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ABSTRACT

The inspiration for my topic was theeausf hydrogen as a fuel source. Currently,
the use of hydrogen is limited by the neefind a safe storage solution. | wanted to
know how Nature stores hydrogen in minerdlse studies in my dissertation examine
the nature of materialsdahcontain hydrogen as Qgfoups through a variety of
techniques. First, | exanmerthe 450 known mineral species that contain isolated OH
groups and have crystal structure determimetithat include the location of the hydrogen
atoms. | identify nine unique daes of OH hydrogen environments.

The hydrogen environment exemplified by thineral behoite is of particular
interest because of behoite'mustural relationship with Sigcristobalite. | conducted
two high-pressure studies exploring the similarities and differendbas behaviors of
behoite and cristobalite asfunction of pressure.

In the process of categorizing @& hydrogen environments in minerals |
encountered minerals who's structuresded to be refined. Refinements for two
minerals, despujolsite, a member of thesitbierite group of minerals, and kdzulite, an
Mn rich amphibole, are presented and discussed.

Two manuscripts, one on the newnetial bobdownsite, and the other on the
mineral walstromite, are appended to this dissertation to highlight additional original

research conducted throughout my graduate career.



INTRODUCTION

Explanation of the Problem and Its Context

One of the challenges facing societgl®ernative energy sources. The federal
government has identified hydrogen fuel as tepially clean and @ap solution to our
national dependence on foreign sources of fogsis. However, the practical aspects of
hydrogen fuel use are hindered by the simple problem of how to store hydrogen safely
and in concentration (Ross 2006). This project will identify thgswhat hydrogen is
stored in minerals in Nature.

Elements are the fundamental buildingdi of minerals. Hydrogen is by far the
most abundant element in the universe: rou§BB6 of all atoms or 75% of all matter by
weight (Dyar & Gunter 2008). However, more than 90% of the Earth is composed of
only four elements. In order of abundance these elements are oxygen, oxygen, silicon,
and magnesium. Despite its smaller relaibendance on Earth, more than half of all
minerals contain the element hydrogen.

There are currently 4538ineral species recogmd by the International
Mineralogical Association, 2580 of whidontain hydrogen (57%). The American
Mineralogist Crystal Streture Database currenttpntains about 14,000 crystal
structures of minerals representing almost all of the known crystal structures. This study
examines the hydrated mineral structuresaioed within the database to identify all
variations of structural hydrogen storagehese minerals. For instance, we have
observed that the hydrogen environment, Whsccharacterized by the structural and

atomic interactions of the hydrogen atom, in brucite is vastly different than the hydrogen



environment in hydrogarnet. How many differégypies of hydrogen environments exist
in minerals? How do we recognize them?tBese environments change with pressure?
To answer these questions, agablish a classification sgsh based upon the analysis of
known crystal structures of hydrated nmals contained within the American
Mineralogist Crystabtructure Database.
Literature Review
Hydrogen and the Hydrogen Bond

The following describes the classimodel of hydrogen bonding. When hydrogen
bonds to a highly electronegative elemeng ldkygen, the lone electron of the hydrogen
is drawn to one side of its nucleus. Thiaves the proton (nucleus) exposed creating an
apparent positive charge on the opposite side of the atom. This allows the hydrogen to
form another (weak) bond with the electimmanother "acceptor” element (D—H-:-A).
This second bond is called the hydrogpemd (Jeffrey 1997). Not all O-H bonds will
result in a hydrogen bonds, however loghn bonds are common in many minerals.
Pauling (1931) was the first to use thente¢hydrogen bond" in his paper detailing the
nature of the chemical bond in the H-F-H ion. The concept of the hydrogen bond is
attributed to Huggins (1922) and inmdently to Latimer and Rodebush (1926uller
(1959) classified hydrogen bond lengths and anglesystals. Hedund that the type of

donor and acceptor groups controls bond lengtiisthat the anglef the bond has little

