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ABSTRACT

Mars-Relevant Phosphate Minerals and Implications for Martian Habitability
by
Christopher T. Adcock
Dr. Elisabeth Hausrath, Examination Committee Chair

Assistant Professor of Geoscience
University of Nevada, Las Vegas

This dissertation is comprised of three studies focused on martian phosphate
availability, with an introductory chapter introducing and linking the three studies.
Chapter two is on the subject of merrillite synthesis. Merrillite is an extraterrestrial Ca-
phosphate mineral similar to the mineral whitlockite and is found as a dominant primary
phosphate mineral in martian meteorites. The chapter includes methods of whitlockite
and merrillite synthesis as well as a detailed characterization of the produced minerals
and a mechanism by which charge balance can be maintained when merrillite is
synthesized through dehydrogenation of whitlockite.

Chapter three presents the results of kinetic and thermodynamic studies on the
Mars-relevant minerals chlorapatite and merrillite, as well as the more terrestrially-
relevant minerals whitlockite and fluorapatite. The results of these studies indicate that
the dominant primary Ca-phosphate minerals on Mars possess higher solubilities that
could lead to more than twice the phosphate concentration in solution. Dissolution rates
for the Mars-relevant minerals derived in the study, when combined with the higher
martian phosphorus abundance, could result in phosphate release rates of up to 45x faster
for a given set of aqueous conditions on Mars when compared to Earth. The implications

of the results for past or present martian habitability are discussed.
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In Chapter four, reactive transport modeling was applied to investigate the
transport and mobility of phosphate under martian conditions. The kinetic and
thermodynamic data derived in Chapter three were combined with Mars mission data,
results from an investigation of Mars analog basalts at Craters of the Moon National
Monument in Idaho, and previously published data to inform a reactive transport code
and model dissolution profiles measured by Mars Exploration Rover (MER) Spirit in
Wishstone class rocks. The modeling results suggest phosphate release into near-neutral
waters occurred at some point in the past at Gusev Crater on Mars with positive

implications for past martian habitability.
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CHAPTER ONE

INTRODUCTION AND OVERVIEW

The possibility of the development and persistence of life on Mars has been a
topic of scientific interest for centuries (e.g. Huygens, 1698). In the last five decades,
dozens of unmanned missions to the planet have returned data that have significantly
reshaped the general understanding of Mars and its potential to have harbored life, past or
present. The present day martian surface has been revealed as a generally inhospitable,
cold, dry, and radiation-bombarded environment. However, Mars also possesses
abundant geomorphic and mineralogical evidence of significant surface and near-surface
waters in the past (Carr, 1996; Squyres et al., 2004; Baker, 2006; Milliken et al., 2008;
Treiman, 2008; Murchie et al., 2009; Milliken et al., 2010; Grotzinger et al., 2013;
Williams et al., 2013; Gainey et al., 2014). Provided the availability of bio-essential
chemistry, these aqueous environments may have been habitable places conducive to the
origin and development of life. Further, present day water in the form of ice currently
exists on Mars (Squyres et al., 1992) and liquid water may exist in the subsurface (Malin
and Edgett, 2000). If these more localized environments also posses the necessary bio-
essential chemistry, habitable niches for martian life might still persist.

Phosphate is among the nutrients considered critical for all known life (Johnston
et al., 1934; Miller and Urey, 1959; Wald, 1962, 1964; Madigan et al., 2000). The ion is
a component in ATP, DNA, RNA, phospholipid cell membranes and required in a
number of fundamental biochemical reactions (Madigan et al., 2000; Pasek and Kee,
2011). Phosphorus, either as phosphate or a more reduced species such as phosphite,
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may have also been crucial in pre-biotic reactions that led to the origin of life on Earth
(Schwartz, 2006; Powner et al., 2009; Pasek and Kee, 2011). Thus, the availability of
phosphate may be a determining factor for an environment to be suitable to maintain life
(i.e. habitable). In fact, in long term ecosystems on Earth, phosphate availability is often
a biologically limiting factor (Chadwick et al., 1999). If life ever arose on Mars, the
availability of phosphorus likely played a significant role.

