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ABSTRACT 

 

This dissertation is focused on the design of the Open Data Repository’s Data Publisher 

(ODR), a web-based central repository for scientific data, primarily focused on mineralogical 

properties, but also applicable to other data types, including for instance, morphological, textural 

and contextual images, chemical, biochemical, isotopic, and sequencing information. Using simple 

web-based tools, the goal of ODR is to lower the cost and training barrier so that any researcher 

can easily publish their data, ensure that it is archived for posterity, and comply with the mandates 

for data sharing.	 

There are only a few databases in the mineralogical community, including RRUFF 

(http://rruff.info) for professionals, and mindat.org (http://www.mindat.org) for amateurs. These 

databases contain certain specific mineral information, but none, however, provide the ability to 

include, in the same platform, any of the many datatypes that characterize the properties of 

minerals. The ODR framework provides the flexibility required to include unforeseen data without 

the need for additional software programming. Once ODR is completed, the RRUFF database will 

be migrated into ODR and populated with additional data using other analytical techniques, such 

as Mössbauer data from Dr. Richard Morris and NVIR data from Dr. Ralf Milliken. 

The current ODR pilot studies are also described here, including  1) a database of the XRD 

analysis performed by the CheMin instrument on the Mars Science Laboratory rover Curiosity, 2) 

the NASA-AMES Astrobiology Habitable Environments Database (AHED), which aims to 

provide a central, high quality, long-term data repository for relevant astrobiology information, 3) 

the University of Arizona Mineral Museum (UAMM), with over 21,000 records of minerals and 

fossils from the museum collection, and 4) the Mineral Evolution Database (MED), that uses the 

ages of mineral species and their localities to correlate the diversification of mineral species 

through time with Earth’s physical, chemical and biological processes. 

A good database design requires understanding the fundamentals of its content, so part of this 

thesis is also focused on developing my skills in mineral analysis and characterization, through the 

study of the crystal-chemistry of diverse minerals using X-ray diffraction, Raman spectroscopy 

and microprobe analysis, as principal techniques.  
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INTRODUCTION 

Statement of problem: 

 Over the last few decades, the scenery of data management and data sharing has dramatically 

changed towards a more open and publicly accessible science. Intensive data creation due to 

technological progress, more collaborative research, and concerns about data preservation have 

motivated the need to improve data sharing practices among scientists.  

 The benefits of data sharing are well described (e. g., Whitlock et al., 2010; Tenopir et al., 

2011; Aydinoglu et al., 2014; Roche et al., 2014; Michener, 2015). Several surveys show that the 

majority of scientists agree that sharing data represents scientific progress (Tenopir et al., 2011; 

Aydinoglu et al., 2014). However, these same studies also indicate that only a very small 

percentage of these researchers actually share their data (Tenopir et al., 2011). Insufficient time 

and funding, scarcity of reliable places to archive their data, lack of support from their institutions, 

and no clear standards for proper citation, seem to be the most common reasons given by scientists 

to not make their data available (Tenopir et al., 2011; Aydinoglu et al., 2014). 

 Governments, funding agencies, and publishers are promoting data sharing through policies 

and mandates that enforce public data archiving. In the US, for example, a memorandum from the 

Office of Science and Technology Policy published on February 2013, establishes that “… 

digitally formatted scientific data resulting from unclassified research supported wholly or in part 

by Federal funding should be stored and publicly accessible to search, retrieve, and analyze.” 

(Holdren, 2013). Published in May of the same year, another mandate from the US Government 

directs that “Government information shall be managed as an asset throughout its life cycle to 

promote interoperability and openness, and, wherever possible and legally permissible, to ensure 

that data are released to the public in ways that make the data easy to find, accessible, and usable.” 

(Obama, 2013). Similarly, the National Science Foundation’s (NSF) data sharing policy indicates 

that “Investigators are expected to share with other researchers, at no more than incremental cost 

and within a reasonable time, the primary data, samples, physical collections and other supporting 

materials created or gathered in the course of work under NSF grants.” (NSF, 2014). In their Data 

Management Plan Policy, they also stablish that “[proposals] must include a supplementary 
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document of no more than two pages labeled ‘Data Management Plan’.” (NSF, 2014). The same 

policies are being established by the European Union (EU), which is now requiring investigators 

of projects funded or co-funded under Horizon 2020 (European Commission, 2016) to develop a 

data management plan in their proposals (European Commission, 2016).  

 Scientific journals are also requiring archiving of published data. For example, in their data 

policy, the Nature Publishing Group insists on the importance of making published research data 

publicly available so other scientist, upon citation, can re-use it, reproduce experiments, or make 

new discoveries. They enforce this by imposing the condition that “… authors are required to make 

materials, data, code, and associated protocols promptly available to readers without undue 

qualifications.” (Nature, 2013). They even recommend data repositories that have been certified 

as compatibles with the journal (Nature, 2013). Similar policies apply for submissions to Science 

(Science, 2015).  

 However, in most cases, funding organizations and publishers are not currently providing data 

repositories themselves. Researchers need to find repositories for their data that meet policy 

requirements about data access and archiving, and also guarantee data security, long-term 

maintenance and easy access.  

 The main objective of this dissertation is to report on the design of the Open Data Repository's 

Data Publisher (ODR), an open-source central repository for scientific data that researchers, 

graduate students, and the general public can use to archive their data and comply with the 

mandates for data sharing. With ODR, researchers can quickly create specific database structures 

and easily publish data on the web.  

 ODR was conceived from the experience acquired in the creation and development of the 

RRUFF database. Back in 2004, Professor Robert Downs, at the University of Arizona, created 

the RRUFF Project (Lafuente et al., 2015), an open-access database on high-quality spectral data 

from well-characterized minerals. This database platform was custom-designed to only archive 

data from microprobe, Raman, IR and XRD analysis. This rigid structure has become an 

impediment to expand the RRUFF database and it is preventing the inclusion of new data from 

other techniques for mineral characterization. Moreover, due to the successful of RRUFF, we have 

also received many requests from other scientists to provide them with a “copy” of the RRUFF 
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platform so they can use it to store their own data and therefore, comply with data sharing 

mandates. But since RRUFF was customized into a very specific structure, in order to make it 

useful for other types of data, we would have to invest significant resources in new software 

programming. So we asked ourselves, can we abstract it to store and plot nearly any data? The 

platform ODR was the answer. 

 ODR mainly targets the long tail of research data that falls outside larger initiatives such as 

GenBank (Benson et al., 2013), an open-access database for nucleotide sequences, or PANGEA 

(http://www.pangaea.de), a library to archive, publish, and distribute georeferenced data from 

earth system research. In the last few years, other multidisciplinary data repositories have also 

come into the data publication scene. Figshare, for example (https://figshare.com), aims to make 

scientific data available “in a citable, shareable, and discoverable manner”. Another platform 

called Dryad (http://datadryad.org) is designed to host data associated with peer-reviewed journal 

articles, dissertations and books. LabArchives (http://www.labarchives.com) has a slightly 

different approach as it is designed to create web-based laboratory notebooks. One of the main 

difference between ODR and all these other platforms is that ODR provides much more flexibility 

to store diverse types of data. ODR serves not only as a library/repository for published and non-

published data (similar to Figshare or Dryar, although the latter is restricted to published data), but 

also it can be used as a digital notebook for field and laboratory data collection (similar to 

LabArchives). In addition, the ODR architecture will allow for visualization and analysis of its 

data, not just storage. 

 A good database design requires understanding the fundamentals of its content, so a big part 

of this project is also dedicated to develop my skills in mineral analysis and characterization 

through the study of the crystal-chemistry of diverse minerals using X-ray diffraction, microprobe 

analysis, and Raman spectroscopy, as principal techniques. Of the 5106 minerals species approved 

by the International Mineralogical Association (as of 12 March 2016), 1492 species have their 

crystal structures unreported (from AMCSD as of 12 March 2016, Downs et al., 2003). Although 

some of them are new minerals whose structures have not been published yet, the majority of them 

are unresolved because either they were described a long time ago, when technology was not 

advanced enough to resolve their structures and then, they were forgotten, or because they have 

very complicated structures that have eluded solution. By determining the crystal structures of 
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diverse minerals, I have learnt to think at the atomic-scale and to understand the relationship 

between the structure of minerals and their macroscopic properties, as well as to gain a 

fundamental understanding of the interaction of light and matter. The perfect crystal does not exist. 

Small crystal sizes, high sample hydration, heterogeneous chemistry, site disorder, and location of 

the H atoms in the presence of heavy atoms, are some of the problems that I have encountered in 

the process of describing these minerals. From a database point of view, all these variations at the 

atomic scale need to be reflected in databases of mineral properties.  

Present study: 

 The main body of this dissertation consists of eight stand-alone manuscripts that are presented 

here as appendices. They are included just as they were published or they are formatted in 

accordance to the journals where they are intended to be submitted.  

 The first two manuscripts in this dissertation are dedicated to the study of the architecture of 

databases, including the RRUFF Project and the Open Data Repository's Data Publisher. The 

following four papers are focused on the structure determination of minerals, including 

calcioferrite, tetrawickmanite, brackebuschite, and new data on the mineral hemihedrite. I am co-

author of two manuscripts dedicated to the description of the new mineral meierite and the 

mineralogy of the dunes in the terrestrial analog White Sands National Monument in New Mexico, 

respectively. For a brief description of the scientific relevance of each one of these chapters, their 

abstracts are provided below.  

 

THE POWER OF DATABASES: THE RRUFF PROJECT 
Lafuente, B., Downs, R.T., Yang, H., Stone, N. (2015). In: Highlights in Mineralogical Crystallography, 

T. Armbruster and R.M. Danisi, eds. Berlin, Germany, W. De Gruyter, pp 1-30. 

 The capability to recognize and characterize minerals is important and challenging in both 

industry and science. X-ray diffraction and chemical analysis have been the techniques of choice 

for decades but in recent years, Raman spectroscopy has become increasingly popular, due to its 

reduced cost and versatility: little or no sample preparation, in-situ real-time measurement, and 

non-destructive analysis. In Raman spectroscopy, the spectrum of energy shift provides a 

fingerprint characteristic of each mineral. In order to achieve an accurate identification, Raman 
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spectroscopy requires a database with prerecorded data that can be used in search/match routines. 

Since 2004, the RRUFF project is developing such a database for mineral identification. The power 

of this database over most other Raman spectral databases is that it is constructed by collecting 

spectra from samples that have been previously characterized by X-ray diffraction and chemical 

analyses, ensuring not only the accurate identification of the compound but also a complete 

characterization. The RRUFF project database, freely accessible and downloadable through the 

website http://rruff.info, has become one of the most prevalent Raman libraries with more than 

80,000 visits per week. This manuscript consists of three main sections: 1) a description of the 

database, including sample collection and characterization; 2) experimental observations during 

collection of Raman spectra; and 3) applications of the RRUFF Project.  

 

THE OPEN DATA REPOSITORY'S DATA PUBLISHER 

 Since new open data mandates by governments, funding agencies, and publishers are enforcing 

scientists to publicly share their research results, data management and data publication are 

becoming important components of research workflows. However, the complexity of managing 

data, publishing data online, and archiving data has not decreased significantly even as computing 

access and power has greatly increased. The Open Data Repository’s Data Publisher (ODR) 

software presented here strives to make data archiving, management, and publication a standard 

part of a researcher’s workflow using simple web-based tools. The goal of ODR is to lower the 

cost and training barrier so that any researcher can easily publish their data, ensure it is archived 

for posterity, and comply the mandates for data sharing. Using the drag-and-drop form designer, 

users can easily create their own database schema. The publication engine allows for uploading, 

searching, and display of data with graphing capabilities and downloadable files. Access is 

controlled through a robust permissions system that can be granted to the general public or 

protected so that only registered users at various permission levels receive access. As the software 

matures, semantic data standards will be implemented to facilitate machine reading of data. 

Additionally, a citation system will allow snapshots of any data set to be archived and cited for 

publication while the data itself can remain living and continuously evolve beyond the snapshot 

date. Currently, ongoing pilot databases include 1) a database of the XRD analysis performed by 
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the CheMin instrument on the Mars Science Laboratory rover Curiosity, 2) the NASA-AMES 

"Astrobiology Habitable Environments Database" (AHED), which aims to provide a central, high 

quality, long-term data repository for relevant astrobiology information, 3) the University of 

Arizona Mineral Museum (UAMM), with over 21,000 records on minerals and fossils from the 

museum collection, and 4) the Mineral Evolution Database (MED), that uses the ages of mineral 

species and their localities to correlate the diversification of mineral species through time with 

Earth’s physical, chemical and biological processes. 

 

CALCIOFERRITE WITH COMPOSITION 

(Ca3.94Sr0.06)Mg1.01(Fe2.93Al1.07)(PO4)6 (OH)4·12H2O 
Lafuente, B., Downs, R.T., Yang, H., Jenkins, R.A. (2014). Acta Crystallographica, E70, 116-117. 

 Calcioferrite, ideally Ca4MgFe3+
4(PO4)6(OH)4·12H2O (tetracalcium magnesium tetrairon(III) 

hexakis-phosphate tetrahydroxide dodecahydrate), is a member of the calcioferrite group of 

hydrated calcium phosphate minerals with the general formula Ca4AB4(PO4)6(OH)4·12H2O, where 

A = Mg, Fe2+, Mn2+ and B = Al, Fe3+. Calcioferrite and the other three known members of the 

group, montgomeryite (A = Mg, B = Al), kingsmountite (A = Fe2+, B = Al), and zodacite (A = 

Mn2+, B = Fe3+), usually occur as very small crystals, making their structure refinements by 

conventional single-crystal X-ray diffraction challenging.  

 This study presents the first structure determination of calcioferrite with composition 

(Ca3.94Sr0.06)Mg1.01(Fe2.93Al1.07)(PO4)6(OH)4·12H2O based on single-crystal X-ray diffraction data 

collected from a natural sample from the Moculta quarry in Angaston, Australia. Calcioferrite is 

isostructural with montgomeryite, the only member of the group with a reported structure. The 

calcioferrite structure is characterized by (Fe/Al)O6 octahedra (site symmetries 2 and 1) sharing 

corners (OH) to form chains running parallel to [101]. These chains are linked together by PO4 

tetrahedra (site symmetries 2 and 1), forming [(Fe/ Al)3(PO4)3(OH)2] layers stacking along [010], 

which are connected by (Ca/Sr)2+ cations (site symmetry 2) and Mg2+ cations (site symmetry 2; 

half-occupation). Hydrogen-bonding interactions involving the water molecules (one of which is 

equally disordered over two positions) and OH function are also present between these layers. The 
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relatively weaker bonds between the layers account for the cleavage of the mineral parallel to 

(010). 

CRYSTAL STRUCTURE OF TETRAWICKMANITE Mn2+Sn4+(OH)6 

Lafuente, B., Downs, R.T., Yang, H. (2015). Acta Crystallographica, E71, 234-237. 

 The crystal structure of tetrawickmanite, ideally Mn2+Sn4+(OH)6 [manganese(II) tin(IV) 

hexahydroxide], has been determined based on single-crystal X-ray diffraction data collected from 

a natural sample from Långban, Sweden. Tetrawickmanite belongs to the octahedral-framework 

group of hydroxide-perovskite minerals, described by the general formula BB’(OH)6 with a 

perovskite derivative structure. The structure differs from that of an ABO3 perovskite in that the A 

site is empty while each O atom is bonded to an H atom. The perovskite B-type cations split into 

ordered B and B’ sites, which are occupied by Mn2+ and Sn4+, respectively.  

 Tetrawickmanite exhibits tetragonal symmetry and is topologically similar to its cubic 

polymorph, wickmanite. The tetrawickmanite structure is characterized by a framework of 

alternating corner-linked [Mn2+(OH)6] and [Sn4+(OH)6] octahedra, both with point-group 

symmetry 1. Four of the five distinct H atoms in the structure are statistically disordered. The 

vacant A site is in a cavity in the center of a distorted cube formed by eight octahedra at the corners. 

However, the hydrogen-atom positions and their hydrogen bonds are not equivalent in every 

cavity, resulting in two distinct environments. One of the cavities contains a ring of four hydrogen 

bonds, similar to that found in wickmanite, while the other cavity is more distorted and forms 

crankshaft-type chains of hydrogen bonds, as previously proposed for tetragonal stottite, 

Fe2+Ge4+(OH)6. 

 

REDETERMINATION OF BRACKEBUSCHITE Pb2Mn3+(VO4)2(OH) 
Lafuente, B. and Downs, R. T. (2016). Acta Crystallographica, E72, 293-296. 

 The crystal structure of brackebuschite, ideally Pb2Mn3+(VO4)2(OH) [dilead(II) 

manganese(III) vanadate(V) hydroxide], was redetermined based on single-crystal X-ray 

diffraction data of a natural sample from the type locality Sierra de Cordoba, Argentina. Improving 

on previous results, anisotropic displacement parameters for all non-H atoms were refined and the 

H atom located, obtaining a significant improvement of accuracy and an unambiguous hydrogen-
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bonding scheme. Brackebuschite belongs to the brackebuschite group of minerals with general 

formula A2M(T1O4)(T2O4)(OH, H2O), with A = Pb2+, Ba, Ca, Sr; M = Cu2+, Zn, Fe2+, Fe3+, Mn3+, 

Al; T1 = As5+, P,V5+; and T2 = As5+, P, V5+, S6+.  

 The crystal structure of brackebuschite is based on a cubic closest-packed array of O and Pb 

atoms with infinite chains of edge-sharing [Mn3+O6] octahedra located about inversion centers and 

decorated by two unique VO4 tetrahedra (each located on a special position 2e, site symmetry m). 

One type of VO4 tetrahedra is linked with the 1
∞[MnO4/2O2/1] chain by one common vertex, 

alternating with H atoms along the chain, while the other type of VO4 tetrahedra link two adjacent 

octahedra by sharing two vertices with them and thereby participating in the formation of a three-

membered Mn2V ring between the central atoms. The 1
∞[Mn3+(VO4)2OH] chains run parallel to 

[010] and are held together by two types of irregular [PbOx] polyhedra (x = 8, 11), both located on 

special position 2e (site symmetry m). The magnitude of the libration component of the O atoms 

of the 1
∞[Mn3+(VO4)2OH] chain increases linearly with the distance from the centerline of the 

chain, indicating a significant twisting to and fro of the chain along [010]. The hydroxy group 

bridges one Pb2+ cation with two Mn3+ cations and forms an almost linear hydrogen bond with a 

vanadate group of a neighbouring chain. The O···O distance of this interaction determined from 

the structure refinement agrees well with Raman spectroscopic data. 

 

NEW DATA ON HEMIHEDRITE FROM ARIZONA 

Lafuente, B., Downs, R. T., Origlieri, M. J., Domanik, K. J., Gibbs, R. B. and Rumsey, M. S. (2016) 

Mineralogical Magazine, xx, xxx-xxx (in press) 

 Hemihedrite from the Florence Lead-Silver mine in Pinal County, Arizona, USA was first 

described and assigned the ideal chemical formula Pb10Zn(CrO4)6(SiO4)2F2, based upon a variety 

of chemical and crystal structure analyses. The primary methods used to determine the fluorine 

content for hemihedrite were colorimetry, which resulted in values of F that were too high and 

inconsistent with the structural data, and IR spectroscopic analysis that failed to detect OH or H2O. 

Our reinvestigation using electron microprobe analysis of the type material, and additional samples 

from the type locality, the Rat Tail claim, Arizona, and Nevada, reveals the absence of fluorine, 

while the presence of OH is confirmed by Raman spectroscopy. These findings suggest that the 

colorimetric determination of fluorine in the original description of hemihedrite probably 
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misidentified F due to the interferences from PO4 and SO4, both found in our chemical analyses. 

As a consequence of these results, the study presented here proposes a redefinition of the chemical 

composition of hemihedrite to the ideal chemical formula Pb10Zn(CrO4)6(SiO4)2(OH)2. 

Hemihedrite is isotypic with iranite with substitution of Zn for Cu, and raygrantite with substitution 

of Cr for S. Structural data from a sample from the Rat Tail claim, Arizona, indicate that 

hemihedrite is triclinic in space group P-1, a = 9.4891 (7), b = 11.4242 (8), c = 10.8155 (7) Å, α = 

120.368 (2)°, β = 92.017 (3)°, γ = 55.857 (2)°, V=784.88 (9) Å3, Z = 1, consistent with previous 

investigations. The structure was refined from single-crystal X-ray diffraction data to R1 = 0.022 

for 5705 unique observed reflections, and ideal chemical formula Pb10Zn(CrO4)6(SiO4)2(OH)2 was 

assumed during the refinement. Electron microprobe analyses of this sample yielded the empirical 

chemical formula Pb10.05(Zn0.91Mg0.02)∑=0.93(Cr5.98S0.01P0.01)∑=6.00Si1.97O34H2.16 based on 34 O 

atoms and six (Cr+S+P) per unit cell. 

 

MEIERITE, A NEW BARIUM MINERAL WITH A KFI-TYPE ZEOLITE FRAMEWORK 

FROM THE GUN CLAIM, YUKON CANADA 

Peterson, R.C, Farber, G., Evans, R.J., Groat, L., MacNeil, L., Joy, B., Lafuente, B., Witzke, T. 
(submitted). The Canadian Mineralogist. 

 Meierite, ideally, Ba44Si66Al30O192Cl25(OH)33 is a new mineral from the Gun claim, just south 

of the Itsi Range, Yukon, Canada. Meierite occurs as equant grains up to 200 µm across, enclosed 

within large gillespite crystals. The mineral is transparent, has a vitreous luster and is non-

fluorescent. It has a white streak and Mohs hardness of approximately 5½. It is brittle with no 

observed cleavage. The calculated density based upon the chemical formula and single-crystal unit 

cell dimension is 3.50 g/cm3. The mineral is optically isotropic (n= 1.598). Electron-microprobe 

analyses (average of 11): SiO2 28.30, P2O5 1.61, Al2O3 11.75, TiO2 0.05, FeO 0.27, CaO 0.21, 

BaO 47.61, Na2O 0.15, K2O 0.21, Cl 6.64 and a total of 95.29 weight %. The empirical formula 

(based on 192 framework Oxygen apfu) and charge balance considerations is 

Ba41.1Ca0.5Fe0.5Na0.7K0.6Si62.5Al30.5P3.0O192Cl24.8·33.4(OH). It is possible that additional H2O 

molecules are located within the cavities in the structure.  

 Meierite is cubic, Im3m, a=18.5502(4) Å, V = 6383.3(2) Å3 and Z= 1.The ten most intense 

lines in the X-ray powder diffraction pattern are [dobs in Å(I) (hkl)]: 4.39(70) (411), 4.16(26) (420), 
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3.798(25) (422), 3.288(34) (440), 3.189 (100) (433), 3.016(72) (611), 2.803(42) (622), 2.629(31) 

(710), 2.323(46) (800), 2.287(59) (741). The crystal structure (R = 4.1% for 1393 Fo > 4sF) is a 

three dimensional framework of silicon-, aluminium- and phosphorous-containing tetrahedra that 

create an open framework consisting of a large cubo-octahedral cavity connected by channels 

made of double 8-membered rings and double 6-membered rings. The aluminosilicate framework 

is isostructural with that observed for silicate framework type ZK-5 (KFI). The mineral is named 

in honour of Walter M. Meier (1926-2009), a pioneer in zeolite research. 

 

SEDIMENTARY DIFFERENTIATION OF AEOLIAN GRAINS AT THE WHITE SANDS 

NATIONAL MONUMENT, NEW MEXICO, USA 
Fenton, L.K., Bishop, J.L, King, S., Lafuente, B., Horgan, B., Bustos, D., Sarrazin, P. (2016). Aeolian 

Research, xx, xxx-xxx (in press). 

 Gypsum has been identified as a major component of part of Olympia Undae in the northern 

polar region of Mars, along with the mafic minerals more typical of martian dune fields. The source 

and age of the gypsum is disputed, with the proposed explanations having vastly different 

implications for Mars’ geological history. The interaction of gypsum grains with harder, denser 

grains has yet to be investigated in an aeolian setting. To address this knowledge gap, we 

performed a field study at the White Sands National Monument (WSNM) in New Mexico, USA. 

Although gypsum dominates the bulk of the dune field, a dolomite-rich transport pathway along 

the northern border of the WSNM provides a suitable analog site to study the interaction of gypsum 

with the harder and denser carbonate grains. We collected samples along the stoss slope of a dune 

and on two coarse-grained ripples at the upwind margin of the dune field where minerals other 

than gypsum were most common; for comparison, additional samples were taken along the stoss 

slope of a dune outside the dolomite transport pathway, in the center of the dune field. Visible and 

near-infrared (VNIR), X-ray powder diffraction (XRD), and Raman analyses of different sample 

size fractions reveal that the dolomite is only prevalent in grains larger than ~1 mm. Other 

minerals, most notably calcite, are also present in smaller quantities among the coarse grains. The 

abundance of these coarse grains, relative to gypsum grains of the same size, drops off sharply at 

the upwind margin of the dune field. In contrast, gypsum dominated the finer fraction (<~1 mm) 

at all sample sites, displaying no spatial variation. Estimates of sediment fluxes indicate that, 
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although mineralogical differentiation of wind-transported grains occurs gradually in creep, the 

process is much more rapid when winds are strong enough to saltate the ≥1 mm grains. The 

observed grain segregation is consistent with the formative friction velocity proposed by 

Jerolmack et al. (2011): weaker winds would not lift the large grains into differentiation-inducing 

saltation, whereas the observed trend would be obliterated by significantly stronger winds. When 

applied to Olympia Undae, a similar sediment flux analysis suggests that the strongest winds 

modeled by the Mars Climate Database (MCD) are consistent with the observed concentration of 

gypsum at dune crests. Density-driven differentiation in transport should not influence sediment 

fluxes of finer grains (<1 mm) as strongly, suggesting that the high ratio of fine gypsum grains to 

other minerals at WSNM is caused by a relatively high production and/or abrasion rate of gypsum. 

Regardless of the process, the enhancement of gypsum in the dune field conceals a broader range 

of minerals in the source region on Alkali Flat, suggesting that mineralogy determined through 

both remote sensing of dune fields and analysis of dune foresets may poorly represent that of the 

source regions. In the case of WSNM, the concentration of gypsum may be regarded as an indicator 

of relative mineralogical maturity, not because this mineral is more resistant to weathering and 

erosion than other minerals, but rather because it is more readily produced and transported than 

other minerals present in the region. 
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Barbara Lafuente, R. T. Downs, H. Yang, and N. Stone
1 The power of databases: The RRUFF project

1.1 Introduction

In today’s world, many people rely on the availability of databases to perform daily
activities such as checking meteorological forecast, finding a recipe, or verifying the
spelling of a word. These are examples of actions that anyone can do quickly, rou-
tinely, and often at little cost, because of access to the Internet and the development
of extensive databases.

The science community has always relied on databases, which in the earlier
years were only available through collations of journals, books and data records. The
analogic nature of these data resources dramatically limits the process of search-
ing records and establishing relations between datasets. Nowadays, digital scientific
databases and the World Wide Web have changed the way we can do science. This
new generation of databases not only provides access to information, but allows data
sharing betweenmultidisciplinary research projects andmake it possible to cross-link
diverse types of data.

Minerals are very important to both the world economy and research science,
they supply the rawmaterials necessary for the development of modern societies and
their study provides knowledge of our planet, the solar system, and the very nature
of the universe. As such, their identification and characterization is critical to many
fields. However, only a few experts can accurately identifymineralswithout analytical
instruments and their complementary databases. In general, minerals are uniquely
characterized by both chemistry and crystal structure, or their derivative properties.
For instance, the derivative property, color, can be a function of chemistry, or crystal
habit a function of structure.

The characterization and differentiation of minerals in the 19th century was
largely based on chemical composition and crystal forms. This led to the appear-
ances of compendia of minerals and their diagnostic properties in the form of books
that become the earliest publicly available databases of minerals, such as Dana’s
System of Mineralogy (1837–1997) [1], Hintze’s Handbuch der Mineralogie (1897–1933)
[2], or Goldschmidt’s Atlas der Krystallformen (1913–1923) [3] containing drawings of
all recognized crystals forms of minerals.

The discovery of X-ray diffraction techniques in 1912 brought about a dramatic
change in the way minerals could be characterized because the diffraction pattern of
a given mineral species remains consistent without regard to the crystal form, habit,
color, or other variability in properties. This has led to a large amount of definitive
data that is used to help identify and characterizeminerals. Subsequent technological
innovations have increased the speed and volume of data acquisition, and therefore,
the need of databases to organize and make available all this information.
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In addition to chemical and diffraction techniques, spectroscopy has proven to be
a valuable derivative methodology used to identify and characterize minerals. In par-
ticular, Raman spectroscopy has shown itself to be a competitive technique because
Raman spectra ofminerals depend fundamentally on their chemistries and structures.
Moreover, this technique is generally nondestructive, requires little sample prepara-
tion, it is quick and holds the promise of low cost. Infrared spectroscopy is another
popular technique that is complementary to Raman and is capable of providing dis-
tinctive spectra suitable for search/match routines. Both spectroscopy techniques are
undergoing major instrumentation changes towards portable and handheld systems
(e.g. [4–7]).

Mineral identification using Raman spectroscopy is normally performed by
search/match routines that compare the acquired spectrum with reference spec-
tra from a database. The purpose of the RRUFF project is to develop such a Raman
database bymeasuring the chemistry, X-ray diffraction patterns, Raman, and infrared
spectra of the known minerals and to make these data readily and freely available to
the scientific community, industry, and the general public. RRUFF database currently
contains about 7000 mineral samples representing 3500 mineral species. The power
of the RRUFF database is that its data is not collected from disparate publications
and procedures but rather is collected with the same methodology, on the same set of
samples and with the same instrument.

Although they are not currently included in RRUFF, there are other analytical and
spectroscopy techniques that aid in the characterization of minerals [8]. For exam-
ple, Laser-Induced Break-down Spectroscopy (LIBS) provides chemical composition
by measuring all the elements present in a mineral sample. Mössbauer spectroscopy
is also extensively used in mineralogy to examine the various valence states and the
type of coordination polyhedron occupied by iron atoms.

1.2 A brief history of the RRUFF project

Until recently, Raman spectroscopy was only accessible to specialists because it re-
quired complex instruments worth hundreds of thousands of dollars. In 2003, the
Hamilton Sundstrand Sensor Systems company (CA, USA) and the University of Ari-
zona (USA) were funded by NASA to develop a miniaturized high performance Ra-
man system for Mars surface studies [9, 10]. The success of this project demonstrated
that inexpensive small Raman instruments had the capability to make Raman spec-
troscopy a popular stand-alone field tool for routine and unambiguous identification
of minerals and other materials by non-experts and thus, would eventually become
available to the broad public.

Mineral identification using Raman spectroscopy needs reference spectra, so an-
ticipating the increasing use of the technique, Pr. Downs at the University of Arizona
built a Raman spectral database for minerals by obtaining representative samples of
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minerals that are also characterized and identified by X-ray diffraction and chemical
composition. There are a couple of models that can be used to fund database devel-
opment. One is to charge an annual license, such as the funding model used by Inter-
national Centre for Diffraction Data (ICDD) (http://www.icdd.com/). However, if the
cost of Raman instruments become so inexpensive that it is less than the cost of a li-
cense, then the ICDDmodel of funding is not reasonable. The RRUFF project database
is based on the model of paying upfront for database development and providing the
data for free.

Mr.Michael Scott, the founding president of Apple Computers, provided the fund-
ing to begin the project and create a proof of concept. He named it the RRUFF Project
[11]. With this funding, the project developed procedures for validation and verifica-
tion and the purchase of required instruments, including X-ray diffractometers and
Raman spectrometers.

A requirement fromMr. Scott was that all the data collected by the RRUFF project
would feed an open-access Raman spectral database not only for geologists and min-
eralogists, but for the general worldwide public. Therefore, a website for the RRUFF
database (http://rruff.info) was built to provide free access to all the collected data,
allowing users to view and download X-ray diffraction patterns, Raman and infrared
spectra, electron microprobe data, references, photographs, and acquisition data of
well characterized mineral samples. The RRUFF database is constantly reviewed and
updated, following strict protocols to ensure the quality and durability of the data.
It currently receives ~80000 hits per week. Its success, together with the interest of
Michael Scott in mineralogy and Raman spectroscopy, has led him to also fund a sim-
ilar free-access database, calledWURM (http://www.wurm.info/), which contains the
results of ab initio Raman spectra calculations [12].

It was also important in the early days of the RRUFF project to obtain a list of
the known mineral species. With the help of the International Mineralogical Asso-
ciation (IMA) and its nomenclature commission, an outreach committee of the IMA
was formed to develop and maintain an interactive and searchable list of the IMA-
approved minerals. This list, referred in this paper as the IMA-List, is found at: http:
//rruff.info/ima/ (Fig. 1.1) and provides our preferred interface to the data of RRUFF
as well as the Handbook of Mineralogy [13] maintained by the Mineralogical Society
of America, the American Mineralogist Crystal Structure Database (AMCSD) for struc-
tural data [14–16], a reference library of publications and in some cases their pdf’s,
a Mineral Evolution database for mineral localities and their ages, and links to other
databases that search on mineral names. In addition, and in order to promote private
use of the IMA-List of minerals, the site includes an option to create additional links
to any other website that will accept queries based on mineral names. For example,
we have a link to our mineral museum database. The site also offers a downloadable
spell check dictionary file containing the mineral names from the IMA-List which can
be added to a user’s computer dictionary.
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1 The power of databases: The RRUFF project | 5

1.3 The RRUFF database

As of this moment, 3527 of the 4985 known mineral species have been incorporated
into the RRUFF sample collection. As data from a sample is collected, it is posted
into the database with password restricted access, referred to as non-public access.
After a review process, if the data appears to be representative of the sample, then
the password restriction is removed and the data becomes publicly accessible. As a
consequence,measurements from only 2128mineral species are currently publicly ac-
cessible. When possible, data from at least two samples of each species, ideally from
different localities, are included in the database. Having multiple samples provides
a means to confirm data and capture the chemical variability frequently observed in
minerals. For instance, the database currently contains 42 records on the important
olivine forsterite-fayalite series, with associated Mg-Fe chemical variations. In total,
data from 3791 samples are publicly accessible through the RRUFF database.

1.3.1 Sample collection and characterization

Mineral samples for the database were initially obtained from the University of Ari-
zona Mineral Museum (UAMM) and from the purchase of the Cureton reference col-
lection of 6500 specimens by Michael Scott. Currently, new mineral specimens are
mostly obtained from donations by collectors, dealers, and museums around the
world. In 2013 alone, the RRUFF project received over 10000 samples through dona-
tions, including two major ones: Mr. Rock Currier (~8000) and Dr. Robert Lavinsky
(~2000).

We insert the samples of interest into the database by giving themauniqueRRUFF
ID (e.g. R070563) andwe scan and post the original labels, if they exist. We also record
important acquisition data, such as source and locality, according to the label. After
the record has been created, the next step is to confirm the identity of the sample. We
have found that more than 25% of all the samples that we have studied have been
previously incorrectly identified on their labels. This failure rate illustrates the diffi-
culty in determining the identity of a mineral, even for experts. Until the identifica-
tion is confirmed, users should carefully suspect the correctness of the mineral name.
The Status line in the top portion of each sample record reports the degree of the cer-
tainty in the identification and the techniques used. Even though our goal is to have
all samples characterized by means of X-ray diffraction and chemical analysis, due
to limited resources and the cost of chemical analysis, we try to identify them first by
X-ray diffraction because this equipment is in our laboratory. However, someminerals
can be difficult to be unambiguously identified by X-ray diffraction. For example, dif-
ferent mineral species belonging to the garnet or amphibole groups may have similar
cell parameters and because they are isostructural, their diffraction patterns will be
similar. In these cases, chemical composition is required. When using RRUFF data, it
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is always important to review the Status field in order to know the degree of certainty
with which the minerals has been identified.

Most specimens in the RRUFF project are also documented with a macro photo-
graph of the entire sample, intended to show host material, and a micro photograph
to illustrate the quality of themineral specimen under examination. Examples of both
macro andmicro photos are shown in Fig. 1.2.

Fig. 1.2: Photosmacro (top) and photosmicro (bottom) of some RRUFF samples. From left to right:
sigloite (R050576), bobdownsite (R050109), and xanthoconite (R080013).

1.3.1.1 Chemical analysis
The chemical composition is mainly determined with electron-microprobe analysis
(EPMA) complemented, when necessary, with inductively coupled plasma mass-
spectrometry (ICP-MS) analysis for the measurement of light elements (lighter than
oxygen, such as B, Be, and Li).

Electron-microprobe analyses are conducted at the University of Arizona Electron
Microprobe Laboratory at the Lunar and Planetary Laboratory (LPL) on a fully auto-
mated CAMECASX50 or SX100Ultra instrument. A detailed description ofmicroprobe
analysis applied to geology andmineralogy can be found in Reed [17] and the calcula-
tions to determine the empirical chemical formula are explained in detail in Deer et al.
[18]. The determination of light-elements (H, Li, Be, B) is done by inductively coupled
plasma mass-spectrometry (ICP-MS) on a Thermo Scientific X-SERIES 2 Quadrupole
Inductively Coupled Plasma Mass Spectrometer (Q-ICPMS).

The chemical analysis for eachmineral is posted to the RRUFFwebsite along with
a photo of the image of the polished fragment used in the probe. An Excel file con-
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1 The power of databases: The RRUFF project | 7

Fig. 1.3: Chemistry section of lefontite (R140428) showing the measured chemistry, photo of SEM
image (link to a larger high-resolution image), and the access to the Excel spreadsheet.

taining all the probe data is also provided and it can be downloaded andmanipulated
by anyone who is interested in the results or to use as a template for other analyses
(Fig. 1.3).