1 1n 1969 Huggins presented a paper ®Royal Swedish Academy of Sciences

claiming the he invented éhconcept of the hydrogen bond before Latimer and Rodebush
in a 1919 thesis for an advanced inorgaiemistry course at the University of

California. Huggins' 1922 papév his first published mention of the concept of the
hydrogen bond. (Jeffrey 1997)
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effect on the lengths. However, he noted that bonds are generally not present when the O-
HO angle is less than 160°. Brown (1976aljstusses the structure, geometry, and
energies of O-HO hydrogen bonds. He suggest®sy hydrogen bonds with O-O
distances less than 2.7 A are linear, whikaker hydrogen bonds with O-O distances
greater than 2.7 A are generally bente Btrength and occurrence of hydrogen bonds
depends on factors such as bond valencedafddistance. The nature of the hydrogen
bond in minerals has been studied for many rock-forming mineral&\{mbruster et al.
2001; Baur 1973; Burns and Hdwtne 1994; Catti et al. 1977; Cioslowski and Mixon
1992; Ferraris et al. 1986; Fragtal. 2003; Furukawa et @008; Hadzi 1965; Jacobs et
al. 2005; Jacobsen et al. 2000; Kleppale2003; Wan and Ghose 1977). The hydrogen
environments in minerals, however, have not been systematically examined and
categorized in the way @sented in this study.
Locating Hydrogen in a Structure

Before modern X-ray and neutron @ologies, it was difficult to resolve and
locate the hydrogen atom within the struetof a mineral and to distinguish hydroxyl
groups from water molecules. Hydrogen afoositions can be predicted by observing
which oxygen atoms (or other donor anionsthi@ structure appear to be under-bonded.
Donnay (1970) describes a method of locatipdrogen atoms using Pauling's principle
of local neutralization of charge. Liamgd Hawthorne (1998) calculate the hydrogen
positions in micas and clay minerals using the Static Structure-Energy Minimization

method for periodicallyepeating structures.
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Currently, X-ray diffraction is the mosbmmon method for locating hydrogen in
crystal structures. However, the intensitysoéttered X-rays is a function of atomic
number and the scattering of hydrogen with Z=1 is often overwhelmed by the scattering
of other elements. Few high-pressure deteations of the hydrogen positions within
mineral structures have been made tulhe absorption and scattering from the
diamonds and beryllium plates in diamomihcells (Parise et al. 1994; Chakoumakos
et al. 1997; Prewitt and Pae 2000; Winkler 2010).

Neutron diffraction is aalternative method for locaigy the hydrogen in a crystal
structure (Knorr and Depmei2006). Hydrogen is a strong siaer of neutrons, but the
requirement of a large sample size lintite achievable pressures in high-pressure
studies. Recent successful determinatmirisydrogen positions iminerals by neutron
diffraction were completed for the crystaiwstture of hydrogarnets (Lager et al. 1987,
1989; Lager and von Dreele 1996), hydroxiyhahumite (Berry and James 2001),
hydroxylapatite (Leventouri ell. 2001), topaz (Komatsu at 2008), epididymite and
eudidymite (Gatta et al. 2008), and lawsonite (Kolesov et al. 2008).

Hydrogen Storage In Minerals

The United States Department of Energy has set criteria for volumetric and
gravimetric density of stored hydrogen (ZH05). In addition to density requirements,
hydrogen storage systems must be reviergituttel 2003). Currently, there are 6
methods for hydrogen storage: High presgae cylinders (up to 800 bar), liquid
hydrogen in cryogenic tanks, adsorbtion on makesvith large surfaeareas, absorbed

on interstitial sites in host metals, chemically bonded in covalent and ionic compounds,
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and through oxidation of reacévmetals (Zuttel 2003).