Though Mars is rich in phosphate (5-10x Earth) (Wanke and Dreibus, 1988;
Briickner et al., 2008; Ming et al., 2008; Adcock et al., 2013), the presence of phosphate
alone is not equivalent to phosphate availability. Unlike other bioessential nutrients,
phosphate has no significant volatile phase and remains locked in phosphate-bearing
minerals within rocks until water/rock interactions release it into the environment
(Filippelli, 2002). The goal of the research presented here, therefore, is to investigate the
mobility and transport of phosphate on Mars and assess martian phosphate availability
and the implications for martian habitability in the past, present and, if we choose to
make extended visits to Mars, the future. The bioessential nature of phosphate requires
that any long term visits to the planet have a secure source of the nutrient. Further,
because phosphate is released primarily through aqueous processes, phosphate mobility
and transport have implications for past aqueous conditions on Mars. The chapters that
follow document three studies focused on the study of martian phosphate mobility and
transport.

Chapter two focuses on the synthesis and characterization of the Mars-relevant
phosphate mineral merrillite [Cag(Na,Fe,Mg)(POs)7], as well as the similar mineral

whitlockite [Cag(Fe,Mg)(PO3;OH)(PO4)¢]. Merrillite is an extraterrestrial Ca-phosphate



mineral similar to whitlockite and is found as a dominant primary phosphate mineral in
martian meteorites (McSween and Treiman, 1998). Though merrillite has been
previously synthesized (e.g. Gopal and Calvo, 1972; Gopal et al., 1974; Hughes et al.,
2008), this study developed methods to produce relatively large quantities of end-member
Fe-, Mg- and mixed Fe/Mg-merrillite in an economical manner. The synthesized
minerals were also characterized in detail by electron microprobe, single-crystal X-ray
diffraction, and synchrotron X-ray diffraction, which allowed for the development of a
potential mechanism by which merrillite maintains charge balance during the
dehydrogenation of whitlockite. The developed methods are documented in chapter two
along with the characterization results of the synthesized materials, including atomic
structures of the minerals. This chapter in the form of a manuscript, was accepted and
published in American Mineralogist in a July 2014 issue (Adcock et al., 2014).

Chapter three documents the results of thermodynamic and kinetic experiments
performed on fluorapatite, synthetic chlorapatite, and the synthetic whitlockite and
merrillite produced by methods documented in chapter two. On Earth, the most common
primary phosphate mineral is fluorapatite [Cas(PO4);F]. The dissolution of fluorapatite in
igneous rocks is a major source of inorganic phosphate available for biological reactions,
and because it is biologically important, it has been well studied (Valsami-Jones et al.,
1998; Welch et al., 2002; Guidry and Mackenzie, 2003; Kdhler et al., 2005; Chairat et al.,
2007; Harouiya et al., 2007). In contrast, meteorite evidence suggests that the most
abundant primary phosphate minerals on Mars are Cl-rich apatite [Cas(PO4);Cl] and the
mineral merrillite [Cag(Na,Fe,Mg)(PO,)7], an extraterrestrial mineral similar to

whitlockite [Cag(Fe,Mg)(PO;OH)(PO4)¢] (McSween and Treiman, 1998). Few kinetic



(e.g. dissolution rates) and thermodynamic (e.g. solubility) data exist for these Mars-
relevant minerals. The experiments conducted in chapter three allowed for the derivation
of dissolution rates laws and solubilities for these Mars-relevant minerals. The resulting
data indicate faster dissolution rates for the Mars-relevant minerals that, when the overall
higher phosphorus abundance on Mars is taken into consideration, could lead to
phosphate release rates as much as 45 times faster on Mars for a given set of aqueous
conditions. Solubility measurements of the Mars-relevant minerals also suggest final
concentrations of phosphate in aqueous systems on Mars could be as much as twice that
of Earth for a given set of conditions. The potential implications for phosphate
availability and martian abiogenesis are discussed. This chapter, in the form of a
manuscript, was accepted and published in the journal Nature Geoscience (Adcock et al.,
2013).

Finally, in chapter four the measured thermodynamic and kinetic data derived in
chapter three are applied to Mars-specific reactive transport modeling of Wishstone class
martian rocks to model phosphate transport under martian conditions. The Mars
Exploration Rover (MER) Spirit encountered Wishstone class rocks in the Columbia
Hills of Gusev Crater. Alpha particle X-ray spectrometry (APXS) was performed on two
rocks of this class (i.e. Wishstone and Champagne) and Mini-TES data indicate that the
rock class is common among the float rocks of Columbia Hills. Comparisons of APXS
brushed surface analyses and analyses taken on fresh surfaces of the rocks, after
treatment with Spirit's Rock Abrasion Tool (RAT), indicate the loss of Ca and P from the
rocks in ratios consistent with a Ca-phosphate mineral. Reactive transport modeling was

performed to investigate the conditions under which these somewhat unique profiles



might have formed. The findings of this study indicate that a period of near-neutral
aqueous conditions may have persisted at Gusev Crater at some point in the past. This
has positive implications for the potential origin and development of life on Mars. This

chapter has been submitted for publication to a peer reviewed planetary science journal.



