Mesa near Hillside, Yavapai County,
2 AZ, USA erionite (K}
Phelps Dodge Co. Well No. 1, Little Ajo Mins,
3 Ajo District, Pima County, AZ, USA erionite (K}
4 Thumb Butte, Graham County, AZ, USA erionite (K}
levyne with epitaxial
5 Spray, Oregon, USA offretite
B Clifton, AZ, USA offretite
7 Adamello, taly offretite, chabazite
erionite, clinoptilolite,
8 Rock Island Dam, Washington, USA phillipsite
Chase Creek, Falkland, Kamloops Mining
£l Division, B.C., Canada erionite
Chase Creek, Falkland, Kamloops Mining
10 Division, B.C., Canada erionite
11 Clifton, Greenlee Co, AZ, USA erionite
12 Eureka Valley, Del Norte Co, California, USA |ericnite
13 Herbstein, Vogelsberg, Germany erionite
14 Herbstein, Vogelsberg, Hesse, Germany erionite
Rock Island Dam, Douglas Co, Washington,
15 LSA erignite, heulandite
16 Malpais Hill, Didleyville, Pinal Co, AZ, USA erionite
17 Chase Creek, B.C., Canada erionite
18 Pinans Lake, Westworld, B.C., Canada erionite
15 Mt. Semiol, Loire, Rhone Alps, France mazzite (Mg), phillipsite
20 Greenlee Co, AZ, USA mesolite
21 Oregon, USA mesolite
Palermo #1, Narth Groton, Grafton Co, New
22 Hampshire, USA mesolite
23 Talisker Bay, Isle of Skye, Scotland mesolite
Howenegg Hegau Quarry, Baden
24 ‘Wurttemberg, Germany natrolite
Kibblehouse Quarry, Perkiomenville,
25 Montgomery Co, Pennsylvania, USA natrolite
26 Mt. 5t. Hilaire, Rouville, Quebec, Canada natrolite
27 Springfield Lane Co, Oregon, USA natrolite
Rock Island Dam, Douglas Co, Washington,
28 USA offretite, erionite
Douglas Creek Read, Westwerld, B.C.,
259 Canada offretite, levyne
Mont Semiol, Chatelneuf, Loire, Rhone
30 Alpes, France offretite
31 Mt. Simiouse, Loire, France offretite
Mt. Simiouse Semiol, Chatelneuf, Laire,
32 Rhone Alpes, France offretite, phillipsite
33 Sasbach am Kaiserstuhl, Germany offretite
34 Yuma Co, AZ, USA offretite
35 Poona, India okenite
36 Tahiti scolecite
British Canadian Mine, Black Lake, Quebec,
37 Canada scolecite, chabazite
38 Beach, Oregon, USA scolecite, heulandite
359 Poona, India scolecite
limaussag Groenlandia, Jose lgnacio Garate
40 Zubillaga Del Museo De Zapala tetranatrolite
Magheramaorne Quarry near Larne Co tetranatrolite,
41 Antrim, Northern Ireland paranatrolite
thomsonite, chabazite,
42 Faroe Islands celadonite
43 Yaguina Head, Agate Beach, Oregon, USA erionite
44 Challis, Idaho, USA mordenite

Primary zeolites found in each sample used in this study.
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Figure 2.1
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Figure 2.2
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Google Map of zeolite sample locations used in this study
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Figure 2.3

Stereoscopic images of elongate zeolite samples (A) erionite sample 1 (Pima Co., AZ,
USA), and (B) offretite and erionite sample 28 (Rock Island Dam, Douglas Co, WA, USA).



Figure 2.4

(A) Leitz microscope, fitted with a Supper spindle stage, spindle stage goniometer,
Vickers A.E.l. Image Splitting Eyepiece (not shown in this image), camera, and
monochromator and (B) Abbe Refractometer used in this study.
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Figure 2.5

10x magnification of erionite sample number 1 (Pima Co., AZ, USA), (A) Plane
Polarized Light (PPL) image, (B) Cross Polarized Light (XPL) image, (C) XPL image with
530 nm accessory plate inserted. Note: tip of grain and base of grain show different changes
in retardation.
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Figure 2.6

10x magnification of erionite sample number 1 using the Sénarmont Compensator. (A)
PPL image of sample with monochromator inserted to about 540 nm (green). (B) Same PPL
image of sample with analyzer rotated to reverse the colors.
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Figure 2.7
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Sign of elongation of erionite, offretite, erionite/offretite intergrowth, and offretite
intergrowth samples. For this study the zeolite species determination comes directly from the

labeled sample names.



Figure 2.8
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Figure 2.9
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Figure 2.10
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Figure 2.11
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Figure 2.12
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Figure 2.13

Sample 1, erionite-Ca, Phelps Dodge Co., Well no. 1, Little Ajo Mountains, Ajo
District, Pima Co., AZ, USA. Sample shows a distinctive difference in sign of elongation on
the tip of the grain (A) image in XPL with accessory plate inserted, (B) image in XPL.
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Chapter 3:

Relationship between Chemistry, Structure and Optics of the Zeolites
Erionite and Offretite

Kristina P. Pourtabib
Mickey E. Gunter

ABSTRACT

Erionite and offretite are two zeolite minerals that have several overlapping properties
such as composition, near-similar structure, and optics. It is important to be able to
differentiate between these two species because erionite has carcinogenetic properties while
offretite appears not to. By correlating multiple means of identification, such as electron probe
microanalysis (EPMA), selected area electron diffraction (SAED), single crystal x-ray
diffraction (SCXRD) and optics, trends in the data can be found. For both erionite and
offretite, Mg and Ca are the two most variable cations and share an inverse relationship with
one another. Length slow erionite and offretite have more Mg than Ca, while length fast
erionite and offretite generally have the opposite relationship. Due to various intergrowth and
overgrowth textures, as well as stacking faults, identification between these two minerals can
get complicated. By taking a scale-dependent approach to data analysis, fine-scale trends in

the data can be correlated to large-scale findings.

Keywords: Zeolites, erionite, offretite, Optical Mineralogy, Electron Probe Microanalysis,

Transmission Electron Microscopy, Single Crystal XRD, Polarized Light Microscopy

INTRODUCTION
The zeolite minerals erionite and offretite share many common characteristics in their
structure, composition, and optical properties. Researchers are working to better constrain
these minerals both compositionally and structurally so as to establish a simpler means for

identification (Passaglia et al, 1998, Gualtieri et al, 1998; Dogan et al, 2006; Dogan and
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Dogan, 2008; Ballirano et al, 2009; Dogan, 2011). Although erionite occurs more frequently
in nature than offretite, potential intergrowths and overgrowths of these minerals with one
another and with other zeolites, as well as microstructural stacking faults can make
differentiation difficult (Wise and Tschernich, 1976, Armbruster and Gunter, 1998; Passaglia
et al, 1998; Gualtieri et al, 1998; Ballirano et al, 2009). It is important to practice multiple

means of identification, in order to properly distinguish between these two minerals.

Structure and Composition

Erionite and offretite primarily form in low pressure and low temperature
environments. The main environments of formation include, altered volcanic tuff-type
deposits, and crystallization in the vesicles of basalts (Sheppard, 1996; Van Gosen et al, 2013;
Saini-Eidukat and Triplett, 2014). Erionite found in deposits of altered volcanic tuff are more
easily erodible, thus it is more likely the setting for human exposure (Dogan et al, 2006;
Pourtabib and Gunter, 2015). There are no known connections between offretite and cancer,
but erionite is listed as a Group | carcinogen meaning that it is found to cause cancer in both
humans and animals alike, but the mechanisms by which erionite induces cancer are still
unclear (IARC, 1987a-b; Dogan et al, 2006; Dogan et al, 2008; Dogan and Dogan, 2008;
Ballirano and Cametti, 2015; Ballirano et al, 2015; Matassa et al, 2015; Mattioli et al, 2015;
Oczypok et al, 2016). Both erionite and offretite crystallize in the hexagonal crystal system
with varying unit cell sizes (erionite: a=b = 13.26, ¢ = 15.12 A and offretite: a=b = 13.29, ¢ =
7.58 A), but both minerals have different space group symmetry (Armbruster and Gunter,
2001). Erionite has the space group P6s/mmc while offretite contains a space group of P6m2.
This space group symmetry is one of the main ways to tell erionite from offretite when doing
SAED on the TEM. The 63 screw axis found in erionite is a symmetry operation with a 180°
rotation followed by a % translation along c, the planes of atoms created from this symmetry
are reflected in the diffraction patterns of erionite by showing diffraction constraints (i.e.
systematic absences) at 001 = 2n along c* (Kokotailo et al, 1972; Armbruster and Gunter,
2001; Dyar and Gunter, 2008; Pourtabib and Gunter, 2015).

Compositionally both erionite and offretite have similar formulas, but slight
differences in cation content can help to distinguish between the two minerals. Erionite,
K2(Na,Cao s)s[Al10Si26072]* 28H20, and offretite, KCaMg[AlsSi130 36]*15H20, both contain
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K and Ca as some of the primary extraframework cations while Mg seems to be associated
mainly with offretite, and Na is associated with erionite (Armbruster and Gunter, 2001). Both
structures of erionite and offretite are composed of various channels and cages that house
extraframework cations and H2O. In erionite, there are three main cage structures which
include: a six-membered double ring which is empty, a cancrinite cage with K, and an erionite
cage with varying amounts of Ca, Na, and Mg (Gualtieri et al, 1998; Passaglia et al, 1998;
Armbruster and Gunter, 2001). In offretite, the cage structures include: a six-membered
double ring which is empty or has low occupancy, a cancrinite cage with K, a gmelinite cage
with Mg surrounded by H»O, and wide channels where Ca-H.O complexes can be found
(Gualtieri et al, 1998; Passaglia et al, 1998; Armbruster and Gunter, 2001). The Mg/(Ca+Na)
cation ratio is thought to be a reliable way to tell the difference between erionite and offretite
with offretite ratios close to 1.0 and erionite ratios < 0.3 (Passaglia et al, 1998). Detailed
structural studies have shown that Ca, which is more prevalent in erionite, is more flexible
than Mg in charge balancing and can easily bond to framework O atoms and H2O in distorted
and/or higher coordination arrangements (Gualtieri et al, 1998; Passaglia et al, 1998). In
offretite, the smaller radius of Mg inhibits any bonding to framework oxygens, but larger
structural openings in gmelinite cages are sufficient for octahedrally-coordinated Mg with
disordered H20 along with Ca (used to balance the framework charge) to fit (Gualtieri et al,
1998, Passaglia et al, 1998). It has been proposed that samples with Mg > 0.80 in APFU
should be considered offretite, while samples with Mg < 0.80 are erionite (Gualtieri et al,
1998; Dogan and Dogan, 2008; Dogan, 2011). While not directly considered by others, Mg
would have a larger and more tightly bound hydration sphere than either Ca or Na. EPMA,
TEM, and SCXRD data in this paper show that there can be erionite samples with higher Mg
content than 0.80. Further information can be found in the results and discussion sections.

Erionite and Offretite Optics

Erionite and offretite are both framework silicate minerals with a 1:2, Si + Al : O ratio.
Framework silicates typically have a low birefringence (8) because the structures are similar
in all directions (Dyar and Gunter, 2008); specifically for zeolite changes in optical properties
— especially optical class and orientation — have been shown to be very sensitive to slight

variations in composition or hydration (Ribbe and Gunter, 1993; Gunter et al, 1993; Gunter et
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al, 1994; Palmer and Gunter, 2000). Since erionite and offretite are both hexagonal, they fall
under the uniaxial optic class of minerals. These minerals have two main refractive indices
represented by epsilon (¢) and omega (o). Erionite was thought to be uniaxial (+), meaning &
> o while offretite was thought to be uniaxial (-), meaning ® > € (Sheppard and Gude; 1969;
Gottardi and Galli, 1985, Deer et al, 2013). Since many of these zeolites have an elongate
form, it is easy to determine the sign of elongation in order to determine whether or not the
large (N = slow-ray) or small (n = fast-ray) refractive index value is parallel to the long axis
of the grain (Bloss, 1999; Dyar and Gunter, 2008; Pourtabib and Gunter, 2015). This test is
fairly straightforward, and it is easy to see differences in sign of elongation on larger grains,
which are usually grains from basalt-hosted deposits. Note: the sign of elongation is different
than the optic sign, but directly correlated for uniaxial minerals. More recent findings,
including this study, suggest that both erionite and offretite can be length fast and length slow,
and that this is related to the Si/Al ratio in the framework tetrahedral, where Al can be found
in the six-member single rings of erionite and Al is found to be disordered over two different
tetrahedral sites in offretite (Passaglia et al, 1998; Armbruster and Gunter, 2001; Neuhoff and
Ribbe, 2006; Pourtabib and Gunter, 2015). It is thought that erionite can be distinguished
from offretite based off of having a Si/Al ratio > 2.4 (Wise and Tschernich, 1976; Rinaldi,
1976; Passaglia et al, 1998). Generally in zeolite minerals, the optical properties are sensitive
to small changes in crystal structure and composition (Gunter and Ribbe, 1993).