The high-pressure gas cylinders arertfust common storage system (Zuttel 2004).
Synthetic complex hydrides such as alanaiesdes, and borohydrides are being studied
as potential hydrogen storage systems (Zewnel Akin 2005). However, complications
with kinetics of dehydrogenatn and rehydrogenation (use aefleling) limit feasibility
(Orimo et al. 2007; Zeybek and Akin 2005).

Previous work on hydrogen storage imerials has been conducted on nominally
anhydrous minerals in the upper mantd. Bai and Kohlstedt 1992; Baikov et al. 1992,
Bell and Rossman 1992; Bolfan-Casanova 2B0g&chmann et al. 2005; Holl et al.

2008; Ingrin and Skogby 2000; Inoue et al. 1,9Bobsen et &005; Kleppe et al.
2006; Litasov et al. 2003; Ross et al. 20881yth 1987, 2006; Swope et al. 1995) and in
zeolites (c.fLangmi et al. 2005; Langmi et al. 2008gitkamp et al. 1995). In anhydrous
minerals, hydrogen can be incorporated astptefects within te crystal (Prewitt and
Parise 2000; Kohn et al. 2002). In zeoliteglrogen can be stored in channels and
"cages" in the structure.
Explanation of Dissertation Format

This dissertation follows the University of Arizona Graduate College required
format for dissertations composed primaofypublished or publishable manuscripts. An
introductory chapter and a research summary chapter serve to acquaint the reader with
the nature of the researahd major findings, which are presented in detail in seven
appended manuscripts. My studies are agpd either in the form of published

manuscripts (APPENDICES C, D, E, @anuscripts submitted for publication



13

(APPENDICIES F), or prepared manuscripts for future publication (APPENDICES A,
B). Appendices A, B, E, F, and G are pregutaby me as a first author. Appendix C is
included as a complimentary manuscript tqgpApdix B and is prepad with significant
experimental contributions from me asfth author. Appendix F is prepared with
significant experimental and manuscript @eggion contributions from me as second
author. My advisor and co-author, Dr. Robd@awns guided me witthe direction of my
research, provided assistance with my presentation of ideas, lpad hee with the
polishing of the manuscripts for publicat. My co-author®r. Hexiong Yang, Dr.
Przemyslaw Dera, Dr. Kimberly Tait, Dr. Richard Thompson, Dr. Stanley Evans, Dr.
Marcus Origlieri, Dr. Jakub BSil, and Dr. Ronald Mileticprovided valuable assistance

and feedback at many steps in the writing process.
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PRESENT STUDY
The methods, results, and conclusions of this study are presented in seven
manuscript appended to this dissertatiore Tdllowing is a summary of the major

findings in these papers.

Appendix A: Classification of Hydrog&mvironments in Hydrous Minerals

In this study we examine the 2580 known mineral species that contain hydrogen
using crystal structure data from the Ancan Mineralogist Crystétructure Database
(Downs and Hall-Wallace 2003). Excluding#ie that contain ammonia or hydronium,
2487 contain OH, either as@® (water) or as isolated OH groups. Only 17 mineral
species contain H and no O. Of the 248t ttontain OH, 1592 have experimentally
determined crystal structures, with 60@tthontain only OH witout water, while the
other 992 contain water withr without additional OH. This study focuses on the
structures that contain isded OH groups. There are 450 nmalespecies that contain OH
without water and have crystal structure deieations that include the location of the
hydrogen. We have identified nine unique classes of OH@mwvients. The class that
contains the largest number of mineralexemplified by brucite, where the hydrogen is
bonded to the oxygen atom that is common to three edge-sharing octahedra. This

structural environment is also foumdthe micas, clays, and amphiboles.

Appendices B & C

Of the nine hydrogen envirommis that we identified, ¢hone that includes behoite
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Be(OH) (Ehlmann and Mitchell 1969) seemed tmarlarly interesting because of its
structural similarity with Si@ cristobalite. At ambient coitébns, behoite is isostructural
with SiG cristobalite but with eeh bridging oxygen atom replaced by an OH group.
Silica is one of the most studied systems,kaafobite will provide a model for the effect of
hydrogen on the silica systedppendices B and C are complimentary and discuss the
high-pressure behavior of the mineral behoite, Be(Q#&hd its relationship to the silica

polymorph cristobalite.