CHAPTER TWO

SYNTHESIS AND CHARACTERIZATION OF THE MARS-RELEVANT
PHOSPHATE MINERALS FE- AND MG-WHITLOCKITE AND MERRILLITE AND
A POSSIBLE MECHANISM THAT MAINTAINS CHARGE BALANCE DURING

WHITLOCKITE TO MERRILLITE TRANSFORMATION

This chapter was originally published in American Mineralogist in July, 2014.

Citation: Adcock, C.T., Hausrath, E.M., Forster, P.M., Tschauner, O., and Sefein, K.J.
(2014) Synthesis and characterization of the Mars-relevant phosphate minerals Fe- and
Mg-whitlockite and merrillite and a possible mechanism that maintains charge balance
during whitlockite to merrillite transformation. American Mineralogist, 99, 1221-1232.

Abstract

Merrillite [CagNaMg(PQO4)7] occurs as a dominant primary Ca-phosphate mineral
in martian meteorites and therefore presumably also on Mars. The mineral is an
important phase in exploring differences in geologic processes between Earth and Mars,
and also has astrobiological implications due to its potential role as a significant source of
the bio-essential nutrient phosphate. Merrillite does not occur terrestrially as a discrete
mineral phase, making it difficult to obtain for Mars-relevant studies. It can, however, be
synthesized from a similar terrestrial mineral, whitlockite (natural or synthetic), through
dehydrogenation. Here we present methods for synthesizing relatively large quantities
(0.5 g or greater per batch) of coarse crystalline (75 pm+) Mg-whitlockite, Fe-
whitlockite, mixed Fe/Mg-whitlockites, and from these synthesized minerals produce

Mg-merrillite, ferrous and ferric Fe-merrillite and ferrous and ferric mixed Fe/Mg-



merrillite. Chemistry and atomic structures of synthesized Fe- and mixed Fe/Mg-
whitlockite and ferrous and ferric Fe- and mixed Fe/Mg-merrillite resulting from single-
crystal X-ray diffraction, infra-red spectroscopy, and electron microprobe analyses are
presented. We also present a mechanism for maintaining charge balance during the
formation of merrillite from whitlockite. Our results shed light on these mineral
structures for future martian studies, and provide methods for creating coarse crystalline
merrillite for use in Mars-relevant thermodynamic, kinetic, soil/dust simulant,

crystallographic, astrobiological, and other studies.

Introduction

Merrillite is an anhydrous calcium phosphate mineral that occurs in lunar samples
and meteorites, including martian meteorites (Jolliff et al., 1993; McSween et al., 1996;
Xie et al., 2002; Terada et al., 2003). The IMA formula for merrillite is CagNaMg(POy)7,
though merrillite can also be iron-bearing (Jolliff et al., 2006). Synthetic merrillite also
lacks Na" and charge balance is maintained by additional Ca®’ [i.e. CagsMg (PO4)7] .
Merrillite is of particular interest to martian studies because it is the dominant primary
phosphate mineral in martian meteorites (McSween et al., 1996; McSween and Treiman,
1998), and thus presumably also on Mars. This is in contrast to Earth where fluorapatite
[Cas(PO4);F] is the dominant terrestrial primary phosphate mineral and the nearest analog
to merrillite, the mineral whitlockite [CagMg(PO3;OH)(PO4)¢], occurs as a component of
teeth and bones in vertebrates, but outside of biological systems is a rare alteration
product of phosphate pegmatites. Merrillite is also the major carrier of Rare Earth