The IMA-List provides an interactive interface to search forminerals basedon their
ideal chemistry using a periodic table (Fig. 1.4). With this tool, the search can be done
not only by elemental composition but also by valence state (i.e. Fe3+) and strings (i.e.
H2O, OH), which results in a single selected mineral, or a set of minerals.

Fig. 1.4: Periodic table interface in the IMA-List. The example illustrates a searching based on min-
erals that contain the elements Mn, P, O and Ca, the strings Fe3+ and H2O, and exclude Mg. The
system retrieves seven minerals meeting these conditions: bederite, jahnsite–(CaMnFe), jahnsite–
(CaMnMn), keckite, wicksite, wilhelmvierlingite, and zodacite.

1.3.1.2 X-ray diffraction
All the RRUFF samples are examined by either powder or single-crystal X-ray diffrac-
tion. When there is sufficient sample then powder X-ray diffraction is the method of
choice because it produces a pattern that matches the established gold standard for-
mat for identifying minerals. The reader can refer to Lavina et al. [19] for an extended
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description on the modern X-ray diffraction methods in mineralogy and geosciences.
For powder X-ray diffraction analysis, the RRUFF project uses a Bruker D8 Advance
where a powdered sample is examined from 5° to 90° 2-theta at 2.0 seconds per 0.010°
step with Cu radiation.

The diffraction patterns are compared against the ICDD using the EVA search/
matchmodule provided by Bruker. Eachmeasured diffraction pattern is then indexed
and cell parameters are refined with CrystalSleuth [20] using h k l values from AM-
CSD, as computed by the module XPOW [21] included in the XtalDraw software [22].
The cell parameter refinement in CrystalSleuth is based upon determining the posi-
tions of isolated diffraction peak Kα1 and Kα2 doublets and fitting the set of positions
with a non-linear least-squares algorithm [20, 22] (Fig. 1.5). The peaks are fit using a
χ2 minimization routine known as the Levenberg-Marquardt Method similar to that
described in Press et al. [23].

On the RRUFF website, the diffraction pattern is displayed and the profiles are posted
as XY-ASCII files, along with the refined crystallographic parameters.

Fig. 1.5: CrystalSleuth interface showing an example of fit and index processes of an experimental
powder X-ray diffraction pattern of an adamite sample.

If the identification or refinement by powder X-ray diffraction is ambiguous due to,
for instance, extreme peak overlap, or the amount of sample is too small for powder
work, then single-crystal X-ray diffraction is the preferred technique. The analyses are
conducted using a state-of-the-art Bruker X8 diffractometer with Apex2 CCD detector
and Mo radiation.

In this case, the mineral is identified on the basis of its cell parameters and
search/match is performed using the IMA-List, which offers a routine for search-
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1 The power of databases: The RRUFF project | 9

Fig. 1.6: Cell parameter search control interface in the IMA-List.

ing cell parameter extracted from the literature and from the RRUFF and AMCSD
databases. It also provides a tolerance of 1%, 10%, or any value chosen by the user
to the cell parameters to enable a search within a range of values (Fig. 1.6).

With single-crystal diffraction data, a theoretical powder diffraction pattern is
computed using XPOW (Fig. 1.7) and it is posted in the database along with its as-
sociated XY-ASCII file.

Fig. 1.7: Theoretical powder X-ray diffraction pattern of iranite [24] generated by XPOW.
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1.3.1.3 Raman spectroscopy
Raman spectroscopy is based upon the inelastic scattering of light due to its interac-
tion with the vibrational modes of the target sample [25, 26]. During the analysis, the
transfer of energy of the incident photons (gain or loss) results in a spectrum of energy
shifts characteristic of the chemistry and structure of the compound, and therefore,
may provide a fingerprint that can be used in the identification of most minerals.

Interestingly, Griffith [27] studied the Raman spectra of the major rock-forming
minerals in order to understand the effects of SiO4 condensation, and claimed that
Raman is “unlikely to be useful for the identification of silicate minerals”. Neverthe-
less, the RRUFF project has shown that 80%of the samples examined can be correctly
identified by their Raman spectra.

In general, four Raman spectra are collected from unoriented samples with 532
(green) and 785/780 (red) nm lasers in a Thermo-Almega micro Raman system. The
instrument is equipped with an Olympus BX microscope with 10X, 50X, and 100X
objective lenses. Whenever possible, the measurements are collected using 50X. The
lasers are partially polarized with 4 cm−1 of maximum resolution and a spot size
< 1 μm.High-resolution narrow scans, usually from 70–1400 cm−1, and low-resolution
wide scans usually from 70–4000 or 70–6500 cm−1 are collected with the 532 and
785/780nm lasers from exactly the same spot in the sample and until the signal to
noise ratio is optimal.

The high-resolution narrow scans are used as reference spectra in the search/
match library installed with CrystalSleuth (Fig. 1.8), because the strongest main Ra-
manpeaks representative of a sample usually fallwithin this region. TheCrystalSleuth
search/match routine treats the background-removed pattern as a multi-dimensional
vector (of norm 10) where an interpolated intensity (y-axis) at every twowavenumbers
(x-axis) is treated as the coordinate value. We intentionally view the pattern and each
of the spectra within our search-library as definedwithin the same vector-space. A dot
product reveals the spectra that are most similar. Because of the normalization, a per-
fect match returns a value of 100. This process is repeated for the top matches; then,
for greater resolution, the intensities are interpolated at every integral wavenumber.
An ordered list of matching results with a confidence value (0 to 100) is listed left
of each result. The confidence is the calculated result of the dot products discussed
above, which indicates the coincidence between each pattern in the search/match li-
brary and the spectrum of interest. As this software produces the closest matches to
samples in the installed RRUFF library, it is important to remember that even with a
high confidence, this does not necessary imply amatch, just the bestmatchwithin the
database. In some cases, it is possible that the right reference is not even in the library.

The low-resolution wide scans are performed with both 532 and 785 nm lasers in
order to record other Raman peaks, such as the O-H stretchingmodes, and other spec-
tral artifacts. With our instrument, only the spectra collected with the 532 nm laser re-
veal the presence of O-H bands that are often located in the 2700–3700 cm−1 region, as
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1 The power of databases: The RRUFF project | 11

Fig. 1.8: CrystalSleuth interface showing an experimental unknown Raman spectra (in black), which
matches the spectrum of the RRUFF record for prehnite R050410 (in blue).

shown in Fig. 1.9. The sensitivity of the silicon detector in the 785 nm laser is quite poor
at higher wavenumbers which makes it useless for the detection of the O-H modes.

CrystalSleuth is used to correct the spectral baseline, using a subroutine from the
Razor library (http://www.spectrumsquare.com) by Spectrum Square Associates, to
remove cosmic rays events from patterns [28], to trim edges, to reverse X-axis display,
and to visualize and compare multiple spectra. Both raw and processed data are in-
cluded on RRUFF as XY-ASCII files.

The intensities of certain Raman peaks of a mineral may vary appreciably as a
function of sample orientation, depending upon its symmetry and the origin of the
Raman modes (Fig. 1.10).

Such variations in intensity can significantly affect the success of the search/
match routines. Thus, in certain cases, especially for rock-forming minerals, Raman
spectra collected in additional different orientations with respect to the polarization
direction of the incident laser are collected. The analyses are conducted with an IRIS
Raman instrument built by Alex Goncharov and Victor Struzhkin of the Geophysical
Laboratory at the Carnegie Institution ofWashington. It uses a tunable 100mWAr-ion
laser (usually at 514.532 nm) and a Jobin Yvon Spex HR 460 spectrometer equipped
with a liquid nitrogen cooled Princeton Instruments 1152 × 256 pixel CCD detector.
We use a 1200 groves mm−1 grating centered at 530.4 nm and collect data with Roper
Instruments Winspec/32 software. Samples can be oriented onto a goniometer stage
and rotated precisely into position, or spun at speeds up to 720 degrees per sec.

Some mineral records also provide a pdf file with the description of the Raman
activemodes corresponding to themineral species (e.g. beryl, R040002). The analysis
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Fig. 1.9: Low-resolution Raman spectrum of tetrawickmanite, Mn2+Sn4+(OH)6 (R100003), collected
with the 532 nm laser, illustrating the O-H stretching vibrations Raman bands between 2700 and
3700 cm−1.

is done by using the crystal structure data from AMCSD and the SAM routine at the
Bilbao Crystallographic server (http://www.cryst.ehu.es) [29].

1.3.1.4 Infrared spectroscopy
Similarly to Raman spectroscopy, the infrared spectrum can provide additional infor-
mation and a quickway to identify amineral, assuming that a database is available for
comparison. The two techniques are complementary because while Raman scattering
requires a change in polarizability with vibration, infrared requires a change in dipole
moment. Therefore, in molecules with different elements of symmetry, certain bands
may be infrared active, Raman active, both or neither. When sufficient powder sam-
ple exists, the infrared absorption spectra are collected at the California Institute of
Technology (Caltech) in Dr. George Rossman’s lab. The analyses are performed using
a SensIR Durascope on a ThermoNicolet Magna 860 FTIR (wavelength 4000–375 nm).
The collected data is included as XY-ASCII file. The RRUFF project does not include a
search/match routine for identification of minerals by infrared spectroscopy. Addi-
tional details can be found at George Rossman’s website at Caltech. The user can ac-
cess the Mineral Spectrosocopy Server (http://minerals.gps.caltech.edu/) where visi-
ble, near-infrared, and infrared absorption spectra are available for a number of min-
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Fig. 1.10: Raman spectra of topaz (R040121) in two different orientations. The lower spectrum (or-
ange) was recorded with the laser parallel to the b-axis, polarized parallel to c, while in the upper
spectrum (blue) the laser is parallel to the c-axis, polarized parallel to b.

erals, including rock-forming minerals, gem minerals, and other minerals of particu-
lar interest.

1.3.1.5 Data from external sources
Some rare minerals are very difficult to obtain by the RRUFF project. However, if the
Raman and infrared spectra are available in the literature, we contact the authors
and invite them to share their data through the RRUFF database. Microprobe anal-
ysis and crystal structure information, if available from the manuscript, are also
included in the record. We thank all the authors for sharing their data with the
RRUFF project. The list of minerals needed to complete the project can be found
at http://rruff.info/about/minerals_needed.php. If you have Raman or infrared spec-
tra of minerals that are not currently represented in the database, we encourage you
to contact us.

1.3.2 Reference library

The RRUFF project includes an extensive reference library of publications directly
linked to their associated minerals. For the most part, these articles are focused on
spectroscopy, structure, and chemistry of minerals. The complete list of collaborators
can be found at: http://rruff.info/about/about_publishers.php. Only when the publi-
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cation has permission for free viewing, its pdf can be freely downloaded. In addition,
with funding from the National Science Foundation (The AmericanMineralogist Crys-
tal Structure Database, 2006–2009, National Science Foundation EAR-0622371), the
RRUFF project scanned and made public the older pre-digital journals of a number of
societies including USA, Canada, Great Britain, France, Italy, Russia, and Japan. For
those minerals with reported structure, the reference list also provides a link to their
AMCSD record. The access to the references is facilitated either through the sample
record itself, which provides a list of related publications, or through the webpage
interface for Search References (http://rruff.info/rruff_1.0/reference_search.php ).

1.3.3 Search and access to mineral records

Each record in the RRUFF database can be accessed by different pathways. Through
the database homepage, an interactive search procedure provides a series of text fields
for searching by mineral name, chemistry, or keywords. It also includes a periodic
table interface to search by chemical composition (lookup button), which is done by
selecting elements included in the chemistry (click element once), or elements that
needs to be excluded from the chemistry (click element twice). For example, all silicate
minerals can be obtained by selecting only Si and O. To obtain the SiO2 polymorphs,
the rest of elements in the periodic table needs to be excluded. The Exclude all non-
selected button excludes all of them automatically. The search hits can be sorted and
displayed in different formats that can be set as default.

The mineral records can be also accessed by typing the name of the mineral or
the RRUFF ID in the website URL in the format: http://rruff.info/[mineral name or
RRUFF ID]. For example, rruff.info/quartz returns a page listing all the public quartz
samples that have been analyzed by the RRUFF project, while rruff.info/R040031 dis-
plays all the data collected for one of the specific samples of quartz. This type of ac-
cess also facilitates a way for other websites or software to independently access data
from the RRUFF webpages. The IMA-List uses the URL method to provide a link to the
mineral records in RRUFF. This link will be only active (black font) when the RRUFF
database contains at least a record of the selected mineral.

1.3.4 Software design and server infrastructure

The RRUFF database is built using the open-source database-management software
MySQL, which runs on all platforms. MySQL is combined with the PHP scripting lan-
guage to create the database structure, to populate andmaintain the database, and to
support data retrieval. PHP not only securely supports the MySQL database but also
it is the link between the database and the Web page.
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The Web search interface is dynamically created with PHP using the Select com-
mands to access the criterion tables in the MySQL database. We use an Apache Web
server running on a Linux platform, which is well suited for PHP and MySQL. The
searchable fields in the user interface include interactive HTML elements such as text
boxes, drop-down list boxes, radio buttons, push buttons, etc., which are createdwith
PHP. The results of the queries populate the search criteria fields in the HTML form.

The RRUFF project spends considerable time and resources to ensure the avail-
ability of the RRUFF database at all times. As the database is used worldwide, it is a
priority for the project to provide users with a reliable tool that can be used at any time
andwhose data last over time. Server infrastructure used for the RRUFF database uses
RAID (Redundant Array of Inexpensive Disks) for local storage to ensure data integrity
within the local archive. This ensures that a single or double disk failure in the system
will not result in loss of data. This hardware is regularly maintained and upgraded to
ensure performance and availability.

1.4 Experimental observations during collection of Raman spectra

An outcome of building the RRUFF database is the opportunity to examine hundreds
of minerals by Raman spectroscopy and to observe diverse factors that may affect the
collection of the data [30]. We summarize some of these factors in this section.

1.4.1 Thermal effects of laser power

During the collection of a Raman spectrum, the incident laser beammay heat the illu-
minatedportion of the sample,which, in some cases, can cause phase transitions, loss
of hydrationwater, or partial or total decomposition of the sample. The increase of the
temperature depends upon experimental conditions, such as excitation wavelength,
laser power, and exposure time, as well as mineral properties, including size, chem-
istry, and color. When heating effects are suspected, we typically lower laser power,
modify exposure time, or defocus the laser beam. The downside of reducing the laser
power to its minimum value is that it also implies lowering the intensity of the Raman
signal and worsening the signal to noise ratio, therefore providing a lesser quality Ra-
man spectra.

Usually small or thin isolated crystals tend to burn more easily because they are
not able to dissipate much of the heat. When we collect Raman data from the same
single crystal used for X-ray diffraction analysis, the power of the laser is usually re-
duced to its lowest value. Minerals with weak bonds, such as many of the sulfides or
highly hydrated minerals, also tend to burn more easily even under the lowest laser
intensity setting. Cinnabar (HgS) provides an examplewhere the high intensity 514nm
laser produces the spectrum of sulphur (S). Opaque phases, such as iron oxides, ab-
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sorb more of the incident radiation making them also more susceptible to burning.
Interestingly, even though the 532 nm laser is higher energy than the 785 nm laser, we
have found caseswhere amineral burns under 785 nmbut not under 532 nm (i.e. para-
montroseite, VO2). Visual evidence such as dark brown to black craters of the size of
the beam spot or discoloration of themineral surface are usually indicative of burning
and dehydration, respectively.

Another not so often effect related to the heating of the sample by the incident
laser is that while the spectra remains essentially the same, the peak positions shift
to lower wavenumbers with increasing the energy of the laser. We detect this phe-
nomenon when we compare the spectra from the 532 and 785 nm lasers and correct
the lower wavenumber spectrum by lowering the intensity of the laser.

1.4.2 Effects of the incident laser wavelength

While the position of the peaks in theRaman spectrum remainsmostly constant under
different excitationwavelengths, their intensities can vary. Aswehave seen,we collect
Raman scans using two different laser excitations from the same spot on the sample
and in the same orientation. Therefore, the high-resolution narrow scans provide a
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Fig. 1.11: High-resolution Raman spectra of the zeolite edingtonite (R040003), collected with both
532 (green line) and 785 (red line) nm lasers, illustrating an example of spectra whose patterns are
essentially identical for both incident lasers. The sample was in identical position for both data
collections, which eliminates the variation in intensities caused by orientation effects.
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Fig. 1.12: High-resolution Raman spectra of enstatite (R040093), collected with both 532 (green line)
and 785 (red line) nm lasers, illustrating an example of spectra whose patterns differ for both lasers.
The sample was in identical position for both data collections, which eliminates the variation in
intensities caused by orientation effects.

measure of how the spectra change with incident wavelength. We have seen that for
some of the minerals, these two spectra may be the same or very alike, as in Fig. 1.11,
but for others the intensities of identical modes can be different, as in Fig. 1.12.

1.4.3 Fluorescence

It has been found that about 16% of the samples examined in the RRUFF project pro-
duced spectra that cannot be used for their identification, mostly due to the pres-
ence of broadband fluorescence or luminescence peaks dominating the Raman spec-
trum. Of these, half of them cannot be identified with either of the two lasers (532 and
785 nm) (Fig. 1.13), while the other half can be identified only with one of the lasers
(Fig. 1.14).

Usually, moving to longer wavelengths of excitation can significantly reduce flu-
orescence [31] with the tradeoff of reducing the Raman signal because of the relation
IRaman ~1/λ4 [25]. However, we have observed that some minerals fluoresce under 785
nm but not under 532 nm, as shown in Fig. 1.14.
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Fig. 1.13: High-resolution Raman spectra of loparite-Ce (R070251), collected with both 532 (green
line) and 785 (red line) nm lasers, illustrating an example of spectra where both incident wave-
lengths are dominated by fluorescence.
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Fig. 1.14: High-resolution Raman spectra of dioptase (R040028), collected with both 532 (green
line) and 785 (red line) nm lasers, illustrating an example of spectra where one of the incident wave-
lengths (780 nm laser) is associated with a poor pattern dominated by fluorescence.
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Fig. 1.15: Low-resolution Raman spectrum of zoisite (R060567), collected with the 785 nm laser,
illustrating the significant luminescence features between 1200–1700 cm−1. Such features were
observed in the spectra of all the Ca-containing minerals from the deposits in Umba Valley, Tanzania
[30]. The study proposes that these features are due to Nd3+ luminescence centers.

Some minerals may exhibit obvious luminescence peaks, as in Fig. 1.15, often due to
the presence of transition metal or rare-earth ion centers [32], which in some situa-
tions, it can be used as a signature for the locality of the sample [30].

If the luminescence features are very intense, as in Fig. 1.16, they can obscure the
Raman peaks of the particular mineral.

1.4.4 Presence of inversion center

Of the 4967 known mineral species, twenty-seven of them cannot produce a Raman
signal because every atom is positioned on an inversion center. These include miner-
als that crystallize with the rocksalt (16) or copper (11) structures. Inminerals contain-
ing an inversion center, the change in polarization of the atoms due to the incident
beam is negated because the distortion of the electron cloud in one direction is equal
to the distortion of the cloud in another direction. As a result, the Raman spectrumhas
intensity equal to zero. We have nevertheless collected the spectra for theses minerals
and included them in the database (Fig. 1.17) because the absence of Raman activity
also reveals important information about the sample. It is possible that some of these
twenty-seven minerals may show weak Raman peaks. We interpret this as indicating
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Fig. 1.16: Low-resolution Raman spectrum of unoriented topaz (R060024), collected with the 532 nm
laser, illustrating intense luminescence features (4000–5200 cm−1) that mask the Raman peaks
under 1200 cm−1 (Fig. 1.10 shows the Raman bands of topaz in that specific region).

surface alteration. For instance, the oxidized surface of galena (PbS, rocksalt struc-
ture) may show weak peaks corresponding to minium (Pb3O4).

1.4.5 Metamict minerals

Metamict minerals are materials that were initially crystalline, but that have lost their
crystallinity, partial or total, due to radioactive decay [33, 34]. Zircon [35], allanite
[36], and titanite [37] are some examples of minerals that may exhibit metamictiza-
tion. By annealing an unidentified metamict mineral at the appropriate temperature,
its crystallinity can usually be restored and the sample identified by X-ray analysis.
The RRUFF project studied eight metamict samples before and after heating to ex-
plore the effects on their Raman spectra. For example, the metamict gadolinite-(Y)
(R060856) was identified and its Raman obtained after heating the sample at 1000ºC
during 23 h [38].

Radiation damage produces change in the chemical and structural properties of
minerals, and therefore, it can have dramatic effects on the Raman spectrum of a sam-
ple including loss of peak intensity, increase in peak width, and shifts in peak fre-
quencies. For example, Nasdala et al. [39] calibrated the degree of metamictization in
natural zircon crystals (ZrSiO4) by measuring the broadening and shift towards lower
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Fig. 1.17: High-resolution Raman spectra of halite (R070534), collected with both 532 (green line)
and 785 (red line) nm lasers, illustrating the absence of Raman activity in minerals with every atom
positioned on an inversion center.

wavenumbers of the Raman band at ~ 1008 cm−1 (ν3SiO4). Fig. 1.18 shows the vari-
ability in the position andwidth of the ν3SiO4 band in the Raman spectra of six zircon
samples collected for the RRUFF project.

1.5 Applications of the RRUFF project

The power of the RRUFF project lies in its capability to aid in mineral identification
and characterization. Records of well-characterized minerals can be used as a reli-
able Raman reference, and the ancillary software, including CrystalSleuth, XtalDraw,
and XPOW, provides visualization andmanipulation of data. Equally important to the
RRUFFproject is that its database should alsoprovide the capability for inspiringother
research efforts. For instance, a search on March 2015 of the Science Direct website
(http://www.sciencedirect.com) retrieved a listing of 339 manuscripts that use data
from the RRUFF project. These publications come from a broad variety of disciplines,
including mineralogy, crystallography, geology, archeology, planetary science, art,
medicine,material science, physics, chemistry, environmental, biology, and forensics.

The abundant and diverse collection of Raman spectra, X-ray diffraction patterns,
and chemical analysis permit the systematic examination and analysis of mineral
groups, chemical variations, phase transitions, etc. For example, using chemical anal-
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Fig. 1.18: Raman spectra in the 950–1040 cm−1 region of six unoriented zircons from the RRUFF
database collected with 532 nm laser, showing the shift and broadening of the ν3SiO4 mode:
R050034 (blue), R100144 (purple), R050488 (green), R050286 (aquamarine), R100128 (red), and
R050203 (orange).

yses of 40 various garnets from the RRUFF project, Henderson and Downs [40] shows
that the Raman spectra of silicate garnets are correlated to their empirical chemical
compositions and can be used to estimate the compositions of unknown garnets to
within 3% atoms per formula unit, based on measurements of sixteen cations.

The collection of Raman spectra in the RRUFF database has had a profound
impact on the gemology community. The inexpensive and non-destructive nature
of Raman spectroscopy makes it a suitable technique for its use in this field, es-
pecially given the perfection of gemstones. The Raman spectrum of gemstones is
not only used for their identification but also to determine their provenance (Fig.
1.15), as well as natural or synthetic origin and possible treatments applied to them
[41]. For example, Lowry et al. [42] acquire Raman spectra from 96 semi-precious
gemstones with the aim of classifying them with reference spectra from the RRUFF
database. The RRUFF database and CrystalSleuth are used by Kuehn [43] to study the
application of Raman spectroscopy for the identification of gemstones. The work by
Jasinevicius [30] characterizes the vibrational and electronic features in the Raman
spectra of many gemstones in the RRUFF database. The Raman instruments devel-
oped by M&A Gemological Instruments (MAGI) include the GemmoRaman software
(http://www.gemmoraman.com/GemmoRaman-532.aspx) which provides a plugin

Bereitgestellt von | De Gruyter / TCS
Angemeldet

Heruntergeladen am | 30.11.15 18:06

53



1 The power of databases: The RRUFF project | 23

for the automatic export of collected spectra into CrystalSleuth for their identifica-
tion.

The variability in the RRUFF Raman spectra collection, reflected in chemical com-
position, laser wavelength, fluorescence, symmetry, site occupancy, and orientation,
makes it suitable to use for building and testing mathematical models to automati-
cally identify mineral phases from their Raman spectra. In Hermosilla Rodriguez et
al. [44] they use one hundred randomly selected spectra from the RRUFF library to
test an algorithm to identify mineral phases by Raman spectroscopy. In a recent pub-
lication, Cochrane and Blacksberg [45] develop a method to identify individual Ra-
man features inmineral mixtures by using 11572 Raman spectra downloaded from the
RRUFF project. The development of these models is of special importance for plan-
etary science as they will be necessary in the analysis of the data coming from the
Raman instruments planned for future space missions (see for example [46, 47]). A
Raman spectrometer has been chosen as a part of the science instrument payload of
the European Space Agency 2018 ExoMars mission to target mineralogical and astro-
biological investigations on the surface and subsurface of Mars [48, 49] and NASA has
just announced that its 2020 Mars Rover payload [50] will carry two Raman spectrom-
eters to determine fine-scale mineralogy and detect organic compounds.

The identification and characterization of mineral specimens for the RRUFF
project requires considerable research, mostly when something does not match with
the available data. The lack of a match may occur because it is a new mineral, be-
cause its data was previously reported wrong, or because we do not have it yet in our
database. So far, the IMA nomenclature commission has approved 21 new minerals
discovered and described by our group (e.g. [51–54]) with other 50 or so anomalous
specimens that require more careful examinations and currently remain non-public
in the database.

We also study crystal structures ofmineralswith previously unreported structures
(e.g. [55–58]), or minerals with problems on their previously reported structural data
(e.g. [59, 60]). In our experience, the greatest problem with previously reported cell
parameters from the older literature is found where twinning or subcell/supercell re-
lationswere not recognized, especially for data collectedwith point detectors. In some
cases, the redefinition of the structure leads to a new ideal chemical formula for that
mineral. For instance, esperitewas first defined byMoore andRibbe [61] asmonoclinic
with a well-developed “superlattice”. However, Tait et al. [62] demonstrated that the
so-called “superlattice” reflections were due to the presence of triple twins probably
resulting from ahigh-to-low temperature phase transformation, which led them to the
redefinition of the ideal chemical formula from PbCa3(ZnSiO4)4 to PbCa2(ZnSiO4)3.
In the case of the redefinition of the vladimirite, the work by Yang et al. [63] demon-
strates that while the ideal chemical formula of this mineral was correctly reported
by Nefedov [64] as Ca4(AsO4)2(AsO3OH)⋅4H2O, it had been modified incorrectly as
Ca5H2(AsO4)4⋅5H2O by subsequent studies [65].
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1.5.1 Crystal-chemistry analysis of Mars samples

The RRUFF project is playing an important role in the study of the chemical compo-
sition of the mineral phases analyzed by the CheMin X-ray diffractometer [66] on the
Mars Science laboratory rover Curiosity in Gale crater,Mars. Using the refinedunit-cell
parameters of samples analyzed at the sand dune, Rocknest [67, 68], Morrison et al.
[69] estimates the empirical chemical formulas of the most abundant phases identi-
fied, includingMg-Fe-olivine,Mg-Fe-Ca-pyroxene andNa-Ca-K-feldspar. For the study,
a large dataset of unit-cell parameters in combination with their associated chemi-
cal compositions were collected from the RRUFF project and the literature for each of
these major phases. Moreover, by determining the chemical composition of the indi-
vidual crystalline phases they were also able to estimate the bulk composition of the
crystalline materials as well as the amorphous component. This methodology will be
applied to each of the analysis performed by the CheMin instrument in the surface of
Mars.

1.5.2 The Mineral Evolution database

The Mineral Evolution project [70] aims to understand how the episodes of planetary
accretion and differentiation, plate tectonics, and origin of life lead to a selective evo-
lution ofmineral species through changes in temperature, pressure, and composition.
In order to investigate questions related to these mineralogical changes through time
and geological settings, the Mineral Evolution database [71] was created in partner-
ship with the RRUFF project andMindat.org (http://www.mindat.org). The goal of the
database is to correlate the diversity of mineral species with their ages, localities, and
other measurable properties. The RRUFF project serves as a platform to store and dis-
play the data accessed through the IMA-List. Mindat.org supplies the database with
mineral localities and their associated mineral species.

1.6 Future directions

The RRUFF database was designed to include measurements restricted to microprobe
analysis, Raman and infrared spectra, and X-ray diffraction patterns of minerals. This
rigid structure prevents the addition of newmeasurements, such as Mössbauer, LIBS,
or UV spectroscopy, without extensive and costly modification of the current software
platform. The custom programmed solution used by RRUFF also makes it impractica-
ble for other researchers to use with their data.

These limitations have led to the development of the Open Data Repository [72],
an open-access platform for data publication funded by the Mars Science Laboratory
CheMin team and NASA-Ames; developed by the University of Arizona’s Department
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of Geosciences, and the Open Data Repository non-profit organization. The platform
aims to provide researchers with a simple tool to publish any or all data related to
their research on material properties. The data publication system makes it possible
to share data publicly, to invite collaborators, and ensure research integrity.

With this system, users can create their own data repositories in their local server
for their diverse data sets. Creating a data repository is a drag-and-drop procedure
facilitated through a web-based forms designer. No direct interaction with the under-
lying database is required. The user can select and add different field types to their
data sets and modify the design at any time to include new fields or file storage ar-
eas. The user can then start creating data records that describe individual pieces of
data. A plugin system allows data sets containing XY data to be graphed and plotted
to HTML output. Plug-ins for rendering chemical formulas and for displaying images
in galleries are also bundled with the system.

The platform has been in development for over two years and is undergoing beta
testing by a number of research groups. NASA’s CheMin data from the Mars Science
Laboratory is being published on the system as a proof of concept. Many new fea-
tures and sharing tools will be developed under a new, 5-year contract with funding
from NASA’s SERA initiative and the Astrobiology Habitable Environments Database
(AHED) [73] which will host data from a number of researchers in the astrobiology
community.

In the long term, the migration of the RRUFF database into this new platform will
make it possible to complement the current characterization of themineral specimens
with other techniques.
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Abstract 

Since new open data mandates by governments, funding agencies, and publishers are enforcing 

scientists to publicly share their research results, data management and data publication are 

becoming important components of research workflows. However, the complexity of managing 

data, publishing data online, and archiving data has not decreased significantly even as computing 

access and power has greatly increased. The Open Data Repository’s Data Publisher (ODR) 

software presented here strives to make data archiving, management, and publication a standard 

part of a researcher’s workflow using simple web-based tools. The goal of ODR is to lower the 

cost and training barrier so that any researcher can easily publish their data, ensure it is archived 

for posterity, and comply the mandates for data sharing. Using the drag-and-drop form designer, 

users can easily create their own database schema. The publication engine allows for uploading, 

searching, and display of data with graphing capabilities and downloadable files. Access is 

controlled through a robust permissions system that can be granted to the general public or 

protected so that only registered users at various permission levels receive access. As the software 

matures, semantic data standards will be implemented to facilitate machine reading of data. 

Additionally, a citation system will allow snapshots of any data set to be archived and cited for 

publication while the data itself can remain living and continuously evolve beyond the snapshot 

date. Currently, ongoing pilot databases include 1) a database of the XRD analysis performed by 

the CheMin instrument on the Mars Science Laboratory rover Curiosity, 2) the NASA-AMES 

"Astrobiology Habitable Environments Database" (AHED), which aims to provide a central, high 

quality, long-term data repository for relevant astrobiology information, 3) the University of 

Arizona Mineral Museum (UAMM), with over 21,000 records on minerals and fossils from the 
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museum collection, and 4) the Mineral Evolution Database (MED), that uses the ages of mineral 

species and their localities to correlate the diversification of mineral species through time with 

Earth’s physical, chemical and biological processes. 

1. Introduction 

Traditionally, research data are published only as part of a conference or paper publication. 

The data that led to publishable results often contains many intermediary files, input files for 

computer software, or raw data from scientific instruments that would normally never be 

published. Only a small representation of these data can be found in the form of tables and plots 

in a manuscript, but without access to the complete dataset, associated metadata, and proper 

documentation, examining methodologies used by other researchers and the re-use of their data is 

practically impossible. Moreover, it has been demonstrated that research data that is only in the 

hands of the individual researcher cannot be reliably preserved in the long term (Vines et al., 2014) 

due to, among other things, the impossibility of contacting the author of the paper, unwillingness 

to share the data, data stored on outdated technology that precludes its recovery, or the loss of the 

specific experimental details (Whitlock et al., 2010). 

Additionally, some research avenues never lead to a publishable. These “negative” results are, 

however, as valuable as the “positive” results that end up in a publication. The fact that a wanted 

effect was not observable during an experiment does not mean that the results cannot be trusted 

and re-used by other scientists (Granqvist, 2015). Not sharing these “negative” results can conduct 

to duplicative research, scientific lost, and a waste of resources by institutions and individual 

scientists. 

Efforts on promoting and enforcing data sharing and public data archiving have dramatically 

increased over the last years mostly due to new data policies and mandates from funding agencies 

(NSF, 2014), governments (Holdren, 2013; Obama, 2013; European Commission, 2016), and 

publishers (Nature, 2013, Science, 2015). Although they are all requiring scientists to make 

available their research results to others, they don’t normally provide data repositories themselves. 

Nature, for example, only gives a list of recognized repositories that have been evaluated as 

compatibles with the journal (Nature, 2013). Thus, researchers and authors need to find 
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repositories that suit their data and meet the requirements about data access and archiving, 

including security and stability, long-term preservation and easy access.  

There exist several on-line multidisciplinary repositories for data curation (Table 1). Normally, 

these repositories have metadata structures defined by the platform and research data is stored 

uniquely as downloadable files. An online tool for finding these and other repositories is the 

Registry of Research Data Repositories initiative (http://www.re3data.org) (Pampel, 2013), which 

contains a list of over 1400 research data repositories on diverse scientific fields. However, 

researchers from some disciplines still encounter some difficulties to find an adequate repository 

for their data. 

In 2004, Professor Robert T. Downs at University of Arizona created the RRUFF Project 

(http://rruff.info), an open-access database on high-quality spectral data from well-characterized 

minerals (Lafuente et al., 2015). Since then, RRUFF has become a reference database not only for 

geologists and mineralogists, but for the general public, with more than 80,000 hits per week. 

However, the RRUFF database was custom-designed to only archive data from microprobe, 

Raman, IR and XRD analysis (Fig. 1). This rigid structure prevent its expansion to include new 

data on other techniques used to characterize the many properties of minerals.  

The need for a more flexible database structure led to the conception of an open-source 

software for data management and data publication called the Open Data Repository’s Data 

Publisher (ODR). The goal of ODR is to provide any researcher, graduate student, and the general 

public with a simple tool to create specific database structures and publish their data on the web, 

ensuring that it is archived for posterity and that it complies the mandates for data sharing.  

ODR mainly targets the long tail of research data that fall outside of larger initiatives such as 

GenBank (Benson et al., 2013), an open-access database for nucleotide sequences, or PANGEA 

(http://www.pangaea.de), a library for georeferenced data from earth system research, as it lowers 

the investment requirement for data publication and makes it practical for smaller groups that may 

not traditionally have the budget or time to publish their research data. ODR provides more 

flexibility than other repositories and it can be used as a library/repository for published and non-

published data and as a digital notebook for field and laboratory data collection. In addition, the 
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ODR architecture will allow for visualization and analysis of its data, not just storage. More 

information about ODR can be found at (http://www.opendatarepository.org). 

This manuscript is intended to present and summarize the current status of ODR. The first 

section is focused on the description of the system architecture, including technology, available 

features, and future developments. The last part is dedicated to the description of the ongoing pilot 

databases. 

2. System architecture 

2.1. Technology 

The system consists of a standard LAMP (Linux, Apache, MySQL, PHP) software stack that 

uses Linux as the operating system, Apache as the Web server, MySQL as the relational database 

management system, and PHP as the object-oriented scripting language. With this structure, small 

to mid-size research teams will be able to easily administer an archive of their data using 

inexpensive, off-the-shelf server infrastructure, and easy-to-install software packages.  

The ODR software package is available on GitHub (http://github.com/opendatarepository) 

under a GPLv2 open source license. This project is based on the Symfony 2.3 framework 

(https://symfony.com/), and is installed by cloning the GitHub repository and using Composer 

(https://getcomposer.org/) to install the Symfony dependencies and supporting libraries required 

by ODR. Finally, ODR also requires installation of the beanstalkd 

(https://github.com/kr/beanstalkd) and memcached (http://memcached.org) libraries. To allow any 

researcher to easily deploy a database, the system will be packed in a Docker archive 

(https://www.docker.com/), which provides security, updates, and reduce system administration 

needs.  

2.2. Current features 

The ODR software system aims to provide non-technical researchers with a simple tool to 

quickly design web layouts and their underlying database structure through a web-based intuitive 

interface. In addition, it also provides fine-grained control over which parts of their data others are 

allowed to view or change. Registration is required in order to access the system, and when logged 

in, users can easily create and manage their repositories from the same platform. All the databases 
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that a user has permissions to access are organized and presented in an interactive Dashboard 

(Figure 2a), where any database can be accessed by clicking on their corresponding name. Metrics 

are also provided to track database activity. Each database has a specific URL in the format: 

http://odr.io/ [name defined by the user]. 

The design of the database template starts from an empty template (Fig. 2b), and users with 

the requisite permissions can manually drag and drop different field types (e.g. text, time/date,  

decimal, radio button, dropdown menus, etc.) to the template through a web-based forms designer 

(Figure 2c). The layout of the template can be modified at any time to include new fields or file 

storage areas. ODR also enables field creation and data entry by importing CSV or XML type of 

files. No direct interaction with the underlying MySQL database is required. 