Appendix B: The Structure Determinationtloé High-Pressure Polymorph of Behoite,
Be(OH)

This high-pressure experiment fees on a metal hydroxide, specifically
beryllium hydroxide. Several studies have been conducted on other divalent metal
hydroxides, however, the higitessure behavior dEBe(OH),, the mineral behoite, has
not been previously explored. Single cry3taay diffraction techniques are used to
investigate the high-pressysbase transition of behoite. tdaal behoite crystals from
Mont St. Hilaire, Quebec, Canada arammned under three distinct experimental
conditions. The structure isafacterized in air, and atlopressures to 1.74 GPa at a
small laboratory facility at the University of Arizona and two experiments at the
Advanced Photon Source, Argonne Nationabdratory; one at a beamline with an
insertion device to 10.44 GPa and thieeoton a bending magnet to 37.09 GPa. The
single crystal refinement of the natlib&hoite sample yields a unit cellaf 4.5362(8),

b = 4.6204(7)¢ = 7.0531(7) A, V = 147.84(2) Awith space group R2:2;. A phase
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transition in the interval 0f.73 — 3.64 GPa was indicateddwistinct change in the
diffraction pattern. We refined the unit cell asmlved the structure for the high-pressure
polymorph at 5.98 GPa with= 5.738(2)b = 6.260(3)c = 7.200(4) A, V = 258.7(2) A
and space group Fdd2. The high-pressure polymorph persisted up to 37 GPa. The
transition of behoite to the high-presspmymorph is both displacive and reversible

with the mechanism being the rotation of the Befrahedra.

Appendix C: New Insights into theghi-Pressure Polymorphism of SiOristobalite
Single-crystal X-ray diffraction experimentsth cristobalite from Ellora Caves,
India were performed. X-ray diffraction datasveollected for fivgpressure points from
0.68 to 5.31 GPa with methandhanol as the pressure digm. The sample was then
loaded with helium gas as the pressurélioma and additional pressure points were
collected to 18.09 GPa. We observeel tlonoclinic high-pressure phasedl:
8.011(3), b= 4.544(3)c = 8.890(2) A, E= 121.0(2)°, in agreement with earliarsitu
studies (Dove et a. 2000), and its crystalicture was unambiguously determined in
space group2;/c. Additional experiments using the samaterial reveal that the well
known reversible displacive phase tramsitto cristobalite-1l, which occurs at
approximately 1.8 GPa can be suppressed jog ressure increase, leading to an
overpressurized metastable state, persistipgessure as high as 10 GPa. Single-crystal
data have been used to refine the struatwdels of both cristobalite and the monoclinic
high-pressure phase Il over the range ekpure up to the threshold of formation of

cristobalite XI (13 GPa), progiing important constraints tssess the feasibility of the
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two competing silica densification modg@gposed, based @uantum mechanical

calculations.

Appendices D through G
To learn X-ray diffraction techniques, ariety of crystal structures were studied,

including kézulite, despujolsitbobdownsite, and walstromite.