Another factor when looking at variations in refractive index with changes in
composition and structure of zeolites is the presence of H20. The orientation of the H,O
molecules will greatly affect the refractive index of the mineral. When the H.O bonds become
parallel to the plane of view, when looking under a microscope, the electron density will
greatly increase along and perpendicular to the long axis of the grain (Gunter and Ribbe,
1993; Palmer and Gunter, 2000). Zeolite minerals are also sensitive to changes in
temperature. Usually, when temperature increases, the refractive index will decrease, but
some zeolites will reach a point where their internal structure collapses upon heating, and
associated dehydration, which causes the refractive index to then increase (Gunter and Ribbe,
1993; Palmer and Gunter, 2000; Passaglia et al, 1998; Ballirano and Cametti, 2012).

Erionite and offretite, as well as other zeolites, are prone to internal cation migration.

This has been seen in cation-exchange studies as well as studies on dehydration (Sherry,
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1979; Gualtieri et al, 1998; Ballirano and Cametti, 2012; Ballirano and Cametti, 2015). Upon
heating, the eight-membered ring in erionite will shrink, the six-membered ring between the
cancrinite and erionite cage will expand, and the depletion of H>O molecule sites occur
throughout the heating process (Ballirano and Cametti, 2012). Again, the long connecting
channels in offretite allow for almost complete ion exchange from univalent cations to
divalent cations (Sherry, 1979). Little is still known about the orientation of hydrogen atoms
in the H»O structure of erionite and offretite upon dehydration. Orientation of H>O as well as
knowing the types of bonds most prevalent in erionite and offretite (i.e. covalent, ionic) could
greatly influence the polarization of the sample and thus change the refractive index (Gunter
and Ribbe, 1993; Palmer and Gunter, 2000).

Intergrowths, Overgrowths, and Stacking Sequences

Additional difficulties encountered in identifying erionite and offretite are related to
various intergrowths, overgrowths and stacking sequences often times found in these minerals
(Kokotailo et al, 1972; Rinaldi, 1976; Wise and Tschernich, 1976; Passaglia et al, 1998).
Typically erionite is characterized as having an AbAc stacking sequence, composed of
alternating six-membered single (b and ¢) and double rings (A), while offretite has an AbAb
stacking sequence. Erionite contains offretite-stacking faults that lead to a localized AbAb
sequence, and offretite has erionite stacking faults leading to a localized AbAc sequence
(Armbruster and Gunter, 2001). These stacking faults occur as a random distribution on the
crystal as a whole, and can observed parallel to c* in diffraction as a streaked spots (Kokotailo
et al, 1972). This effect was not observed during the SAED TEM work on this study.
Erionite and offretite can form as overgrowths on levyne or other zeolites such as chabazite,
and can be found as intergrowths with one another (Rinaldi, 1976; Wise and Tschernich,
1976; Passaglia et al, 1998). According to Passagila et al (1998), erionite is found to be most
often overgrown on levyne, offretite is found to be more commonly overgrown on chabazite,
and erionite and offretite intergrowths are not commonly found in large amounts. When
erionite is found overgrown on levyne there is a noticeable change in chemistry to being more
Al-rich. Also, erionite must develop a Si/Al ratio close to that of levyne in order to start the
overgrowth process (Passaglia et al, 1998). In addition to intergrowth and overgrowth

textures, some grains are also found to contain cores of varying composition. Rinaldi (1976)



63

noticed that in samples of offretite from Sasbach, Kaiserstuhl, Germany there was chemical
zoning along the direction of crystal growth that reflected changes in composition from
erionite to offretite. This transition in composition could be seen by looking at the differences
in Si/Al ratios and the presence of more monovalent cations on the erionite side of the grain
(Rinaldi, 1976). The formation of erionite over offretite and vice versa is due largely to
chemistry and the availability of cations present in the starting solution. For instance, if Mg
starts to crystallize initially then gmelinite cages will be the first structures to form, and this
could lead to the formation of an offretite structure (Rinaldi, 1976). Overall, the structure,
chemistry, optical properties and intergrowth/overgrowth textures of erionite and offretite are
complex, and significant overlaps in these properties can further add confusion to their
identification. It is again important that multiple analytical methods are used in order to

differentiate between these minerals.

MATERIALS AND METHODS

Erionite and offretite samples used in this study were basalt-hosted and have mostly
elongate particle morphologies (Table 3.1). Zeolites from altered volcanic tuff-type deposits
were not used due to small particle size, which would provide insufficient optic and EPMA
data. Samples with associated optical data are designated by sample number and/or sample
number with an ‘a or b’ attached to the name (i.e. sample 1 and sample 1a have optical data in
addition to EPMA data). Samples labeled with the sample number and ‘extra’ are samples
with no optical data but EPMA data (i.e. sample 1_extraand 1_extra _1 have EPMA data but
no optical data).

Problems encountered during the polishing phase of sample preparation were the
primary reasons for why some samples with optic data had no EPMA data. Some polishing
problems include; brittle grains that broke upon polishing, grains that were too fibrous to
polish, grains that fully plucked out of the epoxy, grains that were not intersected during
polishing, or grains that did not provide smooth enough polished surface for EPMA work.
The following list of samples fell into the category of having optic data but no EPMA data,
these include; 1, 1b, 2, 2a, 2b, 3b, 44, 4b, 5b, 6b, 7a, 8a, 8b, 9a, 9b, 10b, 11, 11b, 13b, 16, 16a,
16b, 17, 173, 19, 20a, 21, 21a, 22, 22a, 22b, 23, 23a, 24a, 25, 25b, 27, 28, 28a, 28b, 29b, 31a,
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32, 35, 35a and 35b. In addition, certain grains were also omitted from the final results due to
providing inadequate EPMA data, these grains include; 6a, 6_extra, 6_extra_1, 11 extra 1,
17 extra 2,21 extra 1,28 extra_1, 28 extra 2, 36_extra, 37_extra, 37_extra_1, 38 _extra,
38_extra_1 and 41_extra. Criterion for inadequate EPMA data for this study are as follows;
grain is too small for the diameter of the electron beam (10 um), grain has an irregular
surface, Si+Al:O ratio is incorrect for APFU calculations, or the balance error percent (E%) is
> +10.

The Natural History Museum of Los Angeles County, Philip Neuhoff, obtained from
Shannon & Sons Minerals, and MEG provided samples for this study. All of the preliminary
sample names used were taken directly from the sample labels already provided. Sample #34
was labeled as offretite, but EPMA data shows a composition more similar to that of apatite.
SCXRD data and TEM data for sample #34 proved difficult, so no structural data was
obtained, however this sample was omitted from the study. Any additional revised sample
names will be discussed later in the paper. EPMA data for other fibrous/acicular zeolites can

be found in the Appendix C.

Instrumentation

EPMA was performed at Washington State University’s GeoAnalytical Lab on a
JEOL JXA-8500F. TEM analyses were done at The University of Idaho on a JEOL JEM-2010
using a Thermo Scientific detector coupled with NSS software. Preliminary PLM analysis for
checking sample polish was done on an Olympus BH-2 microscope and sample images after
EPMA work were taken on an Olympus DP-70. A Leica EZ4HD stereoscope was also used
for sample preparation. SCXRD analyses were also carried out at The University of Idaho on
a Siemens SMART single-crystal x-ray diffractometer with APEX 3 software and a 0.71 A

Mo x-ray source.
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Sample Preparation

EPMA

Glass petrographic microscope slides were first frosted using 320 grit silicon carbide
polishing paper, and excess grit was removed using ethanol and compressed air. One laser-cut
acrylic disk (17 diameter, '4” height, with three 1cm diameter holes drilled into it) is then
adhered to the frosted side of the glass slide using a 5:1 epoxy resin to hardener (slow)
mixture. The slide is then allowed to cool and harden at room temperature for 24 hours. Next,
individual grains used for optical analysis are removed from their glass fiber using acetone
(grains were held to a glass fiber using nail polish for spindle stage analysis). The grain with
the best optical data is placed into one of the laser cut holes in the acrylic disk, the next two
grains with associated optic data are placed in the next laser cut hole, and the final laser cut
hole is filled with 5 or more grains (no optic data on these grains) from the same sample
location. The same epoxy resin + hardener mixture is made and poured equally into each
individual laser cut hole. This entire set-up is then periodically heated on the low-heat setting
of a hot plate and cooled on a counter-top to try and eliminate excess bubbles. It is important
to try and eliminate bubbles that are next to grains. The sample is then allowed to cool for 24
hours. Once sample is cooled, it is cut on a Hillquist thin-section machine to a few mm in
thickness. Sample is then polished first using 320 grit silicon carbide papers and subsequently
polished using a series of 15, 6, and 3 um diamond polishing papers. Next, the samples are
polished further using a set of 5, 3.5, 2.5, 1.5, 1, 0.5, and 0.25 um diamond-polishing pastes. It
is important to make sure the samples are thoroughly washed using mild soap and water
between changing polishing papers/pastes in order to avoid contamination. The sample polish
is continually checked under reflected light. Finished samples were then carbon-coated at the
WSU GeoAnalytical Lab and ready for analysis.

TEM and SCXRD

Samples used for TEM and SCXRD analysis were first visually inspected using a
stereoscope, and individual erionite/offretite grains were plucked from the original basalt-
hosted sample and placed into a petri dish. For TEM, zeolite grains were lightly crushed using

a bit of isopropanol alcohol and a mortar and pestle, then the mixture was pipetted directly
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onto a carbon-coated copper TEM grid. The sample was allowed to dry and grain distribution
was checked using a PLM before analysis. For SCXRD analysis, an individual grain was
attached to a glass fiber mounted into a brass pin using nail polish. The grain is attached so
that its long axis is parallel to the long axis of the glass fiber. It is important to try and mount
a grain that has no visible twinning. The grain is then placed into a SCXRD goniometer, and
particle morphology and sign of elongation is checked on a spindle stage microscope set-up.

If the grain is usable then it is ready for SCXRD analysis.

Methods

EPMA

For EPMA analysis a 15 kV accelerating voltage was used, 8 nA beam current, and 10
um beam size. Relatively low and diffuse beam parameters were used due to very small grain
sizes and the presence of H2O in the zeolite chemistries, also to minimize Na being volatized.
Mean atomic number background corrections were made using the Kramer’s Rule Method,
and corrections for elemental migration due to beam damage were also applied (Donovan and
Tingle, 1996; Nielsen and Sigurdsson, 1981). The Armstrong-Love/Scot phi-rho-z method
was used for ZAF matrix corrections, and counting times were acquired on multiple
spectrometers and aggregated (Armstrong, 1988). Elements analyzed, counting times,
analyzing crystals and calibration standard information can be found in Table 3.2. Grain
cracks, edges, and other surficial imperfections were avoided when possible while picking
individual points. EPMA results are presented as weight % oxides with H,O content being
calculated by difference using the ZAF corrections. Atoms per formula unit (APFU) were
calculated later based off of methods used by Dyar and Gunter (2008). For each point
analyzed a E% calculation was done in order to look at the relationship between exchangeable
cations and Al and Fe®* (100 x [(Al+Fe)ob — Aln]/Alin; Alin = Na + K + 2 x (Ca + Mg + Sr +
Ba)). Positive E% are meant to indicate an excess of trivalent cations and a negative E% will
indicate excess amounts of exchangeable cations (Passaglia, 1970; Passaglia et al, 1998). All

statistical analysis was performed using the JMP 13 statistical analysis software.
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TEM and SCXRD

For SAED, samples were run at an accelerating voltage of 200 kV and a thallium
chloride diffraction standard was used. Diffraction patterns for erionite and offretite can be
differentiated due to the unique space group symmetry of erionite, P6/mmc and noting
diffraction constraints along c*. Diffraction patterns were indexed for erionite and offretite
grains using CrystalMaker and SingleCrystal software with simulated crystal structure
patterns found using the American Mineralogists Crystal Structure Database. Acquired zone
axis diffraction patterns were uploaded into the SingleCrystal software and matched to
previously determined crystal structure data of erionite and offretite (Figure 3.1: Pourtabib
and Gunter, 2015).

For SCXRD methods, the same parameters were used for the data collection of both
erionite and offretite. For unit cell determinations the spot threshold was reduced so that lower
intensity diffractions spots could be included in the data collection. This is important because
higher order reflections in erionite are very weak, so if the threshold is too high then the unit
cells will not match for erionite. Also, the space group of erionite and offretite share many
similarities, so the more diffraction spots acquired, the easier it will be to differentiate
between the two minerals. For the purpose of this study only preliminary unit cell
determinations were made using SCXRD, later studies will focus more on longer data

acquisition times and making crystal structure refinements.

RESULTS

Erionite and offretite analyses were compared on a variety of scales such as, point-by-
point comparison of changes in composition along a single grain transect, as well as overall
averaged chemical compositions for each grain. In addition to composition, information on
previous optical work was also used to find correlations between changes in chemistry and
optics in each sample. Any changes in the original sample name after identification by
EPMA, TEM, and SCXRD can be found on Table 3.3.
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EPMA

Erionite and offretite EPMA results on Tables 3.4 and 3.5 are taken as an average of
all points per grain. Initial EPMA results are reported as weight % oxides and later calculated
into APFUs. Number of points per grain, R-value, balance error %, unit cell dimensions, and
sign of elongation are also reported for each averaged sample. Grains that did not exhibit clear
clongation are listed as “—* for sign of elongation. Mg values in red represent APFU values
>0.80 (Gualtieri et al, 1998; Dogan and Dogan, 2008, Dogan, 2011). Additional EPMA data
for other fibrous/acicular zeolites can be found in Appendix B.