Within a record, a hierarchy can be expressed in terms of a parent-child relation, where children 

can be nested with n-levels deep. Other available record features include images in diverse formats 

(jpg, png, gif, and more), file upload/download (doc, xls, txt, pdf, etc.), descriptive text in 

markdown, and links to display views of other records and databases. 

ODR is designed with a robust permissions system at all levels of data storage so database 

administrators can have direct control over who is allowed to view or modify their data. All data 

is considered private unless otherwise specified, and registered users can be given permissions for 

specific records in the database or permissions for specific fields in the template. In addition, all 

files and images are automatically encrypted after being uploaded to the server and are only 

accessible by a user if permitted. 

An extensible plugin architecture allows third-party developers to write software to take data 

entered into the database and produce custom displays based on the data. For example, the graph 

plugin bundled with the system has the ability to read files uploaded to the server and render them 

graphically in various formats in the web browser depending on settings specified for the plugin 

(Fig. 3). Plugins for rendering chemical formulas and formatting citable references are also 

bundled with the system. Template designers have the ability to assign existing fields to be used 

by the plugin, or can request the system to create all required fields automatically. 
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2.3. Future developments 

As the system matures, tools for embracing the semantic web will be added to allow researchers 

to create data sets that validate against shared ontologies. This will enable easy collaboration and 

data sharing between disparate but fundamentally similar data sets. Online tools for data analysis 

(e. g. the statistical package R) will be also provided so data can be easily exported, processed, and 

results imported back into the database.  

A data control system called the Open Data Hub (Fig. 4) will allow users to register their 

database and set access rules, which facilitate easier sharing with outside collaborators and 

ontology sharing for semantic web publication.  The Hub will be able to use Representational State 

Transfer interface (REST API) to synchronize data across servers running the ODR software. 

A citation system using Digital Object Identifiers (DOIs) or Persistent Uniform Resource 

Locators (PURL) will allow snapshots of any data set to be archived and cited for publication 

while the data itself is allowed to change and evolve beyond the snapshot date. In addition, each 

sample/sub-sample will be provided with unique URIs. 

A step-by-step tutorial will be embedded into the platform using the open-source library 

http://introjs.com/ or similar. With a user-friendly interface, this interactive manual will guide first-

time users through the process of creating and managing their databases. For more experienced 

users, the manual will provide information and guidance on new features and tools.  

3. Pilot Databases 

3.1. The CheMin database 

CheMin (CHEmistry and MINeralogy) is the X-ray diffraction (XRD) and X-ray fluorescence 

(XRF) instrument onboard the Mars Science Laboratory (MSL) Curiosity rover (Blake et al., 

2012), which is providing, since 2012, mineralogical data from Gale Crater. As a NASA 

requirement, raw and derived data products from CheMin analyses are archived in the Planetary 

Data System (PDS) Geosciences Node (http://pds-geosciences.wustl.edu/). All data archived in 

PDS is publicly available and data sets are organized by files following PDS-4 standards. These 

files contain collections of data observations or products and associated supplementary files that 
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document and support the use of the information. The large amount of files within certain data sets 

hinders the access by non-experts to the stored data. 

The CheMin database built in the ODR platform (http://odr.io/CheMin) has been designed to 

facilitate the access to all PDS-4 data products derived from CheMin analyses by providing a user-

friendly interface, with easy access to the data, downloadable files, interactive plots, images, and 

advance searching capabilities (Fig. 5). Within a record, the first section contains information 

about the sample and the collection site. The photographs have been obtained from the MSL-

NASA website (http://mars.nasa.gov/msl/multimedia/images/). The next sections include the 

derived data products, including XRD, XRF, and mineral abundances, with their corresponding 

downloadable PDS-4 files, selected metadata, and XY files plotted using the graph plugin. 

Each record also provides access to specific records from two other related databases, the 

CheMin records database (http://odr.io/chemin_references), which include a list of references 

related to CheMin data, and the CheMin Cifs database (http://odr.io/CheMinCifs), with Cifs files 

of the minerals detected by the instrument. 

3.2. The Astrobiology Habitable Environments Database (AHED) 

Astrobiology studies the origin, evolution, and distribution of life in the Universe (Des Marais, 

1999). As defined by the NASA Astrobiology Roadmap (Des Marais et al., 2008), Astrobiology 

is “multidisciplinary in its content and interdisciplinary in its execution”. Therefore, high impact 

research in Astrobiology requires integration and analysis of data spanning a range of disciplines, 

including biology, chemistry, planetary science, computer science, and many others. The 

multidisciplinary approach of Astrobiology and the ongoing development of the ODR platform 

inspired Dr. David Blake, from NASA-Ames Research Center, to use the ODR platform to create 

the Astrobiology Habitable Environments Database (AHED), a central, high quality, long-term 

searchable repository for archiving and collaborative sharing of astrobiologically relevant data, 

including, morphological, textural and contextural images, chemical, biochemical, isotopic, 

sequencing, and mineralogical information. 

The main goal of AHED is to serve the community by promoting the integration and sharing 

of all the data generated by the diverse disciplines in order to help to answer the three Big Questions 

in Astrobiology: how does life begin and evolve?, does life exist elsewhere in the universe?, and 
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what is the future of life on Earth and beyond? (Des Marais et al, 2008). Moreover, Astrobiology, 

as any other scientific discipline, needs to respond to the federal mandates about data sharing 

(Holdren, 2013). In this regards, AHED aims to become an effective tool to archive, manage, and 

share scientific data that is easy to use, flexible, secure, and at no-cost. AHED will reduce the 

barriers on data sharing and help the Astrobiology community to comply these mandates. 

A custom website interface for AHED will be built to access related data housed on the ODR 

framework and/or external databases (Fig. 6). A single plugin will define the required fields for 

participation in the AHED database and separate plugins and templates will allow common data 

structures to be defined so that different databases can display similar data in a rigorous way. These 

templates may be internally defined or may come from external definitions.  

AHED will be hosted at the NASA Advanced Supercomputing Division (NAS) at NASA-

Ames. The available storage and computing power provided by NAS ensure that the database will 

not encounter technical limitations to growth and allows the use of the computationally intensive 

online tools that work with the database. The experience of NAS will assure the system is resilient, 

with minimal down-time, an essential feature for establishing and maintaining a critical mass of 

users in any time of online service. 

Some members of the Exobiology branch at NASA-Ames, with a range of expertise and 

knowledge in different disciplines in Astrobiology, are creating the first pilot databases to curate 

and share the data produced during their research. Currently, they are focused on defining metadata 

requirements and data structures for AHED plugins and website. 

3.3. The University of Arizona Mineral Museum Database 

The University of Arizona Mineral Museum (UAMM) is located at the Flandrau Science 

Center and it contains over 21000 mineral specimens, meteorites, and fossils in the main collection, 

and over 7000 specimens in the micromount collection. The former UAMM database was created 

using the software FileMaker Pro (http://www.filemaker.com/products/filemaker-pro/) and it was 

only accessible from a computer at the museum’s office.  

In order to make the UAMM database more accessible and functional, all the existing data in 

File Maker Pro has been imported into ODR using the CSV import tool. The UAMM database is 
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now located at http://odr.io/UAMM (Fig. 7) and it can be managed from anywhere with internet 

connection and by anyone with access permissions. Although UAMM is publicly accessible, only 

selected information is made available for non-login users. The access to the non-public data 

depends on the permission levels given to registered users by the administrator of the database. 

Individual or group of records can be easily shared using specific URLs. 

UAMM is constantly updated with new records, some are deleted when specimens leave the 

museum, and existing records are reviewed and completed. ODR makes easier photographing 

specimens since photographs can be taken with a tablet (e.g. iPad) and directly uploaded into the 

database record. This feature eliminates the arduous process of taking pictures with a camera, 

downloading them in a computer folder, and uploading them into their corresponding record.  

3.4. The Mineral Evolution Database 

The Mineral Evolution database (MED) (Hazen et al., 2011) was created in partnership with 

the RRUFF project and Mindat.org (http://www.mindat.org) to store all the data generated for The 

Mineral Evolution project (Hazen et al., 2008), which aims to understand how Earth’s processes, 

such as plate tectonics and the origin of life lead to a selective evolution of mineral species 

through time. The goal of MED is then to use the ages of mineral species and their localities to 

correlate the diversification of mineral species through time with Earth’s physical, chemical and 

biological processes. 

This will be accomplished using measurable properties of both minerals and the geologic 

processes that lead to their formation, such as temperature, pressure, composition, and mode of 

occurrence. To date, the RRUFF project serves as a platform to store and display the data accessed 

through the IMA-List. Mindat.org supplies the database with mineral localities and their associated 

mineral species. 

A copy of MED is now in ODR and diverse data sets related to MED, including tectonic 

settings, references, and external data sets, such as the Canadian Geochronology Knowledge Base 

(CGKB), and the USGS’s National Geochronological Database, have been also uploaded as 

individual databases. In the future, ODR will provide the availability to consolidate all these 

databases so MED becomes a searchable repository of different datasets related to Mineral 

Evolution. 
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Figure 1. View of the RRUFF record R120092, calcioferrite. The records’ page layout is designed 
by modules containing, when available, information about the sample, chemistry data, Raman and 
IR spectra, powder diffraction data, and related references.  

  

74



 

Figure 2. a) Dashboard with all the databases managed by a user. They can be accessed by clicking 
on their names. The number above indicates the number of records in each database. Metrics 
provide information on number of records created or modified over the last 6 weeks; b) the design 
of a database starts from an empty template; c) the template is populated with different fields. 
During the design, the user decides size, position, and type of the fields composing their template, 
using the menu on the right. 
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Figure 3. The figure at the top displays the settings of the graph plugging, which contains the 
required data fields for this plugin. The user can also define the properties of the graph, such as 
type of graph, axis labels, and plot limits. At the bottom, two XY files are plotted together with 
their respective labels. By switching to Dynamic Chart, the user can select individual plots, zoom 
in, and see XY data points values.  
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Figure 4. Scheme of the ODR Data Hub. 
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Figure 5. Record in the CheMin database http://odr.io/CheMin containing the XRD patterns and 
mineral abundances obtained from the John Klein analysis performed in the sol 182 at Yellowknife 
Bay.  
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Figure 6. The AHED database would have an interface (AHED website) with key metadata about 
the various records in the associated ODR databases.  Each ODR database would contain the 
required metadata from the AHED Plugin/Template and a collection of other templates (internally 
or externally defined) that help ensure data compatibility. 
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Figure 7. Search result view of six records from the Mark LeFont collection in the UAMM 
database.  
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Table 1. Examples of multidisciplinary data repositories. 

Repository URL Institution/Country Description Fees 

Figshare https://figshare.com/ 
Digital Science, a 

Macmillan Publishers 
company/UK 

Research data repository to 
store and make accessible 

published or non-published 
research data. It allows files 

for figures, datasets, 
images, and videos. 

20 GB of free private space. 
Annual fee for more than 

>20GB 

Dryad http://datadryad.org/ 
Dryad Inc. Powered 
by DSpace./USA. 

 

Repository to make data 
underlying scientific 

publications 
discoverable, reusable, 

and citable. Not valid for 
non-published data. 

The base Data Publishing 
Charges (DPC) per data 

package is $120. DPCs are 
collected upon data 

publication. Dryad charges 
excess storage fees for data 

packages totaling over 
20GB 

LabArchive http://www.labarchiv
es.com/ 

LabArchive 
LLC/USA 

Enables researchers to 
create cloud-based 

electronic laboratory 
notebooks to easily store, 

share and manage data 
collected during their 

research. 

25 MB for free. 100GB 
annual subscription: 

$99/user (academic) and 
$198/user (corporate) 

Open Science 
Framework https://osf.io/ The Center for Open 

Science/USA 

Cloud-based management 
of scientific projects that 

allows collaborative 
archiving and organizing 

files, data, and protocols in 
one centralized location. 

No fees 
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Key indicators: single-crystal X-ray study; T = 293 K; mean �(P–O) = 0.002 Å; H-

atom completeness 72%; disorder in main residue; R factor = 0.039; wR factor =

0.094; data-to-parameter ratio = 14.7.

Calcioferrite, ideally Ca4MgFe3+
4(PO4)6(OH)4�12H2O (tetra-

calcium magnesium tetrairon(III) hexakis-phosphate tetra-

hydroxide dodecahydrate), is a member of the calcioferrite

group of hydrated calcium phosphate minerals with the

general formula Ca4AB4(PO4)6(OH)4�12H2O, where A = Mg,

Fe2+, Mn2+ and B = Al, Fe3+. Calcioferrite and the other three

known members of the group, montgomeryite (A = Mg, B =

Al), kingsmountite (A = Fe2+, B = Al), and zodacite (A =

Mn2+, B = Fe3+), usually occur as very small crystals, making

their structure refinements by conventional single-crystal

X-ray diffraction challenging. This study presents the first

structure determination of calcioferrite with composition

(Ca3.94Sr0.06)Mg1.01(Fe2.93Al1.07)(PO4)6(OH)4�12H2O based

on single-crystal X-ray diffraction data collected from a

natural sample from the Moculta quarry in Angaston,

Australia. Calcioferrite is isostructural with montgomeryite,

the only member of the group with a reported structure. The

calcioferrite structure is characterized by (Fe/Al)O6 octahedra

(site symmetries 2 and 1) sharing corners (OH) to form chains

running parallel to [101]. These chains are linked together by

PO4 tetrahedra (site symmetries 2 and 1), forming [(Fe/

Al)3(PO4)3(OH)2] layers stacking along [010], which are

connected by (Ca/Sr)2+ cations (site symmetry 2) and Mg2+

cations (site symmetry 2; half-occupation). Hydrogen-bonding

interactions involving the water molecules (one of which is

equally disordered over two positions) and OH function are

also present between these layers. The relatively weaker

bonds between the layers account for the cleavage of the

mineral parallel to (010).

Related literature

For background references to calcioferrite, see: Blum (1858);

Palache et al. (1951); Henderson & Peisley (1985). For

discussions on minerals isostructural with calcioferrite, see:

Larsen (1940); Moore & Araki (1974); Fanfani et al. (1976);

Dunn et al. (1979, 1983, 1988). For information on phosphate

minerals, see: Mead & Mrose (1968); Huminicki & Hawthorne

(2002). For details of rigid-body thermal motion of atoms in

crystals, see: Downs (2000).

Experimental

Crystal data

(Ca3.94Sr0.06)Mg1.01(Fe2.93Al1.07)-
(PO4)6(OH)4�12H2O

Mr = 1234.28
Monoclinic, C2=c
a = 10.1936 (8) Å
b = 24.1959 (18) Å
c = 6.3218 (4) Å

� = 91.161 (4)�

V = 1558.9 (2) Å3

Z = 2
Mo K� radiation
� = 2.60 mm�1

T = 293 K
0.09 � 0.08 � 0.05 mm

Data collection

Bruker APEXII CCD area-detector
diffractometer

Absorption correction: multi-scan
(SADABS; Bruker, 2004)
Tmin = 0.800, Tmax = 0.881

10490 measured reflections
2348 independent reflections
1712 reflections with I > 2�(I)
Rint = 0.049

Refinement

R[F 2 > 2�(F 2)] = 0.039
wR(F 2) = 0.094
S = 1.01
2348 reflections
160 parameters

4 restraints
All H-atom parameters refined
��max = 0.57 e Å�3

��min = �0.60 e Å�3

Table 1
Hydrogen-bond geometry (Å, �).

D—H� � �A D—H H� � �A D� � �A D—H� � �A

OW1—H11� � �O3i 0.72 (3) 2.40 (4) 2.994 (4) 142 (5)
OW1—H11� � �O6i 0.72 (3) 2.41 (3) 3.079 (4) 155 (5)
OW1—H12� � �OH 0.74 (3) 2.45 (3) 3.145 (4) 159 (4)
OW1—H12� � �O2 0.74 (3) 2.75 (4) 3.179 (4) 120 (4)
OW2—H21� � �O5 1.00 (4) 1.61 (4) 2.606 (3) 174 (4)
OW2—H22� � �OW3Bi 0.86 (4) 2.02 (4) 2.841 (9) 160 (4)
OW2—H22� � �OW3Ai 0.86 (4) 2.27 (4) 3.033 (10) 148 (4)
OW2—H22� � �O6ii 0.86 (4) 2.57 (4) 2.973 (4) 109 (3)
OH—H1� � �OW1i 0.69 (4) 2.22 (4) 2.891 (4) 165 (5)

Symmetry codes: (i) �xþ 1
2;�yþ 1

2;�zþ 1; (ii) x;�y; zþ 1
2.

Data collection: APEX2 (Bruker, 2004); cell refinement: SAINT

(Bruker, 2004); data reduction: SAINT; program(s) used to solve

structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine

structure: SHELXL97 (Sheldrick, 2008); molecular graphics: Xtal-

Draw (Downs & Hall-Wallace, 2003); software used to prepare

material for publication: publCIF (Westrip, 2010).
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Calcioferrite with composition (Ca3.94Sr0.06)Mg1.01(Fe2.93Al1.07)

(PO4)6(OH)4·12H2O

Barbara Lafuente, Robert T. Downs, Hexiong Yang and Robert A. Jenkins

1. Comment 

Calcioferrite was originally described by Blum (1858) from a sample found in Battenberg (Rhenish, Bavaria) with the 

chemical composition (wt.%): P2O5 34.01, Fe2O3 24.34, Al2O3 2.90, CaO 14.81, MgO 2.65, and H2O 20.56 (total = 

99.27). Larsen (1940) reported montgomeryite with an ideal chemical formula Ca4Al5(PO4)6(OH)5.11H2O without 

recognizing its relationship to calcioferrite. Palache et al. (1951), on the basis of the chemistry given by Blum (1858), 

proposed the chemical formula Ca3Fe3(PO4)4(OH)3.8H2O for calcioferrite. By comparing chemical compositions and X-

ray powder diffraction profiles between calcioferrite and montgomeryite, Mead & Mrose (1968) suggested that these two 

minerals are isostructural. Moore & Araki (1974) first solved the structure of montgomeryite in space group C2/c and 

revised its chemical formula to Ca4MgAl4(PO4)6(OH)4.12H2O. Nevertheless, Fanfani et al. (1976) observed the presence 

of some weak reflections that violate the C2/c space group symmetry for montgomeryite, leading them to propose C2 as 

the actual space group for this mineral. Dunn et al. (1983) studied red montgomeryite from the Tip Top Pegmatite and 

also concluded that calcioferrite is the Fe3+ analog of montgomeryite based on the similarity between their X-ray powder 

diffraction patterns. Consequently, they modified the ideal chemical formula of calcioferrite to its present form, 

Ca4MgFe3+
4(PO4)6(OH)4.12H2O.

A second locality for calcioferrite was reported by Henderson & Peisley (1985) at the Moculta quarry in Angaston, 

South Australia, associated with apatite, jarosite, cacoxenite and altered pyrite, the latter probably being the source of 

Fe3+. The chemistry and X-ray power data of calcioferrite from this locality are consistent with the previous observations 

that calcioferrite is isotypic with montgomeryite. However, the structure of calcioferrite has remained undetermined 

because of its small crystal size and generally poor crystallinity. In the course of identifying minerals for the RRUFF 

Project (http://rruff.info), we were able to isolate a single crystal of calcioferrite and determine its structure by means of 

single-crystal X-ray diffraction, demonstrating that its space group is C2/c.

The general composition of the calcioferrite group minerals can be expressed as Ca4AB4(PO4)6(OH)4.12H2O with A = 

Mg, Fe2+, Mn2+ and B = Al, Fe3+. In addition to calcioferrite, there are three other known members in the group, including 

montgomeryite (A = Mg, B = Al) (Moore & Araki, 1974; Fanfani et al., 1976), kingsmountite (A = Fe2+, B = Al) (Dunn et 

al., 1979), and zodacite (A = Mn2+, B = Fe3+) (Dunn et al., 1988). The structure of calcioferrite contains seven non-

hydrogen cation sites, two for Ca [((Cal/Sr1); site symmetry 2; occupancy ratio Ca:Sr =0.97:0.03) and Ca2 (site 

symmetry 2)], two for Fe [((Fe1/Al1); site symmetry 1; occupancy ratio Fe:Al = 0.651:0.349) and (Fe2/Al2; site 

symmetry 2; occupancy ratio Fe:Al = 0.814:0.186)], one for Mg [site symmetry 2; half-occupation], and two for P [(P1; 

site symmetry 2) and P2 (site symmetry 1)]. The chains of corner-sharing (Fe/Al)O6 octahedra (parallel to [101]) are 

linked together by PO4 tetrahedra to form [(Fe/Al)3(PO4)3(OH)2] layers stacking along [010] (Figs. 1, 2). The 

configuration of such layers has been observed in many others (Fe/Al)3+ phosphates (Huminicki & Hawthorne, 2002). 
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The [(Fe/Al)3(PO4)3(OH)2] layers are connected by Ca2+ cations (coordination numbers of eight) and Mg2+ cations 

(coordination number of six). The relatively weaker bonds between the layers account for the cleavage of the mineral 

parallel to (010).

The (Fe/Al)O6 octahedral chains in calcioferrite have a repeat of ~7.1 Å, similar to those examined by Huminicki & 

Hawthorne (2002). Between the two distinct B sites, the B1 site is strongly preferred by Al. The average (Fe/Al)1—O 

distance is 1.962 Å, which is evidently shorter than the average (Fe/Al)2—O distance (1.997 Å). The analysis of the 

anisotropic displacement parameters of atoms indicates that PO4 tetrahedra behave as rigid bodies, as should be expected 

for such strongly bonded tetrahedral groups (Downs, 2000). Both (Ca/Sr)1 and Ca2 are eight-coordinated, with the 

former by (4 O + 4 H2O) and the latter by (6 O + 2 H2O). The (Ca/Sr)1O8 polyhedra are situated between the 

[(Fe/Al)3(PO4)3(OH)2] layers, whereas the Ca2O8 polyhedra are located within the layers (Fig. 2). Hydrogen-bonding 

interactions involving the water molecules and OH- function are also present between these layers (Table 1).

As observed for the (Ca/Sr)1O8 polyhedra, the MgO6 octahedra are also located between the [(Fe/Al)3(PO4)3(OH)2] 

layers (Fig. 2). The Mg-site is randomly half-occupied with an average Mg—O bond length of 1.988 Å. The water O 

atom OW3 appears to be split between two positions (OW3A and OW3B), representing the two sets of water molecules 

correlated to the occupancy of the Mg-site (Fig. 3). The displacement parameters for OW3A are significantly larger and 

elongated than those of OW3B, suggesting that OW3A correlates with the vacancy and therefore is in a "softer" potential 

well. Interatomic distances between Mg—OW3B are more similar to each other (2.145 (8) Å and 2.200 (9) Å) while 

those between Mg—OW3A are more dissimilar to each other (2.535 (11) Å and 2.117 (10) Å). This is consistent with our 

suggestion, based on displacement parameters, that OW3A is not bonded to Mg. 

1.1. Experimental 

The calcioferrite specimen used in this study is from Moculta quarry, Angaston, Australia, and is in the collection of the 

RRUFF project (deposition R120092: http://rruff.info/R120092). Its chemical composition was determined with a 

CAMECA SX100 electron microprobe at the conditions of 15kV, 1nA and a beam size of 5µm. These conditions were 

optimized to minimize sample damage by the electron beam due to the small size of the sample (Fig. 4) and its high 

hydration. Ten analysis points yielded an average composition (wt. %): CaO 17.40 (41), SrO 0.57 (21), MgO 3.24 (16), 

Fe2O3 18.51(1.44), Al2O3 4.29 (86) and P2O5 34.97 (86), with H2O 21.02 calculated by difference. Due to the significant 

dehydration of the sample during the electron microprobe analysis, this composition may not be very accurate and was 

used only for the estimation of cation ratios. By assuming six P cations per formula, the relative ratio of (Ca, Sr):Mg:(Fe, 

Al):P is 3.85:0.98:3.85:6.00. The composition of the crystal is then (Ca3.94Sr0.06)Σ=4Mg(Fe2.93Al1.07)Σ=4(PO4)6(OH)4.12H2O as 

determined by the combination of the electron microprobe and the X-ray structural data. 

1.2. Refinement 

All non-hydrogen atoms were refined with anisotropic displacement parameters. Only H atoms bonded to OW1, OW2, 

and OH could be located from difference Fourier syntheses and their positions refined with a fixed isotropic displacement 

parameter (Uiso = 0.03). The H atoms bonded to the disordered OW3 atom could not be located and were excluded from 

refinement.

The occupancies of Al and Fe of the two B sites were refined with their ratio determined from the electron microprobe 

analysis. The small amount of Sr detected from the electron microprobe analysis was assigned into the Ca1 site, because 

this site is significantly larger than the Ca2 site. The maximum residual electron density in the difference Fourier map, 

0.57 e/Å3, was located at (0, 0.0340, 0.25), 0.69 Å from Sr1 and the minimum, -0.60 e/Å3, at (0.8637, 0.3318, 0.0082), 

1.31 Å from OW1. 
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Figure 1

A slice of the calcioferrite structure, showing the [(Fe/Al)3(PO4)3(OH)2] layer. Yellow octahedra, purple tetrahedra and red 

spheres represent (Fe/Al)O6, PO4 and OH groups, respectively. 

Figure 2

The [(Fe/Al)3(PO4)3(OH)2] layers are stacked along [010]. They are connected by H2O and cations Ca2+ and Mg2+. Yellow 

and green octahedra represent (Fe/Al)O6 and MgO6 groups, respectively. Purple tetrahedra represent PO4 groups. Grey, 

aquamarine, blue and red spheres represent Ca2+ cations, H2O molecules, H atoms and O atoms, respectively. 
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Figure 3

The crystal structure of calcioferrite showing atoms with anisotropic displacement ellipsoids at the 99% probability level. 

Yellow, purple, green and grey ellipsoids represent (Fe/Al), P, Mg and Ca sites, respectively. Red and aquamarine 

ellipsoids represent O atoms and H2O groups, respectively. Small blue spheres represent H atoms. 

Figure 4

A backscattered electron image of calcioferrite crystals. 
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Tetracalcium magnesium tetrairon(III) hexakis-phosphate tetrahydroxide dodecahydrate 

Crystal data 

Ca4MgFe4(PO4)6(OH)4·12H2O
Mr = 1234.28
Monoclinic, C2/c
Hall symbol: -C 2yc
a = 10.1936 (8) Å
b = 24.1959 (18) Å
c = 6.3218 (4) Å
β = 91.161 (4)°
V = 1558.9 (2) Å3

Z = 2

F(000) = 1243
Dx = 2.629 Mg m−3

Mo Kα radiation, λ = 0.71073 Å
Cell parameters from 2019 reflections
θ = 2.2–29.9°
µ = 2.60 mm−1

T = 293 K
Plate, pale yellow
0.09 × 0.08 × 0.05 mm

Data collection 

Bruker APEXII CCD area-detector 
diffractometer

Radiation source: fine-focus sealed tube
Graphite monochromator
φ and ω scan
Absorption correction: multi-scan 

(SADABS; Bruker, 2004)
Tmin = 0.800, Tmax = 0.881

10490 measured reflections
2348 independent reflections
1712 reflections with I > 2σ(I)
Rint = 0.049
θmax = 30.5°, θmin = 2.2°
h = −14→14
k = −34→34
l = −8→8

Refinement 

Refinement on F2

Least-squares matrix: full
R[F2 > 2σ(F2)] = 0.039
wR(F2) = 0.094
S = 1.01
2348 reflections
160 parameters
4 restraints
Primary atom site location: structure-invariant 

direct methods

Secondary atom site location: difference Fourier 
map

Hydrogen site location: difference Fourier map
All H-atom parameters refined
w = 1/[σ2(Fo

2) + (0.0509P)2] 
where P = (Fo

2 + 2Fc
2)/3

(Δ/σ)max = 0.002
Δρmax = 0.57 e Å−3

Δρmin = −0.60 e Å−3

Extinction correction: SHELXL97 (Sheldrick, 
2008), Fc*=kFc[1+0.001xFc2λ3/sin(2θ)]-1/4

Extinction coefficient: 0.0012 (3)

Special details 

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full 
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and 
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. 
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, 
conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > σ(F2) is used 
only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 
are statistically about twice as large as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

x y z Uiso*/Ueq Occ. (<1)

Ca1 0.0000 0.06262 (3) 0.2500 0.0138 (2) 0.9700 (1)
Sr1 0.0000 0.06262 (3) 0.2500 0.0138 (2) 0.0300 (1)
Ca2 0.0000 0.33191 (4) 0.2500 0.0155 (2)
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Mg 0.0000 0.47193 (12) 0.2500 0.0130 (6) 0.5050 (1)
Fe1 0.2500 0.2500 0.0000 0.0076 (2) 0.651 (3)
Al1 0.2500 0.2500 0.0000 0.0076 (2) 0.349 (3)
Fe2 0.0000 0.16865 (3) −0.2500 0.00762 (17) 0.814 (3)
Al2 0.0000 0.16865 (3) −0.2500 0.00762 (17) 0.186 (3)
P1 0.5000 0.30208 (5) −0.2500 0.0115 (2)
P2 0.26354 (8) 0.11351 (3) 0.96145 (13) 0.01383 (19)
O1 0.6135 (2) 0.26286 (10) 0.7074 (4) 0.0198 (5)
O2 0.4700 (2) 0.34019 (9) 0.5625 (3) 0.0164 (5)
O3 0.3130 (2) 0.17285 (9) 0.0051 (4) 0.0189 (5)
O4 0.3782 (2) 0.08573 (9) 0.8546 (4) 0.0201 (5)
O5 0.1438 (2) 0.11435 (9) 0.8055 (4) 0.0192 (5)
O6 0.2234 (3) 0.08585 (10) 0.1650 (4) 0.0284 (6)
OH 0.3675 (2) 0.27149 (10) 0.2343 (4) 0.0173 (5)
OW1 0.1598 (3) 0.32890 (13) 0.5225 (4) 0.0314 (7)
OW2 0.1120 (2) 0.02555 (10) 0.5770 (4) 0.0229 (5)
OW3A 0.1164 (9) 0.4665 (4) 0.6075 (13) 0.0281 (17) 0.50
OW3B 0.1193 (8) 0.4792 (3) 0.5320 (12) 0.0199 (15) 0.50
H11 0.178 (4) 0.3424 (18) 0.620 (6) 0.030*
H12 0.213 (4) 0.3114 (17) 0.483 (7) 0.030*
H21 0.123 (4) 0.0581 (17) 0.673 (6) 0.030*
H22 0.191 (4) 0.0156 (17) 0.553 (6) 0.030*
H1 0.372 (4) 0.2496 (18) 0.303 (7) 0.030*

Atomic displacement parameters (Å2) 

U11 U22 U33 U12 U13 U23

Ca1 0.0177 (4) 0.0103 (4) 0.0132 (4) 0.000 −0.0008 (3) 0.000
Sr1 0.0177 (4) 0.0103 (4) 0.0132 (4) 0.000 −0.0008 (3) 0.000
Ca2 0.0149 (4) 0.0155 (5) 0.0160 (5) 0.000 0.0010 (3) 0.000
Mg 0.0115 (14) 0.0084 (14) 0.0192 (16) 0.000 0.0000 (11) 0.000
Fe1 0.0081 (4) 0.0043 (3) 0.0104 (4) −0.0008 (3) 0.0006 (2) −0.0003 (3)
Al1 0.0081 (4) 0.0043 (3) 0.0104 (4) −0.0008 (3) 0.0006 (2) −0.0003 (3)
Fe2 0.0088 (3) 0.0055 (3) 0.0087 (3) 0.000 0.0011 (2) 0.000
Al2 0.0088 (3) 0.0055 (3) 0.0087 (3) 0.000 0.0011 (2) 0.000
P1 0.0129 (5) 0.0102 (5) 0.0113 (5) 0.000 0.0019 (4) 0.000
P2 0.0160 (4) 0.0093 (4) 0.0164 (4) 0.0018 (3) 0.0049 (3) 0.0028 (3)
O1 0.0223 (12) 0.0176 (12) 0.0198 (12) 0.0062 (9) 0.0083 (9) 0.0031 (9)
O2 0.0220 (12) 0.0147 (11) 0.0127 (11) 0.0020 (9) 0.0022 (8) 0.0001 (8)
O3 0.0204 (12) 0.0129 (11) 0.0233 (13) 0.0027 (9) −0.0031 (9) −0.0033 (9)
O4 0.0196 (12) 0.0152 (12) 0.0258 (13) 0.0056 (9) 0.0068 (9) 0.0019 (9)
O5 0.0160 (12) 0.0132 (12) 0.0282 (13) 0.0031 (9) −0.0034 (9) −0.0036 (10)
O6 0.0324 (14) 0.0273 (15) 0.0261 (14) 0.0048 (11) 0.0138 (11) 0.0118 (11)
OH 0.0197 (12) 0.0115 (12) 0.0206 (13) −0.0040 (9) −0.0034 (9) 0.0048 (9)
OW1 0.0299 (16) 0.0415 (19) 0.0226 (15) −0.0034 (13) −0.0055 (11) 0.0040 (13)
OW2 0.0221 (13) 0.0194 (13) 0.0271 (14) −0.0027 (11) −0.0022 (10) −0.0048 (10)
OW3A 0.040 (4) 0.018 (4) 0.026 (5) 0.009 (3) −0.006 (4) −0.005 (3)
OW3B 0.018 (3) 0.015 (4) 0.026 (5) 0.005 (2) −0.008 (3) 0.000 (3)
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Geometric parameters (Å, º) 

Ca1—O6i 2.417 (2) Mg—OW3Bviii 2.200 (9)
Ca1—O6 2.417 (2) Mg—OW3Ai 2.535 (8)
Ca1—OW2i 2.507 (3) Mg—OW3A 2.535 (8)
Ca1—OW2 2.507 (3) Fe1—O1iii 1.956 (2)
Ca1—O2ii 2.648 (2) Fe1—O1x 1.956 (2)
Ca1—O2iii 2.648 (2) Fe1—OHvii 1.956 (2)
Ca1—OW2iv 2.665 (3) Fe1—OH 1.956 (2)
Ca1—OW2v 2.665 (3) Fe1—O3 1.974 (2)
Ca2—OW1i 2.348 (3) Fe1—O3vii 1.974 (2)
Ca2—OW1 2.348 (3) Fe2—OHvii 1.981 (2)
Ca2—O4ii 2.446 (2) Fe2—OHiii 1.981 (2)
Ca2—O4iii 2.446 (2) Fe2—O5i 1.995 (2)
Ca2—O3vi 2.524 (2) Fe2—O5xi 1.995 (2)
Ca2—O3vii 2.524 (2) Fe2—O2vii 2.016 (2)
Ca2—O1ii 2.585 (3) Fe2—O2iii 2.016 (2)
Ca2—O1iii 2.585 (3) P1—O1x 1.525 (2)
Mg—O4iii 1.990 (3) P1—O1xi 1.525 (2)
Mg—O4ii 1.990 (3) P1—O2x 1.528 (2)
Mg—OW3Aviii 2.117 (10) P1—O2xi 1.528 (2)
Mg—OW3Aix 2.117 (10) P2—O6xii 1.514 (2)
Mg—OW3Bi 2.145 (8) P2—O4 1.519 (2)
Mg—OW3B 2.145 (8) P2—O3xii 1.545 (2)
Mg—OW3Bix 2.200 (9) P2—O5 1.553 (2)

O4iii—Mg—O4ii 90.93 (18) O1iii—Fe1—OHvii 91.85 (10)
O4iii—Mg—OW3Aviii 173.6 (2) O1x—Fe1—OHvii 88.15 (10)
O4ii—Mg—OW3Aviii 89.6 (2) OHvii—Fe1—OH 180.00 (13)
OW3Aviii—Mg—OW3Aix 90.5 (5) O1iii—Fe1—O3 94.26 (10)
O4iii—Mg—OW3Bi 89.3 (3) O1x—Fe1—O3 85.74 (10)
O4ii—Mg—OW3Bi 97.4 (2) OHvii—Fe1—O3 87.43 (10)
OW3Aviii—Mg—OW3Bi 84.3 (4) OH—Fe1—O3 92.57 (10)
OW3Aix—Mg—OW3Bi 89.0 (2) O3—Fe1—O3vii 180.0
OW3Bi—Mg—OW3B 170.5 (5) OHvii—Fe2—OHiii 86.06 (14)
O4iii—Mg—OW3Bix 79.2 (2) OHvii—Fe2—O5i 171.18 (9)
O4ii—Mg—OW3Bix 160.24 (19) OHiii—Fe2—O5i 88.56 (10)
OW3Aviii—Mg—OW3Bix 102.1 (3) O5i—Fe2—O5xi 97.60 (13)
OW3Aix—Mg—OW3Bix 15.01 (19) OHvii—Fe2—O2vii 90.57 (9)
OW3Bi—Mg—OW3Bix 99.5 (3) OHiii—Fe2—O2vii 98.35 (9)
OW3B—Mg—OW3Bix 75.3 (3) O5xi—Fe2—O2vii 88.68 (9)
OW3Bix—Mg—OW3Bviii 115.1 (4) O2vii—Fe2—O2iii 167.81 (13)
O4iii—Mg—OW3Ai 88.6 (2) O1x—P1—O1xi 103.03 (19)
O4ii—Mg—OW3Ai 87.2 (2) O1x—P1—O2x 112.29 (12)
OW3Aviii—Mg—OW3Ai 85.0 (3) O1xi—P1—O2x 111.83 (13)
OW3Aix—Mg—OW3Ai 99.2 (4) O2x—P1—O2xi 105.75 (18)
OW3Bi—Mg—OW3Ai 10.2 (3) O6xii—P2—O4 113.94 (14)
OW3B—Mg—OW3Ai 173.1 (4) O6xii—P2—O3xii 110.61 (14)
OW3Bix—Mg—OW3Ai 109.38 (17) O4—P2—O3xii 103.84 (13)
OW3Bviii—Mg—OW3Ai 74.0 (3) O6xii—P2—O5 108.83 (14)
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OW3Ai—Mg—OW3A 174.1 (4) O4—P2—O5 109.00 (13)
O1iii—Fe1—O1x 180.0 O3xii—P2—O5 110.54 (13)

Symmetry codes: (i) −x, y, −z+1/2; (ii) −x+1/2, −y+1/2, −z+1; (iii) x−1/2, −y+1/2, z−1/2; (iv) −x, −y, −z+1; (v) x, −y, z−1/2; (vi) x−1/2, −y+1/2, z+1/2; (vii) 
−x+1/2, −y+1/2, −z; (viii) x, −y+1, z−1/2; (ix) −x, −y+1, −z+1; (x) −x+1, y, −z+1/2; (xi) x, y, z−1; (xii) x, y, z+1.