Appendix D: Kozulite, an Mn-Rich Alkali Amphibole

Kozulite is a member of the brucite ty@él environment. The crystal structure of
kdzulite, an Mn-rich alkali amphble with the ideal formula NaM#n?*,
(FE* AD]SigO.(OH),, was réened from a natural specimen with compositiop, gf\ao
s0)(Na. 6o Cav. 1MN**0. 2(Mn*" 1MNn** 23Mg2. 20.
Fe* 02771 0.19)(Si7.02Al 0.06Ti0.09 02 (OH)1 sd70.14. The site occupancies determined from
the réonements are M1 = 0.453(1) Mn + 0.547kAg, M2 = 0.766(1) Mn + 0.234(1) Mg,
and M3 = 0.257(1) Mn + 0.743(1) Mg, wieeMn and Mg represent (Mn+Fe) and
(Mg+Al), respectively. The average Me-bond lengths are 2.064(1), 2.139(1), and
2.060(1) A for the M1, M2, and M3 sites, resfively, indicating th@reference of large
Mn?* for the M2 site. Four partially occupiegnphibole A sites were revealed from the
rebnement, with A(m) = 0.101(4) K, A(m)®0.187(14) Na, A(2) = 0.073(6) Na, and
A(1) = 0.056(18) Na, in accord with the réslerived from microprobe analysis (0.20 K

+ 0.80 Na), considering experimental uncertainties.
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Appendix E: Despujolsit€aMn**(SOy)2(OH)e*3H,0

In our efforts to understand the hydrogen bonding environments and the
relationships in the hydrogdionding schemes in the mineralsthe fleischerite group,
we noted that the structural informationd&fspujolsite needed to be improved. The
crystal structure of despugale, the Ca-Mn member ofélfleischerite group, ideally
CaMn**(SOy)2(OH)e*3H,0, was redetermined from a natural specimen. All non H atoms
were refined with anisotropic displacemgarameters and with the H atoms located. The
structure of this compound is characterized by layers ot Pafyhedra connected by
Mn(OH)s octahedra and S@etrahedra. The average Ca—O, Mn—O, and S—O bond
lengths are 2.489, 1.915, and 1.472 A respegtiviglere are two distinct hydrogen
bonds: OH3—H1:--O2 and OW4—H2---O1, with O—O bond distances of 2.819(2) and
2.789(2) A respectively. This work represetits first description of hydrogen in the
fleischerite group of minerals. Because despujolsiteatamboth OH and ¥D groups it

does not fit into my proposed classification scheme.

Appendix F: Bobdownsite, a New Member efWihitlockite-Group from Big Fish River,
Yukon, Canada

Many minerals with OH groups are afeoaind with F substituting for OH. A new
mineral, bobdownsite, the F-analogue of whitlockite with the ideal formula
CaMg(POF)(PQy)s, Ca(Mg,Fef") (PO;OH)(PQ)s has been found on a sample from Big
Fish River, Yukon, Canada. It is foundthre Lower Cretaceous bedded ironstones and

shales exposed on a high ridge on the west af the river, upstream from phosphatic
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nodule slopes. The paragenesis appedrs tailanite followed by bobdownsite with
accessory arrojadite and minor quartz. It dlas been found at the Tip Top mine, Custer
County, South Dakota, USAnd in Martian meteorites.

Bobdownsite is colourless, transpat with white streak and véous luster. It is brittle,
with a Mohs hardness of 5.0; no cleavagpanting is observed. &cture is irregular,
uneven and subconchoidal and no twinningliserved macroscopically. The measured
and calculated densities are 3.14 and 3.16 fespectively. Bobdownsitis insoluble in
water, acetone, and hydrochloric acidtiCglly, the new mineral is uniaxial (-&=
1.625(2), 0 =1.622(2), and it doesfhairesce under long- @hort-wave ultraviolet
light. The compatibility inde (1-KP/KC) is 0.005 (superior]he electron microprobe
analysis yielded an empirical formula of (GaNao 24 -o(Mgo.7F€* 017l 0.11FE 0,00 =1
(P1.0QsF1.00 (P1.0d04)s. Bobdownsite, isostructuravith whitlockite, is trigonal with space
group R8¢ and unit-cell parameteas= 10.3224(3), & 37.070(2) A, an&/ = 3420.7(6)
A3, Its structure is characterized by the [MggRP® ligand, referred to as the “Mg-
pinwheel.” The Mg-pinwheels are flattened in tha@irection and can be thought of as
defining oblate ellipsoids whose short axes are paralleatal that form a regular
packing arrangement. The isolated, mmtymerized pinwheels form layers
perpendicular t@, which are held together by higloordination number intralayer Ca
cations. The interlayer cations are al&atoms. The Raman spectra of bobdownsite
resemble those of phosphate minerals in the whitlockite group. However, the well-
defined doublet of terrestrial whitlockitand low-REE merrilite in the 950-975 &¢m

band, corresponding to the distinct phosplgateips P(B1) and P(B2), is not seen in
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bobdownsite.