Single-grain-scale: erionite

Erionite grains that exhibit both length fast and length slow signs of elongation (Figure
3.2 and 3.3), as well as grains that are completely length fast and completely length slow are
compared on a point-by-point basis to find trends at the single-grain-scale. Erionite grains that
are both length fast and length slow generally decrease in Mg content and increase in Ca
content when moving from the length slow base to the length fast tip. Looking at erionite
sample 45_extra in more detail, by plotting the major cations (APFU) on a ternary diagram
along with the signs of elongation for each point along the grain, it is apparent that the overall
chemical variability along the grain is subtle. The majority of length slow grains appear to
have a higher Mg content compared to the length fast grains, and the majority of length fast
grains appear to have a slightly higher Ca (+Na) content. There is too much overlap with the
K (+Sr +Ba) endmember to discriminate between the length fast and length slow points
(Figure 3.4). Further scatter diagram analyses of the individual points from sample 45_extra,
again confirm these same relationships, showing that in the length slow portion of the grain,
the Mg content is high, while the Ca content is low (Figure 3.5). While in the length fast
portion of the grain the Mg content is low while the Ca content is high. These trends, as well
as the positive and negative line of best-fit slopes correlate to the same changes in
composition while moving from the base to the tip of sample 45_extra. This graph also shows
that the R-value does not vary significantly from length fast to length slow portion.

Next, erionite grains that are completely length slow (Figure 3.6) and completely
length fast (Figure 3.7) are compared on a point-by-point basis. In grains that are not splayed,
it is difficult to tell which end is the base and which end is the tip of the grain, so general

relationships are used instead. In sample 11 _11a of a completely length slow erionite as Mg
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increases, Ca will decrease, and in sample 14_14b of a completely length fast erionite, again
as Mg increases, Ca will decrease. Sample 12_12a of erionite shows an overgrowth texture
where there is a defined grain core (Figure 3.8). When taking a closer look at changes in
composition along this grain again, as Mg increases, Ca will decrease. On this grain there is
no obvious difference in composition in the overgrowth core, except that this is where Mg

content is lowest and Ca content is highest.

Single-grain-scale: offretite
The changes in composition of offretite along a single grain are less clear than the

relationships found in the erionite samples. Sample 32_32b of offretite shows a grain with a
defined intergrowth texture where one half of the grain is length fast and one half is length
slow (Figure 3.9). Looking closely at the compositional changes on the length slow portion of
the grain, as Mg increases, K also increases and there is no definite trend in Ca. On the length
fast portion of the same grain, as Mg and K increase, Ca decreases. When looking at sample
7_7b of a completely length fast offretite, Mg and K generally decrease from base to tip while
Ca will increase from base to tip (Figure 3.10). Finally, looking at a completely length slow

offretite sample, as K and Mg increase, Ca will decrease (Figure 3.11).

Whole-grain-scale: erionite and offretite

Trends in composition and optics of erionite and offretite grains are compared next on
a whole-grain-scale. First, multivariate analyses on parameters such as refractive index, and
chemistry of each sample are used to determine the strength of one variables affect on
another. The Pearson product-moment correlation coefficient measures the strength of the
relationship between variables. In this case, high correlation (>0.80), moderate correlation
(0.5-0.8) and low correlation (<0.5) parameters are used. It is important to note that outliers
heavily influence correlation coefficient trends, so this analysis is only used as a preliminary
means to point out strong correlations in the data. The correlation coefficient matrix of
erionite and offretite show all points with EPMA data for each grain used in this study, and
any misidentified samples moved to their respective graph. Variables with strong correlations
in the erionite matrix are N (slow)/n (fast), Si/Al, Si/Ca and Al/Ca (Figure 3.12). This shows
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that for erionite, the point-by-point relationships discussed previously show clear trends, but
when looking at the entire dataset, the correlations only partially reflect the individual grain
scale. Conversely, variables in the offretite correlation coefficient matrix have strong
correlation between N (slow)/n (fast), Si/Al, Si/Fe, Si/Mg, Al/Fe, Al/Mg and Sr/Na (Figure
3.13). This shows that at a point-by-point scale, the correlation between chemistry in offretite
is not always distinct, but when looking at all of the grains, there is a strong relationship
between some of the variables.

Trends between major cations and signs of elongation for each averaged grain APFU
are plotted on a ternary diagram. Generally, offretite has a higher Mg content and lower K
(+Sr +Ba) and Ca (+Na) content, while erionite has a lower Mg content, and higher K (+Sr
+Ba) and Ca (+Na) content (Figure 3.14). These relationships are in agreement with the
general chemical formulas for each mineral (Armbruster and Gunter, 2001). The only outliers
in the data are offretite samples 29 and 29a (circled in orange) which are labeled as offretite
overgrown on levyne, and erionite samples 9, 13a, and 14b which were structurally found to
be offretite (all sample symbols were changed to reflect a correct identification). Next, in
observing the APFU values of each point from all the grains in this study, the major cations of
erionite and offretite and the R-values are compared using a scatter diagram (Figure 3.15).
Again, this graph confirms that erionite commonly has a higher Ca content while offretite has
a higher Mg content. Inherently, erionite has more Si than offretite, which gives it a higher R-
value; hence the distinctive blue line separating the R-values of both minerals. Offretites with
low Mg and low R-values (yellow circles) are associated with levyne, while offretites with
low R-values and high Ca (samples 29, 29a, orange circle) are mislabeled offretites that are
actually erionites. Finally, samples with a purple circle are mislabeled erionite that are
actually offretites (samples 9, 13a, 14b), and these samples have inconclusive SCXRD
identifications that will again be discussed in the results section (Passaglia et al, 1998). Figure
3.16 shows the same relationship between R-value with respect to erionite and offretite but
also shows that K content. Erionites generally have a higher K content than offretite based off
of APFU calculations, and the data outliers are consistent with the mislabeled samples

discussed above.
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Whole-grain-scale: erionite and offretite optics and chemistry

When looking at diagrams which compare the N (slow)/n (fast) refractive index values
vs. R-values (averaged points per grain using APFUs) from this study, it is clear that changes
in the R-value have a direct effect on changes in refractive index, as they in-turn effect the
amount and type of extraframework cations and H»O. This point is illustrated using a scatter
diagram with shaded confidence intervals, which describe the uncertainty associated with the
data, and this is used to generate a line of best fit. For both erionite and offretite, the refractive
index values for both N (slow) and n (fast) overlap greatly, but generally erionite will have a
higher R-value because of having more Si (Figure 3.17). Erionite is found to be both optically
positive (€ > o, n (fast) > N (slow), length slow) and optically negative (o > ¢, N (slow) >n
(fast), length fast), with the optically positive erionites having more a higher R-value and
optically negative erionites having a lower R-value. It is important to note that the optically
negative erionites were found to be samples 12a, 12b, 13a, 14, and 14b, all of which are
samples that have caused problems with other means of identification. Once more, further
detail will be discussed in the discussion section. For the offretites, the optically positive
samples again tend to have higher R-values and the intermediate (optically positive and
negative) and optically negative samples tend to have lower R-values. Optically positive
offretite samples are 30a, and 30b, all of which show very low retardations when the
accessory plate is inserted. Again, these interpretations will be discussed in detail below.

When comparing refractive index and R-values for both erionite and offretite samples
together, it is clear where the crossover between optically positive and optically negative
grains falls, around 0.73 R-value, sample outliers are 3, 30b, 12, 12a, and 12b (Figure 3.18 A).
When comparing refractive index to the Mg/Ca ratio for both erionite and offretite, erionite
again has a higher Ca value while offretite has a higher Mg value (Figure 3.18 B). When
observing this relationship, the crossover between optically positive and optically negative
grains is unclear. Finally, observing the last set of graphs, length slow grains of erionite tend
to have a moderate Ca content with a range of Mg contents, while length fast grains of
erionite have higher Ca contents and lower Mg contents (Figure 3.19 A). The averaged
whole-grain offretite samples typically have a high Mg content and low Ca content and the

data points are more clustered than the data for the erionite samples (Figure 3.19 B).
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DISCUSSION

Generally, when looking at compositional changes along an erionite grain, Mg will
share an inverse relationship with Ca. For erionite, the length slow grains tend to have higher
amounts of Mg and lower amounts of Ca, while the relationship for length fast erionites is the
opposite. This is most likely related to the movement of cations and removal of H2O upon
grain dehydration. Since H20 was not measured directly in this study but is directly related to
changes in refractive index and migration of cations, it is assumed that H2O values will vary
along a grain. Interpretations of the data will factor in cation migration upon sample
dehydration. Usually, if an erionite grain is both length fast and length slow, the length fast
portion is at the tip. As stated previously, when erionite is dehydrated, the expansion of the
link between the K-filled cancrinite cage and the Ca, Na, and Mg-filled erionite cage allows
for these cations to migrate freely. Since, the H2O sites surround the Ca cations, and the H.0
depletes when dehydrated, the Ca could bump other cations out of the erionite cage, taking
their place, hence the increase in Ca when erionite is length fast (Sherry, 1979; Gualtieri et al,
1998; Ballirano and Cametti, 2012; Ballirano and Cametti, 2015). Another factor that could
contribute to having a length fast erionite is an increase in H20 within the ring structures
causing higher polarizability within the plane and therefore, an increase in the omega
refractive index, resulting in a change in optic sign (Palmer and Gunter, 2000).

For offretite samples, the general trends in composition are not as well defined as in
erionite, but some relationships can be seen. Overall, in grains of offretite that are both length
fast and length slow Mg and Ca are inversely related. In length fast offretite grains Mg is
generally higher than Ca, and in length slow offretite grains Ca is generally higher than Mg.
As stated before, when offretite undergoes dehydration, the long connecting channels allow
for free movement of cations, specifically Mg and Ca, which are both surrounded by H20
(Sherry, 1979; Gualtieri et al, 1998; Ballirano and Cametti, 2015). The reasoning behind
possible changes in Mg and Ca upon dehydration might be due to preferential movement in
order to balance charge offsets created by changes in H20. It is important to note that grains
of offretie with both length fast and length slow portions appear to be divided following
trends in surface features such as cracks. For both erionite and offretite samples, there were

few trends in K along a grain transect. This may be due to the fact that K is fixed in the
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cancrinite cage and will not easily exchange with neighboring monovalent cations in the
erionite cage unless large amounts of dehydration have taken place (Neuhoff and Ruhl, 2006).
Another cation that was not as significant in this study was Na. The EPMA results of Na were
below detection limits, due to the fast migration of Na away from the electron beam during
EPMA analysis, so Na was not a factor in comparing the compositional data. Based on these
subtle structural changes it is unconvincing to believe that both erionite and offretite are
present on the grains that are both length fast and length slow. Perhaps there are a few cases
where this is possible such as sample 33, but it was not evident in the samples from this study.

There were a few samples throughout the study that kept showing up as outliers during
data analysis, and these samples were 12, 13, and 14. Compositionally all of these samples
plot more similar to offretite when looking at the R-value, and samples 13 and 14, which
come from the same deposit, also have a high Mg content like that of offretite. Upon further
investigation using SAED, these two samples matched strongly with offretite, while no
erionite diffraction pattern could be found. Due to the similar hand sample appearance of both
erionite and offretite these samples were most likely mislabeled. Although sample 12 has an
R-value more similar to that of offretite, it has a low Mg and high Ca content more similar to
that of erionite. Analysis by SAED showed diffraction patterns matching both that of erionite
and offretite for sample 12, so this sample could potentially be an intergrowth of erionite and
offretite. Samples 12, 13, and 14 were also the only erionite samples to be optically negative.
Since samples 13 and 14 are actually offretite, sample 12 may instead be the only entirely
length fast erionite in this study. When looking at offretite, sample 30 was the only sample to
be optically positive. This sample was proven to be offretite through SAED analysis, and is
possibly the only entirely length slow offretite in this study. For both erionite and offretite the
R-value largely controls the refractive index.

Sample 33 of offretite from Sasbach, Kaiserstuhl, Germany is another outlier with a
Mg/Ca ratio similar to the other offretite samples but this sample has a range of R-values.
This sample contained grains that were both length fast and length slow and had distinctive
overgrowth textures. Rinaldi (1976) did a detailed study of grains from this location and
attributed this variation in sign of elongation on a single grain to be an intergrowth between
erionite and offretite. When analyzing sample 33 by SAED the diffraction patterns spacings

were that of offretite but the 2" order spots along ¢c* were slightly offset, almost as if it was a
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disordered erionite and offretite pattern. Compositionally, there was not enough data on these
samples to definitively say if the grain represents a transition from erionite to offretite, so
more work needs to be done.

When taking another look at the composition of the erionite samples many of the
grains have Mg contents that exceed 0.80. Samples that exceeded this 0.80 Mg amount were
previously disregarded and thrown out as not being erionite (Gualtieri et al, 1998; Dogan and
Dogan, 2008; Dogan, 2011). Grains 2 extra_1 (1.41 Mg), 3_extra (0.87 Mg), 9 (1.28 Mg), 10
(1.11 Mg), 11a (1.11 Mg), 13a (2.03 Mg), and 14b (2.18 Mg) have Mg amounts higher than
0.80. Additional identification by SAED and SCXRD shows that samples 2, 3, 9, and 10 all
have positive erionite or erionite/offretite identifications. While samples 13 and 14 were
identified as offretite and sample 11 has no SCXRD data. This shows that there can be
erionite samples that contain higher abundances of Mg while still retaining the unit cell
dimensions of erionite. Since Ca and Mg are both divalent cations that can be found in the
erionite cages of erionite, it seems reasonable to suggest that more Mg can replace Ca in these
structures. Finally, for both erionite and offretite, the R-value was distinctive for both erionite
and offretite (i.e. higher R-value in erionite), but the R-value varies independently of the
extraframework cation content due to changes in environments of formation conditions
(Neuhoff and Ruhl, 2006).