Hydrogen-bond geometry (Å, º) 

D—H···A D—H H···A D···A D—H···A

OW1—H11···O3ii 0.72 (3) 2.40 (4) 2.994 (4) 142 (5)
OW1—H11···O6ii 0.72 (3) 2.41 (3) 3.079 (4) 155 (5)
OW1—H12···OH 0.74 (3) 2.45 (3) 3.145 (4) 159 (4)
OW1—H12···O2 0.74 (3) 2.75 (4) 3.179 (4) 120 (4)
OW2—H21···O5 1.00 (4) 1.61 (4) 2.606 (3) 174 (4)
OW2—H22···OW3Bii 0.86 (4) 2.02 (4) 2.841 (9) 160 (4)
OW2—H22···OW3Aii 0.86 (4) 2.27 (4) 3.033 (10) 148 (4)
OW2—H22···O6xiii 0.86 (4) 2.57 (4) 2.973 (4) 109 (3)
OH—H1···OW1ii 0.69 (4) 2.22 (4) 2.891 (4) 165 (5)

Symmetry codes: (ii) −x+1/2, −y+1/2, −z+1; (xiii) x, −y, z+1/2.
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The crystal structure of tetrawickmanite, ideally Mn2+Sn4+(OH)6 [mangan-

ese(II) tin(IV) hexahydroxide], has been determined based on single-crystal

X-ray diffraction data collected from a natural sample from Långban, Sweden.

Tetrawickmanite belongs to the octahedral-framework group of hydroxide-

perovskite minerals, described by the general formula BB’(OH)6 with a

perovskite derivative structure. The structure differs from that of an ABO3

perovskite in that the A site is empty while each O atom is bonded to an H atom.

The perovskite B-type cations split into ordered B and B0 sites, which are

occupied by Mn2+ and Sn4+, respectively. Tetrawickmanite exhibits tetragonal

symmetry and is topologically similar to its cubic polymorph, wickmanite. The

tetrawickmanite structure is characterized by a framework of alternating corner-

linked [Mn2+(OH)6] and [Sn4+(OH)6] octahedra, both with point-group

symmetry 1. Four of the five distinct H atoms in the structure are statistically

disordered. The vacant A site is in a cavity in the centre of a distorted cube

formed by eight octahedra at the corners. However, the hydrogen-atom

positions and their hydrogen bonds are not equivalent in every cavity, resulting

in two distinct environments. One of the cavities contains a ring of four

hydrogen bonds, similar to that found in wickmanite, while the other cavity is

more distorted and forms crankshaft-type chains of hydrogen bonds, as

previously proposed for tetragonal stottite, Fe2+Ge4+(OH)6.

1. Mineralogical and crystal-chemical context

Tetrawickmanite, ideally Mn2+Sn4+(OH)6, belongs to the

octahedral-framework group of hydroxide-perovskites,

described by the general formula BB’(OH)6 with a perovskite

derivative structure. The structure of hydroxide-perovskites

differs from that of an ABO3 perovskite in that the A site is

empty while each O atom is bonded to a hydrogen atom. The

lack of A-site cations makes them more compressible than

perovskite structures (Kleppe et al., 2012) and elicits an

industrial interest for their potential use in hydrogen storage

at high pressures (Welch & Wunder, 2012).

The hydroxide-perovskite species with B = B0 include

dzhalindite [In(OH)3] (Genkin & Murav’eva, 1963), bernalite

[Fe3+(OH)3] (Birch et al., 1993) and söhngeite [Ga(OH)3]

(Strunz, 1965). The species with B 6¼ B0 have the two cations

fully ordered into B and B0 sites according to bond-valence

constraints on the bridging O atoms. Valence states can range

from +I to +III for B-site cations and from +III to +V for B0-

site cations.

Tetrawickmanite belongs to the group of hydrox-

idostannate(IV) perovskites [BSn4+(OH)6] which may exhibit

cubic (Pn3, Pn3m) or tetragonal (P42/n, P42/nnm) symmetries.

Burtite (B = Ca) (Sonnet, 1981), natanite (B = Fe2+)

(Marshukova et al., 1981), schoenfliesite (B = Mg) (Faust &
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Schaller, 1971), vismirnovite (B = Zn) (Marshukova et al.,

1981) and wickmanite (B = Mn2+) (Moore & Smith, 1967;

Christensen & Hazell, 1969) display cubic symmetry while

tetrawickmanite (B = Mn2+), jeanbandyite (B = Fe3+) (Kampf,

1982) and mushistonite (B = Cu2+) (Marshukova et al., 1984)

are tetragonal. The two hydroxide-perovskites stottite (B =

Fe2+, B0 = Ge4+) (Strunz et al., 1958) and mopungite (B = Na,

B0 = Sb5+) (Williams, 1985) are also tetragonal.

Tetrawickmanite was initially described by White & Nelen

(1973) from a pegmatite at the Foote Mineral Company’s

spodumene mine, Kings Mountain, North Carolina. From the

X-ray diffraction pattern and the crystal morphology, they

determined that tetrawickmanite exhibits tetragonal

symmetry and is topologically similar to its polymorph, the

cubic wickmanite. A second occurrence of tetrawickmanite at

Långban, Sweden, was reported by Dunn (1978) and

described as tungsten-rich tetrawickmanite with tungsten

substituting for tin in the structure.

In the course of identifying minerals for the RRUFF Project

(http://rruff.info), we were able to isolate a single crystal of

tetrawickmanite from Långban with composition

(Mn2+
0.94Mg0.05Fe2+

0.01)�=1(Sn4+
0.92W6+

0.05)�=0.97(OH)6.

Thereby, this study presents the first crystal structure deter-

mination of tetrawickmanite by means of single-crystal X-ray

diffraction.

2. Structural commentary

The structure of tetrawickmanite is characterized by a

framework of alternating corner-linked [Mn2+(OH)6] and

[Sn4+(OH)6] octahedra, centred at special positions 4d and 4c,

respectively (site symmetry 1) (Fig. 1b). The Mn—O distances

are 2.2007 (13), 2.1933 (12) and 2.2009 (14) Å (average

2.198 Å) and the Sn—O distances are 2.0654 (13), 2.0523 (12)

and 2.0446 (13) Å (average 2.054 Å), both similar to the

interatomic distances determined from neutron powder

diffraction data for synthetic wickmanite (Mn—O average

2.181 Å and Sn—O average 2.055 Å; Basciano et al., 1998).

The tetrawickmanite structure contains three non-equivalent

O atoms, all protonated as OH groups and located at general

positions. H1, H2, H3 and H4 are statistically disordered

within the structure while H5 is ordered (Fig. 2).

Hydroxide-perovskites have the vacant A site in a cavity in

the centre of a distorted cube formed by eight octahedra at the

corners. According to the Glazer notation for octahedral-tilt

systems in perovskites (Glazer, 1972), wickmanite, the cubic

polymorph of tetrawickmanite, is an a+a+a+-type perovskite,

with three equal rotations (Fig. 1a) while tetrawickmanite is of

a+a+c� type and it changes the senses of rotation in alternate

layers along the c-axis direction (Fig. 1b). This difference in

octahedral-tilt systems is similar to that observed during

compressibility studies of cubic burtite [CaSn4+(OH)6; Welch

& Crichton, 2002] and tetragonal stottite [Fe2+Ge4+(OH)6;

Ross et al., 2002]. As the authors pointed out, the variance in

the octahedral-tilt systems leads to distinct hydrogen-bonding

topologies between burtite and stottite, similar to those

observed between wickmanite and tetrawickmanite.

Wickmanite has a single type of cavity with the H atom

disordered over two positions, forming a ring of four

hydrogen-bonds with two other hydrogen-bonds at the top
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Figure 1
Framework of alternating corner-linked [Mn2+(OH)6] and [Sn4+(OH)6]
octahedra in (a) wickmanite (Basciano et al., 1998) and (b) tetra-
wickmanite, with change in senses of rotation in alternate layers along the
c-axis direction. Yellow and grey octahedra represent Mn and Sn sites,
respectively. Blue spheres represent H atoms.

Figure 2
The crystal structure of tetrawickmanite showing atoms with anisotropic
displacement ellipsoids at the 99% probability level. Yellow, grey and red
ellipsoids represent Mn, Sn and O atoms, respectively. Blue spheres of
arbitrary radius represent H atoms.

Table 1
Hydrogen-bond geometry (Å, �).

D—H� � �A D—H H� � �A D� � �A D—H� � �A

O1—H1� � �O1i 1.10 (6) 2.22 (7) 3.047 (3) 131 (4)
O1—H1� � �O2i 1.10 (6) 2.51 (6) 3.0846 (19) 111 (4)
O1—H2� � �O2ii 0.89 (7) 1.98 (7) 2.859 (2) 171 (5)
O2—H3� � �O2iii 1.15 (7) 1.80 (7) 2.760 (3) 138 (3)
O2—H3� � �O1iv 1.15 (7) 2.30 (5) 3.140 (2) 128 (4)
O2—H4� � �O1v 1.11 (5) 1.77 (5) 2.859 (2) 165 (5)
O3—H5� � �O3vi 1.09 (3) 1.74 (3) 2.752 (2) 153 (3)

Symmetry codes: (i) �xþ 3
2;�y� 1

2; z; (ii) yþ 1;�xþ 1
2;�zþ 3

2; (iii) �xþ 1
2;�y� 1

2; z;
(iv) x� 1

2; y� 1
2;�zþ 1; (v) �yþ 1

2; x� 1;�z þ 3
2; (vi) �yþ 1

2; x;�z þ 3
2.
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and the bottom of the cavity (Basciano et al., 1998). However,

in tetrawickmanite, the hydrogen positions and their hydrogen

bonds (Table 1) are not equivalent in every cavity, and exhibit

two distinct environments. One of the cavities is similar to that

of wickmanite, with isolated four-membered hydrogen-

bonding ring motifs defined by O3—H5� � �O3 [2.752 (2) Å]

and linkages O1—H1� � �O1 [3.047 (3) Å] at the top and

bottom of the cavity (Fig. 3a). In tetrawickmanite, the four-

membered ring has equal O3� � �O3 distances [2.752 (2) Å]

while in wickmanite, the O� � �O distances alternate between

2.928 and 2.752 Å. Presumably, the shorter O� � �O distances

within the ring motif in tetrawickmanite is correlated with the

ordering of the H5 atom.

The other cavity in tetrawickmanite is more distorted, with

the four-membered rings converted into <100> crankshaft-

type motifs defined by three hydrogen bonds: O2—H3� � �O2

[2.760 (3) Å], O1—H2� � �O2/ O2—H4� � �O1 [2.859 (2) Å] and

O1—H1� � �O1 [3.047 (3) Å] and the isolated four-membered

rings lying in the plane perpendicular to the c axes. The

hydrogen bonds O2—H3� � �O1 [3.140 (2) Å] and O1—

H1� � �O2 [3.085 (2) Å] are located between the crankshafts, at

the top and the bottom, respectively (Fig. 3b). There are no

hydrogen bonds parallel to [001].

As stated earlier, the compressibilities of cubic burtite and

tetragonal stottite, with unit-cell volumes 535.8 and 426 Å3,

respectively, have been studied and their hydrogen bonding

has been compared (Welch & Crichton, 2002; Ross et al.,

2002). By analogy, a study of the compressibility of the poly-

morphs wickmanite and tetrawickmanite, with much closer

unit-cell volume values (488.26 and 482.17 Å3, respectively),

might also help in understanding the connection between

hydrogen-bonding topologies and compression mechanisms in

hydroxide-perovskites.

Kleppe et al. (2012) studied pressure-induced phase trans-

itions in hydroxide-perovskites based on Raman spectroscopy

measurements of stottite [Fe2+Ge4+(OH)6] up to 21 GPa. In

their work, they proposed the monoclinic space group P2/n for

stottite at ambient conditions derived from the presence of six

OH-stretching bands in the Raman spectra in the range 3064–

3352 cm�1. We refined the structure of tetrawickmanite in

space group P2/n (R1 = 0.0215) and performed the Hamilton

reliability test (Hamilton, 1965). The test indicated that the

better structural model for tetrawickmanite is based on the

tetragonal space group P42/n at the 92% confidence level.

Moreover, analysis of the anisotropic displacement para-

meters showed that the tetragonal model displays ideal rigid-

body motion of the strong polyhedral groups (Downs, 2000),

thus corroborating a tetragonal structure for tetrawickmanite.

The Raman spectrum of tetrawickmanite in the OH-

stretching region (2800–3900 cm�1) is displayed in Fig. 4. The

minimum number of peaks needed to fit the spectrum in this

region (using pseudo-Voigt line profiles) is seven, which is in

agreement with the number of hydrogen bonds derived from

the structure (Table 1). According to the correlation of O—H

stretching frequencies and O—H� � �O hydrogen-bond lengths

in minerals by Libowitzky (1999), the most intense peaks

(3062, 3145, 3253 and 3374 cm�1) are within the range of

calculated wavenumbers for the H� � �O distances between 2.75

and 2.86 Å and they correspond to the strongest hydrogen

bonds in the structure.

3. Experimental

The tetrawickmanite specimen used in this study was from

Långban, Sweden, and is in the collection of the RRUFF

project (deposition R100003: http://rruff.info/R100003). Its

chemical composition was determined with a CAMECA

SX100 electron microprobe at the conditions of 20 kV, 20 nA

and a beam size of 5 mm.

236 Lafuente et al. � MnSn(OH)6 Acta Cryst. (2015). E71, 234–237
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Figure 3
Cavity (left) and hydrogen-bonding linkages (right) in tetrawickmanite.
(a) Wickmanite-like cavity with isolated four-membered ring motif O3—
H5� � �O3 and linkages O1—H1� � �O1 at the top and bottom of the cavity.
(b) Sets of <100> crankshaft-type motifs with the isolated four-membered
rings lining in the plane perpendicular to the c axis. Yellow, grey and red
spheres represent Mn, Sn and O atoms. Blue, purple, pink, aquamarine
and orange spheres represent H1, H2, H3, H4 and H5 hydrogen atoms,
respectively.

Figure 4
Raman spectrum of tetrawickmanite in the OH-stretching region (2800–
3900 cm�1). At the top right, the spectral deconvolution obtained with
seven fitting peaks using pseudo-Voigt line profiles.
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The analysis of thirteen points yielded an average

composition (wt. %): MnO 24.47 (15), MgO 0.71 (11), FeO

0.34 (19), SnO2 50.57 (15) and WO3 4.49(1.21) with H2O 19.76

added to obtain a total close to 100%. The empirical chem-

ical formula, calculated based on six oxygen atoms, is

(Mn2+
0.94Mg0.05Fe2+

0.01)�=1(Sn4+
0.92W6+

0.05)�=0.97(OH)6.

The Raman spectrum of tetrawickmanite was collected

from a randomly oriented crystal on a Thermo-Almega

microRaman system, using a 532 nm solid-state laser with a

thermoelectric cooled CCD detector. The laser was partially

polarized with 4 cm�1 resolution and a spot size of 1 mm.

4. Refinement

Crystal data, data collection and structure refinement details

are summarized in Table 2. Electron microprobe analysis

revealed that the tetrawickmanite sample studied here

contains small amounts of W, Mg and Fe. However, the

structure refinements with and without a minor contribution

of these elements in the octahedral sites did not produce any

significant differences in terms of reliability factors or displa-

cement parameters. Hence, the ideal chemical formula

Mn2+Sn4+(OH)6 was assumed during the refinement, and all

non-hydrogen atoms were refined with anisotropic displace-

ment parameters. All H atoms were located from difference

Fourier syntheses. The hydrogen atoms H1–H4 were modelled

as statistically disordered around the parent O atom. H atom

positions were refined freely; a fixed isotropic displacement

parameter (Uiso = 0.03 Å) was used for all H atoms.

The maximum residual electron density in the difference

Fourier map, 0.55 e Å�3, was located at (0.7590 0.5372 0.0856),

1.28 Å from H5 and the minimum, �0.54 e Å�3, at (0.7181

0.5102 0.2313), 0.22 Å from H5.
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Table 2
Experimental details.

Crystal data
Chemical formula MnSn(OH)6

Mr 275.68
Crystal system, space group Tetragonal, P42/n
Temperature (K) 293
a, c (Å) 7.8655 (4), 7.7938 (6)
V (Å3) 482.17 (5)
Z 4
Radiation type Mo K�
� (mm�1) 7.74
Crystal size (mm) 0.05 � 0.05 � 0.04

Data collection
Diffractometer Bruker APEXII CCD area

detector
Absorption correction Multi-scan (SADABS; Bruker,

2004)
Tmin, Tmax 0.698, 0.747
No. of measured, independent and

observed [I > 2�(I)] reflections
4394, 1272, 681

Rint 0.020
(sin �/�)max (Å�1) 0.863

Refinement
R[F 2 > 2�(F 2)], wR(F 2), S 0.021, 0.056, 1.00
No. of reflections 1272
No. of parameters 56
H-atom treatment All H-atom parameters refined
��max, ��min (e Å�3) 0.55, �0.54

Computer programs: APEX2 and SAINT (Bruker, 2004), SHELXS97 and SHELXL97
(Sheldrick, 2008), XtalDraw (Downs & Hall-Wallace, 2003) and publCIF (Westrip,
2010).
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Crystal structure of tetrawickmanite, Mn2+Sn4+(OH)6

Barbara Lafuente, Hexiong Yang and Robert T. Downs

Computing details 

Data collection: APEX2 (Bruker, 2004); cell refinement: SAINT (Bruker, 2004); data reduction: SAINT (Bruker, 2004); 

program(s) used to solve structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine structure: SHELXL97 

(Sheldrick, 2008); molecular graphics: XtalDraw (Downs & Hall-Wallace, 2003); software used to prepare material for 

publication: publCIF (Westrip, 2010).

Manganese(II) tin(IV) hexahydroxide] 

Crystal data 

MnSn(OH)6

Mr = 275.68
Tetragonal, P42/n
Hall symbol: -P 4bc
a = 7.8655 (4) Å
c = 7.7938 (6) Å
V = 482.17 (5) Å3

Z = 4
F(000) = 516

Dx = 3.798 Mg m−3

Mo Kα radiation, λ = 0.71073 Å
Cell parameters from 1249 reflections
θ = 4.5–37.8°
µ = 7.74 mm−1

T = 293 K
Pseudocubic, yellow–orange
0.05 × 0.05 × 0.04 mm

Data collection 

Bruker APEXII CCD area-detector 
diffractometer

Radiation source: fine-focus sealed tube
Graphite monochromator
φ and ω scan
Absorption correction: multi-scan 

(SADABS; Bruker, 2004)
Tmin = 0.698, Tmax = 0.747

4394 measured reflections
1272 independent reflections
681 reflections with I > 2σ(I)
Rint = 0.020
θmax = 37.8°, θmin = 3.7°
h = −11→7
k = −12→13
l = −13→5

Refinement 

Refinement on F2

Least-squares matrix: full
R[F2 > 2σ(F2)] = 0.021
wR(F2) = 0.056
S = 1.00
1272 reflections
56 parameters
0 restraints
Primary atom site location: structure-invariant 

direct methods

Secondary atom site location: difference Fourier 
map

Hydrogen site location: difference Fourier map
All H-atom parameters refined
w = 1/[σ2(Fo

2) + (0.022P)2] 
where P = (Fo

2 + 2Fc
2)/3

(Δ/σ)max < 0.001
Δρmax = 0.55 e Å−3

Δρmin = −0.54 e Å−3

Extinction correction: SHELXL97 (Sheldrick, 
2008), Fc*=kFc[1+0.001xFc2λ3/sin(2θ)]-1/4

Extinction coefficient: 0.0044 (3)
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Special details 

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full 
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and 
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. 
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, 
conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > σ(F2) is used 
only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 
are statistically about twice as large as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

x y z Uiso*/Ueq Occ. (<1)

Sn 0.5000 0.0000 0.5000 0.00790 (6)
Mn 0.5000 0.0000 0.0000 0.01017 (8)
O1 0.74065 (17) −0.05652 (19) 0.5894 (2) 0.0133 (3)
O2 0.42512 (19) −0.23929 (17) 0.56923 (18) 0.0138 (3)
O3 0.43079 (18) 0.08165 (18) 0.74014 (15) 0.0113 (3)
H1 0.772 (7) −0.171 (8) 0.517 (7) 0.030* 0.50
H2 0.740 (7) −0.025 (7) 0.699 (9) 0.030* 0.50
H3 0.297 (9) −0.292 (7) 0.525 (4) 0.030* 0.50
H4 0.455 (8) −0.252 (7) 0.707 (7) 0.030* 0.50
H5 0.465 (4) 0.215 (4) 0.743 (2) 0.030*

Atomic displacement parameters (Å2) 

U11 U22 U33 U12 U13 U23

Sn 0.00751 (11) 0.00801 (11) 0.00817 (8) −0.00042 (8) 0.00044 (6) 0.00029 (6)
Mn 0.0102 (2) 0.0102 (2) 0.01012 (17) 0.0004 (2) 0.00047 (14) 0.00021 (15)
O1 0.0098 (6) 0.0174 (7) 0.0128 (6) −0.0002 (5) −0.0011 (6) 0.0014 (6)
O2 0.0147 (7) 0.0091 (7) 0.0176 (7) 0.0001 (5) 0.0009 (6) 0.0012 (6)
O3 0.0145 (7) 0.0107 (8) 0.0087 (5) −0.0002 (6) 0.0005 (5) −0.0006 (5)

Geometric parameters (Å, º) 

Sn—O2i 2.0446 (13) Mn—O3ii 2.1933 (12)
Sn—O2 2.0446 (13) Mn—O3i 2.1933 (12)
Sn—O3 2.0523 (12) Mn—O2iii 2.2007 (13)
Sn—O3i 2.0523 (12) Mn—O2iv 2.2007 (13)
Sn—O1i 2.0654 (13) Mn—O1v 2.2009 (14)
Sn—O1 2.0654 (13) Mn—O1vi 2.2009 (14)

O2i—Sn—O2 180.0 O3ii—Mn—O3i 180.00 (7)
O2i—Sn—O3 91.66 (5) O3ii—Mn—O2iii 94.21 (5)
O2—Sn—O3 88.34 (5) O3i—Mn—O2iii 85.79 (5)
O2i—Sn—O3i 88.34 (5) O3ii—Mn—O2iv 85.79 (5)
O2—Sn—O3i 91.66 (5) O3i—Mn—O2iv 94.21 (5)
O3—Sn—O3i 180.00 (3) O2iii—Mn—O2iv 180.00 (7)
O2i—Sn—O1i 88.67 (5) O3ii—Mn—O1v 88.32 (5)

99



supporting information

sup-3Acta Cryst. (2015). E71, 234-237    

O2—Sn—O1i 91.33 (5) O3i—Mn—O1v 91.68 (5)
O3—Sn—O1i 89.84 (6) O2iii—Mn—O1v 88.98 (5)
O3i—Sn—O1i 90.16 (6) O2iv—Mn—O1v 91.02 (5)
O2i—Sn—O1 91.33 (5) O3ii—Mn—O1vi 91.68 (5)
O2—Sn—O1 88.67 (5) O3i—Mn—O1vi 88.32 (5)
O3—Sn—O1 90.16 (6) O2iii—Mn—O1vi 91.02 (5)
O3i—Sn—O1 89.84 (6) O2iv—Mn—O1vi 88.98 (5)
O1i—Sn—O1 180.0 O1v—Mn—O1vi 180.0

Symmetry codes: (i) −x+1, −y, −z+1; (ii) x, y, z−1; (iii) −y, x−1/2, z−1/2; (iv) y+1, −x+1/2, −z+1/2; (v) y+1/2, −x+1, z−1/2; (vi) −y+1/2, x−1, −z+1/2.

Hydrogen-bond geometry (Å, º) 

D—H···A D—H H···A D···A D—H···A

O1—H1···O1vii 1.10 (6) 2.22 (7) 3.047 (3) 131 (4)
O1—H1···O2vii 1.10 (6) 2.51 (6) 3.0846 (19) 111 (4)
O1—H2···O2viii 0.89 (7) 1.98 (7) 2.859 (2) 171 (5)
O2—H3···O2ix 1.15 (7) 1.80 (7) 2.760 (3) 138 (3)
O2—H3···O1x 1.15 (7) 2.30 (5) 3.140 (2) 128 (4)
O2—H4···O1xi 1.11 (5) 1.77 (5) 2.859 (2) 165 (5)
O3—H5···O3xii 1.09 (3) 1.74 (3) 2.752 (2) 153 (3)

Symmetry codes: (vii) −x+3/2, −y−1/2, z; (viii) y+1, −x+1/2, −z+3/2; (ix) −x+1/2, −y−1/2, z; (x) x−1/2, y−1/2, −z+1; (xi) −y+1/2, x−1, −z+3/2; (xii) 
−y+1/2, x, −z+3/2.
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The crystal structure of brackebuschite, ideally Pb2Mn3+(VO4)2(OH) [dilead(II)

manganese(III) vanadate(V) hydroxide], was redetermined based on single-

crystal X-ray diffraction data of a natural sample from the type locality Sierra de

Cordoba, Argentina. Improving on previous results, anisotropic displacement

parameters for all non-H atoms were refined and the H atom located, obtaining

a significant improvement of accuracy and an unambiguous hydrogen-bonding

scheme. Brackebuschite belongs to the brackebuschite group of minerals with

general formula A2M(T1O4)(T2O4)(OH, H2O), with A = Pb2+, Ba, Ca, Sr; M =

Cu2+, Zn, Fe2+, Fe3+, Mn3+, Al; T1 = As5+, P, V5+; and T2 = As5+, P, V5+, S6+. The

crystal structure of brackebuschite is based on a cubic closest-packed array of O

and Pb atoms with infinite chains of edge-sharing [Mn3+O6] octahedra located

about inversion centres and decorated by two unique VO4 tetrahedra (each

located on a special position 2e, site symmetry m). One type of VO4 tetrahedra is

linked with the 1
1[MnO4/2O2/1] chain by one common vertex, alternating with H

atoms along the chain, while the other type of VO4 tetrahedra link two adjacent

octahedra by sharing two vertices with them and thereby participating in the

formation of a three-membered Mn2V ring between the central atoms. The
1
1[Mn3+(VO4)2OH] chains run parallel to [010] and are held together by two

types of irregular [PbOx] polyhedra (x = 8, 11), both located on special position

2e (site symmetry m). The magnitude of the libration component of the O atoms

of the 1
1[Mn3+(VO4)2OH] chain increases linearly with the distance from the

centerline of the chain, indicating a significant twisting to and fro of the chain

along [010]. The hydroxy group bridges one Pb2+ cation with two Mn3+ cations

and forms an almost linear hydrogen bond with a vanadate group of a

neighbouring chain. The O� � �O distance of this interaction determined from the

structure refinement agrees well with Raman spectroscopic data.

1. Mineralogical and crystal-chemical context

Brackebuschite, ideally Pb2Mn3+(VO4)2(OH), belongs to the

brackebuschite group of minerals with monoclinic symmetry

and space group type P21/m. The brackebuschite group is

defined by the general formula A2M(T1O4)(T2O4)(OH,

H2O), with A = Pb2+, Ba, Ca, Sr; M = Cu2+, Zn, Fe2+, Fe3+,

Mn3+, Al; T1 = As5+, P, V5+; and T2 = As5+, P, V5+, S6+.

Together with brackebuschite, other secondary lead minerals

within this group include arsenbrackebuschite [Pb2(Fe3+,Zn)-

(AsO4)2(OH,H2O)] (Abraham et al., 1978), calderónite

[Pb2Fe3+(VO4)2(OH)] (González del Tánago et al., 2003),

tsumebite [Pb2Cu(PO4)(SO4)(OH)] (Nichols, 1966), arsen-

tsumebite [Pb2Cu(AsO4)(SO4)(OH)] (Bideaux et al., 1966;

Zubkova et al., 2002), bushmakinite [Pb2Al(PO4)(VO4)(OH)]

(Pekov et al., 2002), ferribushmakinite [Pb2Fe3+(PO4)-

(VO4)(OH)] (Kampf et al., 2015), feinglosite [Pb2Zn(AsO4)2�-

H2O] (Clark et al., 1997), and possibly heyite
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[Pb5Fe2+
2O4(VO4)2], in which a cursory X-ray diffraction

investigation suggest a similarity with brackebuschite

(Williams, 1973).

Other lead minerals related to the brackebuschite group

include fornacite [CuPb2(CrO4)(AsO4)(OH)] (Cocco et al.,

1967; Fanfani & Zanazzi, 1967), molybdofornacite [CuPb2-

(MoO4)(AsO4)(OH)] (Medenbach et al., 1983), and vauque-

lenite [CuPb2(CrO4)(PO4)(OH)] (Fanfani & Zanazzi, 1968).

These minerals demonstrate a richness to the crystallography

of the group because the first two are described in space group

P21/c with doubled c-cell edge, while the last one is described

in P21/n and exhibits doubling of both the a- and c-cell edges

(Fanfani & Zanazzi, 1967).

In addition to the lead minerals, the brackebuschite group

of minerals also includes bearthite [Ca2Al(PO4)2OH] (Chopin

et al., 1993), canosioite [Ba2Fe3+(AsO4)2(OH)] (Hålenius et al.,

2015), gamagarite [Ba2Fe3+(VO4)2(OH)] (de Villiers et al.,

1943; Basso et al., 1987), tokyoite [Ba2Mn3+(VO4)2(OH)]

(Matsubara et al., 2004), goedkenite [Sr2Al(PO4)2(OH)]

(Moore et al., 1975), and grandaite [Sr2Al(AsO4)2(OH)]

(Cámara et al., 2014).

In the course of characterizing minerals for the

RRUFF Project (http://rruff.info), we were able to isolate a

single crystal of brackebuschite from the type locality

Sierra de Cordoba (Argentina), with composition

Pb1.91(Mn3+
0.81Fe3+

0.07Zn0.07)�=0.95(V1.98As0.02)�=2.00O8.00(OH)1.00.

The ratio Mn:Fe varies from grain to grain as shown in Fig. 1,

where the colour of the crystals range from light-brown

(Mn-rich, this crystal) to dark-brown [Fe-rich,

(Mn3+
0.43Fe3+

0.42Zn0.10)�=0.95]. González del Tánago et al. (2003)

suggested that brackebuschite [Pb2Mn3+(VO4)2(OH)] and

calderónite [Pb2Fe3+(VO4)2(OH)] probably form a complete

solid solution, as both phases have been found to coexist on a

single specimen.

The crystal structure of brackebuschite was first determined

by Donaldson & Barnes (1955) in space group B21/m assuming

a chemical formula Pb2Mn2+(VO4)2�H2O. Foley et al. (1997)

redefined its structure in space group P21/m and revised its

composition to the currently accepted Pb2Mn3+(VO4)2(OH).

Structure refinement of the latter converged at a reliability

factor R1 of 0.056 and was based on anisotropic displacement

parameters for all non-O atoms [note that the deposited data

in the Inorganic Crystal Structure Database (ICSD, 2016),

entry #89256, report only isotropic displacement parameters],

and the H atom undetermined. In the current work, all non-

hydrogen atoms were refined with anisotropic displacement

parameters, and the H atom was located, leading to a signifi-

cant improvement of accuracy and precision, and to an

unambiguous hydrogen bonding scheme.

2. Structural commentary

The structure of brackebuschite is characterized by a distorted

cubic closest-packed array of O and Pb atoms along [101] as

stacking direction. Infinite chains of edge-sharing [Mn3+O6]

octahedra decorated by V1O4 and V2O4 tetrahedra are

aligned parallel to [010], perpendicular to the stacking direc-

tion. Mn3+, located on an inversion centre, is coordinated by

the oxygen anions belonging to VO4 tetrahedra (O3�2 and

O5�2) and the hydroxyl group (O7�2) in an overall distorted

octahedral arrangement. Each V1O4 tetrahedron is linked to

the 1
1[MnO4/2O2/1] chain by one common vertex (O3) while

each V2O4 links two adjacent octahedra by sharing two

vertices (O5) with them. The V1O4 groups and the H atoms

alternate, belong to the edge-sharing atoms and are arranged

along one side of the 1
1[MnO4/2O2/1] chain. The thus

resulting 1
1[Mn3+(VO4)2OH] chains are held together by

irregular [Pb1O11] and [Pb2O8] polyhedra (Fig. 2).

Looking down the axis of the [Mn3+(VO4)2OH] chain, there

is a radial increase in the amplitude of the displacement

294 Lafuente and Downs � Pb2Mn(VO4)2(OH) Acta Cryst. (2016). E72, 293–296
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Figure 1
Photograph of the brackebuschite specimen analysed in this study.

Figure 2
Crystal structure of brackebuschite. The edge-sharing [MnO6] octahedra
(green) form chains parallel to [010] with V1O4 and V2O4 tetrahedra
(purple and violet, respectively) linked to them. These chains are held
together by Pb1 and Pb2 (orange and yellow ellipsoids, respectively).
Blue spheres of arbitrary radius represent H atoms.
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parameters. We interpret this to indicate that the entire chain

is undergoing rigid-body libration, oscillating to and fro along

its axis. The radial change in amplitude is indicated by three

concentric rings in Fig. 3a. The average amplitudes of the

inner, middle, and outer rings (1.34, 2.00, and 4.06 Å, respec-

tively) increase roughly linearly with the radial distance from

the chain axis.

Bond-valence calculations (Brown, 2002) confirm that O7

corresponds to the hydroxyl group (bond-valence sum of 1.25

valence units), which is approximately tetrahedrally coordi-

nated by three cations and O2 (bond-valence sum of 1.61 v.u.)

with which it forms an almost linear hydrogen bond (Table 1).

The Raman spectrum of brackebuschite (Fig. 4) shows a broad

band around 3145 cm�1 that is assigned to the OH-stretching

vibration (�OH). According to the correlation of O—H IR

stretching frequencies and O—H� � �O hydrogen-bond lengths

in minerals (Libowitzky, 1999), the stretching frequency

inferred from this bond-length is 3143 cm�1.

The O2 atom, the one associated as the acceptor atom of the

hydrogen bond, displays quite large anisotropic displacement

parameters relative to the other atoms (Fig. 3b). The disk-

shaped ellipsoid is oriented parallel to the weaker Pb2—O

research communications

Acta Cryst. (2016). E72, 293–296 Lafuente and Downs � Pb2Mn(VO4)2(OH) 295

Figure 3
(a) View of the 1

1 [Mn3+(VO4)2OH] chain looking down [010]. The black
rings represent different radii that correlate with the progressive increase
of the libration component of oxygen atoms further away from the centre
of the chain. Purple and violet tetrahedra and green octahedra represent
V1O4, V2O4 and [MnO6], respectively. Red ellipsoids represent O atoms;
(b) large O2 disk-shaped ellipsoid oriented perpendicular to the V1—O
bond (anisotropic displacement ellipsoids at the 99% probability level).
Note the hydrogen bond O2� � �H—O7 (dashed lines). Purple, yellow and
red ellipsoids represent V1O4, [Pb2O8] and O atoms, respectively. The
blue sphere represents the H atom.

Table 1
Hydrogen-bond geometry (Å, �).

D—H� � �A D—H H� � �A D� � �A D—H� � �A

O7—H� � �O2i 0.89 (2) 1.80 (2) 2.686 (7) 174 (10)

Symmetry code: (i) x; y; z� 1.

Figure 4
Raman spectrum of brackebuschite. The weak Raman band around
3145 cm�1 is assigned to the OH stretching vibrations associated with the
OH group (�OH).

Table 2
Experimental details.

Crystal data
Chemical formula Pb2Mn(VO4)2(OH)
Mr 716.21
Crystal system, space group Monoclinic, P21/m
Temperature (K) 293
a, b, c (Å) 7.6492 (1), 6.1262 (1), 8.9241 (2)
� (�) 112.195 (1)
V (Å3) 387.20 (1)
Z 2
Radiation type Mo K�
� (mm�1) 47.27
Crystal size (mm) 0.05 � 0.05 � 0.05

Data collection
Diffractometer Bruker APEXII CCD area

detector
Absorption correction Multi-scan (SADABS; Bruker,

2004)
Tmin, Tmax 0.201, 0.201
No. of measured, independent and

observed [I > 2�(I)] reflections
11674, 1521, 1356

Rint 0.037
(sin �/	)max (Å�1) 0.759

Refinement
R[F 2 > 2�(F 2)], wR(F 2), S 0.025, 0.056, 1.05
No. of reflections 1521
No. of parameters 82
No. of restraints 1
H-atom treatment Only H-atom coordinates refined
�
max, �
min (e Å�3) 2.67, �2.16

Computer programs: APEX2 and SAINT (Bruker, 2004), SHELXL2014 (Sheldrick,
2015), XtalDraw (Downs & Hall-Wallace, 2003) and publCIF (Westrip, 2010).
Coordinates taken from a previous refinement.
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bond and perpendicular to the stronger V1—O bond, which

constrains the thermal vibration in that direction.