Elements (REE) in martian meteorites (McSween et al., 1996; McSween and Treiman,



1998; Shearer et al., 2011a) and likely one of the major sources of the phosphorus
observed in phosphorus rich martian soils and dust (Goetz et al., 2005; Greenwood and
Blake, 2006; Briickner et al., 2008). Phosphate minerals such as merrillite and apatite are
thought to react in late stage martian magmas (McCubbin and Nekvasil, 2008; Filiberto
and Treiman, 2009a; Gross et al., 2013b), and their presence and intergrowth
relationships with each other within martian rocks (or meteorites) can be useful indicators
of crystallization and melt evolution, including the evolution of both water and halogen
budgets over time (Patifio Douce and Roden, 2006; Patifio Douce et al., 2011; Gross et
al., 2013a; Gross et al., 2013b). Such use of merrillite/apatite intergrowth relationships
may also be applicable to other differentiated bodies outside of Mars (Shearer et al.,
2011b). Phosphate minerals have also been shown to be altered in acid vapor
environments, potentially recording important characteristics of the reacting environment
(Lane et al., 2008; Hausrath et al., 2013; Hausrath and Tschauner, 2013). In addition,
phosphate is a required component in fundamental biologic reactions as well as
considered critical to reactions that may have led to life on Earth (Gulick, 1955;
Westheimer, 1987; Schwartz, 2006). The alteration of phosphate minerals such as
merrillite has important implications for phosphate availability and the potential for
martian abiogenesis and development of life on that planet (Adcock et al., 2013). Thus
merrillite is an important phase in exploring the differences in petrogenesis, mantle
evolution, surface processes and other geologic processes between Earth, Mars, and
possibly other bodies (McSween et al., 1996; Treiman, 2003; Shearer et al., 2011a).

The importance of merrillite in martian processes makes a readily available

source of the mineral desirable for laboratory study. However, single-phase natural



merrillite only occurs in extraterrestrial materials and thus studies requiring merrillite
must obtain the mineral directly from meteorites or lunar samples, or through synthesis.
Here we present, methods for producing fairly large quantities of crystalline Fe/Mg-
bearing merrillite for use in Mars-relevant studies, the chemistry and atomic
arrangements of the synthetic minerals, and a proposed mechanism for maintaining

charge balance during the formation of merrillite from whitlockite.

Background

Merrillite was first described in meteorites by Merrill (1915; 1917). Wherry
(1917) was the first to suggest applying "merrillite" as the name of the extraterrestrial
mineral. Merrillite is chemically and structurally similar to the terrestrially occurring
mineral whitlockite; in fact, though merrillite is not found terrestrially as a discrete
mineral phase outside of biological systems, it does occur as a minor component within
whitlockite, with which it forms a solid solution (Hughes et al., 2008). In biological
systems, merrillite forms in dental calculi and urinary stones (Dorozhkin and Epple,
2002). The similarities of merrillite and whitlockite have resulted in overlapping use of
the mineral names within the literature, though they are not strictly the same mineral.
Whitlockite was first described by Frondel (1941) as a late stage calcium phosphate
mineral associated with pegmatites. Frondel and Prien (1946) later applied the term
"whitlockite" to synthetic tricalcium phosphate [B-Ca3(PO4), or commonly B-TCP]
because of chemical and structural similarities of that phase. The similarity of merrillite,
whitlockite, and B-TCP led Fuchs (1962) to argue, based primarily on powder X-ray

diffraction data, that the three phases were the same and that the term "merrillite" should



be abandoned in favor of "whitlockite". Subsequent research conclusively demonstrated
that merrillite and B-TCP, while isostructural and very similar to whitlockite, are distinct,
and lack the required hydrogen of whitlockite (Gopal and Calvo, 1972; Dowty, 1977,
Rubin, 1997; Hughes et al., 2008). Dowty (1977) suggested "merrillite" as the more
appropriate name for the hydrogen-free form found in meteorites. However, because of
the historical usage of "whitlockite" and the difficulty of confirming the hydrous or
anhydrous nature of the phases, the term "whitlockite" continues to be occasionally used
synonymously or interchangeably when describing merrillite (e.g. Ruszala and Kostiner,
1980; Jolliff et al., 1993; McSween et al., 1996; Terada et al., 2003; Orlova et al., 2009).
This is especially the case in biomedical fields where synthetic merrillite compounds,
such as B-TCP, are important in bio-ceramics and are often referred to as whitlockite or
B-whitlockite (e.g. Jarcho et al., 1979; Lagier and Baud, 2003). In this paper, as in some
other studies that discuss both merrillite and whitlockite (e.g. Hughes et al., 2006; Jolliff
et al., 20006) the term "merrillite" is used to describe the anhydrous extraterrestrial (and
synthetic) Ca-phosphate mineral, and the term "whitlockite" to refer to the hydrogenated
terrestrial mineral form.