FUTURE WORK

Future work on erionite and offretite will be focused on obtaining more detailed
structural, chemical and optical observations of these minerals, in order to solidify trends in
the data. Crystal structure refinements will be done on SCXRD in order to better constrain the
locations and bond distances of atoms, especially in erionite samples with high Mg contents.
More detailed work will be done on samples that exhibit both length fast and length slow
grains (i.e. sample location #1, Ajo erionite) so as to determine the major factor controlling
this transition. More work will also be done to better quantify the amount of H.O and to look
at the orientation of the HO molecules in erionite and offretite in order to relate this with

dehydration and refractive index values.
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Sample Number

Sample Location

Primairy Zeolites

Phelps Dodge Co. Well No. 1, Little Ajo Mtns, Ajo District,

1 and 45 Pima County, AZ, USA erionite (Ca)
2 Bozarth Mesa near Hillside, Yavapai County, AZ, USA erionite (K)
Phelps Dodge Co. Well No. 1, Little Ajo Mtns, Ajo District,
3 Pima County, AZ, USA erionite (K)
4 Thumb Butte, Graham County, AZ, USA erionite (K)
levyne with epitaxial
5 Spray, Oregon, USA offretite
& Clifton, AZ, USA offretite
7 Adamello, Italy offretite, chabazite
erionite, clinoptilolite,
8 Rock Island Dam, Washington, USA phillipsite
Chase Creek, Falkland, Kamloops Mining Division, B.C.,
9 Canada erionite
Chase Creek, Falkland, Kamloops Mining Division, B.C.,
10 Canada erionite
11 Clifton, Greenlee Co, AZ, USA erionite
12 Eureka Valley, Del Morte Co, California, USA erionite
13 Herbstein, Vogelsberg, Germany erionite
14 Herbstein, Vogelsberg, Hesse, Germany erionite
15 Rock Island Dam, Douglas Co, Washington, USA erionite, heulandite
16 Malpais Hill, Didleyville, Pinal Co, AZ, USA erionite
17 Chase Creek, B.C., Canada erionite
18 Pinans Lake, Westworld, B.C., Canada erionite
28 Rock Island Dam, Douglas Co, Washington, USA offretite, erionite
29 Douglas Creek Road, Westworld, B.C., Canada offretite, levyne
30 Mont Semiol, Chatelneuf, Loire, Rhone Alpes, France offretite
31 Mt. Simiouse, Loire, France offretite
32 Mt. Simiouse Semiol, Chatelneuf, Loire, Rhone Alpes, France | offretite, phillipsite
33 Sashach am Kaiserstuhl, Germany offretite
34 Yuma Co, AZ, USA offretite
43 Yaquina Head, Agate Beach, Oregon, USA erionite

Sample numbers and locations of erionites and offretites used in this study.



Table 3.2

Element Peak Counting Time (s} Low Back‘gr'i?nl;"g} Counting  High Back.grll'm:?n[d;} Counting Spectrometer # Analyzing Crystal Calibration Standard

5i0y* 10 MAN MAN 5 TAP K-412 NIST Glass

AlO; 10 MAN MAN 5 TAP K-412 NIST Glass

Fez0s 30 15 15 3 LiFH Hematite #2 (C.M. Taylor)
MgO** 200 100 100 1,5 TAP Diopside #1 (.M. Taylor)

CaQ 20 10 10 4 PETJ Wollastonite, Wards

Sro 120 B0 B0 2 PETJ SITIO, (C.M. Taylor)

BaO* 130 65 65 3,4 LiIFH, PETJ  Barite #4 {C.M. Taylor)
Na;O* 10 5 5 1 TAP Albite, Tiburon

K0* 20 10 10 4 PETJ Orthoclase, OR-1 {Ingamells)

EPMA parameters used in this study.
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Table 3.3

Sign of
Sample Number Museum Name TEM Results |SCXRD Results| a/b(A) | C{A) | V(A3) |Elongation

1 erionite-Ca ERI/OFE ERI 13.31 15.15 2325 LS/LF
2 erionite-K ERI ERI 12.84 14.66 2091 LS
3 erionite-K ERI ERI 13.31 15.14 2325 LS/LF
4 erionite-K ERI ERI 13.26 15.06 2295 LS
5 levyne, epitaxial offretite LEV NA - - - -

7 chabazite with offretite OFF OFF 13.3142 | 7.5925 | 1165.6 LF

clinoptilolite, erionite, and

8 phillipsite -

9 erionite OFF ERI/OFF? 13.39 15.22 2362 LS/LF
10 erionite ERI/OFF ERI/OFF? 13.29 15.12 2313 LS
11 erionite LS
12 erionite ERI/OFF LF
13 erionite OFF LF
14 erionite OFF LF
15 erionite ERI ERI 13.326 15.153 2330 LS
16 erionite ERI/OFF LS
17 erionite LS
18 erionite ERI LS
28 offretite and erionite ERI -
29 offretite and levyne ERI LF
30 offretite OFF LS
31 offretite LS/LF
32 offretite OFF LS/LF
33 offretite QOFF? LS/LF
43 erionite ERI LS

Final mineral identification chart using initial sample names, TEM, and SCXRD results.
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Table 3.4

§i02
Al203
Fe203

MgO

Ca0

Sr0

BaOD
Na20

K20
H20*

Si
Al
Fe
Mg
Ca
sr
Ba
Na
K
H20

Paoints per Grain
R-value
E%
dy A3 3
C {)&3}
Vv (A3,

| Sign of Elongation

la
57.38
16.60

1.04
531
0.14
0.09
3.19
16.26

26.91
9.17

0.73
2.67
0.04

0.08
191
13.10

3
0.745
3.67
13.31
15.15
2325

LS./
L.F.

2 Extra 1l 3 Extra

58.25
17.28

2.06
413
0.08
0.05
0.13
3.35
14.76

26.75
9.36

1.41
2.03
0.02

1.96
11.53

3
0.739
4.64
12.84
14.66
2081

L.5.

57.45
16.77

1.24
4,95
0.16
0.35
3.41
15.69

26.81
9.22

0.87
2.47
0.04

0.31
2.03
12.53

3
0.744
1.36
13.31
15.14
2325

L.5./L.F.

4
62.33
16.57

0.84
3.60
0.09

0.62
4,77
11.18

27.72
8.48

0.54
1.72
0.02

0.53
2.58
8.90

2
0.764
10.45
13.26
15.06
2285

L.5.

9
58.85
17.55
0.14
1.88
4.56
0.09
0.13
0.09
3.57
13.23

26.65
9.37
0.05
1.28
2.21

0.02

2.06
10.32

3
0.737
0.03
13.39
15.22
2362

LS./
L.F.

10
62.94
17.72

1.46
4.41
0.08
0.21
0.22
3.82
9.27

26.94
9.25

1.11
2.03

0.04

2.06
7.18

3
0.747
0.09
13.29
15.12
2313

L.5.

11a
58.68
17.26

l1.62
4.83
0.13
0.05

3.23
14.23
26.80

9.29

1.11

2.36

0.04

1.88
11.08
0.743

4.44

L.5.

12a
56.47
19.27
0.04
0.98
6.65
0.21
0.04

3.27
13.12

25.76
10.36

0.67
3.25
0.05

181
10.30
&

0.713
5.21

L.5./
L.F.

13a
51.40
20.40

2.84
4,54
0.16
0.15
0.06
3.08
17.40

24,65
11.54

2.03
2.34
0.04
0.03

1.89
14.36
3

0.678
7.10

L.F.

14b
55.04
20.83

3.22
431
0.08
0.09
0.17
3.48
12.90

24.97
11.14

2.18
2.10
0.02
0.02

2.02
10.06
4

0.691
4,33

L.F.

15b
58.85
14.61
0.05
0.56
4.77
0.05
0.20
3.42
17.56

27.91
8.16

0.40
2.42

2.07
14.17

4
0.776
4.01
13.326
15.153
2330

L.5.

16 Extra 3 17 Extra_l 43 Extra

60.72
15.95

0.41
574
0.15
0.06
3.19
13.77

27.57
8.53

0.28
2.79
0.04

1.85
10.64
2

0.768
5.31

LS /LF.

59.13
14.12

1.00
4,22
0.10
0.23
0.16
311
18.06

28.14
7.88

0.70
2.15

0.04
1.88

14.58

0.767
1.22

L.5.

60.41
16.64
0.05
114
3.73
0.07
0.54
3.83
13.60

27.36
8.89

0.77
1.81
0.47
2.21
10.47

0.755
13.01

L.5.

45 Extra
59.95
17.82

0.05
0.80
5.97
0.15
0.06
0.09
3.48
11.76

26.75
9.37

0.54
2.85
0.04

1.98
8.99
12

0.741
5.53

L5 /L.F.

Erionite samples used in this study showing average chemistry per grain. H.O* was calculated by difference with EPMA. E%
= Balance Error Calculation, R-value = Si/(Si+Al) (Passaglia, 1970; Passaglia et al, 1998. L.S. = length slow, L.F. = length fast.
Values in red indicate Mg contents > 0.80 (Gualtieri et al, 1998; Dogan and Dogan, 2008, Dogan, 2011).
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Table 3.5

Si0:
AL,
Fe 0,
MgO
Ca0
Sr0
BaO
Na
KL

Hzok

Si
Al
Fe
Mg
Ca
Sr
Ba
Na
K
H,0

Points per Grain
E%
R-value
d A3 3
C (ﬁ@}
VA3,

Sign of Elongation

5a
42.26
21.08

9.04
0.08

2.43
1.04
24,10

11.31
6.65

2.59

1.26
0.35
11.36

-2.30
0.630

7b
53.51
20.21

3.21
4,31
0.19
0.04

3.58
14.94

12.46
5.55

112
1.08
0.03

1.06
5.99

091
0.692
13.31

7.59

1165.6

L.F.

29a
53.85
20.03
0.06
0.59
6.91
0.07
0.10
0.80
3.31
14.23

12.56
5.50

0.21
1.73

0.01
0.36
0.98
5.78

517
0.695

L.F.

30
55.16
19.47

2.98
4,10
0.06

3.53
14.70

12.74
5.30

1.02
1.02

1.04
5.82

7

3.28
0.706

L.S.

31b
52.82
18.99

2.94
3.94
0.07

3.39
17.85

12.67
5.37

1.05
1.01

1.04
7.34

3.60
0.702

L5/
L.F.

32b
54.81
19.61

2.92
4,14
0.10
0.07
0.06
3.51
14.92

12.70
5.36

1.01
1.03

1.04
5.93

4.39
0.703

L5,/
L.F.

33h
52.55
19.63

2.87|
3.37|
0.86
0.08
0.15
3.37|
17.16

12.57]
5.55

1.03
0.86
0.12

1.03
71.24

8.73
0.694

L5,/
L.F.

Offretite samples used in this study showing average chemistry per grain. H-O* was calculated by difference with EPMA. E%
= Balance Error Calculation, R-value = Si/(Si+Al) (Passaglia, 1970; Passaglia et al, 1998. L.S. = length slow, L.F. = length fast.
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Figure 3.1

1006

010’5

M0/04;

0,03

01072

0072
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008
10010
00112
0014
0018

Indexed diffraction patterns of (A) erionite 170 zone axis and (C) offretite 150 zone axis from sample location #1, Phelps
Dodge Co. Well No. 1, Little Ajo Mtns, Ajo District, Pima County, AZ, USA. Yellow dots indicate the simulated pattern while black
dots indicate the actual diffraction pattern. Images (B) and (D) show the original diffraction pattern. Simulated diffraction pattern
(yellow dots) data is taken from Gualtieri et al., 1998.
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Figure 3.2

A Sample 1_Extra

!l
| S
)

844 | 845 | 846

26.83 | 26.85 | 26.60 | 26.62

9.18 | 9.23 | 9.48 | 9.44 |

0.35 | 0.49 | 1.48 | 1.39 |
3.08 | 2.96 | 2.13 | 2.20

Sr 1004|004, _ |002)]
Ba | _ - - -
Na |016| - |o005| _
K | 205] 193]/ 190|197

H20* 11.34|12.03 | 12.54 | 13.03

R | 075|074/ 074 074 |

85

(A) shows a backscattered electron (BSE) images of a sample of erionite from Phelps
Dodge Co. Well No. 1, Little Ajo Mtns, Ajo District, Pima County, AZ, USA. Al and B1
show PLM images, A2 and B2 are XPL images where extinction on the grain tip is visible.
A3 and B3 are XPL images with the A accessory plate inserted clearly showing different signs
of elongation on each grain. (B) BSE image of erionite sample from Phelps Dodge Co. Well
No. 1, Little Ajo Mtns, Ajo District, Pima County, AZ, USA along with associated APFU

data.