3. Synthesis and crystallization

The natural brackebuschite specimen used in this study is

from the type locality Sierra de Cordoba, Argentina, and

is in the collection of the RRUFF project

(http://rruff.info/R050547). The chemical composition of the

brackebuschite specimen was determined with a CAMECA

SX100 electron microprobe operated at 20 kV and 20 nA.

Seven analysis points yielded an average composition (wt. %):

PbO 60.8 (4), V2O5 25.6 (2), Mn2O3 9.1 (5), Fe2O3 0.8 (5),

ZnO 0.8 (2), and As2O5 0.33 (8), with H2O 1.28 estimated

to provide one H2O molecule per formula unit. The empirical

chemical formula, based on nine oxygen atoms, is

Pb1.91(Mn3+
0.81Fe3+

0.07Zn0.07)�=0.95(V1.98As0.02)�=2.00O8.00(OH)1.00.

4. Refinement

Crystal data, data collection and structure refinement details

are summarized in Table 2. Electron microprobe analysis

revealed that the brackebuschite sample studied here contains

small amounts of Fe, Zn and As. However, the structure

refinements, with and without a minor contribution of these

elements in the octahedral and tetrahedral sites, did not

produce any significant differences in terms of reliability

factors or displacement parameters. Hence, the ideal chemical

formula Pb2Mn3+(VO4)2(OH) was assumed during the

refinement. The H atom was located from difference Fourier

syntheses and its position refined with a fixed isotropic

displacement parameter (Uiso = 0.03), and soft DFIX

constraint of 0.9 Å from O7. The maximum residual electron

density in the difference Fourier map, 2.66 e Å�3, was located

at (0.6661, 0.1681, 0.5521), 0.66 Å from Pb1 and the minimum,

�2.16 e Å�3, at (0.7036, 0.25, 0.5714), 0.41 Å from Pb1.

Acknowledgements

We gratefully acknowledge the support for this study by

NASA NNX11AP82A, Mars Science Laboratory Investiga-

tions. Any opinions, findings, and conclusions or recommen-

dations expressed in this publication are those of the author(s)

and do not necessarily reflect the views of the National

Aeronautics and Space Administration.

References

Abraham, K., Kautz, K., Tillmanns, E. & Walenta, K. (1978). Neues
Jahrb. Mineral. Monatsh. pp. 193–196.

Basso, R., Palenzona, A. & Zefiro, L. (1987). Neues Jahrb. Mineral.
Monatsh. pp. 295–304.

Bideaux, R. A., Nichols, M. C. & Williams, S. A. (1966). Am. Mineral.
51, 258–259.

Brown, I. D. (2002). In The Chemical Bond in Inorganic Chemistry:
The Bond Valence Model. Oxford University Press.

Bruker (2004). APEX2, SAINT and SADABS. Bruker AXS Inc.,
Madison, Wisconsin, USA.
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Redetermination of brackebuschite, Pb2Mn3+(VO4)2(OH)

Barbara Lafuente and Robert T. Downs

Computing details 

Data collection: APEX2 (Bruker, 2004); cell refinement: SAINT (Bruker, 2004); data reduction: SAINT (Bruker, 2004); 

program(s) used to solve structure: coordinates taken from a previous refinement; program(s) used to refine structure: 

SHELXL2014 (Sheldrick, 2015); molecular graphics: XtalDraw (Downs & Hall-Wallace, 2003); software used to prepare 

material for publication: publCIF (Westrip, 2010).

Dilead(II) manganese(III) vanadate(V) hydroxide 

Crystal data 

Pb2Mn(VO4)2(OH)
Mr = 716.21
Monoclinic, P21/m
a = 7.6492 (1) Å
b = 6.1262 (1) Å
c = 8.9241 (2) Å
β = 112.195 (1)°
V = 387.20 (1) Å3

Z = 2

F(000) = 616
Dx = 6.143 Mg m−3

Mo Kα radiation, λ = 0.71073 Å
Cell parameters from 4222 reflections
θ = 2.5–32.3°
µ = 47.27 mm−1

T = 293 K
Tabular, light-brown
0.05 × 0.05 × 0.05 mm

Data collection 

Bruker APEXII CCD area-detector 
diffractometer

Radiation source: fine-focus sealed tube
φ and ω scan
Absorption correction: multi-scan 

(SADABS; Bruker, 2004)
Tmin = 0.201, Tmax = 0.201
11674 measured reflections

1521 independent reflections
1356 reflections with I > 2σ(I)
Rint = 0.037
θmax = 32.6°, θmin = 2.9°
h = −11→11
k = −9→9
l = −13→13

Refinement 

Refinement on F2

Least-squares matrix: full
R[F2 > 2σ(F2)] = 0.025
wR(F2) = 0.056
S = 1.05
1521 reflections
82 parameters
1 restraint
Hydrogen site location: difference Fourier map

Only H-atom coordinates refined
w = 1/[σ2(Fo

2) + (0.0195P)2 + 3.6132P] 
where P = (Fo

2 + 2Fc
2)/3

(Δ/σ)max < 0.001
Δρmax = 2.67 e Å−3

Δρmin = −2.16 e Å−3

Extinction correction: SHELXL2014 (Sheldrick, 
2015), Fc*=kFc[1+0.001xFc2λ3/sin(2θ)]-1/4

Extinction coefficient: 0.00067 (18)
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Special details 

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full 
covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and 
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. 
An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

x y z Uiso*/Ueq

Pb1 0.32423 (5) −0.2500 0.39735 (4) 0.02766 (9)
Pb2 −0.25814 (4) −0.2500 0.25617 (4) 0.02176 (8)
Mn 0.0000 0.0000 0.0000 0.00476 (15)
V1 0.55901 (14) 0.7500 0.82401 (12) 0.00821 (18)
V2 0.96053 (14) 0.7500 0.66182 (12) 0.00864 (17)
O1 0.4927 (5) 0.9756 (6) 0.7041 (4) 0.0167 (6)
O2 0.4546 (8) 0.7500 0.9583 (8) 0.0304 (13)
O3 0.8084 (6) 0.7500 0.9407 (6) 0.0124 (8)
O4 0.7301 (8) 0.7500 0.5441 (7) 0.0256 (12)
O5 0.0115 (5) 0.9882 (5) 0.7801 (4) 0.0147 (6)
O6 0.0767 (8) 0.7500 0.5377 (7) 0.0249 (12)
O7 0.1837 (6) 0.7500 0.0814 (6) 0.0102 (8)
H 0.268 (11) 0.7500 0.034 (11) 0.030*

Atomic displacement parameters (Å2) 

U11 U22 U33 U12 U13 U23

Pb1 0.03242 (17) 0.02685 (15) 0.03049 (18) 0.000 0.01957 (14) 0.000
Pb2 0.02570 (15) 0.01980 (13) 0.02074 (14) 0.000 0.00988 (11) 0.000
Mn 0.0067 (3) 0.0032 (3) 0.0038 (3) 0.0001 (3) 0.0013 (3) −0.0001 (3)
V1 0.0071 (4) 0.0080 (4) 0.0093 (4) 0.000 0.0029 (3) 0.000
V2 0.0111 (4) 0.0079 (4) 0.0073 (4) 0.000 0.0039 (4) 0.000
O1 0.0161 (15) 0.0130 (14) 0.0175 (17) 0.0020 (12) 0.0023 (13) 0.0045 (12)
O2 0.023 (3) 0.048 (4) 0.029 (3) 0.000 0.019 (3) 0.000
O3 0.0056 (18) 0.0109 (18) 0.016 (2) 0.000 −0.0019 (16) 0.000
O4 0.016 (2) 0.039 (3) 0.015 (3) 0.000 −0.001 (2) 0.000
O5 0.0274 (17) 0.0111 (13) 0.0077 (14) −0.0031 (12) 0.0089 (13) −0.0026 (11)
O6 0.033 (3) 0.028 (3) 0.025 (3) 0.000 0.024 (2) 0.000
O7 0.0085 (18) 0.0111 (18) 0.012 (2) 0.000 0.0054 (16) 0.000

Geometric parameters (Å, º) 

Pb1—O1i 2.563 (3) Pb2—O6ii 2.830 (6)
Pb1—O7ii 2.611 (5) Pb2—O3vi 3.045 (5)
Pb1—O6ii 2.635 (5) Mn—O5iv 1.999 (3)
Pb1—O4ii 2.878 (5) Mn—O7vii 2.019 (3)
Pb1—O1ii 2.898 (4) Mn—O3i 2.046 (3)
Pb1—O5iii 2.933 (4) V1—O2 1.673 (6)
Pb1—O4i 3.1610 (15) V1—O1 1.703 (3)
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Pb2—O1iii 2.579 (3) V1—O3 1.795 (4)
Pb2—O5iv 2.588 (3) V2—O6viii 1.661 (5)
Pb2—O4v 2.605 (6) V2—O4 1.677 (5)
Pb2—O2vi 2.735 (6) V2—O5viii 1.756 (3)

O5iv—Mn—O5ix 180.0 O3i—Mn—O3vi 180.0 (3)
O5iv—Mn—O7vii 92.45 (16) O2—V1—O1 109.90 (17)
O5ix—Mn—O7vii 87.55 (16) O1—V1—O1x 108.4 (3)
O5ix—Mn—O7ii 92.45 (16) O2—V1—O3 106.0 (3)
O7vii—Mn—O7ii 180.0 (2) O1—V1—O3 111.31 (14)
O5iv—Mn—O3i 90.67 (17) O6viii—V2—O4 106.4 (3)
O5ix—Mn—O3i 89.33 (17) O6viii—V2—O5viii 110.34 (16)
O7vii—Mn—O3i 81.87 (12) O4—V2—O5viii 108.58 (16)
O7ii—Mn—O3i 98.13 (12) O5viii—V2—O5xi 112.4 (2)
O5iv—Mn—O3vi 89.33 (17)

Symmetry codes: (i) −x+1, −y+1, −z+1; (ii) x, y−1, z; (iii) −x, y−3/2, −z+1; (iv) −x, −y+1, −z+1; (v) x−1, y−1, z; (vi) x−1, y−1, z−1; (vii) −x, −y+1, −z; 
(viii) x+1, y, z; (ix) x, y−1, z−1; (x) x, −y+3/2, z; (xi) x+1, −y+3/2, z.

Hydrogen-bond geometry (Å, º) 

D—H···A D—H H···A D···A D—H···A

O7—H···O2xii 0.89 (2) 1.80 (2) 2.686 (7) 174 (10)

Symmetry code: (xii) x, y, z−1.
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Abstract 8 

Hemihedrite from the Florence Lead-Silver mine in Pinal County, Arizona, USA was first 9 

described and assigned the ideal chemical formula Pb10Zn(CrO4)6(SiO4)2F2, based upon a variety 10 

of chemical and crystal structure analyses. The primary methods used to determine the fluorine 11 

content for hemihedrite were colorimetry, which resulted in values of F that were too high and 12 

inconsistent with the structural data, and IR spectroscopic analysis that failed to detect OH or 13 

H2O. Our reinvestigation using electron microprobe analysis of the type material, and additional 14 

samples from the type locality, the Rat Tail claim, Arizona, and Nevada, reveals the absence of 15 

fluorine, while the presence of OH is confirmed by Raman spectroscopy. These findings suggest 16 

that the colorimetric determination of fluorine in the original description of hemihedrite probably 17 

misidentified F due to the interferences from PO4 and SO4, both found in our chemical analyses. 18 

As a consequence of these results, the study presented here proposes a redefinition of the 19 

chemical composition of hemihedrite to the ideal chemical formula Pb10Zn(CrO4)6(SiO4)2(OH)2. 20 

Hemihedrite is isotypic with iranite with substitution of Zn for Cu, and raygrantite with 21 
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substitution of Cr for S. Structural data from a sample from the Rat Tail claim, Arizona, indicate 22 

that hemihedrite is triclinic in space group P-1, a = 9.4891 (7), b = 11.4242 (8), c = 10.8155 (7) 23 

Å, α = 120.368 (2)°, β = 92.017 (3)°, γ = 55.857 (2)°, V=784.88 (9) Å3, Z = 1, consistent with 24 

previous investigations. The structure was refined from single-crystal X-ray diffraction data to R1 25 

= 0.022 for 5705 unique observed reflections, and ideal chemical formula 26 

Pb10Zn(CrO4)6(SiO4)2(OH)2 was assumed during the refinement. Electron microprobe analyses 27 

of this sample yielded the empirical chemical formula 28 

Pb10.05(Zn0.91Mg0.02)∑=0.93(Cr5.98S0.01P0.01)∑=6.00Si1.97O34H2.16 based on 34 O atoms and six 29 

(Cr+S+P) per unit cell.  30 

KEYWORDS: hemihedrite, Arizona, redefinition, electron microprobe analysis, single-31 

crystal structure, iranite, OH, fluorine, Raman spectroscopy 32 

Introduction 33 

Hemihedrite was first described by Williams & Anthony (1970) as a secondary lead mineral 34 

from the Florence Lead-Silver mine in the Tortilla mountains, Pinal County, Arizona, USA. At 35 

the type locality, hemihedrite forms euhedral crystals in vugs and fractures in association with 36 

wulfenite, cerussite, mimetite, minium, phoenicochroite, willemite, and vauquelinite. These 37 

minerals occur in a secondary assemblage derived from the alteration of primary galena, 38 

sphalerite, pyrite, and minor tennantite. Williams & Anthony (1970) also report a second 39 

occurrence of hemihedrite at the Rat Tail claim close to Wickenburg, Maricopa County, Arizona, 40 

USA with a similar mineral assemblage. 41 

Multiple chemical analyses performed by Williams & Anthony (1970) on samples from Pinal 42 

and Maricopa Counties, Arizona, combined with structural data reported by McLean & Anthony 43 
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(1970), lead to the idealized formula Pb10Zn(CrO4)6(SiO4)2F2. Despite the significant 44 

compositional variation observed in their chemical analyses, the major elements Pb, Zn, Cr, and 45 

Si were consistent with the structural data. However, in the case of F, the amount determined by 46 

colorimetry (5.1%) greatly exceeded the amount indicated by the crystal structure (1.2%). This 47 

inconsistency led the authors to consider the latter value in the definition of the ideal chemical 48 

formula for hemihedrite. Additionally, their IR spectroscopic analyses failed to detect OH or 49 

H2O. 50 

In their study of several lead-bearing minerals, Cesbron & Williams (1980), hydrothermally 51 

synthesized both the OH-analog of hemihedrite Pb10Zn(CrO4)6(SiO4)2(OH)2 and iranite  52 

Pb10Cu(CrO4)6(SiO4)2(OH)2 at 230ºC and pH between 9 and 9.5. From the analysis of these 53 

synthetic materials and additional natural samples from Arizona (USA), New Mexico (USA), 54 

and Iran, they concluded that there probably existed a complete solid-solution between iranite 55 

and hemihedrite. Unfortunately, their chemical data did not report either fluorine or water 56 

contents. Similarly, the work by Frost (2004) on Raman microscopy of selected chromate 57 

minerals does not report the chemical composition of the samples used in their study, including 58 

hemihedrite.  Moreover, the Raman spectrum for hemihedrite was reported only below 1000 cm-59 

1, and did not include the region where the O-H stretching modes would be detected (typically > 60 

3000 cm-1). 61 

Subsequently, hemihedrite has been reported near Boulder City, Clark County, Nevada, USA 62 

(Anthony et al., 1990) and in the Seh–Changi mine, near Nayband, Iran (Bariand & Poullen, 63 

1980), but details on the fluorine content are lacking. Interestingly, Raman spectroscopic studies 64 

of an important English oil painting of the 18th Century (Edwards et al., 2014) revealed 65 

hemihedrite in some red-pigmented areas of the painting. Given that hemihedrite is an 66 
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uncommon mineral and that cerussite, a common natural white lead carbonate pigment, was 67 

present in the same areas where hemihedrite was found, the authors suggest that hemihedrite 68 

probably was associated with cerussite, as both minerals are typically found together.  This study 69 

did not include a chemical analysis. 70 

In the course of characterizing minerals for the RRUFF Project (http://rruff.info) (Lafuente et 71 

al., 2015), electron microprobe analyses of four hemihedrite samples from both Pinal and 72 

Maricopa Counties, surprisingly, did not reveal the presence of fluorine in their chemistries. 73 

Subsequent Raman spectroscopic analyses did however indicate the presence of OH. As a 74 

consequence of these results, a fragment of the type material held by the Natural History 75 

Museum in London (Previously British Museum) was also studied. Its chemistry and Raman 76 

spectrum also indicate the absence of fluorine and the presence of OH, respectively. 77 

This paper reports the chemical composition of type hemihedrite and RRUFF samples by 78 

means of electron microprobe. A sample labeled as hemihedrite from Nevada (USA) was also 79 

analyzed, resulting in a chemical formula closer to that of iranite. A detailed crystal structure 80 

study of a sample from the Rat Tail claim (RRUFF sample R140134) is also given. Based on the 81 

results, this work provides evidence for a redefinition of the chemical composition of 82 

hemihedrite to the ideal formula Pb10Zn(CrO4)6(SiO4)2(OH)2. Note that hemihedrite from Iran 83 

was not studied here and its fluorine content might differ from those in our study. The findings of 84 

this study will be reviewed and announced in a forthcoming CNMNC Newsletter.  85 

Experimental 86 

Samples 87 
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Six samples were examined during the course of this study: a fragment of hemihedrite type 88 

material from the collection of the Natural History Museum, London, UK (NHM-London: BM 89 

1968, 246); additional hemihedrite samples from the Florence Lead-Silver mine and the Rat Tail 90 

claim from the RRUFF project (deposit numbers: R050551, R140133, R140134, and R141184); 91 

and a sample from the Root mine, Good springs, Clark County, Nevada, USA, provided by Mr. 92 

Dick Thomssen of Tucson, Arizona. The poor crystalline quality of the type material prevented 93 

its use for crystal structure analysis. Thus, RRUFF sample R140134 from the Rat Tail claim was 94 

selected for a detailed characterization, including X-ray data collection and structure analysis, 95 

electron microprobe analysis, and Raman spectroscopy. 96 

Chemical composition 97 

The chemical compositions of the samples were determined using a CAMECA SX100 98 

electron microprobe operating in wavelength dispersion (WDS) mode with an accelerating 99 

voltage of 20 kV, a beam current of 20 nA, and beam diameter <1 μm . The following standards 100 

were used: Si, Mg: Kα, forsterite; Pb: Lα, NBS_K0229 synthetic glass (PbO 70%, SiO2 30%); 101 

Cr: Kα, chromite; Zn: Kα, ZnO; S: Kα, barite; P: Kα, apatite (syn.); As: Lα, NiAs; Cu: Kα, 102 

chalcopyrite. The average compositions were normalized on the basis of 34 O atoms and six 103 

(Cr+S+P) per unit cell. Analytical results are given in Table 1.  104 

Fluorine content was not detected in any of the analyzed samples. To confirm this, 105 

spectrometer scans of sample R140134, collected on the Cameca SX100 using the thallium acid 106 

phthalate (TAP) crystal, are displayed in Figure 1. A WDS scan over the ~0.65-0.70 keV range 107 

failed to show any evidence of the F Kα peak. Similar results were found for the other 108 

hemihedrite samples. 109 
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The H2O content was not directly determined, but was calculated so as to achieve 34 O atoms 110 

in the idealized empirical formula. The presence of OH was confirmed by Raman spectroscopic 111 

analyses. The Raman spectra of sample R140134 (Fig. 2) shows a broad band around ~3389 cm-112 

1, indicative of O-H stretching vibrations (υOH). The Raman spectra were collected from 113 

randomly oriented crystals on a Thermo Almega microRaman system, using 532 nm solid-state 114 

laser with a thermoelectric cooled CCD detector. The laser is partially polarized with 4 cm-1 115 

resolution and spot size of 1μm.  116 

Crystal structure determinations 117 

Single-crystal X-ray diffraction data of hemihedrite sample R140134 from the Rat Tail claim 118 

were collected on a Bruker X8 APEX2 CCD X-ray diffractometer equipped with graphite 119 

monochromated MoKα radiation from a 0.05 × 0.05 × 0.04 mm3 crystal. The intensities of 22054 120 

reflections with -14<h<14, -17<k <17, -16<l<16  were collected to 65.42° 2θ using frame widths 121 

of 0.5° in ω and 30 s counting time per frame; an empirical absorption correction (SADABS, 122 

Bruker, 2004) was applied (average redundancy ~ 4.5). The crystal is triclinic, space group P-1, 123 

a = 9.4891 (7), b = 11.4242 (8), c = 10.8155 (7) Å, α = 120.368 (2) °, β = 92.017 (3) °, γ = 124 

55.857 (2) °, V = 784.88 (9) Å3, Z = 1, consistent with the values reported by McLean & 125 

Anthony (1970). The crystal structure was solved and refined using SHELX97 (Sheldrick, 2008) 126 

to R1=0.022 with GoF value of 1.022 for 4976 independent reflections (247 refined parameters). 127 

While the electron microprobe analysis revealed minor Mg, P, and S, incorporation of these 128 

elements in the structure refinement did not produce any significant improvement in terms of R-129 

factors or displacement parameters. Hence, the ideal chemical formula 130 

Pb10Zn(CrO4)6(SiO4)2(OH)2 was assumed during the refinement. The position of all the non-H 131 

atoms were refined with anisotropic displacement parameters. Final coordinates and 132 
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displacement parameters are given in Table 2 and selected bond–distances in Table 3. Bond-133 

valence calculations show that certain O atoms are underbonded, and thus are likely OH groups 134 

(Table 4). In the Fourier map, several peaks (< 2.5 e/Å3) were noted within 1 Å of the Pb atoms. 135 

The presence of these “ghost” peaks, commonly associated with heavy atoms, prevent the 136 

location of H atoms in the structure.  137 

Discussion 138 

The colorimetric analysis performed by Williams & Anthony (1970) to determine the 139 

fluorine content in their hemihedrite samples from Arizona resulted in values too high, F8.25, and 140 

inconsistent with the ideal formula Pb10Zn(CrO4)6(SiO4)2F2. Colorimetric determination of 141 

fluorine in rock and mineral samples has been described in numerous studies (Evans & Sergeant, 142 

1967; Huang & Jackson, 1967; Huang & Johns, 1967; Hall & Walsh, 1969; Fuge, 1976). Most of 143 

these descriptions imply the need for preliminary separation of fluorine from other elements 144 

likely to cause interference. Fuge (1976) mentioned aluminum as well as phosphate and sulfate 145 

ions as potential interfering elements in colorimetric determinations of fluorine. Ferrari et al. 146 

(1961) also refer to the interference by phosphate and sulfate ions in their study of colorimetric 147 

determination of fluorine in organic compounds.  148 

Although the chemical data in Williams & Anthony (1970) did not include phosphate or 149 

sulfate ions in hemihedrite, our electron microprobe results of the type material and additional 150 

samples confirm SO3 in the range 0.02-0.23 wt.% and P2O5 in the range 0.02-0.16 wt.% (Table 151 

1). In addition, our chemical analyses failed to detect fluorine in any of the samples. These 152 

results, together with the confirmation of the presence of OH by Raman spectroscopy, lead us to 153 

propose that the colorimetric determination of fluorine performed by Williams & Anthony 154 
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(1970) probably misidentified F due to the interference of the PO4 and SO4 moieties. 155 

Unfortunately, Williams & Anthony (1970) did not provide enough detail on their IR study to 156 

permit an evaluation of their reasons for the lack of OH or H2O. 157 

Excluding the data reported by Williams & Anthony (1970) in their description of the 158 

hemihedrite from the Florence Lead-Silver mine and the Rat Tail claim, fluorine contents of 159 

hemihedrite samples have not been reported in other studies of the mineral (e.g. Bariand & 160 

Poullen, 1980; Cesbron & Williams, 1980; Frost, 2004). It is also interesting to note that none of 161 

the other mineral species found at the Florence Lead-Silver mine or the Rat Tail claim contain 162 

fluorine, with the exception of fluorite (CaF2), reported in the latter locality (from 163 

www.mindat.org, retrieved January 28, 2016).  164 

Similarly, the other reported hemihedrite localities in Nevada and Iran do not host minerals 165 

containing fluorine (from www.mindat.org, retrieved January 28, 2016). Our own electron 166 

microprobe analyses of the sample labeled as hemihedrite from Clack County, Nevada, USA, 167 

yielded the empirical chemical formula 168 

Pb10.21(Cu0.65Zn0.34)∑=0.99(Cr5.93P0.07S0.04)∑=6.03(Si1.83As0.10)∑=1.93O34H1.62  (Table 1) which is closer 169 

to that of iranite. No traces of F were found. 170 

Hemihedrite is part of the iranite group of minerals which includes iranite 171 

[Pb10Cu(CrO4)6(SiO4)2(OH)2] (Yang et al., 2007), with substitution of Zn for Cu, and raygrantite 172 

[Pb10Zn(SO4)6(SiO4)2(OH)2] (Yang et al., submitted), with substitution of Cr for S (Table 5).  A 173 

continuous solid-solution between hemihedrite and iranite varying the Zn:Cu ratio was proposed 174 

by Cesbron & Williams (1980) while Bariand & Poullen (1980), in their study of rare chromates 175 

from Seh–Changi, Iran, found crystals of iranite-hemihedrite with variable Zn:Cu ratios. Yang et 176 

al. (submitted) predict the possible existence of a Cu-analog for raygrantite.  177 
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Hemihedrite Pb10Zn(CrO4)6(SiO4)2(OH)2 can be defined as a layered structure where CrO4 178 

and SiO4 tetrahedra, together with ZnO4(OH)2 octahedra, form layers stacked along (120). These 179 

layers are linked by five symmetrically-independent Pb2+ cations (Fig. 3a). The ZnO4(OH)2 180 

octahedra are linked, by opposite corners, to two CrO4 and two SiO4 tetrahedra, while the two 181 

OH groups are oriented towards the Pb layer. Two additional nonequivalent CrO4 groups are 182 

isolated (Fig. 3b).  The major differences with the structure reported by McLean & Anthony 183 

(1970) are that anisotropic thermal parameters were determined for all non-H atoms, and, of 184 

course, F is replaced by OH. 185 

The number and location of the OH groups were determined from bond-valence sum 186 

calculations (Brese & O’Keeffe, 1991) (Table 4).  The results show that O17 (bond-valence sum 187 

of 1.347 v.u.) represents an OH group with a hydrogen bond to O6 (bond-valence sum of 1.754 188 

v.u.) [O17-O6 = 2.874 Å]. This is similar to that reported for iranite (Yang et al., 2007) and 189 

raygrantite (Yang et al., submitted), with O17-O6 distances of 2.852 Å and 3.108 Å, 190 

respectively. The O17 site is also where the F atom was proposed in the structure reported by 191 

Williams & Anthony (1970) [F-O6 = 2.912 Å].  According to the correlation of O—H IR 192 

stretching frequencies with O—H···O hydrogen-bond lengths in minerals (Libowitzky, 1999), the 193 

distance 2.874 Å would correspond to an O-H stretching frequency of ~ 3401 cm-1, which is 194 

close to the value 3389 cm-1 from the Raman spectrum. 195 
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 245 

Figure captions 246 

FIG. 1. WDS scans (TAP-crystal spectrometer) of the sample R140134. The scan focused in the 247 

region ~ 0.66-0.70 keV shows the absence of the F Kα line.  248 

FIG. 2. Raman spectra of the sample R140134. The weak Raman band around 3389 cm-1 is 249 

assigned to the OH stretching vibrations associated with the OH group (υOH). 250 

FIG 3: a) Crystal structure of hemihedrite. The yellow and red tetrahedra, green octahedra, and 251 

gray spheres represents CrO4, SiO4, ZnO4(OH)2, and Pb, respectively; b) A polyhedral layer in 252 

hemihedrite. The Zn atoms are in octahedra that are corner-linked to the Si1O4 and Cr3O4 253 

tetrahedra. The Cr1O4 and Cr2O4 tetrahedra are isolated.  Yellow and red tetrahedra and green 254 

octahedra represents CrO4, SiO4, and ZnO4(OH)2 groups, respectively. The aquamarine spheres 255 

represent the OH groups. 256 
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Table 1. Chemical composition (wt.%) and unit formula (a.p.f.u.) for hemihedrite. 
 

(1)a (2)a (3)a (4)a (5)a (6)a (7)b (8)c 

PbO 72.63(42) 73.38(51) 72.21(37) 72.50(32) 72.54(39) 73.07(47) 70.5 73.0 
ZnO 2.49(2) 2.29(10) 2.38(7) 2.43(7) 2.53(23) 0.882(270) 3.93 2.7 
MgO 0.028(10) 0.091(59) 0.032(20) 0.027(9) 0.022(13) b.d.l. 
CrO3 19.25(24) 18.82(28) 19.24(17) 19.29(13) 19.29(14) 19.02(22) 19.5 19.7 
SO3 0.174(69) 0.225(129) 0.020(17) 0.200(73) 0.049(48) 0.091(51) 
P2O5 0.065(35) 0.159(133) 0.032(15) 0.034(18) 0.02(1) 0.159(17) 
SiO2 3.62(10) 3.67(21) 3.81(6) 3.70(5) 3.92(8) 3.53(4) 3.2 3.9 

As2O5 b.d.l. 0.513(450) b.d.l. 0.077(57) b.d.l. 0.384(101) 
CuO      1.65(24)   
H2Od 1.37 0.73 1.08 1.31 0.93 0.81 

F  5.1 1.2 
O=-F  -2.1 -0.5 
∑ 99.63 99.89 98.82 99.57 99.29 99.60 100.1 100.0 

 
Pb 9.98 10.21 10.05 9.94 10.06 10.21 9.71 10 
∑A 9.98 10.21 10.05 9.94 10.06 10.21 9.71 10 
Zn 0.94 0.88 0.91 0.91 0.96 0.34 1.37 1 
Cu      0.65   
Mg 0.02 0.07 0.02 0.02 0.02  
∑M 0.96 0.95 0.93 0.93 0.98 0.99 1.37 1 
Cr 5.90 5.84 5.98 5.90 5.97 5.93 6.00 6 
S 0.07 0.09 0.01 0.08 0.02 0.04 
P 0.03 0.07 0.01 0.02 0.01 0.07 

∑T1 6.00 6.00 6.00 6.00 6.00 6.04 6.00 6 
Si 1.85 1.90 1.97 1.88 2.02 1.83 1.66 2 
As 0.14 0.02 0.00 0.10 
∑T2 1.85 2.04 1.97 1.90 2.02 1.93 1.66 2 

H 2.74 1.47 2.16 2.62 1.85 1.62 
F  8.25 2 

 

b.d.l.: below detection limit 

Samples (Reference, locality, n = number analyses points): (1) This study (type material), Florence mine (AZ), n=10; (2) This study (R140133), 

Florence mine (AZ), n=18; (3) This study (R140134), Rat Tail claim (AZ), n=13; (4) This study (R141184), Rat Tail claim (AZ), n=12; (5) This 

study (R050551), Rat Tail claim (AZ), n=15; (6) This study, Nevada, n=8; (7-8) Williams & Anthony (1970), Florence mine (AZ). 
aUnit formula (a. p. f. u.) calculated based on 34 O atoms and six CrO3 per unit cell. 
bAverage of all chemical analyses recalculated to 100% 
cIdeal chemical formula Pb10Zn(CrO4)6(SiO4)2F2 
dH2O calculated to achieve 34 O atoms in the idealized empirical formulae. 
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Table 2. Coordinates and displacement parameters of atoms in hemihedrite, sample R140134. 

x y z Ueq 
Zn 0 0.5 0 0.01025(14) 
Pb1 0.25899(3) 0.11186(2) 0.25985(2) 0.01539 (4) 
Pb2 0.26117(2) 0.08673(2) 0.65721(2) 0.01157(4) 
Pb3 0.93098(2) 0.24437(2) 0.03143(2) 0.01234(4) 
Pb4 0.73123(3) 0.41635(3) 0.75114(2) 0.01711(5) 
Pb5 0.31697(3) 0.45258(3) 0.53113(2) 0.01397(4) 
Cr1 0.95935(11) 0.07509(10) 0.35577(9) 0.01095(14) 
Cr2 0.56448(10) 0.17568(9) 0.15362(9) 0.00904(14) 
Cr3 0.44657(10) 0.32502(10) 0.83679(9) 0.00931(14) 
Si 0.02323(17) 0.45100(16) 0.65878(14) 0.0071(2) 
O1 0.7537(5) 0.2224(5) 0.4835(5) 0.0245(9) 
O2 0.1078(6) 0.0762(5) 0.4369(5) 0.0230(9) 
O3 0.9906(5) 0.1215(5) 0.7366(4) 0.0180(8) 
O4 0.9689(6) 0.1151(6) 0.2326(5) 0.0253(9) 
O5 0.5103 (5) 0.1383(5) 0.2690(4) 0.0158(7) 
O6 0.4289(6) 0.2026(6) 0.0568(5) 0.0257(9) 
O7 0.7736(5) 0.0120(5) 0.0319(4) 0.0177(7) 
O8 0.5379(5) 0.3572(5) 0.2658(4) 0.0184(8) 
O9 0.5984(5) 0.2939(6) 0.9156(5) 0.0258(9) 

O10 0.4545(6) 0.3977(5) 0.7423(5) 0.0220 (8) 
O11 0.2372(5) 0.4832(5) 0.9738(4) 0.0145(7) 
O12 0.4828(5) 0.1369(5) 0.7195(4) 0.0166(7) 
O13 0.2089(5) 0.3053(4) 0.5091(4) 0.0131(7) 
O14 0.0416(5) 0.3854(4) 0.7660(4) 0.0118(6) 
O15 0.9928(5) 0.3747(5) 0.2595(4) 0.0148(7) 
O16 0.8463(5) 0.4793(5) 0.6143(4) 0.0138(7) 
OH 0.1438(4) 0.2500(4) 0.9322(4) 0.0101(6) 

     
 

 U11 U22 U33 U12 U13 U23 
Zn 0.0121(4) 0.0098(3) 0.0103(4) −0.0072(3) −0.0038(3) 0.0063(3) 
Pb1 0.01459(9) 0.01520(9) 0.01312(9) −0.00990(8) −0.00425(7) 0.00594(8) 
Pb2 0.01000(8) 0.01094(8) 0.01254(9) −0.00655(7) −0.00316(7) 0.00624(7) 
Pb3 0.01226(8) 0.01296(8) 0.01305(9) −0.00864(7) −0.00391(7) 0.00748(7) 
Pb4 0.01861(10) 0.02038(10) 0.01929(10) −0.01316(8) −0.00913(8) 0.01452(9) 
Pb5 0.01695(9) 0.02078(9) 0.01587(9) −0.01517(8) −0.01015(7) 0.01351(8) 
Cr1 0.0128(4) 0.0127(3) 0.0104(4) −0.0103(3) −0.0044(3) 0.0058(3) 
Cr2 0.0078(3) 0.0083(3) 0.0101(4) −0.0044(3) −0.0022(3) 0.0057(3) 
Cr3 0.0079(3) 0.0103(3) 0.0120(4) −0.0063(3) −0.0036(3) 0.0071(3) 
Si 0.0091(6) 0.0077(5) 0.0064(6) −0.0060(5) −0.0036(5) 0.0044(5) 
O1 0.0156(19) 0.0182(19) 0.023(2) −0.0089(17) 0.0023(16) 0.0046(18) 
O2 0.030(2) 0.025(2) 0.027(2) −0.0223(19) −0.0218(19) 0.0169(18) 
O3 0.0194(19) 0.0173(18) 0.0179(19) −0.0150(16) −0.0031(16) 0.0065(16) 
O4 0.027(2) 0.040(2) 0.029(2) −0.025(2) −0.0131(19) 0.027(2) 
O5 0.0162(18) 0.0190(18) 0.0173(18) −0.0109(16) −0.0039(15) 0.0134(16) 
O6 0.020(2) 0.038(2) 0.024(2) −0.019(2) −0.0152(18) 0.020(2) 
O7 0.0123(17) 0.0161(17) 0.0172(19) −0.0042(15) −0.0017(15) 0.0109(16) 
O8 0.0174(18) 0.0127(17) 0.024(2) −0.0098(15) −0.0057(16) 0.0097(16) 
O9 0.017(2) 0.034(2) 0.031(2) −0.0165(19) −0.0154(18) 0.022(2) 
O10 0.032 (2) 0.034(2) 0.023(2) −0.027(2) −0.0122(18) 0.0217(19) 
O11 0.0110(16) 0.0131(16) 0.0174(18) −0.0074(14) −0.0017(14) 0.0080(15) 
O12 0.0111(17) 0.0141(17) 0.022(2) −0.0086(15) −0.0049(15) 0.0081(16) 
O13 0.0151(17) 0.0101(15) 0.0081(16) −0.0077(14) 0.0010(13) 0.0022(14) 
O14 0.0160(17) 0.0121(15) 0.0104(16) −0.0092(14) −0.0038(14) 0.0077(14) 
O15 0.025(2) 0.0142(16) 0.0125(17) −0.0152(16) −0.0074(15) 0.0088(15) 
O16 0.0132(17) 0.0190(17) 0.0180(18) −0.0119(15) −0.0092(14) 0.0138(16) 
OH 0.0100(16) 0.0101(15) 0.0098(16) −0.0061(13) −0.0038(13) 0.0061(14) 

This is a 'preproof' accepted article for Mineralogical Magazine. 
This version may be subject to change during the production process. 
10.1180/minmag.2016.080.148

126



Table 3. Selected bond distances for hemihedrite, sample R140134. 