Appendix G: Structure of Walstromite, BaSg0y, And Its Relationship to CaSiO
Walstromite and Wollastonite-I|
In an attempt to understand transformations between settings, | conducted a stud

on the structural relationship betweean tmportant calcium silicate minerals
walstromite, CaSi@walstromite, and wollastonite-II. This study highlights the
importance of correctly identifying structlmrelationships in minerals. The crystal
structure of walstromite, ideally Bag3i;Oy, was refined with data from single-X-ray
diffraction on a natural specimen from tlgpé locality Esquire No. 8 clam, Big Creek,
Fresno County, California, USA. It tsclinic, with space group Pand unit cell
parameters a = 6.7335(2), b = 9.6142(3), ¢ = 6.6859(DA69.638(2)°,E=
102.281(2)°, 3 96.855(2)°, V = 396.01(2)AThe only previously published structure
for walstromite was based on photographic film intensity data collected from synthetic
BaCaSi;Og (Dent Glasser and Glasser 1968). Due to uncertainty in oxygen positions, the
reported final R-factor was 0.16. The currefinement yielded an R factor of 0.030
with the inclusion of anisabpic displacement parameters.

Walstromite is a Ba-Ca cyclosilicate characterized b@shree-membered rings.
It is related to the important calcium sdte group of mineralgspecially to CaSi&
walstromite, through the substitution of Ba imtwe of the three distinct Ca sites. Joswig
et al. (2003) suggested thhe structural changes & by the replacement of Bay

C&* are minimal and that walstromite is isomorphic with CaSi@lstromite, but
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topologically different from higlpressure wollastonite-11 (G&isOg). Our study
demonstrates that wollastonite-11 and Caialstromite are identical phases, and are
isostructural with walstromite. This isomorphism implies that the high-pressure £aSiO

phase may be a potential host for lacggons in deep Earth environments.
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ABSTRACT
There are currentl$#532 minerals recognized byetinternational Mineralogical

Associaion, 2580 of which contain therlent hydrogen (57%). Aside from those
minerals that contain ammonia or hydronium, 2487 minerals contain OH eithgDas H
isolated OH groups. Of these, 1592 have expentally determined crystal structures
listed in the American Minehagist Crystal Structure Datase, with about 600 reported
structure that contain only OH without®. The other 992 contain,® with or without
additional OH. There are 450 known mirespecies that contain OH without®l and
have crystal structure deterrations that include the locat of the H atom. The crystal
structures of these 450 minerals have e@mined, and their OH sites categorized. We
found nine unique classes of OH sitesis#tie Type, Brucite Type, Epidote Type,
Alunite-Jarosite Type, Datolite Type, Apatite Type, Behoite Type, Vayrynenite Type,

and Euclase Type.

Keywords: hydrogen, hydroxyl anionystal structure, hydrogen storage

INTRODUCTION
One of the challenges facing societglternative energy sources. The federal
government has identified hydrogen fuebasotentially clean and cheap solution.

However, the practical aspects are hinderethbysimple problem dfow to concentrate
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and store hydrogen safely. We are stagythe hydrogen environments, which are
characterized by the structural and eleatronteractions of the hydrogen atom, in
minerals in order to create a body of knowledgenow Nature stores hydrogen in solids.
For instance, the hydrogen environmenbincite is vastly different than the
environment in hydroxylapatite. This ctea obvious questions, such as how many
different environments exist in mineralsdahow do we recognize them? To answer these
guestions, we are establishing a clasatfon based upon the analysis of the known
crystal structures. We will not, however, focus on the H environment in nominally
anhydrous materials.