A Sample 45_Extra

Dodge Co. Well No. 1, Little Ajo Mtns, Ajo District, Pima County, AZ, USA. Al and B1

Figure 3.3

Sample 45_Extra

86

576 | 577 | 578 | 579 | 580 | 581

Si_ |26.92(26.77|26.71|26.61 | 26.64 | 26.84

Al | 9.26 | 9.32 | 9.41 | 9.57 | 9.50 | 9.30

Fe | — |002]001| — N N

- Mg | 0.50 | 0.53 | 0.55 | 0.55 | 0.39 | 0.40

- 64-570 Ca | 278 | 2.86 | 2.86 | 2.87 | 3.03 [ 2.91

__ “ea-571 sr | 0.04 | 0.03 | 0.03 | 0.04 | 0.05 | 0.03

Lga-58 Ba | - = ool | = = i

“3‘6475;6'"'ii:‘s4—579 LB o Na | 007 |0.09 | - _ | 008|014

o K |1.83|1.97 198 |1.93 | 1.91 | 1.95

{:"’64—578‘-.5 “~'64-573 H20*| 8.86 | 8.44 | 8.76 | 8.42 | 8.72 | 7.15

'64-577 R | 074 | 074 | 0.74 | 0.74 | 0.74 | 0.74

570 | 571 | 572 | 573 | 574 | 575 . 64-536 %
Si_ |26.62|26.72|26.88 | 26.87 | 26.83 | 26.58 - g
Al_| 952943920917 | 9.28 | 9.50 S R,
Fe | - = = = 2 = -
| Mg | 0.48 | 0.57 | 0.57 | 0.53 | 0.54 | 0.83
Ca | 289|286 283282287266
Sr | 0.05|0.03|0.04|0.05|0.03|0.03
Ba = o = . - .
Na | - - 1004|007, - |0.05
K 2311192198214/ 1.96 | 2.09
H20* 8.76 | 9.37 | 8.33 |10.10| 9.40 |11.56 0

R [074|0.74|0.75 | 0.75 | 0.74 | 0.74

(A) shows a backscattered electron (BSE) images of a sample of erionite from Phelps

show PLM images, A2 and B2 are XPL images where extinction on the grain tip is visible.
A3 and B3 are XPL images with the A accessory plate inserted clearly showing different signs
of elongation on each grain. (B) BSE image of erionite sample from Phelps Dodge Co. Well

No. 1, Little Ajo Mtns, Ajo District, Pima County, AZ, USA along with associated APFU

data.
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Figure 3.4
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Ternary diagram of individual APFU and sign of elongation points from erionite
sample 45 _extra.



Figure 3.5

A 1o Mg vs. Ca
Mg (Sign of Elongation=L.F)
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(A) scatter diagram of erionite sample number 45_extra with Mg vs. Ca along with sign of elongation and R-value. Graphs
show line of best fit along with confidence intervals in the shaded regions. (B) XPL image with accessory plate inserted of sample
45 extra.
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Figure 3.6

A Sample 11_11a

(A) shows a backscattered electron (BSE) images of a sample of erionite from Clifton,
Greenlee Co, AZ, USA. Al and B1 show PLM images, A2 and B2 are XPL images where
extinction on the grain tip is visible. A3 and B3 are XPL images with the A accessory plate
inserted clearly showing different signs of elongation on each grain. (B) BSE image of
erionite sample along with associated APFU data.
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Figure 3.7

A Sample 14_14b

408 | 409 | 410
25.09|25.16 | 25.12 | 24.52
Al |11.00/10.95|10.94|11.67
Fe | _— L s =
Mg | 2.27 | 2.21 | 2.20 | 2.04
Ca |2.02][2.01]209]227
sr | 0.01|0.02 | 0.01 | 0.04
Ba | 0.01 | 0.02 | 0.01 | 0.03
Na | - _ _ | o015
K |2.02]1.98|2.07 | 2.00
H20* 10.23| 9.37 | 9.29 | 11.36
R |0.70 | 0.70 | 0.70 | 0.68

(A) shows a backscattered electron (BSE) images of a sample of erionite from
Herbstein, Vogelsberg, Hesse, Germany. Al and B1 show PLM images, A2 and B2 are XPL
images where extinction on the grain tip is visible. A3 and B3 are XPL images with the A
accessory plate inserted clearly showing different signs of elongation on each grain. (B) BSE
image of erionite sample along with associated APFU data.
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Figure 3.8

A Sample 12_12a

(A) shows a backscattered electron (BSE) images of a sample of erionite from Eureka
Valley, Del Norte Co, California, USA. Al and B1 show PLM images, A2 and B2 are XPL
images where extinction on the grain tip is visible. A3 and B3 are XPL images with the A
accessory plate inserted clearly showing different signs of elongation on each grain. (B) BSE
image of erionite sample along with associated APFU data.



362 | 363 | 364 | 365 | 366
Si |12.91/12.82|12.51/12.63|12.58
Al | 515 | 5.25 | 5.54 | 5.43 | 5.48
Fe — - - - ~
Mg | 078 | 0.86 | 1.10 | 1.09 | 1.08
Ca [1.15]1.09 103098 |1.02
Sr | 002 002|001| - |0.01
Ba - 1000 0.010.01]001
Na - 1003 - = =
K [1031.00]|1.05]|1.04 | 1.06
H20*| 5.34 | 5.37 | 6.44 | 6.03 | 5.86
R _[071]0.71 | 0.69 | 0.70 | 0.70
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Figure 3.9

Sample 32_32b

G,
S ~
# a7 “20-3
/ P
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y Coo-362 '
. oWy i
Oon vii 207 = 358 | 359 | 360 | 361
Si [12.67[12.71/12.74|12.73
o ; Al 5.37 | 5.35 | 5.28 | 5.35
“20-3 Fe | .- - _ _
, Mg | 1.06 | 1.04 | 1.04 | 1.04
(}20_ £ Ca 1.01 | 098 | 1.01 | 0.98
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Na . & & -
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. R 0.70 | 0.70 | 0.71 | 0.70

(A) shows a backscattered electron (BSE) images of a sample of offretite from Mt.
Simiouse Semiol, Chatelneuf, Loire, Rhone Alpes, France. A1 and B1 show PLM images, A2
and B2 are XPL images where extinction on the grain tip is visible. A3 and B3 are XPL
images with the A accessory plate inserted clearly showing different signs of elongation on
each grain. (B) BSE image of offretite sample along with associated APFU data.
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Figure 3.10

A Sample 7_7b

Sample 7_7b

891 | 892 | 893
Si |12.44|12.44 1254
Al | 558 | 5.58 | 5.49
Fe — — —
Mg | 1.09 | 1.11 | 1.09
ca [1.11]1.09]1.05
sr | 0.03 | 0.02 | 0.02
Ba - 0.00 -
Na o= - -
K | 101106/ 105

H20* 5.86 | 6.42 | 5.47
R | 0.69 069 | 070

(A) shows a backscattered electron (BSE) images of a sample of offretite from
Adamella, Italy. Al and B1 show PLM images, A2 and B2 are XPL images where extinction
on the grain tip is visible. A3 and B3 are XPL images with the A accessory plate inserted
clearly showing different signs of elongation on each grain. (B) BSE image of offretite sample
along with associated APFU data.
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Figure 3.11

S sample 30_30

(A) shows a backscattered electron (BSE) images of a sample of offretite from Mount
Semiol, Chatelneuf, Loire, Rhone Alpes, France. Al and B1 show PLM images, A2 and B2
are XPL images where extinction on the grain tip is visible. A3 and B3 are XPL images with
the A accessory plate inserted clearly showing different signs of elongation on each grain. (B)
BSE image of offretite sample along with associated APFU data.



95

Figure 3.12
- SIS W
1_ "
i ~.). IR PR
11¢;§ T : f '! :I'. ' fl
1‘6 : : F“i .. — w =
1ATS e . F ."'I ] i\. T
1,465 e -~ § o~ ’n
1.48 L I . ] A LI 1
- H l-“‘-.__ * . ) ! \ - L
285 1 ' L B AL A Al -
I - .l "o N I 4
25!; - L -y - .I ) o
1 e .t . Kaf"-"'i S ™ \l,' Fl
10 - . =% -~ LR L )
& | e B eV e " a e B s e
& * - " e . * - & / - -/‘f‘ - .
0.0 - A . . il [l . A
0,00 ra o o D S " ST T T Ty
gﬁ . \lllllf - - x\:{/ - e . - # /| . L .-I e
o iﬂ.i - - #-. P mass sem l',-' '-'h L] #'I-II'.II:I - * ._K"-l' L
- , e e owmow - " -
14 |
T T S
05 [ _‘i . . . Joow
LU S s « ®S L.
- - % . - r
3 f f - * i.. '-: i * lI| !
2s ee J e ® o &= L.t |o /| o
1_: : _,.-” L w * .Ill- __--"’l L] /‘ *
ol *-._‘ - I - L3 ,
b & s
gg ] . - - Sr * \-._‘\
.
a0 e, vgte D3~ P,
| g W ——
r . 7w -~ . ®
0025 . ’: s ™~ ®&a
0.0 |
0005 sl s s a% Ao P homsack T kS r sam® @ & Bad™ som 4
- T -« T f’,- w e Ty e e T Tea W AT
L ] - b - L I l\' -
05 * ?\". - :‘\\i - - - I - ‘:‘ . ol'l MNa
[} \ |
o1+ .f-i"l_ } ot e v LS J ceode B *Tr. * hub A
¥ . = = L L = L. [ "
24 ~ // ™~ ™ \ ~ N «
L Ry A b1
24 - - " s as = e ow . " = . ® . il -
g L e e s be € a? (B0 s Ty | e Y wvw Te e e
1485 "% 1486147 2528 27 B 8 W 0 o2 05 08 2253 001003 om ** 01 05 1820 24

Erionite correlation coefficients between APFU. Yellow boxes = strong correlation
while orange boxes = moderate correlations between variables.
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Figure 3.13
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Offretite correlation coefficients between APFU. Yellow boxes = strong correlation
while orange boxes = moderate correlations between variables.
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Ternary diagram of erionite (circles), offretite (arrow), and erionite/offretite (star)
APFU, and sign of elongation. Yellow circle indicates mislabeled erionite samples (actually
offretite) 9, 13a, 14, and 14b. Orange circle indicates mislabeled offretite (actually erionite)

samples 29 and 29a.



Figure 3.15

R=Si/(Si+Al) vs. Mg/Ca

Sample Number
* Sample1_1a
0.80 ® Sample 2_extra 1
. ® Sample 3_extra
A Sample 30_30
Sample 31_31b
M Sample 32_32b
A Sample 33_33b
0.75 N E b1 3

¢ Sample 4-4
ik X . /. Sample 5_5a
» A Sample 7_7b

Sample 9.9
[\ ek A A AN~ * Sample_1_extra_ajo
0.70 | - ..-*ﬂ A, Sample_10_10

hh Sample_11_11a

FaTaWa M
{ . f _ Sample_12_12a
" A Sample 13_13a

A Sample_14_14b

® Sample_15_15b
0.85 Sample 16_extra 3
Sample 17_extra 1

® Sample 29 _29a

® Sample 43 _extra
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Mg/Ca

R=Si(Si+Al)
>

= W

Scatter diagram of erionite (circle), offretite (arrow), and erionite/offretite (star) samples used in this study of R-value vs.
Mg/Ca. Values based off of APFU calculations. Blue line marks the division between the majority of the erionite and offretite samples
with respect to the R-value. Samples in the orange circle are mislabeled offretite samples (actually erionite) 29a. Yellow circle
indicates offretite overgrown on levyne 5a. Purple circles are mislabeled erionite samples (actually offretite) 9, 13a and 14b.
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Figure 3.16

R=Si/(Si+Al) vs. K

1.0

K

1.5

Sample Number

E

]
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Sample 1_1a
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Sample_43 extra

Scatter diagram of erionite (circle), offretite (arrow), and erionite/offretite (star) samples used in this study of R-value vs. K.
Values based off of APFU calculations. Blue line marks the division between the majority of the erionite and offretite samples with
respect to the R-value. Sample in the orange circles are mislabeled offretite samples (actually erionite) 29a. Yellow circle is offretite
overgrown on levyne (5a). Purple circles are mislabeled erionites (actually offretites) 9, 13a, and 14b.
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Figure 3.17
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Scatter diagram of (A) erionite and (B) offretite samples used in this study showing fast (+) and slow (circle) rays vs. R-value.
R-value in AFPU. Shaded regions show confidence intervals.
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N (slow) & n (fast) vs. R-value
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Scatter diagram of erionite (circle), offretite (arrow), erionite/offretite (star) samples used in this study of (A) length fast (red)
and length slow (blue) vs. R-value and (B) length fast (red) and length slow (blue) vs. Mg/Ca. R-value in APFU. Lines of best fit
along with confidence intervals (shaded region) can be seen. Outliers (orange circles).
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(A) scatter diagram of erionite samples used in this study showing Mg vs Ca. Shaded regions show confidence intervals. (B)
scatter diagram of offretite samples used in this study showing Mg vs Ca. Shaded regions show confidence intervals (orange) points
and length slow (blue) points. Erionite (circles), offretite (arrow), erionite/offretite (star).
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Analcime | ANA

(Na;, Ca, Cs, Mg): [Al;5i,0.,]2H)

Nas (Al ;5i; 20 )*H20

Na;[Al;5i,0.)*H20

Nagzs(Alg rsSia 2s0¢ ) *H20

Na[AlSi,0,]*H,0

Na [AISi;0,]*H20

Bikitaite |BIK

Li;(Al;5i,0;) 2H,0

Li;(Al;5i;0,;)* 2H,0

Boggsite BOG

Ca; s NalAl,Siz04.]*23H,0

Ca; s NalAl,Siz0..]*23H,0

Brewsterit| BRE

Sr2(Al45i;;04:]*10H,0

Chabazite | CHA

(Ca,Na;) [Al:S51.0;;] *6H.0

(Ca,Na;) [Al:5i.0:;]%6H,0

(Ca,Ma,K,,5r,Mg)[AlSi. 0] 96H,

Cay[AlSis0y:) *12H,0

Clinoptiloli HEU

(Na,K)e (Al:Siz0r)*20H,0

(Ca,Na;) [Al;S8i;0.5] *6H.0

Cowlesite |unknown|

Ca[Al;5i;0.0]*5-6H,0

Dachiardit| DAC

(Na,K.Caps)e (Al:Siz0.:)*18H,0

(K,Na,Ca) s Al.Size0,:*18H, 0

Edingtonit: EDI

Ba, [Al45i,04] *8H.0

Ba[Al;5i;0,0] *4H,0

Epistilbite |EP|

Ca, (Al5is0.5}*16H,0

Ca[AlSi;0:5]*5H,0

<~mpl<mR|l<mR|<mrR|<mal<mal<mal<mal<male nle mlg ma|l<xmal<mal<mala|l<mal<male o|3|3|a]a]a

1.480
1.4805

Appendix A: Figure 1

[s550]

Source

149
149
I 151
Wes:
Wis2
I 151
Wis20
Wis:
B
1506 1510
1510 151 -
152 152
Wisw0
Wisz
Wis2

#2

#3

#3

#3

#1

#3

#3

#2

#2

#3

#1

#2

#3

#3

#2

#3

#3

#3

Literature refractive index values for the elongate zeolites (Deer et al, 1967; Troger et al, 1979; Gottardi and Galli, 1985;
Tschernich, 1992).
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Erionite  |ERI

(K2,Na2,Ca,Mg)a s [Al. 2 5ixs 4050] 1!