The most common method of synthesizing merrillite powder is solid state
sintering, which involves heating relevant powdered calcium phosphate chemistry to
>1025 °C. The method typically requires several cycles of regrinding the material during
the synthesis process (e.g. Lazoryak et al., 1996; Belik et al., 2002; Orlova et al., 2009),
and therefore produces a very fine powder. This general method is used to produce
synthetic Ca-endmember merrillite materials including commercially available B-TCP

powders and ceramics. The same methods have been used to synthesize other types of
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merrillite powders (Teterskii et al., 2007; Orlova et al., 2009), including Mg-merrillite
and ferric Fe-merrillite (Lazoryak et al., 1996). A drawback to this general method is that
it produces only very fine powders, which may not be preferred for some studies (e.g.
dissolution kinetics, crystallography, soil simulants). The commercial version is also an
endmember lacking in Fe or Mg and thus chemically dissimilar to the merrillite
commonly found in lunar samples or martian meteorites (Jolliff et al., 2006).

Another method of synthesizing merrillite is through the heating of whitlockite to
>1000 °C for at least 24 hours to drive off the "essential hydrogen" (Gopal and Calvo,
1972; Hughes et al., 2008). This method has the advantage of being simple to perform
and has been applied to both synthetic Mg-whitlockite and natural whitlockite crystals to
produce crystalline merrillite rather than powders. However, natural terrestrial
whitlockite is itself uncommon and generally restricted to small quantities associated
with pegmatites. Thus, in order to synthesize quantities of high purity crystalline Mg-
and Fe-merrillite for use in Mars-related kinetic, thermodynamic, astrobiological, or other
studies, the synthesis of Mg- and Fe-whitlockite in large quantity is required.

Whitlockite can be synthesized by the Rowles method (Rowles, 1968) which
involves hydrolysis of brushite in magnesium chloride solution to create Mg-whitlockite.
The method can create pure Mg-whitlockite crystalline material and large output masses
(500+ g). The crystalline material generated by this method is very fine with specific
surface areas (SSA) of 3-7 m*/g (geometrically equivalent to 0.3-0.6 pm diameter
average particle size)(Hamad and Heughebaert, 1986) making it of limited usefulness in
kinetic, simulant, crystallographic, or other studies where coarser crystalline material is

preferred. Hydrothermal methods, however, can create coarser crystalline material.
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Gopal et al. (1974) synthesized coarse, up to 500 pm per side, crystalline Mg-whitlockite
using such a method. The method required the pre-synthesis and processing of a calcium
phosphate gel and a large (6mm x 100mm) single-use gold tube to contain the reagents
during heating to 300 °C, making it less practical for synthesizing in quantity. Hughes et
al. (2008) inadvertently produced a small amount (i.e. "a few crystals") of Mg-whitlockite
by similar methods while hydrothermally recrystallizing hydroxyapatite [Cas(PO4);OH].
Their method involved first synthesizing hydroxyapatite powder from a calcium
phosphate solution and suspending it in 10ml of distilled water with the pH adjusted to
2.79 using phosphoric acid. The resulting suspension was sealed in a reusable 23ml
Teflon lined acid digestion vessel and heated to 240 °C for 5 days. The output mass from
the hydrothermal treatment consisted mainly of elongate, recrystallized hydroxyapatite
along with a small number of large, well-formed, Mg-whitlockite crystals. The apparent
cause of whitlockite synthesis was Mg contamination from an undetermined source.

Here we present methods based on Hughes et al. (2008) to generate large quantities of
single phase Mg-whitlockite and, from that whitlockite, Mg-merrillite by intentionally
supplying Mg*" to the synthesis. We also developed methods to generate large amounts
of crystalline Fe-whitlockite, as well as mixed Fe/Mg-whitlockites, and ferrous, ferric,
and mixed Fe/Mg-merrillites. Atomic parameters are presented for ferrous, ferric, and
mixed merrillite and Fe- and mixed whitlockite, as well as a proposed mechanism for

maintaining charge balance during the formation of merrillite from whitlockite.
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Methods