Hydrogen is by far the most abundant edeirin the universe: roughly 93% of all
atoms or 75% of all matter by weight (Dyard Gunter 2008). However, more than 90%
of the Earth is composed of only four elertsen order of abundance these elements are
oxygen, iron, silicon, and magnesium. Despigesmaller relative abundance on Earth,
more than half of all minerals contain the element hydrogen. Hawthorne (1992) suggests
that hydrogen is the significafgctor in the distribution of mineral species within the
Earth and Evans (1964) suggests that hydrogen plays an important role in the
polymerization process. There are cumedb32 mineral spees recognized by the
International Mineralogical Association, 2580 of which contain hydrogen (57%). This
study will examine these hydrated mirler® determine the crystallographic
environment of their hydrogen atoms, amdate a classificatn of natural hydrogen

environments within these hydrated minerals.
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When the hydrogen atom bonds to a highly electronegative element like oxygen,
the one electron of the hydrogen is drawn wlibnded side of the atom. This leaves the
proton (nucleus) exposed creating an apparent positive charge on the opposite side of the
atom. This allows the hydrogen to form another (weak) bond with the electron of another
element, usually oxygen. This second bonchided a hydrogen bond (Jeffrey 1997). Not
all O-H bonds are associated with hydned@nds. The nature of the hydrogen bond in
minerals has been studied faany rock-forming minerals(f. Armbruster et al. 2001;

Baur 1973; Burns and Hawthorne 1994; Cattal. 1977; Cioslowski and Mixon 1992;
Ferraris et al. 1986; Frost&t 2003; Furukawa et al. 2008adzi 1965; Jacobs et al.
2005; Jacobsen et al. 2000; Klepgeal. 2003; Waiand Ghose 1977).

Hawthorne (1992) investigated the rotéghe principle H bearing species in
minerals (OH, HO, H;O, NH, and HO,). Of particular interest is his treatment of OH
and HO. Hawthorne explains the different rotbat hydrogen plays ithe structures of
minerals based on the presence of an OH group©@mhblecule as a component of the
structural unit or a componeot an interstitial complex.

To date, only hydrogen environments involvingoHnolecules in minerals have
been systematically examined and categorized. Classification of water molecules based
on coordination of the lone pair orbitalssyaroposed by Chidambaram et al. (1964). The
model was further improved by Hamilton and Ibers (1968) and by Ferraris and Franchini-
Angela (1972). Using data from 40 neutron diffraction studies, Ferraris and Franchini-
Angela created 5 classes of water moleem@ronments in minerals based on the

coordination number of the oxygen in theQHgroup. In the Class 1 environment, water
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is coordinated to one cation, which is aligrohg the bisector dhe lone-pair orbitals.
Class 1' is different than Class 1 in tha# angle between the oxygen, the cation, and the
plane of the water molecule is around 46°Class 2 and 3 environments water is
coordinated by 2 and 3 cations respectivélyass 4 involves cations that are not
specifically along lone-pair orbior their bisectors. In ih study we will categorize the
hydrogen environments of OH groups lthea a similar classification scheme:

coordination of the oxygen atom in the OH group.

METHODOLOGY

The American Mineralogist Crystal Stture Database (Downs and Hall-Wallace
2003) currently contains about 14,000 crystaltires of minerals representing almost
all of the known crystal structures. eamine the 2580 known mineral species that
contain hydrogen using crystal structure dedan the American Mineralogist Crystal
Structure Database. Excluding those tt@ttain ammonia or hydronium, 2487 contain
OH, either as kD (water molecules) or as isadtOH groups. Only 17 mineral species
contain H and no O. Of the 2487 that contain O-H, 1592 have experimentally determined
crystal structures, with 600 that comtainly OH without water, while the other 992
contain water with or withowdditional OH. We focus onétstructures that contain
isolated OH groups. There are 450 known mahspecies that contain OH without®
and have crystal structure determinatiorad thclude the location of the H atom. The
crystal structures of these 450 minerals Hasen visually examined using the structure

visualization program XtalDraw (Dowr#004), and their OH sites categorized. We
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found nine unique classes of OH sites based on the coordination of the oxygen atom in

the OH group.