(Na,K;,Ca,Mg).AlsSiz;07:*27H, O)

Ferrierite | FER

(Na,K)s Mg [Al:Siz0 1 J(OH), *18H|

[Na,K)MgCag 5 Al Si 1,0 ;)*20H,d

Garronite |GIS

CasNa;[Aly;51:00:.]*26H,0

Gonnardit| NAT

(Na2,Ca)s[AlsSi1n 0.0]*8-12H,0

Na;Ca[(Al,5i): 0 0] *6H.0

Heulandite HEU

Ca[Al;Si;0:5]*6H,0

(Ca,Na; Kz, 51, B3,Mg) s [Al:Sizs 0::]

(Ca,Na; )[Al;5i;0.5]*6H: 0

Laumonite LAU

Ca[Al,Si,0.;]*4H,0

Ca. [Al5S5i;,0.5]*14-16H,0

Ca[Al;5i,0::]%4-3 1/2H,0

«~ma|<PRl<mal<mal<val<mal<mal<mal<ma|l<mal<mal<mal<ial<ma|<malemen|<mal<malale mE N

Appendix A: Figure 2

Source

. 1.510

1514

Wiuss

Bisz
. 1524

Was22

#2

#3

#2

#3

#3

#2

#3

#1

#2

#3

43

#3

#3

#1

#2

#3

#3

Literature refractive index values for the elongate zeolites (Deer et al, 1967; Troger et al, 1979; Gottardi and Galli, 1985;
Tschernich, 1992).
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Appendix A: Figure 3

Levyne |LEV (Ca, Na;, K} [Al,5i.0.,]#6H,0 2 151 #1
w 15
[3 1494 #3
w 1407
3 1502 #3
w 1510
3 1498 #3
w 1498
3 1487 #3
w 1.483
(Ca,Nay,K;):[AlSi;;05:]*18H,0 € 149 151 42
w 149 1510
(Ca,Na:][Al;Si; 0::]*6H.0 [3 149 1500 4
w 15 151
Mazzite  MAZ  [(K:,Na:,MgCa)[AlSi,c0,:]*28H] & 15 #2
w 151
K;Ca. Mg, [AlLoSi;.0 ;) *28H,0 [3 15 #3
w 151
Merlinoite MER (K,Na),(Ca,Ba),[Al.5i:;0..]*24H,0 a 1.49 15 #2
B 1.500
Y 15
Mesolite NAT Na,Ca,[Al Sis0s]*8H, 0 a 15 151 #2
B 151 151
¥ 151 151
a 1.505 #3
B 1.506
Y 1507
Na,Ca,[Al;5i;0.5]:*8H,0 -NA #4
B 15 151
-NA
Mordenite MOR  [(Nay, Ca, Kz, Mg) [AISi:0:];*6H.( & 147 148 #1
B 1.48 1.49
Y 148 1.49
(Na3,Ca,K:)(Al:5i:00 )2 7H,0 a 147 148 42
B 148 149
Y 148 149
a 1471 #3
B 1474
¥ 1476
a 1473 #3
B 1475
Y 1478
(Na;,K:Ca)[Al;Si1002]*7H0 a 147 148 4
B 148 1.48
Y 148 1.49
Natrolite |NAT Na,[AlLSi; 0] *2H,0 a 147 149 #1
B 148 149
Y 1.49 15
Na[Al;5i; 0] *2H,0 a 147 148 42
B 148 149
Y 149 15
a 1479 #3
B 1.481
Y 1401
Na[Al;5i; 0] *2H,0 a 147 148 #4
B 148 149
Y 149 15
Offretite OFF (Ca,Kz,Mg); s[Al:Si;30:.]*16H;0 E 145: 149 #2
w | 148 143
€ W ass 3
w | 1489

Literature refractive index values for the elongate zeolites (Deer et al, 1967; Troger et al, 1979; Gottardi and Galli, 1985;
Tschernich, 1992).
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Appenix A: Figure 4

Paranatrolite NAT

Na;(Al;5i50,0)*3H:0

Perlialite LTL

KsNa(Ca,5r)[Al 1, 5i::07]*15H,0

Philipsite | PHI

(1/2 Ca, K, Na)5 [Al;Si1; 0] *10H,

(1/2 Ca,Na,K); [Al35i:0,,] *6H,0

Scolecite 5C0

Ca[Al,5i;0,0]*3H.0

CalAl;S5i;0.0]*3H,0

Ca [AlLSi;0,,]*3H,0

Stilbite ST

CalAl,S5i;0.5]*7H,0

(Ca,Naz Ko)as[AlsSiz; 07 ] *29H,0

(Ca,Na; K, [Al;Si,0.:]*7H,0

Thomsonite THO

NaCa;[Al.Si.05]*6H,0

Ca,Na[Al.Si; 0] *6H,0

NaCa,[(Al,5i): 0], *6H.0

<~mp|<mal<mA|<mal<mAal<ma|l<maA|<mal<ma|l<maAl<xmo|l<mrR|<TAl[<xmo|l<mR|l<xmR|[<xmal<x®mR|E n|l<®m a

1.510
. .LSIZ
Wises
1523
Ms2s

... .

Literature refractive index values for the elongate zeolites (Deer et al, 1967; Troger et al, 1979; Gottardi and Galli, 1985;

Tschernich, 1992).
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Appendix B: Figure 1

1a 1 Extra 1 Extra_1
Si0: 57.38 57.52 58.47
Al 16.60 17.04 17.32
Fe 0, _ _ _
MgO 1.04 1.33 0.71
Ca0 5.31 5.21 5.86
5r0 0.14 0.12 0.16
BaD _ - _
NaD 0.09 0.12 0.07
K0 3.19 3.31 3.18
H.0~ 16.26 15.42 14.27
Si 26.91 26.73 26.81
Al 9.17 9.33 9.36
Fe - - -
Mg 0.73 0.93 0.48
Ca 2.67 2.59 2.88
Sr 0.04 - 0.04
Ba - - _
Na 0.08 - _
K 1.91 1.96 1.86
H,0 13.10 12.23 11.18
Points Per Grain 3 4 3
E% 3.67 2.52 7.72
R-value 0.746 0.741 0.741
acA?, 13.31
c A3, 15.15
v A3, 2325
Sign of Elongation L.5./L.F. LS. and L.F. LS. and L.F,

2_Extra
58.17
17.57
2.03
4,22
0.09
0.10
3.46
13.44

26.75
9.37
1.37
2.05

2.00
10.34

5.36
0.741
12.84
14.66
2091

L.5.

2 _Extra_1 3 3a 3 Extra 3 Extra_1
58.25 58.93 58.61 57.45 58.56
17.28 17.89 17.29 16.77 17.65

2.06 1.63 0.80 1.24 1.33
4.13 4,83 5.92 4.95 5.07
0.0 0.12 0.19 0.16 0.12
0.05 - - - 0.05
0.13 0.20 - 0.35 0.17
3.35 3.6l 3.32 3.41 3.52
14.76 12.84 13.82 15.69 12.59
26.75 26.59 26.78 26.81 26.77
9.36 9.52 9.31 9.22 9.35
1.41 1.10 0.55 0.87 0.90
2.03 2.33 2.80 2.47 2.44
0.02 - 0.05 0.04 0.03
- - - 0.31 =
1.96 2.08 1.54 2.03 2.02
11.53 89.90 10.80 12.53 8.67
3.00 3.00 2.00 3.00 4,00
4.64 461 4,35 1.36 543
0.741 0.736 0,742 0.744 0.741
13.31
15.14
2325
L5,
LS.and and LS.and LS. and
L.5. LF. L.F. L.F. L.F.

4
62.33
16.57

0.84
3.60
0.09

0.62
477
11.18

27.72
8.48

0.54
1.72
0.02

0.53
2.58
8.90

2.00
10.45
0.766
13.26
15.06
2295

L.5.

9
58.85
17.55
0.14
1.88
4.56
0.09
0.13
0.09
3.57
13.23

26.65
9.37
0.05
1.28
2.21

0.02

2.06
10.32

0.03

0.740
13.39
15.22
2362

L.S. and L.F.

9 Extra
59.77
17.22

0.13
1.75
4.43
0.09
0.13
0.07
3.38
13.06

26.93
9.15
0.05
117
2.14
0.02
0.02

1.84
10.02

0.06
0.746

L.5.

9 Extra 1
58.91
17.26

0.14
1.94
4.24

0.12

3.58
13.75
26.80

9.26

0.05

1.31

2.07

0.02

2.08
10.67

0.05
0.743

L.5.

Erionite samples used in this study showing average chemistry per grain. H.O* was calculated by difference with EPMA. E%
= Balance Error Calculation (Passaglia, 1970; Passaglia et al, 1998). L.S. = length slow, L.F. = length fast. Numbers in red are
samples with Mg > 0.80 (Gualtieri et al, 1998; Dogan and Dogan, 2008; Dogan, 2011).
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Appendix B: Figure 2

10 10a 10_Extra_1 11a11_Extra_2 12 12a 12b 12 Extra_1  13a 13_Extra_1 14 14b14_Extra_l  15a 15k
S0: 62.94 63.85 58.20 58.68 5643 5712 5647 5807 57.27 51.40 52.44 53.36 55.04 5451 59.02  58.85
A 17.72 17.25 17.74 17.26 1762 1958 1927 1937 1817 2040 20.78 20.43 20.83 2061 13.65  14.61
Feak - - - - - _ 004 0.08 0.06 - - - - - 009 005
MgO 145 0.80 2.08 162 2.43 124 028 1.29 134 284 2.31 3.24 3.22 302 048 056
ca0 441 4.84 431 483 400 641 6.65 £.11 582 454 5.47 438 431 452 488 477
Sr0 0.08 D11 0.06 0.13 - 0.15 021 0.16 016 016 0.23 0.10 0.08 0.3 - 005
BaO 0.21 0.26 0.13 0.05 - 005 0.04 0.06 0.04 015 0.18 0.08 0.09 011 - i
Na.o 0.22 0.09 - - - - - - 006 006 - 0.06 0.17 018 015  0.20
K0 1.82 401 3.23 3.23 3.32 328 3.27 3.36 338 308 2.89 3.46 3.48 341 368 3.42
Hoe 0927 B.83 14.08 14.23 1608 1216 1312 1153 1272 17.40 15.70 14.84 12.80 1358 17.99 175§
si 26.94 27.47 2657 26.80 2636 2574 2576 2594 2503 2465 24.68 24.81 24.97 2497 2819  27.91
Al 0.25 B.75 9.54 9.29 970 1040 1036  10.20 1023 1154 11.53 11.24 11.14 1113 768  8.1f
Fe - - - - - - - - - - - - - - - -
Mg 111 0.51 1.42 173 083 0.67 0.86 050 203 1.62 2.25 2.18 106 034 0.40
Ca 2.03 2.23 211 236 2.00 3ge 325 282 285 234 2.76 218 2.10 222 255  2.42
Sr - 0.03 - 0.04 - 004 0.5 0.04 0.04 004 0.06 0.03 0.02 0.03 - i
Ba 0.04 0.04 0.02 - - - - - - oo 0.03 0.02 0.02 0.02 - 4
Na - - - - - - - - - - - - - - D14 4
K 2.06 2.20 1.8 1.88 1.38 188 181 132 195 189 1.74 2.06 2.02 198 224 207
H,0 7.18 6.51 10.26 11.08 1278 9.42 10.30 8.84 082 1436 12.74 11.97 10.06 1071 1465 1417
Points Per Grain 3 4 4 5 2 5 & 6 10 3 4 3 4 2 3 il
E% 0.09 0.11 0.05 4.44 272 588 521 6.63 706 710 7.81 1.8g 4.33 362 558 401
R-value 0.744 0.758 0.736 0.743 0731 0712 0713 0718 0.717 0681 0.682 0.688 0.691 0692 0786 0774

a A3, 13.29

c A%, 15.12

v A%, 2313

L5/

| Sign of Elongation LS. LS. LS. LS. LS. LSAF LF. LS/LF.  LSAF  LF NA LF. LF. LE. LS LS.