Whitlockite synthesis

Based on preliminary experiments (Table S1 in Appendix I), the following
synthesis methods were developed for Mg- and Fe-whitlockite production: a solution
containing 90ml of high purity (18.2 MQ) water, laboratory grade hydroxyapatite
(Spectrum, reagent grade), and either magnesium nitrate hexahydrate for Mg-whitlockite
(J.T. Baker, ACS grade) or troilite for Fe-whitlockite (Alfa Aesar, Fe[II]S 99%) were
combined in a 125ml Parr acid digestion vessel (Parr #4748) with an acid washed Teflon
liner. Specific volumes and masses are contained in Table 1. Once the solution was
mixed, it was acidified to pH <2.8 with concentrated phosphoric acid (Alfa Aesar, ACS
grade). The vessel was then sealed and incubated in an oven at 240 °C for 7 days. At the
end of 7 days, the vessel was removed from the oven and quenched in a water bath in an
effort to prevent any further reaction. After cooling, the vessel was opened and the
solution decanted leaving the solids. Solid material was rinsed from the vessel using
ethanol, allowed to air dry for 24 hours, weighed, and inspected by optical microscopy
for preliminary phase identification. Impurities, first determined by powder XRD and
then optically by morphology thereafter, were typically hydroxyapatite and monetite
(CaHPOy,). In the case of Fe-bearing whitlockite, additional opaque materials presumed
to be Fe-phases occurred in quantities too minor for powder XRD analysis. These
impurities were primarily confined to the <75 um fraction and output masses were brush
sieved on 200 mesh screen to remove that size fraction. Crystals were confirmed as Mg-

or Fe-whitlockite by Scanning Electron Microscopy (SEM) with Energy Dispersive
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Spectroscopy (EDS), Electron Microprobe Analysis (EMP), Powder X-ray Diffraction
(XRD), and Single Crystal X-ray Diffraction (SC-XRD).

Based on results from endmember experiments described above, mixed Fe/Mg-
whitlockites were also successfully synthesized by combining both troilite and
magnesium nitrate hexahydrate (J.T. Baker ACS grade, and Alfa Aesar Fe[II]S 99%,
respectively) in the solution used within a single synthesis experiment. Table 1 contains
the specific masses and volumes used to produce the mixed Fe/Mg-whitlockite that was
further characterized in this study and it includes sodium (as NaCl) as part of the solution.
Subsequent experiments indicated that the addition of NaCl in this method has no
observable effect and can be omitted (see Results and Discussion, and Appendix I
Supplementary Discussion and Table S1), but it is included in Table 1 as this was the
material further characterized in this study. Outside of solution chemistry, all other
parameters used in mixed Fe/Mg-whitlockite synthesis were the same as for the
endmember whitlockite synthesis (e.g. temperature, acidity, incubation time). Impurities
found in mixed Fe/Mg synthesis batches (typically large polycrystalline aggregates,
hydroxyapatite and opaque phases as determined optically) were primarily confined to
the <75 um and >150 pm fractions and output masses were brush sieved to isolate the 75-
150 pum size fraction. Remaining crystalline material was confirmed as Fe/Mg-

whitlockite by EMP and SC-XRD.

Merrillite synthesis

Merrillite can be synthesized from whitlockite (natural or synthetic) by

dehydrogenation through heating to >1000 °C for at least 24 hours (Gopal et al., 1974;
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Hughes et al., 2008). In this study, crystalline Mg-merrillite was synthesized from
synthetic Mg-whitlockite by heating to 1055 °C (+/-5 °C) for a minimum of 24 hours in a
loosely covered 10ml Pt crucible nested within a larger (100ml) alumina crucible for
easier handling. After heating, the crucibles were removed and allowed to air cool. After
cooling, resulting materials, typically white to clear in color, were removed from the
crucible using a synthetic brush.

Crystalline ferric Fe-merrillite was synthesized in an identical manner as the Mg-
merrillite described above, in a Pt crucible in ambient atmosphere. The process produces
an orange/red colored material. Ferrous Fe-merrillite was synthesized in an evacuated
(107 Torr) sealed SiO, tube in place of the Pt crucible to inhibit oxidation of Fe from
ferrous to ferric in the Fe-whitlockite. Tubes were purged with argon three times to
remove oxygen before final evacuation and sealing. SiO; glass wool (average 4 pm
diameter) was used to prevent the loss of material from the tubes during purge and
evacuation cycles. Whitlockite heat treated in this manner ranged in color from
white/translucent to black and nearly opaque.

Mixed Fe/Mg-merrillite was synthesized both in a 10 ml Pt crucible in ambient
atmosphere, and also in a triple argon purged evacuated (10 Torr) sealed SiO, tube to
inhibit oxidation of the Fe in the Mg-Fe whitlockite, both as described above. Resulting
materials from all merrillite syntheses were analyzed by optical microscopy, EMP and
SC-XRD to confirm the phases. Oxidation of Fe during merrillite synthesis can mask
detection of dehydrogenation by SC-XRD, so Fe-containing phases were additionally

analyzed by Infrared Spectroscopy (IR). As with the Fe-endmember whitlockite treated
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in the same manner, the output material ranged in color from white/translucent to black

and nearly opaque.