DESCRIPTION OF HYDROGEN ENVIRONMENTS

We have identified ninenique classes of OH. This classification will be presented
below.
Zoisite Typein the zoisite type environmetite OH is bonded to two edge-sharing
octahedra. There are 13 mineral spefmesd in this group including some micas.
Brucite Typein the brucite type environment the OH is bonded to three edge-sharing
octahedra. There are 155 mineral spefmaad with this OH environment. Notable
groups include amphibole, axinite, diaspdremite, lazulite, tourmaline, and some
micas.
Epidote Typeln the epidote type environmenetl®H is bonded to two edge sharing
octahedra and a third cation. The coordinatiomimer of the third cation in epidote is 8.
However, there are variations of this @oviment where the coordination of the third
cation is 5 (althausite), 7 (cechite), and &8deronite). There are forty-three minerals
found with OH in this environment.
Alunite-Jarosite Typen the alunite-jarosé type environment the OH is bonded to two
octahedra and a large low bontesigth cation such as K obPEight minerals have been
found with OH in this environment. This eremment is different from the epidote type
in that the octahedra are no longer sharing edges.

Datolite Typein the datolite type environmentetl©OH is bonded to two 8 coordinated
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cations (edge sharing) and one 4 coordmhateordinated cation ¢ener sharing). Nine
minerals have been found with OH in this environment.

Apatite Typein the apatite type environment t8&1 is bonded to three corner-sharing 8
coordinated cations. There are 8 minefaisd with this type of environment.

Behoite Typetn the behoite type environment t&& is the single shared O between two
tetrahedra. Wulfengite is also a member of this group.

Vayrynenite TypeThe hydrogen environment in vayryne is characterized by two 4
coordinated cations (square panand one 6 coordinated cation.

Euclase Typeln the euclase type environment the OH is the single shared O between an
octahedron and a tetrahedron. Eleven nailsehave been found with OH in this

environment.
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FIGURE CAPTIONS

Figure 1: Zoisite Type hydrogen environmentseen in aluminoceledonite (6
coordinated Al and 6 coordinated M@) Polygon view;(b) Alternate polygon view(c)
View with atoms as spherg(st) Alternate view with spheres.

Figure 2: Brucite Type hydrogen environment &es in actinolite (6 coordinated Mg).
(a) Polygon viewj(b) Alternate polygon view(c) View with atoms as spherdgst)
Alternate view with spheres.

Figure 3: Epidote Type hydrogen environment as seen in cobaltaustinite (8 coordinated
Ca and 6 coordinated Co). ([@plygon viewjb) Alternate polygon view(c) View with
atoms as sphere@&) Alternate view with spheres.

Figure 4. Alunite-jarosite Type hydrogen environmers seen in alunite (12 coordinated
K and 6 coordinated AlYa) Polygon view;(b) Alternate polygon viewfc) View with
atoms as sphere@&) Alternate view with spheres.

Figure 5: Datolite Type hydrogen environment &&s in datolite (8 coordinated Ca and
4 coordinated B)a) Polygon viewj(b) Alternate polygon view(c) View with atoms as
spheres(d) Alternate viewwith spheres.

Figure 6. Apatite Type hydrogen environment &&s in apatite (CaOH) (8 coordinated
Ca).(a) Polygon viewjb) Alternate polygon view(c) View with atoms as spheregst)
Alternate view with spheres.

Figure 7: Behoite Type hydrogen environment as seen in behoite (4 coordinatéd)Be).
Polygon view;(b) Alternate polygon view(c) View with atoms as sphergst) Alternate
view wit