Erionite samples used in this study showing average chemistry per grain. H.O* was calculated by difference with EPMA. E%

= Balance Error Calculation (Passaglia, 1970; Passaglia et al, 1998). L.S. = length slow, L.F. = length fast.
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Appendix B: Figure 3

15 Extra_1 16_Extra_1 16 Extra_2 16_Extra_3 17 Extra_1 18_Extra_1 43b 43 Extrad43 Extra_1l 45 Ewtra 45 Extra_1 45 Extra_2
Si0; 59.29 60.84 62.34 60.72 59.13 58.65 60.69 60.41 62.35 59.95 59.84 58.59
AlD, 15.07 12.83 1577 15.95 14,12 13.43 16.75 16.64 16.92 17.82 17.80 17.34
Fen 0.04 0.04 - - - 0.92 BOL 0.05 0.05 0.05 - .
MgO 0.68 0.26 0.34 0.41 1.00 113 1.14 1.14 1.18 0.80 1.18 1.03
Ca0 4,68 5.29 5.56 5.74 4,22 376 358 3.73 3.86 5.97 5.42 5.62
5r0 0.06 0.10 0.16 0.15 0.10 0.04 005 0.07 0.11 0.15 0.14 0.13
BaD - - - - 0.23 0.22 BOL = BDL 0.06 - .
NaL 0.13 0.04 0.18 0.06 0.16 Q.06 061 0.54 0.79 0.09 0.29 0.05
K0 3.05 2.80 3.07 3.19 3.11 3.28 448 3.83 4.18 3.48 3.48 3.27
H o~ 17.10 17.83 12.56 13.77 18.06 18.50 12.67 13.60 10.49 11.76 11.89 14.01
Si 27.85 28,77 27.86 27.57 28.14 28.14 2731 27.36 27.35 26.75 26.73 26.77
Al 8.34 7.14 8.27 8.53 7.89 7.60 B.88 8.89 8.75 9.37 9.38 9.34
Fe - - - - - 0.33 - - 0.03 = - -
Mg 0.48 0.18 0.23 0.28 0.70 0.81 077 0.77 0.77 0.54 0.79 0.70
Ca 2.36 2.68 2.66 2.79 2.15 193 1.73 1.81 1.82 2.85 2.59 2.75
Sr - 0.03 0.04 0.04 - 001 001 - 0.03 0.04 - 0.03
Ba - - - - 0.04 0.04 - - - - — .
Na - - 0.15 - - Q.05 053 0.47 0.67 - - .
K 183 1.69 1.75 1.85 1.89 201 256 2.21 2.34 1.598 1.9 1.91
H,0 13.62 14.24 9.63 10.64 14.58 15.09 9.73 10.47 7.85 899 9.16 10.95
Paints Per Grain 2 2 2 2 3 1 1 5 1 12 12 12
E% 10.26 ~4.45 6.46 531 1.22 3.54 963 13.01 6.70 5.53 4,87 5.14
R-value 0.770 0.801 0.771 0.764 0.781 0.787 0.755 0.755 0.758 0.741 0.740 0.741
=) [Ai )
Cy J&.H 3
v A,
| Sign of Elongation L.5. L.F. L.5./L.F. L.5./LF. L.5. L.5. L.5. L.5. LS. LS.J/L.F L.5./L.F. L.5./L.F.

Erionite samples used in this study showing average chemistry per grain. H.O* was calculated by difference with EPMA. E%

= Balance Error Calculation (Passaglia, 1970; Passaglia et al, 1998). L.S. = length slow, L.F. = length fast.
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Appendix B: Figure 4

5a 5_Extra 5 Extra_1l Tb 7_Extra 7_Extra_1 29 29a 29 Extra_1
5i0; 42,26 46.63 4682 53.51 51.42 4599 47.03 53.95 45,92
AlD, 21.08 23.44 22,21 2021 1871 2573 1718 20,03 17.22
Fe0, - - - - - - 011 0.06 _
MgO - 0.03 - 321 316 - 1.00 0.59 0.47
Ca0 9.04 11.08 1000 431 427 9.40 5.75 691 6.39
Sr0 0.08 0.06 005 019 019 - 0.05 0.07 0.05
BaO - - - D.04 005 - 0.14 0.10 Q.09
Na0 2.43 0.62 1.37 - — 5.40 0.40 0.80 0.49
KL 1.04 0.42 078 358 340 0.02 2.82 3.31 .09
H:0* 24.10 17.74 1878 1454 17.80 13.47 25,50 14.23 26.29
Si 1131 1138 1158 1246 12.40 10.84 12,58 1256 12.49
Al 6.65 6.75 648 555 560 7.15 5.42 5.50 5.52
Fe - — - - - - 0.02 - -
Mg - - - 1,12 1.14 - 0.40 0.21 0.19
Ca 2.59 2.90 2.65 1.08 1.10 2.37 1.65 1.73 186
Sr - - - 003 003 - 0.01 - .
Ba - - - - - - 0.01 0.01 0.01
Na 1.26 0.29 0.66 - - 2.47 0.21 0.36 0.26
K 0.35 0.13 0.25 1.06  1.05 - 0.96 0.98 1.07
H,0 11.36 7.55 813 599 739 561 11.82 5.78 12.50
Points Per Grain 2 2 3 5 3.00 5.00 1.00 3.00 2
E% _2.30 8.09 425 091 041 _0.94 2.51 5.17 0.99
R-value 0.630 0.628 0641 0.692 0.689 0.603 0.689 0.695 0.694
a A3 y -
C j,g) -
Vi !3133 -
Sign of Elongation - - - L.F. L.F. L.S. L.F. L.F. L.F./L.S.

Offretite samples used in this study showing average chemistry per grain. H-O* was calculated by difference with EPMA. E%
= Balance Error Calculation (Passaglia, 1970; Passaglia et al, 1998). L.S. = length slow, L.F. = length fast.
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Appendix B: Figure 5

30 30a 30b 30_Extra E 3 31b 31_Extra 31_Extra_1 32a 32b  32_Extra 32_Extra_1l 33a 33b 33_E}ttl‘d
Si0: 55.16 56.48 56.96 56.38 52.84 52.82 53.88 54,22 53.04 5481 55.80 5528 53.79 52.59 57.18
AL, 19.47 20.00 19.87 19.79 15.29 18.99 19.39 19.81 19.27 1961 2013 2004 19189 19.63 20.00
Fe0, - = = - - - = 0.04 0.04 = - - - = .
MgO 2898  3.05 3.04 3.02 3.04 294 2.99 306 302 292 3.04 314 310 287 3.12
Ca0 410 415 4.16 416 392 394 4,10 410 393 414 4,22 412 324 337 3.39
5r0 0.06 0.05 0.07 0.06 0.07 007 0.07 0.07 007 010 0.09 007 050 086 0.63
Ba0 - 0.05 = - 0.10 - 0.06 0.06 006 007 0.05 005 013 008 0.10
Nap - 0.05 = - - - 0.05 0.05 - 008 - - 011 015 0.10
K0 353 356 3.62 362 345 3.39 3.38 356 343 351 3.66 357 338 337 373
Hz 0" 1470 12.70 12.30 12.96 17.35 17.85 16.15 15.06 17.22 14.92 13.04 1375 16,65 17.16 11.82
Si 12.74 12.74 12.79 12.76 12.62 12.67 12.67 12.60 1284 12,70 12.66 1264 1272 12.57 12.80
Al 5.30 5.32 5.26 528 543 537 5.37 5.46 5.41 5.36 5.39 540 536 5.55 5.28
Fe - = - = = = - - = - = - - - =
Mg 1.02 1.03 1.02 1.02 108 105 1.05 1.06 1.07 1.01 1.03 1.07 110 1.03 1.04
Ca 1.02 1.00 1.00 1.01 100 10 1.03 1.02 1.00 1.03 1.03 1.01 082 0486 0.81
Sr - = = = - - - - - - - - 007 012 0.08
Ba - = - = = = - - = - = - - - -
Na - - = - - - = - - = - = - = 0.04
K 1.04  1.02 1.04 1.05 106 104 1.01 1.05 104 104 1.06 104 103 103 1.06
H,0 582 4.90 4.73 503 710 T7.34 6.51 601 7.03 593 5,08 538 678 724 4.54
Points Per Grain 7 8 5 7 7 7 8 9 5 8 8 8 3 8 4
E% 328 443 351 318 341 360 3.38 413 391 439 3.68 347 641 873 5.85
R-value 0.706  0.705 0.709 0.707 0.6593 0.702 0.702 0.698 0700 0.703 0.702 0.701 0.703 D0.6%4 0.708
d {!E.3 3
C [A; )
v A2,
LS./ LS/
Sign of Elongation L.5. L.5. LS. L5.LS./L.F.LS./LF.  LS/LF LS./LF. LF.L5/LF.  LS.JLF LS./LF. L.F. LF.  LS.JLF.

Offretite samples used in this study showing average chemistry per grain. H.O* was calculated by difference with EPMA. E%

= Balance Error Calculation (Passaglia, 1970; Passaglia et al, 1998). L.S. = length slow, L.F. = length fast.
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Appendix B: Figure 6

112

Sio2
Al203
Fe203

MgO

Ca0

Sr0

BaO
Na20

K20
H20*

Si
Al
Fe
Mg
Ca
Sr
Ba
Na
K
H20

Points Per Grain
R-value
E%
Sign of Elongation

39
45.14
25.79

13.54
0.08
0.05
0.07

15.06

23.54

16.12

7.92

14.05

0.5598
1.48
L.F.

39a
45.33
25.92

14.17

14.56

23.91
16.12

4.01

13.51

0.597
0.60
L.F.

39b
42.27
24.14
0.01
12.42
0.05
0.07
21.08

24.05
16.20

7.58

21.35

0.598
6.56
L.F.

39_Extra
44.00)
25.10

13.01

0.05
17.86
24.05

16.18

7.61

17.18

0.598
6.28
L.F.

Scolecite samples used in this study showing average chemistry per grain. HO* was
calculated by difference with EPMA. E% = Balance Error Calculation (Passaglia, 1970;
Passaglia et al, 1998). L.S. = length slow, L.F. = length fast.



Appendix B: Figure 7

5i0;
Al:O;
Fes05
MgO
CaD
SrO
BaO
Na:0
K.O
H: 0

Si
Al
Fe
Mg
Ca
Sr
Ba
Na
K
H,0

Points Per Grain
R-value
E%

Sign of Elongation

24 24
44.66
26.34

0.11

1.30

0.36
13.66
13.75
23.70
16.49

0.76

13.98
13.19
0.590

4.99
L.5.

24_24b
38.59
23.30
0.05
0.65
0.08
BOL
14.07
BOL
23.24

23.24
16.54

0.04
0.42
0.03

16.44

25.17

0.584
-5.06
L.5.

24 Extra_1l 24 Extra_2 25 Extra_l 25 Extra_2

39.20
23.37

0.03
0.30
0.04

14.12
22.93

23.44
16.47

0.02
0.1%

16.38

24.62

0.587
-2.10
L.5.

42.48
24,18

0.10
0.25
0.06

14.99
0.05
17.95

23.81
15.98

0.09
0.15

16.30
0.03
18.52

0.598
4,97
L.5.

44,06
25.47
0.05
2.31

12.80
0.02
15.33

23.79
16.22

1.54

13.08
15.39
0.595

0.57
L.5.

42,76
18.10
0.05
0.01
4.06

6.67
0.15
28.29

26.48
13.44

26_26
47.04
26.39

0.06

0.04

15.74
0.03
10.78

24.12
15.85

0.602
1.93
L.5.

26_26a
46.70
26.33
0.05

0.03
0.04

15.98
0.03
10.95

24.03
15.97

0.601
0.17
L.5.

26_26b
46.63
26.15

26 _Extra_1
45,85
25.83

0.04
0.36
0.04
15.75
0.02
12.45

23.899
16.00

27 27a
46.84
26.70

0.10
0.05

15.78
10.56
23.98
16.11

0.05

15.66
9.64

8
0.598
2.20
L.5.

27_27b 27_Extra_1

35.65
2219
BDL
0.02
0.24
BDL
BDL
14.12
0.17
27.57

22.88
16.79

0.02
0.16

17.58
0.14
31.96

0.577
-7.16
L.5.