Analvtical Methods

Powder X-ray Diffraction (XRD) analyses were performed in the UNLV
Geoscience XXL facility. Samples of synthesized Mg- and Fe-whitlockite, as well as
impurities from synthesis, were powdered by hand in an agate mortar and pestle and
subjected to powder XRD in a Panalytical X'pert Pro diffractometer using Cu Ka.
radiation. Scans were run at 45 Kv and 40 mA from 5-75° 20 in continuous mode with
step-size of 0.0084° and scan rate of 0.06° sec”’. Patterns were identified and confirmed
using Panalytical's X'pert Pro High Score Plus software.

Optical microscopy was used to identify synthesized phases based on crystal
habit/morphology and previous XRD analyses. These identifications were carried out
with a Barska tri-ocular stereomicroscope with a magnification range of 7x to 45x. An
adaptor mounted Canon XTi camera was used for all optical photomicrographs.

Scanning Electron Microscopy (SEM) in secondary electron imaging mode (SEI)
and Energy Dispersive Spectrometry (EDS) was carried out on a JEOL 5600 SEM at the
UNLYV Electron Microanalysis and Imaging Laboratory (EMiL). Operating conditions
were 20 KeV and a 20 mm working distance. Analyses by Electron Microprobe (EMP)
wavelength dispersive spectroscopy (WDS) were carried out in a JEOL JXA-8900 at the
UNLYV EMIL facility on polished epoxy mounts. Analysis conditions were 20 KeV and

10 nA using a 10 pum beam. Analyses were standardized using Smithsonian mineral
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standards of olivine (Mg, Fe) and apatite (Ca, P)(Jarosewich, 2002), and Harvard
(Amelia) albite (Na)(McGuire et al., 1992).

Single Crystal X-ray Diffraction (SC-XRD) analyses were carried out using a
Bruker APEXII single crystal diffractometer. An appropriate crystal was selected under
paratone oil on a polarizing microscope and attached to a Kapton mount. A full sphere of
data was collected with the sample cooled to 100 K using an Oxford nitrogen cryostream.
An absorption correction utilized the Bruker software SADABS, structure solution was
performed using a beta-version of SHELXT, and refinement was carried out using a
combination of SHELX (Sheldrick, 2007) and OLEXII (Dolomanov et al., 2009). Bond
valence calculations from SC-XRD data were conducted using VALIST (Wills, 1999).

Infrared (IR) spectra were obtained with a Digilab FTS 7000 series FT-infrared
spectrometer on powdered samples using a photo-acoustic chamber attachment.
Analyses were performed under ambient conditions at 2.5 KHz and a resolution of 8 cm’™
for 64 total scans. Data were collected over the range of 400 to 4000 cm™. Carbon black
was used to obtain a background versus subsequent spectra.

Synchrotron X-ray diffraction experiments were conducted on two samples (a red
ferric Fe/Mg-merrillite crystal and a dark colored ferrous Fe/Mg-merrillite crystal) at the
superconducting bending magnet beamline 12.2.2 at the Advanced Light Source (ALS),
Lawrence Berkeley National Laboratory, with the goal of identifying any trace fine-
grained phases within the merrillite. Primary beam energy was 20.000 keV and a
MAR345 image plate detector was utilized. Detector parameters were calibrated and
corrected for geometric distortions based on a LaBg NIST powder diffraction standard

using the Fit2D software (Hammersley et al., 1996). The X-ray beam at beamline 12.2.2
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of the ALS is focused by Kirkpatrick-Baesz mirrors vertically and horizontally to 10 x 15
um®. Crystal samples were mounted on the tips of quartz glass fibers of 30 pm diameter
and centered on the phi rotation axis. Exposures were taken over 160 s while the samples
were oscillated by +/-40 degrees around the phi axis. Recorded images were integrated
using Fit2D (Hammersley et al., 1996). We first used Fit2D to mask strong reflections
from merrillite and any remaining minor untransformed whitlockite in the diffraction
image frames and integrated the remaining patterns. Integrated patterns were still
dominated by merrillite reflections and less intense whitlockite reflections. The
contributions from both these phases were fitted by a Le Bail refinement (Le Bail, 2005).
Remaining reflections were then identifiable as fine-grained inclusions. We used the first
strong diffraction peaks of these fine-grained inclusions for a search in the American
Mineralogist database (Downs and Hall-Wallace, 2003) and commercial data bases

(ICSD) for identifying possible inclusion phases (Bergerhoff and Brown, 1987).