Distance (Å) Distance (Å) Distance (Å) 
Cr(1) - O(2) 1.636(4) Pb(1)-O(13) 2.294(4) Pb(4)-O(16) 2.444(3) 
Cr(1) - O(4) 1.631(4) Pb(1)-O(15) 2.625(4) Pb(4)-O(8) 2.506(4) 
Cr(1) - O(1) 1.644(4) Pb(1)-O(4) 2.740(4) Pb(4)-O(1) 2.522(4) 
Cr(1) - O(3) 1.684(4) Pb(1)-O(5) 2.559(4) Pb(4)-O(11) 2.669(4) 
Ave. 1.649 Pb(1)-O(12) 2.630(4) Pb(4)-O(10) 2.746(4) 
  Pb(1)-O(7) 2.822(4) Pb(4)-O(3) 2.759(4) 
Cr(2) - O(6) 1.623(4) Pb(1)-O(2) 2.744(4) Pb(4)-O(14) 2.772(4) 
Cr(2) - O(7) 1.643(4) Pb(1)-O(6) 3.120(4) Pb(4)-O(6) 3.038(4) 
Cr(2) - O(8) 1.651(4) Pb(1)-O(9) 3.342(4) Pb(4)-O(9) 3.292(4) 
Cr(2) - O(5) 1.683(3) Pb(1)-O(6) 3.595(4) Pb(4)-O(2) 3.366(4) 
Ave. 1.650 Ave. 2.847 Pb(4)-O(9) 3.371(4) 
    Ave. 2.862 
Cr(3) - O(9) 1.605(4) Pb(2)-O(14) 2.346(3)   
Cr(3) - O(10) 1.635(4) Pb(2)-OH 2.420(3) Pb(5)-O(16) 2.279(3) 
Cr(3) - O(12) 1.670(4) Pb(2)-O(3) 2.480(4) Pb(5)-O(13) 2.335(3) 
Cr(3) - O(11) 1.697(4) Pb(2)-O(12) 2.463(4) Pb(5)-O(5) 2.641(4) 
Ave. 1.652 Pb(2)-O(2) 2.734(4) Pb(5)-O(15) 2.665(4) 
  Pb(2)-O(5) 2.765(4) Pb(5)-O(10) 2.763(4) 
Si - O(14) 1.629(3) Pb(2)-O(1) 3.149(4) Pb(5)-O(8) 2.918(4) 
Si - O(16) 1.627(4) Pb(2)-O(13) 3.412(4) Pb(5)-O(8) 3.125(4) 
Si - O(13) 1.637(4) Pb(2)-O(12) 3.463(4) Pb(5)-O(1) 3.302(4) 
Si - O(15) 1.631(4) Ave. 2.808 Pb(5)-O(4) 3.312(4) 
Ave. 1.631   Pb(5)-O(1) 3.471(4) 
  Pb(3)-OH 2.367(3) Ave. 2.881 
Zn - OH 2.034(3) x2 Pb(3)-O(7) 2.407(4)   
Zn - O(14) 2.102(3) x2 Pb(3)-O(15) 2.411(3)   
Zn - O(11) 2.165(4) x2 Pb(3)-O(11) 2.614(3)   
Ave. 2.100 Pb(3)-O(3) 2.678(4)   
  Pb(3)-O(4) 2.106(4)   
  Pb(3)-O(10) 3.132(4)   
  Pb(3)-O(4) 3.412(4)   
  Pb(3)-O(9) 3.206(4)   
  Ave. 2.785   
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Table 4. Calculated bond-valence sums for hemihedrite, sample R140134. 

 

 Zn Pb1 Pb2 Pb3 Pb4 Pb5 Cr1 Cr2 Cr3 Si Sum 
O1   0.061  0.330 0.040 1.502    1.957 

      0.025      
O2  0.181 0.186  0.034  1.534    1.935 
O3   0.370 0.217 0.174  1.346    2.106 
O4  0.183  0.068  0.039 1.554    1.906 

    0.062        
O5  0.299 0.171   0.239  1.349   2.058 
O6  0.018   0.082   1.588   1.754 

  0.066          
O7  0.147  0.450    1.506   2.103 
O8     0.345 0.113  1.473   1.996 

      0.065      
O9  0.036  0.052 0.033    1.668  1.830 

     0.041       
O10    0.063 0.180 0.172   1.539  1.955 
O11 0.287↓2×   0.257 0.222    1.301  2.068 
O12  0.246 0.387      1.397  2.054 

   0.024         
O13  0.611 0.030   0.547    0.965 2.152 
O14 0.342↓2×  0.532  0.168     0.987 2.028 
O15  0.250  0.446  0.225    0.981 1.902 
O16     0.408 0.637    0.993 2.038 
OH 0.410↓2×  0.435 0.502       1.347 
Sum 2.079 2.036 2.195 2.118 2.018 2.102 5.934 5.916 5.905 3.926  
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Table 5. Comparison of crystallographic data for the iranite group of minerals. 

 Raygrantite Hemihedrite Hemihedrite Iranite 
Reference Yang et al. (submitted) McLean & Anthony 

(1970) This work Yang et al. (2007) 

Ideal chemical 
formula ZnPb10(SO4)6(SiO4)2(OH)2 ZnPb10(CrO4)6(SiO4)2F2 ZnPb10(CrO4)6(SiO4)2(OH)2 CuPb10(CrO4)6(SiO4)2(OH)2 

Crystal symmetry Triclinic Triclinic Triclinic Triclinic 
Space group P-1  P-1  P-1  P-1  
a (Å) 9.3175(4) 9.497(3) 9.4891(7) 9.5416(4) 
b (Å) 11.1973(5) 11.443(5) 11.4242(8) 11.3992(5) 
c (Å) 10.8318(5) 10.841(4) 10.8155(7) 10.7465(4) 
α (º) 120.374(2) 120.50(4) 120.368(2) 120.472(2) 
β (º) 90.511(2) 92.10(4) 92.017(3) 92.470(2) 
γ (º) 56.471(2) 55.84(3) 55.857(2) 55.531(2) 
V (Å3) 753.13(6) 787.183 784.88(9) 780.08(6) 
Z 1 1 1 1 
ρcal (g/cm3) 6.374 6.42 6.456 6.49 
2θ range for data 

collection ≤65.24  ≤65.42 ≤69.3 
No. of reflections 

collected 32373  22054 14248 
No. of independent 

reflections 5286 2790 5705 6319 
No. of reflection 

with I>2σ(I) 4543 2428 4976 5022 
No. parameters 

refined 243  242 242 
R (int) 0.042  0.033 0.036 
Final R1, wR2 

factors [I>2σ(I)] 0.031, 0.073 0.041 0.022, 0.045 0.034, 0.062 
Final R1, wR2 

factors (all data) 0.041, 0.076  0.028, 0.045 0.050, 0.070 
Goodness-of-fit 1.093  1.022 1.013 
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Abstract 

Meierite, ideally, Ba44Si66Al30O192Cl25(OH)33 is a new mineral from the Gun claim, just south of 

the Itsi Range, Yukon, Canada. Meierite occurs as equant grains up to 200 µm across, enclosed 

within large gillespite crystals. The mineral is transparent, has a vitreous luster and is non-

fluorescent. It has a white streak and Mohs hardness of approximately 5½. It is brittle with no 

observed cleavage. The calculated density based upon the chemical formula and single-crystal unit 

cell dimension is 3.50 g/cm3. The mineral is optically isotropic (n= 1.598). Electron-microprobe 

analyses (average of 11): SiO2 28.30, P2O5 1.61, Al2O3 11.75, TiO2 0.05, FeO 0.27, CaO 0.21, 

BaO 47.61, Na2O 0.15, K2O 0.21, Cl 6.64 and a total of 95.29 weight %. The empirical formula 

(based on 192 framework Oxygen apfu) and charge balance considerations is 

Ba41.1Ca0.5Fe0.5Na0.7K0.6Si62.5Al30.5P3.0O192Cl24.8·33.4(OH). It is possible that additional H2O 

molecules are located within the cavities in the structure. Meierite is cubic, Im3m, a=18.5502(4) 

Å, V = 6383.3(2) Å3 and Z= 1.The ten most intense lines in the X-ray powder diffraction pattern 

are [dobs in Å(I)(hkl)]: 4.39(70) (411), 4.16(26) (420), 3.798(25) (422), 3.288(34) (440), 3.189 

(100) (433), 3.016(72) (611), 2.803(42) (622), 2.629(31) (710), 2.323(46) (800), 2.287(59) (741). 

The crystal structure (R = 4.1% for 1393 Fo > 4sF) is a three dimensional framework of silicon-, 

aluminium- and phosphorous-containing tetrahedra that create an open framework consisting of a 

large cubo-octahedral cavity connected by channels made of double 8-membered rings and double 
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6-membered rings. The aluminosilicate framework is isostructural with that observed for silicate 

framework type ZK-5 (KFI). The mineral is named in honour of Walter M. Meier (1926-2009), a 

pioneer in zeolite research. 

Keywords: zeolite; crystal structure; new mineral: Gun Claim, Yukon, Canada 

1. Introduction 

The Gun Claim, Yukon is located approximately 5 km southeast of the Itsi lakes and approximately 

363 km northeast of Whitehorse, Yukon, Canada. The longitude and latitude coordinates of the 

claim are 130°0’51”W, 62°50’50”N (Figure 1). The nearest road is the Canol Road, located 26 km 

northwest of the claim and this road is only useable in the summer months. The nearest town is 

Ross River located approximately 162 km southwest of the claim. The Gun Claim itself is only 

accessible by helicopter. 

The Gun Claim area was first explored by Joseph Keele who explored the upper Pelly and Ross 

Rivers in 1907 and 1908, however no further exploration was completed until 1944 when E.D. 

Kindle conducted geological field work along the Canol Road (Montgomery, 1960). A sample was 

submitted by Scotty Alan of Newmont Mining Corporation containing gillespite (BaFeSi4O10) to 

Dr. R.M. Thompson of the University of British Columbia in 1957, which became the catalyst for 

an investigation of the area in 1958 termed “Operation Pelly” by the Geological Survey of Canada. 

Specimens collected during the field season in 1958 were later analyzed by the University of 

British Columbia in 1959 and 1960 by Joseph Hilton Montgomery (Montgomery, 1960). 

Montgomery’s work included the discovery of a new calcium-iron-aluminosilicate which he 

named keeleite, however this name was later changed to pellyite (Ba2Ca( Fe2+,Mg)2Si6O17 in 1972 

after further investigation on the mineral was performed (Montgomery et al., 1972). Along with 

this discovery, Montgomery was able to identify several other barium silicate minerals such as 

taramellite (Ba4(Fe3+,Ti,Fe2+,Mg)4(B2Si8O27)O2Clx), gillespite (BaFe2+Si4O10) and sanbornite 

(Ba2Si4O10), all of which had been described at a locality in California prior to 1960 (Montgomery, 

1960). The Gun Claim is also a locality for the mineral titantaramellite (Alfors & Pabst, 1984) and 

itsiite (Kampf et al., 2014). 

Similar deposits were discovered in 1932 at Trumbull Peak, Mariposa County, California where 

the mineral sanbornite was first discovered and was found associated with gillespite, taramellite, 
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and celsian. After this discovery at Trumbull Peak, several other occurrences of sanbornite and 

gillespite were found in Big Creek, Fresno County in 1957 by G.M. Landers; and Rush Creek in 

1960 by R.E. Walstrom (Alfors et al., 1965). The discovery of these occurrences resulted in a field 

study in 1961 by the California Division of Mines and Geology to determine the geologic setting 

and the potential commercial value of the deposits of eastern Fresno County (Alfors et al., 1965). 

This study resulted in the identification of several new barium silicates including macdonaldite 

BaCa4Si16O36(OH)2·10H2O, krauskopfite BaSi2O4(OH)2·2H2O, walstromite BaCa2Si3O9, fresnoite 

(Ba2TiOSi2O7), verplanckite Ba2(Mn,Fe,Ti) Si2O6(OH,O,Cl,F)2·3H2O, muirite 

Ba10Ca2Mn2+TiSi10O30(OH,Cl,F)10, and traskite Ba9Fe2
2+Ti2(SiO3)12(OH,Cl,F)6·6H2O, along with 

alforsite (Ba5(PO4)3Cl), a barium apatite, which was later described from Big Creek (Alfors et al., 

1965; Newberry et al., 1981). In addition cerchiaraite-(Fe) Ba4Fe3+
4O3(OH)3(Si4O12)[Si2O3 

(OH)4]Cl  and cerchiaraite-(Al) were described by Kampf et al. (2013). The California deposits 

are referred to as the “Sanbornite Deposits” as most of the barium minerals discovered at these 

localities are present within quartz-sanbornite outcrops (Walstrom & Leising, 2005).  

2. Geological Setting 

This area surrounding the Gun claim consists of several intrusive stocks ranging in composition 

from quartz monzonite to granodiorite that are Cretaceous in age, which were the result of 

accretion during the Cordilleran Orogeny (Montgomery, 1960). Two skarn deposits have been 

found associated with a quartz monzonite stock that has an area of approximately 13 square 

kilometers (Montgomery, 1960). The first skarn, known as the Birr Claim, is located 2 km 

southeast of the Gun Claim. The Birr Claim consists of a Cu skarn consisting of pyrrhotite, 

chalcopyrite and gillespite developed in Ordovician-Devonian sedimentary rocks at the margin of 

the quartz monzonite stock. Barite veins have also been found near the intrusive contact (Yukon 

Geological Survey Minfile # 105I 007, 1992). The second skarn (Pb-Zn) is the location of the Gun 

Claim (Figure 1).  Here, mineralized zones are the result of hydrothermal alteration by fluids from 

the quartz monzonite stock. These fluids resulted in hornfels metamorphism and the creation of 

skarns in the adjacent sedimentary package, which consist of argillite, limestone, shale, slate, and 

quartzite (Yukon Geological Survey Minfile #105J 015, 1992). Mineralized zones consist of 

sphalerite and chalcopyrite, which occur with pyrrhotite, barite, witherite, and several rare barium 

silicates (Montgomery, 1960). These zones occur in pyroxene-quartz skarn lenses, which crop out 

on the floor of the cirque. Another poorly mineralized zone approximately 60 m long and 10 m 
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thick is located in the west wall. Narrow barite veins up to 100 m long can also be found cutting 

through the hornfels zone developed in Ordovician to Lower Devonian chert and shale units near 

the contacts of the quartz monzonite stock (Yukon Geological Survey Minfile #105J 015, 1992). 

The source of barium sulfate is unknown but field observations suggests a primary sedimentary 

origin. 

3. Meierite Mineral Description 
3.1. Mineral Name 

The new mineral and name have approved by the Commission on New Minerals, Nomenclature 

and Classification of the International Mineralogical Association (IMA 2014-039). The type 

specimen is deposited in the collections of the Royal Ontario Museum and assigned specimen 

number M56744.  

Meierite is named after Walter M. Meier, (1926-2009) (Figure 2). Meier & Kokotailo (1965) 

determined the atomic structure of the synthetic material ZK-5 (KFI type), which exhibits the same 

framework topology as meierite described here. Walter M. Meier was one of the driving forces 

behind the founding of the International Zeolite Association (IZA) and, together with Jan 

Uytterhoeven, organized the Third International Zeolite Conference (IZC) in 1973 in Zurich, 

Switzerland. At the following IZC in Chicago, he founded the Structure Commission of the IZA, 

which he then chaired for the next 12 years. He will probably be best remembered though as an 

author of the first five editions of the Atlas of Zeolite Framework Types (Baerlocher et al., 2001). 

The three-letter codes that we use as a matter of course today stem from that work. His fascination 

with the synthesis and structural characterization of zeolitic materials started with his dissertation 

research with Prof. Richard M. Barrer at Imperial College in London in the 1950's (Barrer & Meier, 

1958), developed further during his long tenure as Professor at the ETH in Zurich, and continued 

well beyond his official retirement in 1992.  

3.2. Occurrence and Associated Minerals 

The physical properties observed for meierite are given in Table 1. Meierite occurs as equant grains 

up 200 µm across, enclosed within large gillespite crystals (Figure 3, 4a).  When the meierite is 

not completely enclosed by gillespite it is observed to alter to a mixture of cerchiaraite-(Fe) and 
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hedenbergite (Figure 4b). Edingtonite (Ba(Al2Si3O10)·4H2O) also occurs a small white equant 

grains enclosed in gillespite. 

3.3. Chemical Composition 

The chemical composition of meierite was determined using an electron microprobe analysis of 

mineral grains in a polished thin section (Figure 3) using a JEOL JXA-8230 electron microprobe 

equipped with five wavelength-dispersive spectrometers. The accelerating voltage was 15 kV, and 

the beam current measured on the Faraday cup was 10 nA. The beam was defocused to produce a 

~7 µm spot. No obvious change in the appearance of the mineral was observed in backscattered 

electron images collected before and after analysis. Peak and background count times for each 

element were 10 s. Standards were natural adularia (Si, Al, K), natural rutile (Ti), natural barite 

(Ba), synthetic fayalite (Fe), anorthite glass (Ca), natural albite (Na), synthetic Ca2P2O7 (P), and 

natural scapolite (Cl). Ti Kα was measured using a LiF diffracting crystal in order to avoid 

interference from Ba Lα; Ti was present at a concentration near its detection limit. Data were 

treated using the XPP matrix correction algorithm of Pouchou & Pichoir (1991), and the results 

(average of eleven analyses) are presented in Table 2.   

Assuming a complete tetrahedral framework of tetrahedrally coordinated Si, Al and P, and the 

charges of the other cations, there is a net positive charge of 33.4. If this is balanced by OH- groups 

within the open cavities of the structure this would account for an additional 4.29 wt% and brings 

the total for the chemical analysis to close to 100%. These OH groups are closely associated with 

barium and chlorine within the zeolite cavity. The chemical formula determined using this charge 

balance approach is Ba41.1Na0.7K0.6Fe0.5Ca0.5Ti0.1[Si62.5Al30.5P3.0]96O192Cl24.82(OH)33.4  and this can 

be simplified to Ba44Si66Al30O192Cl25(OH)33. Table 2 shows the calculation of charge balance 

based on the microprobe-measured composition. The open silicate framework with large cavities 

allows for considerable variation of chemical composition and is not possible to be more specific 

with respect to the OH and total H2O content. Due to the small amount of material available, no 

thermogravimetric analysis was conducted nor were experiments conducted to evaluate the 

molecular exchange capacity of this mineral.  
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3.4. X-ray Powder Diffraction  

X-ray powder diffraction data were recorded using a PANalytical X'Pert Powder diffractometer 

(CuKα(Ni) radiation) and equipped with an X'Celerator detector. The hand-picked mineral 

concentrate sample was finely ground and dusted onto a zero-background silicon sample holder. 

Some gillespite and quartz could not be separated and removed and remained in the sample. 

Observed d spacings and intensities were derived by profile fitting using PANalytical HighScore 

Plus software (version 4.1) (Table 3). 

3.5. Atomic structure 

The atomic structure of synthetic zeolite Na30Al30Si66O192· 98H2O was determined by Meier & 

Kokotailo (1965) in space group Im3m using powder diffraction data. This was labelled zeolite 

ZK-5 and is the KFI structure type as listed by the Atlas of Zeolite Structures (Baerlocher et al., 

2001). Parise et al. (1983) determined the atomic structure of the zeolites (Cs,K)-ZK-5 and (Cs,D)-

ZK-5.  

For this study, single-crystal X-ray diffraction measurements were made at the Department of 

Chemistry at UBC using a Bruker DUO APEX II diffractometer with TRIMUPH monochromated 

Mo Kα radiation. Data were collected in a series of φ and ω scans in 0.50° oscillations with 20.0 

second exposures. The crystal-to-detector distance was 60 mm. Data were collected and integrated 

using the Bruker SAINT software package. Data were corrected for absorption effects using the 

multi-scan technique (SADABS) and were corrected for Lorentz and polarization effects.  

All refinements were performed using the SHELXTL crystallographic software package of Bruker 

AXS.  Scattering factors for neutral atoms were used for the cations and ionic factors for O2- were 

used for oxygen. The weighting scheme was based on counting statistics.  Neutral atom scattering 

factors were taken from Cromer and Waber (1974).  Anomalous dispersion effects were included 

in Fcalc (Ibers and Hamilton 1964); the values for ∆f' and ∆f" were those of Creagh and McAuley 

(1992). The values for the mass attenuation coefficients are those of Creagh and Hubbell (1992). 

The atomic structure of meierite was determined using the atomic coordinates of Meier & 

Kokotailo (1965) as starting coordinates. Details of the data collection and refinement are given in 

Table 4. Tables 5, 6 and 7 list the atomic coordinates, atomic displacement parameters and selected 

bond lengths. The unit cell dimension of 18.5502(4) is slightly shorter than the range exhibited for 

136



other KFI –type materials. This may reflect a limited substitution of P for Si in the tetrahedral sites. 

The ratio of Si/Al/P is 62.5/30.5/3.0 and the smaller radii of P5+ would result in a slight collapse 

of the tetrahedral framework. 

The structure of meierite (KFI) is not only related to framework type RHO but also to LTA. The 

central cavity that is common to all is an lta cavity which consists of 4-, 6- and 8-members rings. 

In these three structure types the lta cavities are connected through different composite building 

units either d4r (LTA), d6r (KFI) or d8r (RHO). In doing so additional cavities are generated: sod 

cavities for LTA and pau cavities for KFI. In RHO an additional lta cavity is generated. This 

relationship is illustrated in the paper of Meier & Kokotailo (1965).  In meierite, the lta cavities 

are connected in the [111] direction through d6r with an approximate free diameter of 3.2 Å 

(Figure 5). The large cavities are also connected by the pau cavity along the [100] direction with 

an approximate free diameter of 3.9Å. In the final cycles of least-squares refinement the barium, 

chlorine and hydroxyl site occupancies of the intra-framework sites were assigned so that the 

chemical composition of the atomic structure model closely matched the composition determined 

by microprobe analysis.  

Figure 6 shows the location of the intra-framework atoms for the structure model presented here. 

The requirement that some sites are partially occupied and disordered is expected in such an open 

framework cavity. Of five anion sites in the framework cavity, only the split site Cl1/OH5 is fully 

occupied. The sites Cl2, Cl3, OH6, and OH7 are all partially occupied. In particular, Cl2, OH6 and 

OH7 are all within 2 Å of each other and other symmetry-equivalent sites, and so cannot be fully 

occupied. 

Four Ba sites are located in the cavities of the KFI framework. The Ba1 site is 12-coordinated by 

4 × O1, 4 × O2, and 4 × Cl1/OH5. Each Ba1 polyhedron shares a Cl1/OH5 vertex with three 

adjacent Ba1 polyhedra, and O1-O2 edges with four Si1 tetrahedra; the Ba1 polyhedra thus form 

a network that interpenetrates and shares edges with the tetrahedral framework.  

The Ba2 sites lie on the [111] directions just above and below double 6-membered rings of 

tetrahedra. Each Ba2 is coordinated by 3 × O3 and 3 × O4 from the adjacent 6-membered ring, 

and formally by 6 × OH7 and 3 × Cl2, not all of which can be occupied simultaneously. During 

refinement a second center of electron density adjacent to Ba2 was found and labelled Ca2, with 

the total occupancy Ba2+Ca2 constrained equal to 1. Eight adjacent Ba2/Ca2 polyhedra form a 
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cavity around the Ba4 site. Ba4 is formally coordinated by 24 × OH7 and 6 × Cl2, but due to partial 

occupancy of these anion sites its true average coordination is likely around 10-12. 

The Ba3 site lies in double 8-fold ring cavity (Fig. 6c), slightly displaced from a 4-fold rotational 

symmetry axis, leading to an occupancy of ~1/4. Ba3 is formally coordinated by 1 × O2, 2 × O4, 

4 × Cl1/OH5, 1 × Cl2 and 6 × OH6; due to partial occupancy of Cl2 and OH6, its true average 

coordination is again likely 10-12. The Ba3 polyhedra form face-sharing dimers, with a Ba3-Ba3 

distance across the 4 × Cl1/OH5 face of 4.693(5) Å.  

3.6. Raman Spectroscopy 

The Raman spectrum of meierite was collected on a randomly oriented crystal using a Thermo-

Almega microRaman system, with a 532 nm solid-state laser and a thermoelectric cooled CCD 

detector. The laser is partially polarized with 4 cm–1 resolution and a spot size of 1 µm. The Raman 

spectrum of meierite is plotted in Figure 7. Based on previous Raman spectroscopic studies on 

various zeolites (Dutta et al., 1988; Smirnov et al., 1994; Knops-Gerris et al., 1997; Goryainov & 

Smirnov, 2001; Yu et al., 2001; Liu et al., 2012; Yang et al., 2013) we made a tentative assignment 

of major Raman bands for meierite. The O-H stretching vibrations bands are located between 3100 

and 3680 cm–1. The bands between 880-1130 cm-1 and those between 670 and 830 cm-1 correspond 

to the T-O anti-symmetric and symmetric stretching vibrations (n3 and n1 modes) within the TO4 

groups, respectively (T = Al, Si). The bands between 260 and 560 cm-1 are ascribed to the T-O-T 

bending vibrations. Below 200 cm-1, the bands are related to the rotational and translational modes 

of TO4 tetrahedra, as well as lattice vibrational modes. Similar to other zeolite-type structures (e. 

g. Yang et al., 2013) in meierite the Raman bands associated to the T-O symmetric stretching 

vibrations are less intense than those corresponding to the T-O asymmetric stretching modes due 

to the complex vibrations of the TO4 tetrahedra coupled through sharing of the O at the corners 

(Wopenka et al., 1998).  In contrast, isolated TO4 tetrahedra usually have symmetric stretching 

vibrations more intense than the asymmetric stretching modes. 

4. Discussion 

Barrer and Robinson (1972) determined the atomic structures of two salt-bearing aluminosilicates, 

called species P (grown from a gel using BaCl2) and Q (grown from a gel using BaBr2) (both are 

isotypic with KFI). Species P had the cell content Ba15[Al30Si66O192] 1.7Ba(OH)2,12.5BaCl2,35H2O. 
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The details of the synthesis of species P and Q from gels is described by Barrer and Marcilly 

(1970). Barrer and Marcilly(1970) demonstrated that the BaCl2 could be hydrothermally extracted 

from phase P using distilled water and the resulting material had “the same sieve properties as 

chabazite or Linde Sieve 5A”. Synthesis of KFI structure zeolites may also be accomplished by 

growing the zeolite in a media that have large organic molecules that serve to hold the tetrahedral 

framework open as crystallization takes place. A KFI-type zeolites has been grown by using 18-

crown-6 ether as an organic template from a starting aluminosilicate gel containing potassium and 

strontium ions (Chatelain et al., 1996).Once the KFI structure is stable, the organic molecules can 

be removed by calcination.  

The natural occurrence of meierite is due to the unusual natural abundance of Ba and Cl combined 

with OH- during crystal growth in the low-temperature aqueous environment of this skarn deposit. 

These large atoms hold the silicate tetrahedral framework open as the open three dimensional 

framework crystallizes. The exchange behaviour of meierite could not be demonstrated because 

of the limited amount of material. However, the close similarity in composition and structure type 

of meierite to the type P material grown by Barrer and Marcilly (1970) where sieve properties have 

been demonstrated, suggests that the Ba and Cl in meierite is also exchangeable under 

hydrothermal conditions. This exchange capacity may also explain why meierite crystals that are 

completely enclosed in gillespite have not been altered but those that are not enclosed have been 

altered subsequent to formation. 
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Figure 1. The Gun Claim looking north. Small trenches can be seen near the end of the small 
unnamed lake. 
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Figure 2. Walter M. Meier (1926-2009) determined the atomic structure of zeolite ZK-5 which 
has the same atomic structure as the new mineral species, meierite, described here. 
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Figure 3. A thin section showing large gillespite crystals (pink) enclosing meierite, cerchaiarite-
(Fe), pellyite, and hedenbergite. Meierite occurs as clear sub-millimeter equant inclusions within 
the gillespite crystals. Field of view is 40mm. 
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Figure 4a. Back-scattered electron image of unaltered equant grains of meierite (mei) enclosed in 
gillespite (gil) and associated with pellyite (ply). 
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Figure 4b. Back-scattered electron image of equant grains of meierite adjacent to hedenbergite 
(cpx) and pellyite (ply). This crystal of meierite is altering to a fine-grained mixture of cerchiaraite-
(Fe) and hedenbergite. 
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Figure 5. The linkage of the tetrahedral framework in meierite. Lines connect the centers of 
framework tetrahedra. a) The lta cubo-octahedral cavity. b) pau cavity, c) 6dr cavity. d) 
Connectivity of these cavities using pau cavity along the a axis and the d6r cavity along [111]. 
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Figure 6. Ba (green and yellow), Cl (pink) and OH (blue) locations within a) the central cubo-
octahedral cavity (lta), b) the double 6-fold ring cavity (d6r) and c) the pau cavity(d8r). 
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Figure 7. Raman spectra of meierite showing the main Raman bands in the region 100-1400 cm-1 
(top). The spectrum below shows the O-H stretching vibrations bands located between 3100 and 
3680 cm–1. 
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Table 1. Physical properties of meierite. 

Colour: white/clear 

Streak: white 

Lustre: vitreous, transparent 

Fluorescence: none 

Hardness: 5 ½ (estimated) 

Cleavage: none observed 

Tenacity: brittle Fracture: conchoidal 

Density: (calculated) 3.50 g/cm3 

Optical Properties (Na vapour light source, 589 nm) 

Isotropic n=1.598 

Compatibility index (1-(Kp/Kc)) = 0.029 (excellent) 
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Table 2. Chemical analysis of meierite. 
       

 wt %       
oxide 

molecular 
weight # cations # 

oxygens 

#cations 
Based 
on 96T 

charge 

SiO2 28.30 60.02 0.47 0.94 62.47 249.86 
P2O5 1.61 141.95 0.02 0.06 3.00 15.00 
Al2O3 11.75 101.94 0.23 0.35 30.53 91.60 
TiO2 0.05 79.9 0.00 0.00 0.09 0.34 
FeO 0.27 71.85 0.00 0.00 0.49 0.98 
CaO 0.21 56.08 0.00 0.00 0.49 0.98 
BaO 47.61 153.36 0.31 0.31 41.13 82.25 
Na2O 0.15 61.98 0.00 0.00 0.66 0.66 
K2O 0.21 94.2 0.00 0.00 0.59 0.59 
Cl 6.64 35.45 0.19  24.82 -24.82 

Total 96.79      
O = Cl 1.50      

Total 95.29    total + 
charge 442.27 

     chg O , Cl -408.82 
OH- 4.29 17 0.25  excess +ve 33.44 
total 99.58      

 
Formula based on site occupancies from structure refinement:  
Ba39.9Ca2.01Si96O192Cl28.8·(H2O,OH)44.5 
Formula based on chemical analysis and charge balance considerations:  
Ba41.1Ca0.5Fe0.5Na0.7K0.6Si62.5Al30.5P3.0O192Cl24.8·(OH)33.4   
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Table 3. Powder diffraction data. The powdered sample was prepared on a zero-background 
silicon sample holder, and measured using a PANalytical X’Pert Powder diffractometer, CuKα(Ni) 
radiation, X'Celerator line detector, step size 0.02°, step time 60 sec., 4 - 65° 2θ. The profile fit 
used HighScore+ 3.0e, Profit profile fit function. There are two additional peaks in the pattern, the 
gillespite (002) peak (intensity 10) and the main quartz peak (intensity 7), which were excluded 
from the fit. The unit cell dimension is 18.578(2) Å based on least-squares refinement of powder 
diffraction data.	

I (obs.) d (obs) [Å] d (calc) [Å] hkl 
12 9.34 9.29 200 
4 5.894 5.875 310 
14 4.977 4.965 321 
70 4.388 4.379 411, 330 
26 4.161 4.154 420 
2 4.030 4.054 421 
25 3.798 3.792 422 
12 3.648 3.643 510, 431 
34 3.288 3.284 440 
2 3.244 3.234 441, 522 

100 3.189 3.186 433, 530 
3 3.142 3.140 531 
22 3.100 3.096 442, 600 
72 3.016 3.014 611, 532 
8 2.939 2.937 620 
42 2.803 2.801 622 
31 2.629 2.627 710, 550, 543 
28 2.529 2.528 721, 552, 633 
3 2.484 2.483 642 
12 2.441 2.439 730 
9 2.382 2.379 650, 643 
5 2.361 2.359 651, 732 
46 2.323 2.322 800 
59 2.287 2.287 741, 554, 811 
12 2.254 2.253 820, 644 
9 2.240 2.237 821, 742 
6 2.221 2.221 653 
5 2.159 2.160 750, 831, 743 
3 2.104 2.104 752 
2 2.081 2.077 840 
4 2.052 2.052 910, 833 
8 2.027 2.027 842 
9 2.004 2.003 761, 921, 655 
4 1.958 1.958 930, 754, 851 
3 1.943 1.948 931 
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Table 4. Single crystal X-ray diffraction data collection and atomic structure refinement details. 

Space group Im-3m (204)	

a (Å) 18.5502(4)	

V (Å3) 6383.3(2)	

Z 1	

Crystal size (mm) 0.23 × 0.18 × 0.17	

Radiation MoKα	

Monochromator TRIUMPH	

2θmax (°) 72.56	

h, k, l ranges -30/22, -30/18, -30/27	

Total reflections 29165  	

Unique reflections 1531  	

Fo > 4s(Fo) 1393	

Rint. (%) 3.66	

Rσ (%) 2.12	

R1 for Fo > 4σ (%) 4.07	

R1 for all unique Fo (%) 4.47	

wR2 (%) 10.76	

GooF (=S) 1.130	

i 0.0343     	

j 75.4788	

Drmax (e/Å3) 2.74	

Drmin (e/Å3) -3.68	
 

R1 =∑(Fo – Fc)/∑Fo, w = 1/(σ2(Fo
2) + (i × P)2 + j × P) where P = [Max. (Fo

2,0) + 2Fc
2]/3; wR2 = [(∑w(Fo

2 – 

Fc
2)2)/∑w(Fo

2)2]½ 
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Table 5. Atomic coordinates of meierite. 

 

 

 

 

 

 

 

 

atom x y z U(iso)  occupancy 
Ba1  1/4 1/2 0 0.02747(15)  1 
Ba2  0.36871(3) 0.36871(3) 0.36871(3) 0.0333(2)  0.874(5) 
Ca2  0.3533(8) 0.3533(8) 0.3533(8) 0.024(3)  0.126(5) 
Ba3  0 0.37395(12) 0.0149(2) 0.0675(12)  0.2604(16) 
Ba4  0 0 0 0.0575(12)  0.705(11) 
Si1  0.30008(4) 0.41779(4) 0.18076(4) 0.01292(14)  1 
Cl1  0.09523(10) 0.5 0.09523(10) 0.0393(8)  0.89(2) 
Cl2  0 0.1720(5) 0 0.034(3)  0.285(16) 
Cl3  0.25 0.25 0.25 0.019(7)*  0.076(13) 
O1  0.25 0.38273(16) 0.11727(16) 0.0298(7)  1 
O2  0.1828(2) 0.34807(18) 0 0.0266(7)  1 
O3  0.26087(13) 0.26087(13) 0.41622(17) 0.0247(6)  1 
O4  0.37780(15) 0.37780(15) 0.1922(2) 0.0287(7)  1 
OH5  0.09523(10) 0.5 0.09523(10) 0.0393(8)  0.11(2) 
OH6  0.0427(15) 0.2210(15) 0 0.19(2)*  0.50(2) 
OH7  0 0.1323(10) 0.0695(10) 0.082(6)*  0.428(16) 
  * indicates U(eq)       
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Table 6. Atomic displacement parameters for meierite (Å2). 

 
 
 
  

 u11 u22 u33 u12 u13 u23 
Ba1 0.0403(3) 0.02105(16) 0.02105(16) 0 0 0 
Ba2 0.0333(2) 0.0333(2) 0.0333(2) -0.00522(16) -0.00522(16) -0.00522(16) 
Ca2 0.024(3) 0.024(3) 0.024(3) 0.003(3) 0.003(3) 0.003(3) 
Ba3 0.070(3) 0.0952(12) 0.0369(12) -0.0132(8) 0 0 
Ba4 0.0575(12) 0.0575(12) 0.0575(12) 0 0 0 
Si1 0.0132(3) 0.0096(3) 0.0159(3) -0.0009(2) -0.0007(2) 0.00055(19) 
Cl1 0.0407(9) 0.0365(11) 0.0407(9) 0 0.0106(8) 0 
Cl2 0.035(3) 0.031(5) 0.035(3) 0 0 0 
O1 0.0219(14) 0.0338(11) 0.0338(11) -0.0119(14) -0.0050(8) -0.0050(8) 
O2 0.0452(19) 0.0232(14) 0.0114(11) 0 0 0.0095(13) 
O3 0.0244(9) 0.0244(9) 0.0253(14) -0.0012(8) -0.0012(8) 0.0045(11) 
O4 0.0242(9) 0.0242(9) 0.0378(19) -0.0065(10) -0.0065(10) 0.0097(12) 

OH5 0.0407(9) 0.0365(11) 0.0407(9) 0 0.0106(8) 0 
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Table 7. Selected Bond lengths in meierite (Å). 
 