46.02
26.39

0.63
0.05
0.04
14.98
0.02
11.96

23.92
16.17

0.35

15.10
11.09
0.597

2.28
L.5.

Natrolite samples used in this study showing average chemistry per grain. H>O* was calculated by difference with EPMA. E%
= Balance Error Calculation (Passaglia, 1970; Passaglia et al, 1998). L.S. = length slow, L.F. = length fast.
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Appendix B: Figure 8

10_Extra_1 21 21b 21_Extra_2 23_23b 19_Extra_1 19_Extra_2
Si0; 50.17  55.59 50.77  42.99 5i0, 53.94 53.82
ALO; 14.80  15.93 15.32  24.51 AlO 18.85 18.07
Fe.0s . . 0.10 0.22 Fea0s ) .
MgO 0.89 0.73 1.50 0.03 MgO 3.22 3.26
ca0 3.41 4.61 4.34 9.39 Cao 2.81 2.75
Sr0 0.07 0.09 0.07 BOL 50 0.10 0.08
BaO . 0.20 0.10 BDL BaO . .
Naz0 2.00 0.71 0.58 5.62 NayO 0.12 0.10
K20 2.83 3.13 2.82 0.03 K,0 4.39 435
H,0* 2582  19.00 2459  17.23 H,0* 16.58 17.54
Si 89.01 90.01 88.38  71.08 i 25.55 2578
Al 30.95  30.43 31.44 47.77 Al 10.53 10.20
Fe _ _ . 0.28 Fe _ _
Mg 2.35 1.77 3.83 0.08 Mg 227 233
. o o0 oor .
r . . L

. _ 012 | | ;; 0.03 0.02
Na 6.89 2.22 . 18.03 ' '
K 6.39 6.48 6.24 0.07 Na 0.11 0.10
H,0 78.88  52.75 73.81 50.67 K 266 2.6
2 ' ' ' ' H,0 13.49 14.42

Points Per Grain 3 2 4 1 ) )
R-value 0742 0747 0.738 (059g | PointsPerGrain 4 3
E% 008 612 107 674 R-value 0.708 0.716
LS E% 3.10 0.69
Sign of Elongation Ls. LF.  LS.JLF LF, LSign of Elongation LF. L.F.

Mesolite samples (left) and Mazzite samples (right) used in this study showing average chemistry per grain. HO* was
calculated by difference with EPMA. E% = Balance Error Calculation (Passaglia, 1970; Passaglia et al, 1998). L.S. = length slow, L.F.
= length fast.
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Appendix B: Figure 9

42 _42a 42_Extra 42_Extra_1
510, 39.38 38.47 38.90
Al;04 30.11 28.14 29.76
Fe,0s . 0.04 0.05
MgO 0.01 . _
Ca0 11.98 10.58 12.03

sSr0 0.05
BaO . ) |
Na,0 4.83 5.07 4.70
K20 . 0.02 :
H.0* 13.69 17.68 14.58
Si 21.07 21.53 21.04
Al 18.99 18.57 18.98

Fe
Mg . . |
Ca 6.87 6.32 6.98
Sr

Ba . ) .
Ma 5.01 5.51 4.93
K . . .
H,0 13.17 18.06 14.20
Points Per Grain 4 a8 3
R-value 0.526 0.537 0.526
E% 1.29 2.41 0.53
| Sign of Elongation L.5. L.F. L.F.

115

Thomsonite samples used in this study showing average chemistry per grain. H,O*
was calculated by difference with EPMA. E% = Balance Error Calculation (Passaglia, 1970;
Passaglia et al, 1998). L.S. = length slow, L.F. = length fast.
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Appendix C: Figure 1

R 1074 | 0.74 | 0.74

(A) BSE and PLM images of sample 3 of erionite-K from Phelps Dodge Co. Well No.
1, Little Ajo Mtns, Ajo District, Pima County, AZ, USA (B) BSE image along with associated
APFU data.
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Appendix C: Figure 2

E Sample 12_12

Sample 12_12
, SR
.’7 e / = -
fos /Q,w/.f : =
e e

S
} i 15—3
e 4 365 | 366 | 367 | 368 | 369
o &) Si |25.80|25.6125.65|25.66 | 26.00

- Al 110.38/10.53|10.49|10.53 | 10.09

Fe SN

Mg | 0.72 '1.03 | 1.06 | 0.80 | 0.56
Ca | 3.16 | 3.02 ] 2.87 | 3.11 | 331
Sr | 0.03|0.02 0.03 | 0.06 | 0.05
Ba 2 0.01 | 0.01 = =
Na = .
K 183 | 1.82 | 2.03 | 1.85 | 1.90
H20* 8.87 | 9.64 | 9.92 | 9.80 | 8.89
| R 1071]0710.71 | 0.71 | 0.72

(A) BSE and PLM images of sample 3 of erionite from Eureka Valley, Del Norte Co,
California, USA (B) BSE image along with associated APFU data.
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Appendix C: Figure 3

A Sample 12_12b

s

S '“'<"-"—”‘~-Gv|'aj‘n core

O C19-38
0 y7-37¢ ~17-379 1122

378 | 379 | 380 | 381
26.09 | 26.01 | 25.98 | 25.79
10.07 [ 10.07 | 10.15 | 10.45
0031003 - -
0.60 | 1.57 | 1.09 | 0.79
3.09 | 2.22 | 2.73 | 3.05
0.04 | 0.02 | 0.04 | 0.04
- |o01| - -

192 | 202 | 192 | 1.74
8.82 | 9.15 | 8.65 | 8.97
0.72 1 0.72 | 0.72 | 0.71

(A) BSE and PLM images of sample 3 of erionite from Eureka Valley, Del Norte Co,
California, USA (B) BSE image along with associated APFU data.
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Appendix C: Figure 4

Sample 12_Extra_1

383 | 384 | 385
Si |25.89]25.68|25.96
Al 110.30/10.53|10.16
Fe | - - | o002
Mg | 0.69 | 0.88 | 1.33
Ca | 3.09 294 246
Sr | 0.05 | 0.05 | 0.02
Ba | - - |o01
Na 5 & 2
K 1190195 196

H20*| 9.32 |10.60|10.42
R |072]071]0.72

(A) BSE and PLM images of sample 3 of erionite from Eureka Valley, Del Norte Co,
California, USA (B) BSE image along with associated APFU data.
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Appendix C: Figure 5

Sample 45_Extra_1

Sample 45_Extra_1

2N
4 A
,\ :

-

582 | 583 | 584
Si |26.55]26.9026.31
Al | 961|924 | 9.74
Fe = = — o
Mg | 0.59 | 0.61 | 1.60
Ca | 251 249 | 2.10
sr | 0.04 | 0.04 | 0.01
Ba = = &
Na | 0.65 | 0.28 | 0.08
K | 205212203
H20%*/10.19| 8.60 |10.51
R | 073|074 073

591 | 592 | 593
26.78 | 26.75 | 26.95
9.37 | 9.34 | 9.18

0.59 | 0.51 | 0.47
2.82 | 2.92 | 2.87
0.03 | 0.05 | 0.04

1.89 | 2.02 | 1.92
8.53 | 8.97 | 8.27
0.74 | 0.74 | 0.75

(A) BSE and PLM images of sample 3 of erionite-Ca from Phelps Dodge Co. Well
No. 1, Little Ajo Mtns, Ajo District, Pima County, AZ, USA (B) BSE image along with
associated APFU data.



Sample 45_Extra_2

Appendix C: Figure 6

594 | 595 | 596 | 597 | 598 | 599
Si_ |26.93|26.82|26.69 |26.33 | 26.62 | 26.58
Al | 9.21 | 9.29 | 9.42 | 9.74 | 9.36 | 9.59
Fe = = = = = L
Mg | 0.48 | 0.56 | 0.87 | 1.43 | 0.68 0.98
Ca | 2.81|2.83|2.65|2.25|3.07]252
Sr | 0.03 | 0.03 |0.03|0.02]|0.04|0.02
Ba = - - = B =
Na - 0.04 = - = -
K 1.97 | 196 | 1.87 | 2.05 | 1.84 | 1.88
H20* 9.39 | 9.84 |10.37[11.91|10.95|11.53
R |0.75)0.74 | 0.74 | 0.73 | 0.74 | 0.73

Sample 45_Extra_2
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e fa
-'5
600 | 601 | 602 | 603 | 604 | 605

Si |26.84|26.77 | 26.82 | 26.93 | 26.96 | 26.96
Al | 930|936 |9.29 | 9.14 | 9.27 | 9.12
Fe | - = 2 = — =
Mg 0.51 | 0.96 | 0.52 | 0.53 | 0.52 0.39
Ca | 289 253|286/ 290|271 3.0
Sr | 0.04 | 002|004 0.04 | 0.04 | 0.04
Ba = 2= 23 = - =
Na - o = = - -
K 183 | 184|197 | 193 | 1.82 | 1.92

H20*| 10.93|10.92 | 10.18 | 10.46 | 10.94 | 13.94
R 0.74 | 0.74 | 0.74 | 0.75 | 0.74 | 0.75

(A) BSE and PLM images of sample 3 of erionite-K from Phelps Dodge Co. Well No.
1, Little Ajo Mtns, Ajo District, Pima County, AZ, USA (B) BSE image along with associated
APFU data.



A

Sample 31_31
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Appendix C: Figure 7

“15-323 “15-322

321 | 322 | 323 | 324
Si |12.69/12.68|12.74|12.58
Al |5.37 537531544
Fe = =2 | =
Mg | 1.06 | 1.07 | 1.03 | 1.10
Ca | 097 0.98 | 100  1.02
Sr - | 002|001 001
Ba = 2 - |lonm
Na = = = =
K | 105 1.04 | 1.04 | 1.07
H20*| 6.96 | 7.35 | 6.91 | 7.23
R | 070070 |0.71 | 0.70 | 0.69 | 0.70 | 0.69

(A) BSE and PLM images of sample 3 of offretite from Mt. Simiouse, Loire, France
(B) BSE image along with associated APFU data.
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Appendix C: Figure 8

A Sample 31_31b

Sample 31_31b

328 | 329 | 330 | 331
Si 112.70|12.70,12.70|12.77
Al | 534|534 535 |5.29
Fe | _— & =
Mg | 1.07 | 1.07 | 1.06 | 0.86
Ca |099]1.01]1.02]112
sr |o001]001| - |o002
Ba = e - -
Na — — _ _
K |1.03 | 1.01 | 0.98 | 1.05

H20* 7.40 | 7.48 | 7.40 | 6.94
R 1070070070 | 0.71

(A) BSE and PLM images of sample 3 of offretite from Mt. Simiouse, Loire, France
(B) BSE image along with associated APFU data.



Appendix: Figure 9

A Sample 31_Extra

124

340

341

342

343

12.56

12.52

12.88

12.68

5.48

5.56

5.16

5.36

1.10

111

0.81

1.05 |

1.02

1.01

1.14

1.04

0.01

0.01

0.01

0.01

0.03

|H20*| 6.57

6.38

6.50 |

6.78

 6.18

1.05
6.43

0.97
6.74

1.09
6.32

1.03
6.66

R | 0.70

0.71

0.70

0.70

0.71

0.70

0.69

0.71

0.70

(A) BSE and PLM images of sample 3 of offretite from Mt. Simiouse,

(B) BSE image along with associated APFU data.

Loire, France
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Appendix C: Figure 10

Sample 31_Extra_1
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0.01 | 0.01 - [0.01]0.01]0.01]0.01
0.01

0.03 - 002 - - — -
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H20*| 6.48 | 6.60 | 6.26 | 6.01 | 5.65 | 5.39 | 5.80 | 5.89 | 5.98
R |0.70 | 0.69 | 0.69 | 0.69 | 0.70 | 0.71 | 0.70 | 0.70 | 0.70

(A) BSE and PLM images of sample 3 of offretite from Mt. Simiouse, Loire, France
(B) BSE image along with associated APFU data.
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Appendix C: Figure 11

A Sample 32_32a

(A) BSE and PLM images of sample 3 of offretite from Mt. Simiouse, Semiol,
Chatelneuf, Loire, Rhone Alpes, France (B) BSE image along with associated APFU data.
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Appendix C: Figure 12

A Sample 32_Extra
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Ba | 0.01|000| - |0.00
Na — — _ _
K |1.00]1.08|1.02 | 1.19
H20*| 5.19 | 5.85 | 5.23 | 5.02

R |0.70 | 0.69 | 0.69 | 0.70

(A) BSE and PLM images of sample 3 of offretite from Mt. Simiouse, Semiol,
Chatelneuf, Loire, Rhone Alpes, France (B) BSE image along with associated APFU data.
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Appendix C: Figure 13

A Sample 32_Extra_1
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(A) BSE and PLM images of sample 3 of offretite from Mt. Simiouse, Semiol,
Chatelneuf, Loire, Rhone Alpes, France (B) BSE image along with associated APFU data.
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Appendix C: Figure 14

= A Sample 33_33a

(A) BSE and PLM images of sample 3 of offretite from Sasbach, Kaiserstuhl,
Germany (B) BSE image along with associated APFU data.



A Sample 33_33b

Appendix C: Figure 15
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(A) BSE and PLM images of sample 3 of offretite from Sasbach, Kaiserstuhl,
Germany (B) BSE image along with associated APFU data.

130



131

Appendix C: Figure 16

A Sample 33_Extra

(A) BSE and PLM images of sample 3 of offretite from Sasbach, Kaiserstuhl,
Germany (B) BSE image along with associated APFU data.
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Appendix D

Re: Kristina Pourtabib The Microscope 63(4) question

Dean Golemis <dgolemis@mcri.org> D Replyall |v
Ved 3/1, 10:35 AM
Pourtabib, Kristina (pour1824 @vandals.uidaho.edu); Gunter, Mickey (mgunter@uidaho.edu) ¥

Inbox

Hi Kristina,

Thanks for reaching out to to us. Permission is granted for use of the Zeolite Erionite article in your final dissertation, as requested.
Good luck with your dissertation!

Best wishes,

dean.

Dean Golemis

Managing Editor, Microscope Publications
McCrone Research Institute www.meri.org

2820 S. Michigan Avenue, Chicago IL 60616-3230

Tel. (312) 842-7100 Fax (312) 842-1078
dgolemis@mcri.org

Subscribe to The Microscope journal -- new low price for first-time individual subscribers, $38.50! >>www.mcri.org