 
Bond distance  Bond distance 

Ba1-O1 3.076 (4) x4  Ba3-O2 3.151 (5)  

Ba1-O2 3.082(4) x4  Ba3-O4 3.257 (5) x2 

Ba1-Cl1/OH5 3.3710(6) x4  Ba3-Cl1 3.288 (3) x2, 
3.572(3)x2 

Ba2-O3 2.963(4) x3  Ba3-OH5 3.288 

Ba2-O4 3.283(4) x3  Ba3-OH6 2.88(3), 2.96(3) x2, 
3.03(3) 

Ba2-OH7 2.692(8) x6  Ba4-OH7 2.77(2) x24 

Ba2-Cl2 3.562(2) x3  Ba4-Cl2 3.19(1) x6 

Ca2-O3 2.69(1) x3    

Ca2-O4 3.06(1) x3    

Ca2-OH7 3.09(2) x6    

Ca2-Cl3 3.32(2)    
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Gypsum (CaSO4�2H2O) has been identified as a major component of part of Olympia Undae in the north-
ern polar region of Mars, along with the mafic minerals more typical of Martian dune fields. The source
and age of the gypsum is disputed, with the proposed explanations having vastly different implications
for Mars’ geological history. Furthermore, the transport of low density gypsum grains relative to and con-
currently with denser grains has yet to be investigated in an aeolian setting. To address this knowledge
gap, we performed a field study at White Sands National Monument (WSNM) in New Mexico, USA.
Although gypsum dominates the bulk of the dune field, a dolomite-rich [CaMg(CO3)2] transport pathway
along the northern border of WSNM provides a suitable analog site to study the transport of gypsum
grains relative to the somewhat harder and denser carbonate grains. We collected samples along the stoss
slope of a dune and on two coarse-grained ripples at the upwind margin of the dune field where minerals
other than gypsum were most common. For comparison, additional samples were taken along the stoss
slope of a dune outside the dolomite transport pathway, in the center of the dune field. Visible and near-
infrared (VNIR), X-ray powder diffraction (XRD), and Raman analyses of different sample size fractions
reveal that dolomite is only prevalent in grains larger than �1 mm. Other minerals, most notably calcite,
are also present in smaller quantities among the coarse grains. The abundance of these coarse grains, rel-
ative to gypsum grains of the same size, drops off sharply at the upwind margin of the dune field. In con-
trast, gypsum dominated the finer fraction (<�1 mm) at all sample sites, displaying no spatial variation.
Estimates of sediment fluxes indicate that, although mineralogical differentiation of wind-transported
grains occurs gradually in creep, the process is much more rapid when winds are strong enough to saltate
the P1 mm grains. The observed grain segregation is consistent with the WSNM dune field formative
friction velocity (0.39 m/s) proposed by Jerolmack et al. (2011): winds significantly weaker than this
value would not lift the large grains into differentiation-inducing saltation, whereas the observed differ-
entiated trend would be obliterated by significantly stronger winds. When applied to Olympia Undae, a
similar sediment flux analysis suggests that the strongest winds modeled by the Mars Climate Database
(MCD) are consistent with the observed concentration of gypsum at dune crests. Density-driven differen-
tiation in transport should not influence sediment fluxes of finer grains (<1 mm) as strongly on Earth,
suggesting that the high ratio of fine gypsum grains to other minerals at WSNM is caused by a relatively
high production and/or abrasion rate of gypsum sand. The observed preferential transport of coarse-
grained gypsum in the dune field conceals a broader range of coarse-grained minerals present on
Alkali Flat, contributing to the problem that mineralogy determined through both remote sensing of dune
fields and analysis of dune foresets does not fully represent that of the source regions. Unlike quartz, the
concentration of gypsum inWSNM occurs not because it is more resistant to weathering and erosion than
other minerals, but rather because it is more readily produced (in the case of finer grains) and transported
(in the case of coarser grains) than other minerals present in the region.

� 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Olympia Undae is Mars’ largest dune field, spanning more than
200,000 km2. The composition of the dune sand appears to be
dominated by mafic materials (e.g., Bell et al., 1997; Bandfield
et al., 2000), with the most recent spectral study suggesting a mix-
ture of iron-bearing glass and high-calcium pyroxene (Horgan and
Bell, 2012). In 2005, a large quantity of the mineral gypsum was
unexpectedly identified on Mars in the high-latitude dune sands
of Olympia Undae using OMEGA (Observatoire pour la Mineralogie,
l’Eau, le Glace e l’Activité) near-infrared data (Langevin et al.,
2005). Because gypsum crystallizes from liquid water, the discov-
ery of this extensive deposit has important implications for the cli-
matic and sedimentary history of the currently cold and dry north
polar regions of Mars. CRISM (Compact Reconnaissance Imaging
Spectrometer for Mars) data (e.g., Murchie et al., 2009) indicate
that gypsum sand grains appear to concentrate at the crests of
the large dunes, although the increasing band depth used for gyp-
sum detection could instead indicate an increase in gypsum grain
size rather than grain abundance (Roach et al., 2007; Calvin
et al., 2009; Horgan et al., 2009; Murchie et al., 2009). Horgan
et al. (2009) argued that because coarse grains do not typically
accumulate on dune crests, and because the dune crests coincide
with a higher albedo more typical of gypsum than of mafic mate-
rials, the CRISM data indicate an increase in gypsum abundance
rather than an increase in grain size with elevation on the dunes.
That study found gypsum abundances on dune crests to be as high
as 42 wt.%, with abundances in interdunes as low as 13 wt.%. Gyp-
sum is also present, but not in such high concentrations, on the
crests of lower, secondary dunes that are found on the slopes of
the larger dunes (Szumila et al., 2013).

The presence of such an extensive deposit of young
(Amazonian, <�3.3 Ga) hydrated minerals contrasts sharply with
the view that sulfate minerals formed in abundance on Mars much
earlier in the planet’s history, during the Hesperian (�3.3 to
�3.6 Ga) or Theiikian Epochs (�3.5 to �4 Ga; Bibring et al.,
2006). The various hypotheses explaining the presence of gypsum
within Olympia Undae have very different implications for the for-
mation of sulfates at high northern latitudes. Fishbaugh et al.
(2007) proposed that gypsum formed from (1) precipitation of
gypsum crystals as sulfate-rich brines evaporated and (2) direct
aqueous alteration of high-calcium, iron-rich pyroxene and sulfide
sand grains already present in the dunes. A field study of the polar
sulfur cycle in Svalbard, Norway, supports this hypothesis, suggest-
ing that gypsum on Mars could form from basalt and sulfide
weathering during episodic thawing and melting events
(Szynkiewicz et al., 2013). Other proposed gypsum formation
mechanisms involve abrasion of older strata containing sulfates,
such as a ‘‘veneer-forming” sedimentary unit exposed within the
spiral troughs of Planum Boreum (Horgan et al., 2009) and deposits
underlying the sand sea that may have formed from precipitation
in hydrothermal groundwater (Tanaka, 2006).

There is no consensus yet on the origin of the sulfates in the
dune field. It is possible that the concentration of gypsum on the
dune crests may provide some hint of its origin: could this concen-
tration have occurred as a result of preferential aeolian redistribu-
tion of grains by size or density, or did it form in situ by alteration
of other minerals or from precipitation? There is little understand-
ing of how aeolian transport might rework grains of varying min-
eralogy across a dune or through a dune field. A laboratory study
of the compositional maturity of mafic aeolian sand grains indi-
cated that basalt grains are as durable in aeolian transport as poly-
crystalline quartz, and that volcanic glass grains are nearly as
durable, but that monocrystalline grains of plagioclase, pyroxene,
and (especially) olivine abrade easily (Cornwall et al., 2015).
Please cite this article in press as: Fenton, L.K., et al. Sedimentary differentiatio
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Gypsum grains (�1 mm diameter) have been found to abrade
quickly to smaller (�500 lm diameter) and rounder particles in
simulated aeolian transport (Marsland and Woodruff, 1937). How-
ever, smaller gypsum grains (ranging in size from �125 to
1000 lm) were found to abrade much more slowly than quartz
grains, suggesting that despite their softness, gypsum sand grains
can be transported for long distances under arid conditions
(Szynkiewicz et al., 2013).

The intent of the present study is to investigate how aeolian
processes spatially segregate sand grains of gypsum and other
mineralogies across active dunes. We performed a field investiga-
tion of four barchan/barchanoid dunes at White Sands National
Monument (WSNM) in New Mexico, USA, selected for their likely
‘‘contamination” by non-gypsum grains. Field samples from these
dunes have been separated by grain size and, in some cases by
apparent color, and mineralogical analyses were performed with
the combined use of X-ray powder diffraction (XRD), visible and
near-infrared (VNIR) spectroscopy, Raman spectroscopy, and Four-
ier transform infrared (FTIR) spectroscopy. The study site was
located at the upwind margin of the WSNM dune field, along a
transport pathway including a secondary population of dolomite
grains in addition to the predominant gypsum grains. Although
not as hard or dense as the mafic sands of Olympia Undae, dolo-
mite is significantly harder and denser than gypsum (with hard-
nesses of 3.5–4 and 2, and densities of �2.84 and �2.31 g cm�3,
respectively), potentially interacting with gypsum in ways that
may be analogous to that of the iron-bearing glass and high-
calcium pyroxene common to Olympia Undae (with hardnesses
of 5.5 and 6, and densities of �2.75 and �3.4 g cm�3, respectively).

Spectroscopic analysis from the dolomite-rich study area in
WSNM (labeled ‘‘Dolomite Dune” in Fig. 1) shows that, although
sand grains finer than �500 lm (>�1u) were predominantly made
of gypsum grains (similar to the rest of the dune field), the coarsest
grains (>1 mm, or <0u) were mostly dolomite. In addition, a small
but significant portion of the coarser grains were composed of
other minerals, including (in decreasing order of abundance) cal-
cite, quartz, hematite, microcline, the clay prehnite and clay
assemblage beidellite–illite–chlorite, albite, rutile, titanite, and
possible mafic minerals. There is a marked drop in mineralogical
diversity from windward base of the Dolomite Dune stoss slope
(i.e., the upwind margin of the dunefield) to the Dolomite Dune
crest, with gypsum growing increasingly prevalent in the coarsest
size fraction with proximity to the crest. A comparison of potential
fluxes from creep and saltation indicates that the mineralogical
segregation of coarse grains is caused by saltation, because wind
events that are strong enough to saltate >1 mm grains are much
more effective at entraining low density gypsum grains than the
denser minerals. This process helps to produce the nearly pure
gypsum of the main WSNM dune field, which under-represents
the mineralogical diversity found upwind. All spectral and XRD
data described in this study have been archived at http://odr.io/
SETI_WhiteSands01.
2. Background

The White Sands Dune Field is located in the Tularosa Basin in
New Mexico, USA. The southern portion of the dune field is con-
tained within the boundary of WSNM (see Fig. 1). The dune sand
is derived from gypsum sediment eroded from lake beds located
immediately upwind on Alkali Flat, to the west. These beds were
formed by evaporation of Lake Otero (located where Alkali Flat
and the dune field are today), which formed during the Pleistocene
(e.g., Seager et al., 1987; Allen et al., 2009). Beginning �7000 years
ago, the lakebed surface was deflated as much as 20 m, as Lake
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Fig. 1. (a) The Tularosa Basin of New Mexico, USA (context shown in inset), showing the gypsum dune field (solid line) and border of the White Sands National Monument
(dotted line). The base map is a USA Topo Map (http://services.arcgisonline.com/ArcGIS/rest/services/USA_Topo_Maps/MapServer). (b) White Sands National Monument,
with the locations of the study sites marked in magenta boxes. The park boundary is indicated by a dashed line, and the base map is from World Imagery (http://services.
arcgisonline.com/ArcGIS/rest/services/World_Imagery/MapServer). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Otero declined as a result of an increase in regional aridity (e.g.,
Fryberger, 2001; Langford, 2003; Kocurek et al., 2007;
Szynkiewicz et al., 2010). Over this period, each of at least three
episodes of lake retreat released new sediment that allowed suc-
cessive development of the dune field (Baitis et al., 2014). The
unusually gypsiferous lake deposits were originally derived from
gypsum and anhydrite Permian strata in the mountains to the
north of the Tularosa Basin, carried southward in down-gradient
flow by fresh runoff and alluvial fans (Allmendinger, 1971;
Fryberger, 2001; Szynkiewicz et al., 2010).

The dune field itself, spanning more than 400 km2, has been the
subject of numerous studies for decades, most notably that by
Edwin McKee (e.g., McKee, 1966; McKee and Douglass, 1971;
McKee and Bigarella, 1979). The dominant sand-transporting wind
blows from the southwest during winter and spring, although
northerly, northwesterly and southeasterly winds also contribute
to sediment transport (Fryberger and Dean, 1979). The center of
the main dune field is composed of barchanoid dunes with crestli-
nes oriented to the NNW (345�), 75� from the resultant drift direc-
tion (RDD) of 060�, such that the dunes are on the border between
transverse and oblique in their morphodynamic classification
(Kocurek et al., 2007). In addition to contributing to dune obliquity,
subordinate north to northwesterly winds also cause southeasterly
(along-crest) migration of dune sinuosity and low relief stoss
dunes (Kocurek et al., 2007; Pedersen et al., 2015). The dune field
was constructed mainly from sediment once stored in the lake
deposits, but with a low level of present-day influx from the
currently-active playas. Kocurek et al. (2007) described the sedi-
ment state of the dune field as contemporaneous and lagged sedi-
ment influx that is availability limited (CLIAL), following the
terminology of Kocurek and Lancaster (1999).

The dunes are currently accumulating as a wet aeolian system,
i.e., their deposition is controlled by the depth of the water table
(Kocurek and Havholm, 1994; Kocurek et al., 2007). Eroded dune
foresets are commonly visible on lower dune stoss slopes and on
interdunes immediately upwind of active dunes, produced by aeo-
lian abrasion of cemented strata. Deposited strata consist of dune
foresets and interdune deposits, with dune foreset preservation
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dependent on the streamwise (i.e., parallel to the dominant wind
direction) length of the interdune: relatively narrow interdunes
are quickly buried by the next encroaching dune, permitting better
preservation of dune deposits and limiting the development of
interdune deposits (Kocurek et al., 2007).

Gypsum sand grains dominate in the main body of the dune
field (e.g., Ghrefat et al., 2007). Jerolmack et al. (2006) conducted
a field study of coarse-grained ripples on the stoss slopes of several
dunes in the center of the WSNM dune field (far from the upwind
margin), measuring sediment fluxes and wind friction velocities
(u⁄). They found that saltating grains at u⁄ = 0.41 m/s were all made
of gypsum, and ranged in size from 100 to 1000 lm (coarser grains
present on the ripples were only observed to creep). They used this
separation of transport mechanisms to propose, as first suggested
by Bagnold (1941), that the critical friction velocity for the coarsest
grains can be used as an upper bound for the friction velocities that
occurred when the ripples were constructed, as stronger winds
would have destroyed the coarse-grained ripples and replaced
them with ‘‘splash” or ‘‘impact” ripples that do not involve creep.

Jerolmack et al. (2011) found that the gypsum grains at WSNM
quickly reach a mature state of sorting and grain size 5–6 km
downwind of the dune field margin, leading to a median grain size
of �400 lm in the main body of the dune field. Their results indi-
cate that abrasion played a secondary role in affecting grain size
distributions, contributing to changes in grain shape, but not
strongly influencing grain size. As a result, they attributed most
of the grain size changes along the western border to size selection
by aeolian transport. Specifically, suspended (smaller) grains com-
prise a small population that is fairly uniformly draped over the
dune field, whereas creeping (larger) grains did not penetrate more
than �2 km into the dune field (although Jerolmack et al. (2006)
identified some in coarse-grained ripples located in the center of
the dune field). Langford et al. (2015) measured grain size distribu-
tions from samples taken along transects and several dune stoss
slopes in the middle of the WSNM dune field. They found no con-
sistent spatial patterns in grain size or sorting either along the
transects or within individual dune stoss slopes, proposing that
the influx of sand from immediate upwind sources (e.g., adjacent
n of aeolian grains at the White Sands National Monument, New Mexico,
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dunes or interdunes) more strongly influenced grain sizes than
dune-field-scale grain sorting processes.

3. Field study

Fieldwork at WSNM was conducted from April 7–10, 2013, fol-
lowing two days of reconnaissance to identify promising study
dunes. Three dunes (‘‘Dune 1”, ‘‘Dune 2”, and ‘‘Dolomite Dune”)
were selected as locations where terrigenous grains were likely
to be relatively abundant, and a fourth dune (‘‘control dune”)
located in the main dune field (where non-gypsum grains were
likely to be relatively scarce) was selected as a control case for
comparison (see Fig. 1b for sampled dune locations). This work
focuses on results from Dolomite Dune, located within the rela-
tively immature sediment zone at the western margin of the dune
field, and its comparison to the control dune.

3.1. Site sampling

Sixty sand samples (each �200 g) were collected in the field,
along traverses and at other select sites (see Section 3.2). Sites of
sample collection were indicated with small marking Flags (the
term ‘‘Flag” is used throughout the text to refer to specific collec-
tion sites), and their locations were recorded using a Garmin
GSMap 296, with positional accuracy ranging from 1 to 3 m. Digital
images of each collection site were recorded prior to sampling, giv-
ing an indication of the relative grain sizes, surface cohesiveness,
and textural context for the sample. Samples were then collected
from the top �5 cm of the surface with a plastic scoop and placed
in quart-sized, labeled zip-lock baggies.

3.2. Study areas

Dolomite Dune is a long barchanoid dune (100 m streamwise by
70 m crosswise, 6.4 m high) located at the upwind edge of the dune
field, along the northern border of WSNM (see Fig. 2). This site
appeared optimal because of an accumulation of very coarse sand
and granules made of dolomite on these otherwise gypsum-rich
Fig. 2. Dolomite Dune, a barchanoid dune located on the western edge of the dune field (m
An overview of the sampling sites including Flags 1 through 9 of the main streamwise t
(blue triangles). Solar illumination is approximately from the SE. The inset shows shad
location of the image, the northern WSNM boundary with a dotted black/red line, and t
arcgisonline.com/maps/USA_Topo_Maps). (b) A view from the brink of Dolomite Du
interpretation of the references to color in this figure legend, the reader is referred to th
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dunes, which had previously been noted by one of us (D. Bustos).
Because dolomite grains are abundant in this region, this area
was selected to study the transport (e.g., sorting) of gypsum grains
relative to that of the denser, harder dolomite granules.

Because dolomite is a white mineral somewhat similar in
appearance to gypsum, it is not apparent from aerial images that
it is abundant near Dolomite Dune. To our knowledge, the dolo-
mite grains in the dunes have not been reported in the literature.
Allen et al. (2009) reported on interbedded calcareous muds and
tufas in lake sediments along the western margin of Lake Otero,
but they did not identify dolomite. The origin of these grains
may be detrital, as Paleozoic limestone and dolomite strata are
plentiful in the San Andreas Mountains west of the Tularosa Basin
(Seager et al., 1987). Alternatively, the dolomite could be an evap-
orite deposit eroded from Alkali Flat, formed either as a primary
sediment similar to others that have been identified in saline lakes
(e.g., Last, 1990), or as a secondary mineral recrystallized from gyp-
sum or other carbonates (e.g., Gierlowski-Kordesch, 2010). The
provenance of the dolomite transport pathway will likely be deter-
mined only after further field study.

Allen et al. (2009) identified interbedded calcareous muds and
tufas in lake sediments along the western margin of Lake Otero.
The dolomite found on and upwind of Dolomite Dune likely has
a similar origin as the carbonates found by Allen et al. (2009), with
source materials originally derived from the San Andreas Moun-
tains to the west.

Samples from Dolomite Dune were collected along one main
streamwise traverse of 9 locations separated by �12 m (Flags 1
through 9), the upper slip face (Flag SF), and two nearby coarse-
grained ripples (Ripples 1 and 2). Ripple 1 was located 224 m
upwind of Dolomite Dune’s slip face brink (located at Flag 1).
Ripple 2 was located 179 m SSE of Dolomite Dune’s Flag 1, in a
local hollow between two barchanoid stoss slopes, �10 m upwind
of the local dune brinks. Fig. 2b shows a view to the WSW down
the traverse from the brink of Dolomite Dune.

The control dune is a small barchanoid dune located in the cen-
ter of the main dune field in WSNM, �6 km downwind of the dune
field’s western margin (see Fig. 3). With dimensions of 62 m
arked by a solid line) at the northern border of WSNM (marked by a dotted line). (a)
raverse (red), the upper slip face (SF in yellow), and coarse-grained Ripples 1 and 2
ed relief of the dune field and Alkali Flat, with the magenta rectangle showing the
he margin of the dune field with a black line (from USA Topo Maps at http://goto.
ne looking westward along the main traverse (visible flags are identified). (For
e web version of this article.)
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Fig. 3. The control dune, a barchanoid dune located within the WSNM dune field. (a) An overview of the sampling sites including Flags 1 through 6 of the main streamwise
traverse (red), the upper slip face (SF in yellow), north and south traverses (green), and the interdune downwind (ITD). Solar illumination is approximately from the SE. (b) A
view of the stoss looking northeast with L. Fenton for scale (visible Flags are identified). The inset shows shaded relief of the dune field, with the magenta rectangle showing
the location of the image in a) (from USA Topo Maps at http://goto.arcgisonline.com/maps/USA_Topo_Maps). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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streamwise by 114 m crosswise, the dune is shorter but wider than
Dolomite Dune. The control dune was selected for its presence
within, and similarity to, the bulk of the barchanoid dunes most
often studied at WSNM. It is located beyond the zone of mechani-
cal immaturity (i.e., consisting of poorly-sorted, more elongated
grains) found along the upwind margin of the dune field measured
by Jerolmack et al. (2011). In the field, it was observed that sand
from the control dune was indeed finer-grained and better sorted
than that collected from Dolomite Dune. Samples from The control
dune were collected along one main streamwise traverse of 6 loca-
tions separated by 10 m (Flags 1 through 6), a north crosswise tra-
verse (Flags N1 through N3), a south crosswise traverse (Flags S1
and S2), the upper slip face (Flag SF), and on the interdune down-
wind of the slip face (Flag ITD). Fig. 3b shows a view from the
windward base of the stoss slope looking downwind (northeast).
4. Field and laboratory methods

4.1. VNIR field spectroscopy

An Analytical Spectral Devices (ASD) FieldSpecProFR VNIR
reflectance spectrometer was used in the field to collect spectra
of the samples from wavelengths 0.35–2.5 lm. Gypsum exhibits
spectral absorption bands within this range (e.g., Bishop et al.,
2014), as do other minerals found to be present in the vicinity, such
as carbonates, clays, hydrated sulfates, and anhydrite (Szynkiewicz
et al., 2010). In the field, reflectance spectra were obtained in two
modes: (1) aiming at a surface within the field of view using the
sun as the source and (2) in situ measurements with the contact
probe using an internal lamp as the source.

The field of view measurements were performed using an 8�
field of view attachment on the ASD spectrometer. Prior to obtain-
ing sand samples, each traverse was walked, with spectra collected
at �1 m intervals in order to efficiently assess the dominant sur-
face mineralogy across the site. Data were collected at 50 scans
per sample (�1 min per measurement) in order to canvass the area
quickly. Spectra acquired in this manner typically have some con-
tributions from atmospheric features unless the sky is perfectly
static between measurements of the standard and a sample (a rare
occurrence). Once a general understanding of the mineralogy was
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achieved, data were acquired at a rate of 100 scans per sample
(�2 min) and a 1� field of view attachment for spectral measure-
ments at each Flag. This initial survey provides context for the fol-
lowing detailed data collection.

Following the contextual sampling, the contact probe was used
with the ASD spectrometer for more precise in situ analysis as it
enables direct measurement of samples without contribution from
the atmosphere. At each Flag, the spectrometer was calibrated with
200 scans of a Halon standard, followed by 100 scans directly on
the dune sand (see Fig. 4a). Two to three spectra were obtained
at each Flag, and were later averaged for further analysis. Fig. 4b
shows field spectra along the Dolomite Dune stoss slope and slip
face, obtained using the contact probe. The spectra show consider-
able overlap, each displaying characteristic strong absorption sig-
natures of gypsum. This lack of spatial variation was typical of
the field spectra, even in locations where other minerals were
clearly present (e.g., dolomite sand and granules cannot be
detected in Fig. 4b). Although field spectra were obtained at every
sample site, the detailed nuances in grain mineralogy only
emerged in the laboratory spectra taken of samples that were first
sieved into size fractions; the remainder of the text will discuss
only these results.
4.2. Laboratory sample preparation

To determine how mineralogy relates to particle size, grains
from Flags 4 and 7 on Dolomite Dune and the Ripple 2 crest were
sieved into eight size fractions, ranging from silt to very coarse
sand (see Table 1). The Dolomite Dune slip face sample was much
better sorted, so it was only sieved into two size fractions (45–
150 lm and >150 lm), primarily to allow for XRD analysis on the
45–150 lm size fraction. Similarly, samples from the crest, lee
slope, and stoss slope of Ripple 1 were sieved into three size frac-
tions (<45 lm, 45–150 lm, and >150 lm) to allow for XRD analysis
on the 45–150 lm size fractions. The control dune samples were
relatively finer-grained and better sorted than those on and near
Dolomite Dune (consistent with the findings of Jerolmack et al.,
2011), so they were only sieved into three size fractions
(<150 lm, 150–495 lm, and >495 lm), with XRD analysis per-
formed on the <150 lm size fraction.
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Fig. 4. (a) J. Bishop using the contact probe on the ASD at Dune 1, Flag 2. View is
from the dune crest looking east toward the dune slip face, with the vegetated
interdune in the background. (b) ASD contact probe spectra at each sample site
along the stoss slope and slip face of Dolomite Dune, showing characteristic gypsum
absorptions with little variation from one site to another.

Table 1
Sieved grain size fractions.

Grain size (d) ua Class

<45 lm >4.47 Coarse silt – clay
45–90 lm 3.47–4.47 v. fine sand – coarse silt
90–150 lm 2.74–3.47 Fine sand – v. fine sand
150–250 lm 2.00–2.74 Fine sand
250–355 lm 1.49–2.00 Medium sand
355–495 lm 1.01–1.49 Medium sand
495–1000 lm 0.00–1.01 Coarse sand
>1000 lm <0.00 Pv. coarse sand

a In which u ¼ �log2d, with d in mm.
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In the field we noted that the coarsest grains were frequently
made of distinct colors, likely corresponding to distinct mineralo-
gies. To further investigate this, coarse grains (>1000 lm) from
the crest of Ripples 1 and 2 of Dolomite Dune were isolated and
manually sorted by apparent color. Ripple 1 coarse grains were
separated into light (i.e., white and nearly white), brown, translu-
cent, pink, green, and dark (i.e., black and nearly black) grains. Hav-
ing less diversity, Ripple 2 coarse grains were separated into only
light and dark grains.
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4.3. VNIR in the laboratory and RELAB

Laboratory reflectance spectra were measured of the samples in
a horizontal black Teflon sample dish using an ASD spectrometer
under ambient conditions at the SETI Institute, using a bidirec-
tional VNIR spectrometer under ambient conditions at Brown
University’s Reflectance Experiment Laboratory (RELAB; Pieters,
1983), and using a biconical Nicolet FTIR spectrometer in a con-
trolled, dry environment at RELAB (e.g., Bishop et al., 2014). Ambi-
ent spectra in both laboratories were measured relative to Halon
from �0.3 to 2.5 lm. Infrared reflectance spectra were measured
relative to a rough gold surface with 2 cm�1 spectral sampling from
1 to 50 lm in an environment purged of H2OA and CO2A for 10–
12 h as in past studies (e.g., Bishop et al., 2014). Composite, abso-
lute reflectance spectra were prepared by scaling the FTIR data to
the bidirectional data near 1.2 lm. We focused on the VNIR reflec-
tance spectra from 0.3 to 5 lm for this study, for comparison with
the orbital Martian data from CRISM and OMEGA.

4.4. X-ray diffraction

Powder X-ray diffraction (XRD) analysis consists of measuring
the angles and intensities at which a monochromatic X-ray beam
is diffracted by a polycrystalline sample. This allows characterizing
the structure of unknown materials, identifying phases based on
their unique signature, and measuring abundances when several
phases are present. XRD has been the gold standard for mineral
identification for decades and has recently become available for
in situ analysis, using portable instruments.

Because of its resistance to both chemical and mechanical
weathering, quartz was considered a likely component of many of
the terrigenous sand grains at WSNM. However, quartz does not
exhibit a signature within the VNIR range, making XRD an essential
technique in our study. XRD can also easily differentiate calcium
sulfates depending on their amount of water within their crystal
structure (e.g., gypsum: CaSO4�2H2O, bassanite: CaSO4�0.5H2O,
hannerbachite: CaSO3�0.5H2O, and anhydrite: CaSO4).

A portable Terra field XRD unit (InXitu, Inc.) was brought to the
first study dune, but windy conditions precluded its use for the
duration of the fieldwork. Following the field work, the unit was
used in the laboratory to analyze field samples. Terra is a transmis-
sion XRD instrument using a direct detection CCD, a 30 kV 10W Co
X-ray source with Kb filter, and a sample holder with a piezoelec-
tric vibration system that places the sample in motion during the
analysis, allowing coarser-grained materials to be analyzed, and
reducing preferred orientation effects (Sarrazin et al., 2005). Simi-
lar instruments have been used successfully to characterize sul-
fates, clays, quartz, and other minerals at a variety of field sites
(e.g., Sarrazin et al., 2007; Blake et al., 2011). The technology of
these portable instruments derives from CheMin (CHEmistry and
MINeralogy), the XRD onboard the Mars Science Laboratory
(MSL) Curiosity (Blake et al., 2012).

Samples were ground to <�150 lm and then placed into the
sample holder. (�10 mm3). Analyses were conducted over 250
CCD exposures, each exposure consisting of 10 s of X-ray integra-
tion. Data were collected from 5 to 55 2h. The identification of
phases was based on comparison with reference data supplied
from the American Mineralogist Crystal Structure Database
(AMSCD) (Downs and Hall-Wallace, 2003).

4.5. Raman spectroscopy

Raman spectra of colored coarse grains from Ripples 1 and 2
were collected from randomly oriented crystals on a Thermo
Almega microRaman system, using a 532-nm solid-state laser with
a thermoelectric cooled CCD detector. The laser is partially
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Fig. 5. Spectra of mixtures in the 45–150 lm size fraction of (a) gypsum-quartz in the VNIR and (b) gypsum-dolomite in the VNIR. Dolomite can be detected in abundances
>�20 wt.%, but quartz is only detectable in abundances >�80 wt.%. XRD diffractograms of mixtures in the 90–150 lm size fraction of (c) gypsum-quartz and (d) gypsum-
dolomite (note: peak height positions are for Co radiation). In contrast with VNIR spectra, quartz is detectable in XRD spectra at very low abundances (�1 wt.%). However,
dolomite must dominate the mixture to be clearly identified.

Fig. 6. Quantitative XRD results of calibration mixtures (gypsum wt.%).
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polarized with 4 cm�1 resolution and a spot size of 1 lm. Use of
this instrument allowed for detection of individual grain mineral-
ogy without needing to grind the sample to <150 lm, thus preserv-
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ing unique grains for further analysis. For identification purposes,
all the Raman spectra were compared against reference spectra
from the RRUFF database (http://rruff.info/), an open-access data-
base on high-quality spectral data from well-characterized miner-
als (Lafuente et al., 2015).
5. Calibration of mixtures

5.1. VNIR calibration

To visualize how quartz and dolomite combine with gypsum in
VNIR spectra, measurements were made with known relative
abundances of gypsum-quartz and gypsum-dolomite mixtures.
The gypsum was obtained in Thuringia, Germany; the dolomite
was obtained from Selasvann, Norway; and the quartz was
obtained from China. To ensure the purity of these samples for
use as mineral standards, their spectra were first compared to
the well-documented spectral signatures of these minerals. Size
separates were prepared by gently crushing and dry sieving the
grains to five size fractions: <45, 45–90, 90–150, 150–250, and
>250 lm. The 45–90 lm grains were then wet sieved with metha-
nol to remove the finer grain fraction. Mixtures were prepared by
n of aeolian grains at the White Sands National Monument, New Mexico,
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Fig. 7. Field collection of samples from Dolomite Dune 3, from (a) the upwind (lower) stoss slope (Flag 7) and (b) the upper stoss slope (Flag 4), corresponding VNIR spectra of
eight size separates from Flags (c) 7 and (d) 4, and corresponding XRD diffractograms of the six largest size separates from Flags (e) 7 and (f) 4 (note: peak height positions are
for Co radiation). Note the larger grains and cohesion at Flag 7 relative to those at Flag 4.
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combining the 45–90 lm and 90–150 lm size fractions to create
samples with 90/10, 80/20, 50/50, 20/80, and 10/90 wt.% gyp-
sum/quartz mixtures and 95/5, 90/10, 80/20, 50/50, 20/80, and
10/90 wt.% gypsum-dolomite mixtures. Fig. 5a and b show the
resulting VNIR spectra of gypsum/quartz and gypsum/dolomite
Please cite this article in press as: Fenton, L.K., et al. Sedimentary differentiatio
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mixtures, respectively, with wavelengths ranging from 0.35 to
5.00 lm.

Gypsum has numerous distinguishing features, including (see
light purple arrows) triplets between 1.446–1.538 lm and 2.178–
2.268 lm, and strong features at 1.750, 1.942, 2.486, 2.75–3.10,
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Table 2
XRD mineral abundances from Dolomite Dune rounded to the nearest percent.

Grain size fraction Lower stoss slope (Flag 7) Upper stoss slope (Flag 4) Slip Facea

Gyp. (%) Qtz. (%) Dol. (%) Calc. (%) Gyp. (%) Qtz. (%) Dol. (%) Calc. (%) Gyp. (%) Qtz. (%)

90–150 lm 95 5 – – 98 2 – – 97 3
150–250 lm 99 1 – – 98 2 – – – –
250–355 lm 100 – – – 100 – – – – –
355–495 lm 100 – – – 100 – – – – –
495–1000 lm 72 – 28 – 100 – – – – –
>1000 lm 30 2 60 7 60 2 39 – – –

a Note that the size fraction for XRD measurements of the slip face sample included grains 45–150 lm.

L.K. Fenton et al. / Aeolian Research xxx (2016) xxx–xxx 9
4.487, and 4.689 lm (Bishop et al., 2014). Quartz has no diagnostic
spectral features in the VNIR at wavelengths shorter than 2.5 lm,
but (see red arrows in Fig. 5a) it does exhibit a deep absorption
at �3 lm, two weaker bands at �4.5 and 4.7 lm, and a drop-off
at �4.8 lm (Mustard and Hays, 1997). Gypsum easily dominates
the gypsum/quartz mixtures in this spectral region, so that quartz
is only detectable when it consists of more than �80% of the
mixture.

Pure dolomite has a lower spectral brightness than gypsum, and
its distinguishing features in the VNIR (see red arrows in Fig. 5b)
are two small bands at 2.32 and 2.52 lm, and two deeper absorp-
tions with band centers at 3.31, 3.47, 3.81, and 3.97 lm due to CO3

vibrations (Gaffey, 1986; Bishop et al., 2013; King et al., 2014). This
dolomite sample also exhibits a broad absorption from 0.8 to
1.5 lm due to electronic excitations of Fe substituted for Mg in
the dolomite structure, but the presence and strength of this fea-
ture will vary depending on how much Fe is present. Dolomite is
much more easily detectable in mixtures with gypsum than quartz
in this spectral region, as it can be identified when it consists of
more than �20% of the sample.

5.2. XRD calibration

To visualize how quartz and dolomite combine with gypsum in
XRD data, measurements were made with known relative abun-
dances of gypsum-quartz and gypsum-dolomite mixtures, using
the 90–150 lm grain size fraction. Mixtures were prepared by
combining the mineral samples with 99/1, 95/5, 90/10, 50/50 wt.
% gypsum/quartz mixtures and 95/5, 90/10, 80/20, 50/50 wt.% gyp-
sum/dolomite mixtures.

Semi-quantitative analyses of field sample mineral abundances
were retrieved from diffraction peak intensities using the Refer-
ence Intensity Ratio (RIR) method (Chung, 1974) incorporated in
XPowder software (http://www.xpowder.com/) and selected
phases from the AMCSD. All XRD files received a 5th order polyno-
mial background fit and removal, which removes the fluorescence
contribution to the data. The RIR method is simple, well-known,
and implemented in most XRD analysis software. However, the
preferred orientation of gypsum, the significant peak overlap
between phases, and the low abundance of quartz, affects accuracy
in the results. To evaluate this, a series of gypsum/quartz and gyp-
sum/dolomite mixtures were analyzed following the same proce-
dure used for the field samples. The most intense quartz
diffraction peak occurs at a 2h value of 31�, with the peak intensity
progressively decreasing with lower quartz concentrations (see
Fig. 5c). Dolomite has its main diffraction peak at a 2h value of
36�, overlapping with a peak in the gypsum diffractogram (see
Fig. 5d). Quantitative XRD results (see Fig. 6) show limited accu-
racy, as the abundance of gypsum is underestimated in these dolo-
mite mixtures and overestimated in these quartz mixtures, but the
trend of the mixture contents are respected. As a result, mineral
composition data from the field samples must be considered as
semi-quantitative.
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6. Results

6.1. Dolomite Dune main traverse

Flags 7 and 4 on Dolomite Dune (see Fig. 2), located 72 m and
38 m upwind of the dune brink, respectively, were examined in
detail. Fig. 7a and b shows the sample locations immediately prior
to collection. The sand near Flag 7 is poorly sorted and forms clods
that indicate some degree of grain cohesion, whereas the sand near
Flag 4 appears loose and relatively fine-grained. An increase in
cohesion with distance upwind of the dune brink is typical of
dunes at WSNM, where lower stoss side foresets have had more
exposure to wind scour that exhumes strata previously cemented
by groundwater (e.g., Kocurek et al., 2007). An improvement in
sorting with proximity to the crest is typical of sand dunes, in
which finer grains are more easily transported up the stoss slope,
whereas larger, heavier grains are left upwind (e.g., Pye and
Tsoar, 1990; McTainsh et al., 2013); the same trend has previously
been identified in the WSNM dunes (Jerolmack et al., 2011).

Gypsum dominates the VNIR spectral properties of most size
fractions from Flag 7, located on the upwind (i.e., lower) part of
the stoss slope (see Fig. 7c). Only the coarsest size fraction
(>1000 lm) indicates a component other than gypsum, exhibiting
bands near 2.3, 2.5, 3.4, and 4 lm consistent with carbonates. The
bands at 2.32, 3.81, and 3.97 lm are shifted in mixtures of dolo-
mite and gypsum (see Fig. 5b) due to the presence of bands near
these wavelengths in the gypsum spectrum. The decrease in spec-
tral brightness and combination of gypsum and dolomite bands
indicates that the >1000 lm size fraction is consistent with a mix-
ture dominated by dolomite. XRD data for this sample are shown in
Fig. 7e and resulting mineral abundances are listed in Table 2.
These measurements confirm the predominance of gypsum in
smaller grain sizes. In contrast, dolomite comprises a majority of
the XRD diffractogram (�60%) in the >1000 lm size fraction, con-
firming and quantifying the VNIR results. Although it is not visible
in the VNIR spectrum, XRD has the sensitivity to show that dolo-
mite is also present in smaller amounts (�28%) in the 495–
1000 lm size fraction. In addition, calcite was found to be present
in the largest grain size fraction, with an abundance of 7%. Quartz,
where present, typically only comprises a small percentage of the
sample, and it is only found in the smallest and largest size
fractions.

Farther up the dune stoss slope at Flag 4, VNIR and XRD data
both show that, like at Flag 7, gypsum is dominant in all but that
largest size fractions (see Fig. 7d and f, Table 2). However, there
is less compositional diversity at Flag 4 than that observed farther
down the stoss slope. Quartz is present only as a minor component
in the smallest and largest grain size fractions, and calcite was not
identified at all. Dolomite is present only in the >1000 lm grains,
and at a smaller abundance here than that observed at Flag 7.

The upper slip face consisted mainly of unconsolidated fine
sand (see Fig. 8a), lacking the coarse grains found on the stoss
slope. Comprised mainly of gypsum with a few percent quartz
n of aeolian grains at the White Sands National Monument, New Mexico,
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Fig. 8. (a) Field collection of samples from the Dolomite Dune slip face with
corresponding (b) VNIR spectra and (c) XRD diffractogram (note: peak height
positions are for Co radiation).
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(see Fig. 8c and Table 2), this sand is similar to the finer size
fractions collected from Flags 4 and 7. Because the upper slip face
is typically formed mainly of grainfall deposits, it is likely that
coarse grains, and therefore the diverse minerals and source
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regions they are derived from, are not well represented in grainfall
laminae.

6.2. Dolomite Dune, Ripple 1

Ripple 1 is located west of the dune field margin, 224 m upwind
of the Dolomite Dune brink. Its component grains reflect the trans-
port pathway that has carried dolomite, gypsum, and other miner-
als across (and perhaps from) Alkali Flat to the main dune field. An
image of the sample collection site (Fig. 9a) shows that the crest of
Ripple 1 is covered in coarse grains 1–4 mm in size, most of which
appear to be light-toned. The green scoop has disturbed the surface
layer, producing rafts of cohesive clods. This cohesion may be
caused by evaporation after occasional flooding of this relatively
low-lying area, or by evaporation of near-surface saline water
(e.g., Fryberger et al., 1988).

VNIR and XRD data (Fig. 9c and e, respectively) show that, like
on Dolomite Dune, gypsum dominates the samples at grain sizes
smaller than 1000 lm, and that both gypsum and dolomite are
present in >1000 lm grains. Quartz is present, albeit at a low abun-
dance, in the 45–150 lm size fractions of samples from the crest,
lee and stoss slopes of the ripple (see Fig. 9e and Table 3). Although
there is more quartz in the lee slope sample (9%), this may be pro-
duced by a sample bias, given the small amount of material used in
XRD analysis (e.g., a single extra quartz grain could be responsible
for the relatively high quartz content of this sample).

Because the coarse grains (>1000 lm) of Ripple 1 displayed
such diversity of colors, several grains were separated by color
and analyzed for their composition. Fig. 10 shows VNIR, XRD, and
Raman data of six different grain color groups found in the Ripple
1 crest, with results and weight fractions listed in Table 3. Grains
considered ‘‘light”, which comprised the majority of the coarse
grain size fraction (90.8 wt.%), were mainly dolomite, with minor
components including gypsum, calcite, and quartz; the single grain
used for Raman spectroscopy was gypsum. Grains considered
‘‘dark” (relative to those considered ‘‘light”) made up most of the
rest of the coarse grain sample on the Ripple 1 crest (7.1 wt.%). In
the VNIR, the dark grains had weak bands consistent with gypsum
and calcite, and exhibited a strong red slope below 2 lm consistent
with an opaque mafic component, such as magnetite. XRD analysis
of the these grains indicates a nearly uniform mixture of dolomite,
quartz, and calcite. Together, the light and dark grains comprised
nearly 98 wt.% of the sample, dominated by dolomite (69%) but
including significant secondary components of gypsum (13%) and
calcite (12%), as well as a little quartz (5%).

The remaining grain colors (brown, translucent, pink, and
green) collectively represent only 2 wt.% of the coarse grain size
fraction from the Ripple 1 crest. The VNIR spectrum of brown
grains is similar to that of light grains, but with a relatively stron-
ger dolomite component and an additional iron-bearing (likely
goethite) component indicated by a shallow and broad band cen-
tered near 0.9 lm. Two brown grains were analyzed with Raman
spectroscopy; one was gypsum, and the other was dolomite.
Translucent grains have some gypsum-like characteristics in the
VNIR, but the weakness of the absorptions and lack of carbonate
bands suggests these grains may be dominantly quartz. The Raman
spectrum for one of the translucent grains confirms that it is
quartz. The VNIR spectrum of pink grains is consistent with a com-
bination of hematite, calcite, and gypsum; the hematite could be
present as a grain coating. However, the single pink grain analyzed
by Raman spectroscopy proved to be microcline, highlighting the
range of mineralogical diversity upwind of the dune field. The VNIR
spectrum of green grains is consistent with a small amount of gyp-
sum and carbonate, but it is dominated by the ferrous clay prehnite
(from a small absorption at �1.47 lm and a deeper absorption at
�2.35 lm in Fig. 10a) and a beidellite–illite–chlorite hydrothermal
n of aeolian grains at the White Sands National Monument, New Mexico,
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Fig. 9. Field collection of samples from (a) Ripple 1, located 224 m upwind of the Dolomite Dune brink and (b) Ripple 2, located on a stoss slope of a dune 179 m SSE of the
Dolomite Dune brink. (c) VNIR spectra for Ripple 1 crest and (d) Ripple 2 crest. (e) XRD diffractograms of 45-150 lm grains from the crest, lee, and stoss slopes of Ripple 1 and
(f) size fractions from the crest of Ripple 2 (note: peak height positions are for Co radiation).
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clay assemblage (seen in Fig. 10a as absorptions at �1.41, �2.20,
�2.35, and �2.44 lm). We suggest that these minerals formed in
a 100-300� C alteration environment that was perhaps related to
metamorphic activity associated with the intrusive sills and dikes
mapped by Seager et al. (1987) in the San Andreas Mountains.
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6.3. Dolomite Dune, Ripple 2

Ripple 2 is located in a local topographic low between two
barchanoid dune crests near Dolomite Dune, just upwind of the
dune brinks. These grains have traveled up the windward dune
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Table 3
Summary of XRD, Raman, and VNIR spectral abundances of Ripple 1.

Grain size fraction XRD Raman VNIR

Gyp. Qtz. Dol. Calc.

Stoss slope: 45–150 lm 97% 3% – – – –
Lee slope: 45–150 lm 91% 9% – – – –
Crest: <45 lm – – – – – Gypsum

45–150 lm 97% 3% – – – Gypsum
150–1000 lm – – – – – Gypsum
>1000 lm – – – – – Dolomite, gypsum

>1000 lm size fraction from crest
Light 90.8 wt.% 14% 3% 74% 10% Gypsum Gypsum, some dolomite
Dark 7.1 wt.% – 36% 29% 35% – Gypsum, calcite, mafic
Light + dark 97.9 wt.% 13% 5% 69% 12% – –
Brown 1.1 wt.% – – – – Gypsum, dolomite Dolomite, gypsum, Fe–bearing
Translucent 0.5 wt.% – – – – Quartz Gypsum, possible quartz
Pink 0.2 wt.% – – – – Microcline Hematite, calcite, gypsum
Green 0.2 wt.% – – – – Prehnite Prehnite, Fe–clay, carbonate
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faces (unless they were precipitated in situ); as a result, their
component grains may reflect both the transport pathway from
Alkali Flat and the influence of transport on the dunes. An image
of the sampling location (see Fig. 9b) shows that the Ripple 2 crest
is covered by 1–2 mm grains; it lacks the larger (3–4 mm) grains
found on Ripple 1. In addition, the surface of Ripple 2 does not dis-
play any of the cohesion found at the surface of Ripple 1. VNIR and
XRD data of different size fractions (Fig. 9d and f, respectively, and
Table 4) indicate that, like in the other samples, gypsum dominates
in the finer size fractions, but that other minerals are present in the
coarsest size fractions. Dolomite comprises 63% of the >1000 lm
size fraction, less than that found in Ripple 1 but similar to that
found at Flag 7 on Dolomite Dune.

The coarsest grain size fraction (>1000 lm) on the Ripple 2 crest
was separated into two color types: the more common ‘‘light”
grains and the less common, relatively ‘‘dark” grains, similar to
those found at the crest of Ripple 1. However, there were no com-
parable brown, translucent, pink or green grains, like those found
on Ripple 1, and the proportion of dark grains was far less than that
on Ripple 1. The VNIR spectrum in Fig. 11a shows that gypsum is
dominant in the light grains, although a band at 2.32 lm indicates
that some dolomite is present. XRD diffractograms (Fig. 11b) show
that, in fact, dolomite dominates the light grains, with gypsum, cal-
cite, and quartz making up smaller fractions. Not unexpectedly,
gypsum grains were identified with Raman spectroscopy (Fig. 11c),
as were carbonate grains, although the spectrum is too noisy to
determine whether it is dolomite or calcite.

In the VNIR, the dark grains have spectral bands consistent with
dolomite, but not gypsum. A band at 2.34 lm suggests the pres-
ence of calcite, and the broad dip at �1 lm is consistent with mafic
clays such as chlorite or illite. The XRD diffractogram indicates the
presence of quartz, albite, and calcite in the dark grains; Raman
spectra show the same minerals, as well as small crystals of rutile
and a mineral that matches the RRUFF titanite spectrum. These
dark grains comprise a very small portion of the grains that have
been transported up the stoss slope of the marginal dunes at
WSNM, hinting at a wide range of minerals that can be found
upwind of the dune field.

6.4. The control dune

Samples from Flags 5 and 3, located 47 and 20 m upwind of the
control dune brink, respectively, were selected for analysis because
of their similar positions on the control dune stoss slope relative to
Flags 7 and 4 from Dolomite Dune, respectively. During sample col-
lection at both Flags on the control dune, the scoop broke through a
cohesive crust thicker than those present at the other sample sites
(see Fig. 12a and b). The sample sites at Flags 1 and 2 (not shown),
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closer to the brink of the control dune, were unconsolidated, sim-
ilar to Flag 4 on Dolomite Dune.

The sand from Flags 5 and 3 of the control dune is much better
sorted than that on Dolomite Dune, lacking a population of
>1000 lm grains. As a result these samples could not be sieved into
as many size fractions as the samples from Dolomite Dune. Both
XRD and VNIR data show that these samples are nearly entirely
composed of gypsum, with a few percent of quartz (see
Fig. 12c through f, Table 5). Compositionally, this sand is very sim-
ilar to the <495 lm size fractions found both in the ripples and on
Dolomite Dune. This sand is typical of the mechanically mature
sands in the center of the WSNM dune field, but it is very different
from the coarse grains found upwind margin of the dune field
along the dolomite transport pathway.

7. Discussion

7.1. Coarse grains (>1000 lm)

Both Ripples 1 and 2 are located along the dolomite transport
pathway, separated from one another by a distance of �265 m.
Although they appear to be similar upon initial inspection, the
characteristics of the coarse grains from Ripples 1 and 2 are quite
different. Ripple 1, located immediately upwind of Dolomite Dune,
contains grains composed of a wider variety of minerals than those
in Ripple 2, which is located farther downwind and up on a dune
stoss slope. In addition, the grains of Ripple 1 are more poorly
sorted (mainly because some grains are >2 mm) and show more
cohesion than those of Ripple 2. Differences in the composition
of the two ripples echo the streamwise trend found on the stoss
slope of Dolomite Dune: the coarse grains of Ripple 2 have a higher
proportion of gypsum and a lower proportion of dolomite, calcite,
and other minerals than those on Ripple 1.

One factor leading to the difference in grain sorting and compo-
sition is the transportability of grains. Heavier (larger and denser)
grains require a stronger wind to initiate movement, whether by
saltation or creep. Because of this higher threshold, they are pref-
erentially left upwind during transport, likely explaining the lack
of >2 mm grains at elevation (e.g., on Ripple 2). Table 6 lists the
specific gravity (qg) for each mineral identified in the coarse grain
size fractions at Ripple 1, with only beidellite having a lower value
than gypsum. The threshold friction velocity u⁄t required to mobi-
lize sand grains into saltation can be estimated using the empirical
relation of Shao and Lu (2000):

u�t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AN

qggd
qa

þ ct
qad

� �s
m=s ð1Þ
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Fig. 10. (a) VNIR spectra, (b) XRD data (note: peak height positions are for Co
radiation), and c) Raman spectra of >1000 lm, color-separated grains from the crest
of Ripple 1. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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in which AN was found to be constant at �0.0123, qg is grain den-
sity, g is gravitational acceleration at 9.81 m/s2, d is the grain diam-
eter, ct is a constant at �3 � 10�4 kg s�2, and qa is air density at
1.04 kg m�3 (estimated from hydrostatic equilibrium using an ele-
vation of 1200 m). Following Iversen and Rasmussen (1999), the
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threshold friction velocity on a positive slope (e.g., that experienced
by a wind incident on a stoss slope) is elevated relative to that on a
level slope, u⁄t0, by a factor of

ffiffiffiffiffi
M

p
, where

M ¼ cos hþ sin h
tana

ð2Þ

in which h is the slope and a is the angle of internal friction (typi-
cally �33� for dry sand). Streamwise winds on Dolomite Dune
impinge on a 4� slope, increasing the threshold friction velocity rel-
ative to horizontal ground by 5% (see Table 6).

The differences in saltation thresholds of different mineral
grains are generally not significant: most of the threshold values
in Table 6 are only 5–10% higher than those of similarly-sized gyp-
sum grains, and those with significantly higher thresholds (rutile,
titanite, and hematite) comprised <�0.5 wt.% of our samples. The
dolomite grains that dominate the coarse grain size fraction on
Ripple 1 are likely quite prevalent along the dolomite transport
pathway on Alkali Flat. It is unlikely that a limiting saltation
threshold is solely responsible for the abrupt depletion in dense
grains from Ripple 1 to Ripple 2 and from Flags 7 to 4 on Dolomite
Dune.

If the change in grain mineralogy and sorting cannot be
explained by differences in the saltation threshold, then can it be
explained by differences in creep flux? Coarse grains tend to travel
in creep, in which grains that are too heavy to saltate are pushed or
rolled along the ground by impacts from saltating grains. Jerolmack
et al. (2011) estimated that long-term sediment transport in the
WSNM dune field can be described using a formative friction veloc-
ity u⁄f of 0.39 m/s. Using this friction velocity as representative of
typical sand-moving winds, a typical steady state mass flux q of
400 lm saltating gypsum grains can be estimated using a relation
for the aeolian transport rate, such as that of Sørensen (2004):

q¼qau
3
�f

gM
1�M

u�t0
u�f

� �2
 !

aþbM
u�t0
u�f

� �2

þc
ffiffiffiffiffi
M

p u�t0
u�f

� � !
kgm�1 s�1

ð3Þ

in which a = 0 for sand grains >170 lm, b = 1.5 � 104d + 0.407, and
c � 7200d + 0.7837 (under these conditions, qgypsum = 0.012
kg m�1 s�1 on a level surface). Wind tunnel experiments by Dong
et al. (2002) indicate that the fraction of creeping grains, Fc, is at
most �8% of the total mass of transported material when saltators
are �400 lm (this fraction drops slightly as the wind speed
increases; note also that field measurements of coarse-grained rip-
ples at WSNM by Jerolmack et al. (2006) produced an Fc of �1%).
The work of Dong et al. (2002) suggests that saltating grains will
push along the same mass of creeping grains of any density.
Wang and Zheng (2004) derived two theoretical models of creep
flux; the model best matching the wind tunnel results of Dong
et al. (2002) predicts that the creep flux qc ¼ Cu2

� , where C / q�1
g .

Comparing two idealized conditions in which saltating
(d = 400 lm) gypsum grains impact either dolomite or gypsum
creeping grains (d = 1 mm), the ratio of dolomite creep flux to gyp-
sum creep flux, qc_dolomite/qc_gypsum, is simply qgypsum/qdolomite (note
that this ratio is not dependent on grain size, friction velocity, or
slope). Table 6 lists this ratio for the minerals identified in Ripple
1; with the exception of hematite, none are below 0.80. From this
we conclude that along the course of the transport pathway, the
preferential creep of low density grains would lead to a gradual
downwind depletion of denser grains. However, creep alone cannot
explain the abrupt loss of dolomite and other relatively dense min-
erals in the short distance from Ripple 1 to Ripple 2 and from Flag 7
to Flag 4 on Dolomite Dune.

Another possible explanation for the increase in coarse gypsum
grains relative to higher density coarse grains on the dunes is that
n of aeolian grains at the White Sands National Monument, New Mexico,
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Table 4
Summary of XRD and VNIR spectral abundances of Ripple 2 crest.

Grain size fraction XRD Raman VNIR

Gyp. (%) Qtz. (%) Dol. (%) Calc. (%)

<45 lm – – – – – Gypsum
45–90 lm – – – – – Gypsum
90–150 lm 96 4 – – – Gypsum
150–250 lm 98 2 – – – Gypsum
250–355 lm 99 2 – – – Gypsum
355–495 lm 100 – – – – Gypsum
495–1000 lm 69 2 30 – – Gypsum, dolomite
>1000 lm 30 – 63 7 – Dolomite, gypsum

>1000 lm size fraction
Light 99.6 wt.% – – – – Gypsum, dolomite/calcite Gypsum, dolomite
Dark 0.4 wt.% – – – – Quartz, albite, rutile, titanite Dolomite, calcite, mafic
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the wind is occasionally strong enough to initiate saltation of 1 mm
(and possibly larger) grains. Compression of streamlines acceler-
ates air flow up the stoss side of a dune, which can double the sur-
face shear stress, s, at the crest (Jackson and Hunt, 1975). A
doubling of the shear stress leads to an increase in friction velocity,
u� ¼

ffiffiffiffiffiffiffiffiffiffiffi
s=qa

p
, by a factor of �1.4. At 1.4u⁄f, only gypsum and beidel-

lite 1 mm grains are able to saltate, but all detected minerals
except hematite begin to saltate (on a horizontal surface) by
1.5u⁄f. Although the wind tunnel experiments by Sørensen (2004)
that produced Eq. (3) were conducted using grains ranging in
diameter from 125 to 320 lm, we assume here that their relation
can be extrapolated to describe the saltation of 1 mm grains.
Fig. 13a shows the dependency of saltation flux on grain density
for both 400 lm and 1 mm grains at u⁄ = 1.5u⁄f = 0.59 m/s relative
to gypsum grains of the same size (the creep flux relative to that of
gypsum grains, qc/qc_gypsum = qgypsum/qg, is also shown for refer-
ence). At a grain size of 400 lm, the mass flux is nearly indepen-
dent of both grain density and slope (solid lines in Fig. 13a).
However, 1 mm grains denser than gypsum saltate with a signifi-
cantly lower mass flux than 1 mm gypsum grains (dashed lines
in Fig. 13a). In particular, the mass flux on level ground of 1 mm
dolomite grains is �15% that of 1 mm gypsum grains. This effect
is amplified on the 4� stoss slope of the dune, in which 1 mm grains
denser than quartz cannot be lifted into saltation at all.

The strong dependence of the saltation flux on grain density for
1 mm grains explains the shift in both grain sorting and mineral-
ogy at the edge of the dune field: an increase in both the friction
velocity and the threshold friction velocity up the stoss side of a
dune permits P1 mm gypsum grains to saltate with a much
greater efficiency than denser grains of the same size. Both salta-
tion and creep of P1 mm grains occur, both of which drive the
large grains up the dune stoss slope. However, it is saltation, rather
than creep, that controls P1 mm grain differentiation by density.
The large grains’ current presence in coarse-grained ripples indi-
cates that most recently (and perhaps predominantly) these coarse
grains have moved in creep.

Although saltation of P1 mm grains is not expected to be com-
mon at WSNM (e.g., Jerolmack et al., 2006), wind events of suffi-
cient strength do occur. For example, Eastwood et al. (2012)
reported wind gusts as high as 21 m/s at the nearby Holloman
Air Force Base during a wind event in March 2011, estimating a
friction velocity u⁄ = 0.91 m/s. Such strong winds exceed the salta-
tion threshold for all of the observed 1 mm grains at Dolomite
Dune, and indeed an intense storm could lead to saltation of 3–
4 mm grains. The density segregation by saltation is less effective
at such high friction velocities (see the nearly horizontal solid
and dashed lines in Fig. 13b), which would lead to a higher propor-
tion of coarse, dense grains being transported up the stoss slope of
Dolomite Dune. The fact that such grains are not observed at the
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nearby dune crests implies that similarly strong wind events are
rare. These results demonstrate how the spatial distribution of
large grains, particularly those that are rarely lifted into saltation,
can be used to estimate the distribution of friction velocities inci-
dent on a dune.

7.2. Finer grains (<1000 lm)

At all sample locations, the vast majority of the grains smaller
than 1000 lm were gypsum. Quartz typically comprises a few per-
cent of the samples in the smallest size fractions (<�300 lm), but
it shows no spatial pattern either within the dunes and ripples or
from Dolomite Dune to the control dune. As found by many previ-
ous studies, the abundance of <1000 lm gypsum grains is largely
due to the widespread gypsum deposits upwind on Alkali Flat.
However, it is not clear why, when there are many >1000 lm car-
bonate grains at the dunefield margin, there are no corresponding
finer-grained carbonate grains. The two most likely possibilities
are that (1) <1000 lm carbonate grains are preferentially
destroyed relative to similarly-sized gypsum grains in aeolian
transport, or (2) the initial population of <1000 lm carbonate
grains at their source region was much smaller than that of the
coarser grains.

The reason for the paucity of non-gypsum grains in the
<1000 lm size fractions is not caused by transport alone. Fig. 13
shows that the saltation flux of 400 lm grains is only weakly
dependent on grain density; in fact, Eq. (2) predicts a very slight
increase in mass flux with density. Given a population of 400 lm
grains of varying mineralogies, and assuming that the grains are
similarly abraded in transport, there should be little grain segrega-
tion in transport produced by density; e.g., Garzanti et al. (2015)
noted a similar lack of differentiation by grain composition on a
�1750 km transport pathway along the Namibian and Angolan
coast, possibly for similar reasons. Furthermore, calcium carbonate
sand grains elsewhere have been observed to survive aeolian trans-
port for tens to hundreds of kilometers (e.g., Goudie and Sperling,
1977; Williams and Walkden, 2001), supporting our claim that
<1000 lm dolomite grains, which likely have similar transport
properties, would not be lost to abrasion while saltating across
Alkali Flat.

Because transport processes do not appear capable of preferen-
tially removing <1000 lm dolomite sand grains relative to the
abundant gypsum grains, it is then likely that harder minerals such
as dolomite (as well as the less commonly found calcite, quartz,
and other minerals) may simply fail to abrade into sand-sized
grains as readily as gypsum. Locating the source of the dolomite
grains, either upwind of or on Alkali Flat, would help to resolve this
question. This work shows that non-gypsum grains are less abun-
dant than gypsum grains in the WSNM dune field for two different
n of aeolian grains at the White Sands National Monument, New Mexico,
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Fig. 11. (a) VNIR spectra, (b) XRD data (note: peak height positions are for Co
radiation), and (c) Raman spectra of >1000 lm, color-separated grains from the
crest of Ripple 2. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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reasons that depend on grain size. In the case of coarse grains, gyp-
sum is concentrated as a result of its low density, with enhanced
transport under winds just barely strong enough to saltate larger
grains. In the case of finer grains, gypsum may be concentrated
because spherical, well-sorted, medium sand grains are quickly
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produced through abrasion (e.g., Jerolmack et al., 2011) and survive
transport over long distances (Szynkiewicz et al., 2013).

7.3. Implications for Mars

Dune foresets preserved in the rock record reflect only the
materials that are most easily formed and transported by the wind,
as well as those not destroyed after burial (e.g., through diagene-
sis). In the case of WSNM, the gypsum-rich sand comprising the
accumulated sand that underlies the present-day dune field
reflects only a portion of the source materials in the lake beds
located upwind, much of which has been deflated by the wind.
The same may be true, to a lesser degree, in other locations where
aeolian dunes have accumulated and where aeolian sandstones
have been found. Coarse-grained ripples may better reflect some
of the original mineralogical diversity of a source region, but these
deposits are rarely identified in aeolian sandstone (Sullivan and
Zimbelman, 2013). In planetary science, remotely-determined
dune field mineralogy is often the only data available with which
to make inferences about the nature and locations of source
regions. This work provides an example of how sorting during aeo-
lian transport can complicate these determinations.

An analysis similar to that in Section 7.2 can be made for the
sand in Olympia Undae, Mars, using the observed distribution of
mineralogy on the dune to estimate the friction velocities that con-
trol sediment transport. In the thin Martian air, winds rarely blow
strong enough to initiate saltation. However, Kok (2010a) has
shown that the impact threshold friction velocity, u⁄it, required
to sustain saltation is approximately an order of magnitude smaller
than the fluid threshold friction velocity, u⁄t, required to initiate
the process. Kok (2010b) provided a relation for estimating the
impact threshold friction velocity, as well as an estimate of the
probability that saltation would occur, Ptr, allowing for an estimate
of sand flux ðPtr � qÞ. He presented the impact threshold friction
velocity as a function of air pressure, air temperature, and grain
size, although all of the simulations assumed a constant grain den-
sity of 3000 kg/m3. To compensate for the varying densities of the
grains observed in Olympia Undae, we calculated u⁄it at a grain
density of 3000 kg/m3 for each of three grain sizes (100 lm,
400 lm, and 1 mm) under typical summertime atmospheric condi-
tions (T = 198 K, p = 750 Pa), and then assumed that the ratio
u⁄it/u⁄t is constant over a range of grain densities (2000–5000
kg/m3) for each of the three grain sizes. As a result, u⁄it, and thus
saltation fluxes, can be estimated for any grain density.

The Mars Climate Database (MCD) was created using output
derived from the Global Climate Model (GCM) of the Laboratoire
de Météorologie Dynamique (LMD) at Université Paris (Forget
et al., 1999), providing a web-based tool that can be searched for
atmospheric predictions at a given location and time (http://
www-mars.lmd.jussieu.fr). At the location of the strongest gypsum
concentration in Olympia Undae (240�E, 85�N), the MCD predicts
friction velocities ranging from 0 to 0.36 m/s. Assuming the
impinging friction velocity is enhanced by flow acceleration up
the stoss slopes of the dunes, a background wind of
1.4u⁄ = 0.50 m/s may represent the stronger winds incident on
the dunes. Fig. 14a shows the dependency of saltation flux on grain
density for 100 lm, 400 lm, and 1 mm grains (dot-dashed, solid,
and dashed lines, respectively). Gray lines indicate the saltation
flux after accounting for reduced transport up the stoss slopes,
which were estimated to be 12� (based on a length of �300 m
and height of �65 m, as measured in nearby dunes by Ewing
et al. (2010)). Vertical lines correspond with densities of minerals
likely to be present in the dunes (e.g., Horgan and Bell, 2012). At
all grain sizes considered, there is a marked drop-off in potential
saltation flux relative to that of gypsum, with the dune slope hav-
ing only a minor effect on transport rates. The 100 lm grains were
n of aeolian grains at the White Sands National Monument, New Mexico,
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Fig. 12. Field collection of samples from the control dune, Flags (a) 5 and (b) 3, corresponding VNIR spectra of three size separates from Flags (c) 5 and (d) 3, and
corresponding XRD diffractograms of the <150 lm size separates from Flags (e) 5 and (f) 3 (note: peak height positions are for Co radiation).
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selected for analysis because they approximate the size of most
grains measured in aeolian deposits elsewhere on Mars (e.g.,
Sullivan et al., 2008). The 400 lm and 1 mm grain sizes were con-
sidered in part for comparison with WSNM data, but also because
larger grains may be present in Olympia Undae. At a grain size of
Please cite this article in press as: Fenton, L.K., et al. Sedimentary differentiatio
USA. Aeolian Research (2016), http://dx.doi.org/10.1016/j.aeolia.2016.05.001
100 lm and friction velocity of 0.5 m/s, iron-bearing glass has an
estimated sand flux �0.18 times that of similarly-sized gypsum
grains, which would produce the observed concentration of gyp-
sum at dune crests. Denser minerals would be much more difficult
to move in the thin air without stronger winds. Doubling the wind
n of aeolian grains at the White Sands National Monument, New Mexico,
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Table 5
Summary of XRD and VNIR spectral abundances from the control dune.

Grain size fraction Flag 5 Flag 3

XRD VNIR XRD VNIR

Gyp. Qtz. Dol. Calc. Gyp. Qtz. Dol. Calc.

<150 lm 97% 3% – – Gypsum 96% 4% – – Gypsum
150–495 lm – – – – Gypsum – – – – Gypsum
>495 lm – – – – Gypsum – – – – Gypsum

Table 6
Grain densities and threshold saltation friction velocities of minerals identified in the Ripple 1 crest.

Mineral Density u⁄t0, level ground u⁄t, 4� slope

qg (g cm�3) qgypsum/qg d = 400 lm d = 1 mm d = 400 lm d = 1 mm

Gypsum 2.31 1.00 0.34 0.52 0.36 0.54
Dolomite 2.84 0.81 0.38 0.58 0.40 0.61
Quartz 2.65 0.87 0.36 0.56 0.38 0.59
Calcite 2.71 0.85 0.37 0.56 0.39 0.59
Prehnite 2.88 0.80 0.38 0.58 0.40 0.61
Beidellite 2.15 1.07 0.33 0.50 0.34 0.52
Illite 2.75 0.84 0.37 0.57 0.39 0.60
Chlorite 2.65 0.87 0.36 0.56 0.38 0.59
Rutile 4.23 0.55 0.45 0.70 0.48 0.74
Titanite 3.53 0.65 0.42 0.64 0.44 0.68
Microcline 2.56 0.90 0.36 0.55 0.38 0.57
Hematite 5.26 0.44 0.50 0.78 0.52 0.81

Fig. 13. The saltation mass flux q of 400 lm and 1 mm grains relative to gypsum grains of the same size (qgypsum), calculated at (a) u⁄ = 0.59 and (b) 0.91 m/s. Black lines
correspond with flux ratios on a flat surface; gray lines correspond with that on a 4� slope. Solid lines correspond with 400 lm grains and dashed lines with 1 mm grains, as
marked in (a). The dotted line shows the creep mass flux relative to gypsum grains, showing that coarse grains in saltation segregate by density much more strongly than
those in creep, particularly on windward slopes.
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strength (see Fig. 14b) reduces the ability of the wind to segregate
100 lm grains by density, similar to the effect of strong winds on
400 lm grains at WSNM (compare with Fig. 13b). Thus, if the sand
grains in the Olympia Undae dunes are similar in size to those
found elsewhere on Mars, we predict that the formative friction
Please cite this article in press as: Fenton, L.K., et al. Sedimentary differentiatio
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velocity u⁄f currently shaping the dunes is 6�0.36 m/s, as modeled
by the MCD. If the sand grains are larger, then the formative fric-
tion velocity must increase correspondingly. A robust measure-
ment of the grain size range in Olympia Undae would help to
constrain this estimate.
n of aeolian grains at the White Sands National Monument, New Mexico,
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Fig. 14. The saltation mass flux q of 100 lm, 400 lm, and 1 mm grains relative to gypsum grains of the same size (qgypsum) in the martian atmosphere, calculated at a) u⁄ = 0.5
and (b) 1.0 m/s. Vertical lines indicate typical densities of minerals observed in Olympia Undae, including gypsum, iron-bearing glass, and high-calcium pyroxene (diopside).
Black lines correspond with flux ratios on a flat surface; gray lines correspond with that on a 12� slope. Solid lines correspond with 400 lm grains, dashed lines with 1 mm
grains, and dot-dashed lines with 100 lm grains, as marked in (b). The dotted line shows the creep mass flux relative to gypsum grains.
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8. Conclusions

Sampling a poorly sorted zone at the upwind margin of the
WSNM dune field has revealed much about how coarse gypsum
grains are transported relative to denser grains. This work targeted
bedforms in a previously unreported transport pathway rich in
dolomite grains, but also including a variety of other minerals,
most notably calcite. VNIR, XRD, and Raman data indicated the
presence an abrupt windward increase in gypsum content, with a
corresponding loss of dolomite and calcite, among the largest
grains (>1 mm) on the stoss slopes of a marginal dune. This trend
was reflected in samples from not only a dune stoss slope but also
coarse-grained ripples located upwind of the dune field and near
the crests of the marginal barchanoid ridges. Mineralogical analy-
sis provides the following insights regarding sediment transport
and preservation:

(1) The current understanding of aeolian grain creep suggests
that coarse grain segregation by density should occur, pro-
ducing a gradual downwind enrichment of less dense grains.
Given the presence of coarse-grained ripples in the study
area, creep undoubtedly contributes to coarse grain trans-
port. However, this process does not explain the observed
abrupt depletion of relatively dense grains observed at the
upwind margin of the WSNM dune field.

(2) Winds slightly stronger than those Jerolmack et al. (2011)
proposed to be the most effective at constructing the dune
field (accelerating up a 4� dune stoss to u⁄ = 1.5u⁄f = 0.59
m/s) are able to saltate 1 mm gypsum grains at the upwind
margin of the WSNM dune field, but the same wind would
not transport denser grains of other mineralogies as effec-
tively. The resulting coarse-grained gypsum saltation flux
is far greater than that of denser grains of the same size,
easily producing the observed segregation by grain size
and density. The strongest storm winds observed at WSNM
(at u⁄ = 0.91 m/s) would obliterate this trend, suggesting that
these storms are likely short-lived and infrequent, failing to
strongly influence grain transport.
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(3) When coarse (P1 mm) grains of varying density are sub-
jected to winds just above saltation strength, saltation fluxes
of low density grains are much higher than those of high
density grains, producing a spatial trend in mineralogy. With
knowledge of grain size distributions, an observation of such
grain segregation can be used to constrain formative wind
strengths in remote areas, such as Olympia Undae on Mars.
The strongest simulated winds from the MCD, accelerated
up the stoss slopes of the dunes (to u⁄ = 0.5 m/s), would con-
centrate gypsum grains of any size at dune crests. Infrequent
storm winds twice as strong would obliterate this trend in
100 lm grains, but maintain the spatial segregation in larger
grains. An estimate of sand grain sizes in Olympia Undae
would help to refine the estimate of formational wind fric-
tion speeds.

(4) Because of grain density segregation in transport, any
coarse-grained mineralogical diversity on Alkali Flat at
WSNM is lost once sand enters the dune field. As a result,
the preserved dune foresets and interdune strata that under-
lie the present-day dune field may not reflect the diversity of
aeolian grains along the dolomite transport pathway in
Alkali Flat.

(5) Coarse (P1 mm) gypsum grains, relative to other coarse
grains, are preferentially transported downwind by both
creep and saltation. However, the same processes do not
mineralogically separate finer grains to the same degree.
The overwhelming abundance of gypsum grains in the dune
field suggests that the production of <1 mm gypsum grains,
either at its source area or during transport (or both) is more
efficient than that of harder, denser <1 mm minerals.
Although the concentration of quartz is a standard signature
of mineralogical maturity in aeolian systems (Muhs, 2004),
the relative increase in gypsum abundance along the dolo-
mite transport pathway in the WSNM dune field suggests
that, at least on the length scale of this dune field, it is gyp-
sum rather than quartz that becomes concentrated with
time and distance from the source. Further tests of this
hypothesis could be conducted in terrestrial dune fields with
n of aeolian grains at the White Sands National Monument, New Mexico,
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a lower, but still significant, proportion of gypsum, mixed
with harder minerals, such as the gypsum and quartz dunes
in Tunisia and Algeria (e.g., Drake, 1997; Swezey et al.,
1999).
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