Results and Discussion

Optimization of Whitlockite Synthesis

Results of preliminary Mg-whitlockite experiments indicated that the
concentration of solids in solution (g/L) was a strong control on Mg-whitlockite
formation (Appendix I Table S1). Concentrations of greater than approximately 22 g/L
produced primarily monetite (CaHPO,4) and hydroxyapatite (HAP) crystalline material
rather than whitlockite. Concentrations of less than 22 g/L, including the 14.5 g/L used
in the finalized method, produced yields consisting primarily of well formed crystals of

Mg-whitlockite confirmed by morphology, SEM EDS, powder XRD, and SC-XRD
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(Figures 1A and 2A). Solution concentrations of significantly less than 14.5 g/L (e.g.
11.1 g/L) produced whitlockite, but in smaller amounts (Appendix I Table S1).
Variations in incubation time (5-14 days) indicated that most crystal growth occurred in
the first 7 to 8 days. Longer incubation times (up to 14 days) did not produce
significantly larger crystals. Variations in pH from 2.1 to 2.8 did not appear to have any
significant effect. Scaling up from 23ml vessels to 125ml vessels had no effect as long as
solution concentrations were maintained. Temperature (i.e. 240 °C) was not varied and
represented the highest safe temperature rated for the vessels used. The ratio of HAP to
magnesium nitrate hexahydrate (3.33: 1) was not varied significantly, but minor changes
(2.93:1 to 3.52:1) had no noticeable effect on syntheses. Overall yields from multiple
batches of Mg-whitlockite synthesis using the final method had an average yield of >700
mg (Appendix I Table S1). The <75um fraction was removed to minimize impurities
(i.e. monetite and hydroxyapatite); this fraction averaged <2% of the total output mass.
Imperfections within some crystals, mainly in the larger size fraction, were apparent
optically, but centralized clusters of inclusions similar to those seen by Hughes at al.
(2008), while present, were uncommon. Most crystals (>80%) were over 150 um and the
largest crystals were 2mm. Polycrystalline aggregates of whitlockite occurred in the >75
pm fraction but the majority of the material were single crystals. EMP analyses of
synthesized crystals (Table 2) confirmed Mg-whitlockite stoichiometry as
Cag oMgo o(PO3;0H)(PO4)s.

Attempts to synthesize Fe-whitlockite using FeCl, as the source of Fe failed to
produce the mineral in amounts detectable by optical microscopy, even at total solid in

solution concentrations as low as 12.0 g/L. Instead, crystal morphologies consistent with
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monetite and recrystallized HAP were produced as well as minor opaques (presumably
Fe phases). The subsequent use of Fe(II)S as the source of Fe did produce Fe-
whitlockite. Aggregate and hydroxyapatite production were minimized by decreasing the
concentration of solids in solution from an initial 16.1 g/L to < 12.0 g/L. To minimize
iron sulfide phases, the ratio of hydroxyapatite to Fe(II)S in solution was increased from
~9:1 (near stoichiometric ideal) to between 16:1 and 20:1 in an effort to "starve" the
system of Fe. Yields from Fe-whitlockite syntheses using the final method described in
the methods section averaged >500 mg of largely well formed whitlockite crystals (Figs.
1B and 2B, Appendix I Table S1). Impurities (i.e. iron sulfides, hydroxyapatite, and
monetite) mainly occurred in the <75 um fraction which could be removed through
sieving. The <75 pm fraction accounted for 33% of the total output mass on average.
Inter-crystalline Fe-films were apparent optically in some aggregates (Fig. 1C). Some
Fe-whitlockite crystals themselves contained minor intra-crystalline Fe-film deposits
(determined optically) on earlier growth surfaces (Fig. 1B), with the crystals separable by
picking. Minor amounts of Mg (0.14 wt. % as MgO) were also detected in Fe-
whitlockites by EMP (Table 2). Like Hughes et al. (2008), the source of Mg is unknown,
but is most likely from trace impurities in the reagents used. EMP analyses of
synthesized crystals (Table 2) confirmed synthetic Fe-whitlockite stoichiometry as
CaggFe; o(P1.0030H )(PO4)s.

While Mg- and Fe-endmember whitlockite (and the merrillite synthesized from
them) represent closer analogs to naturally occurring minerals than a phase like -
Ca3(PO4),, mixed Fe/Mg phases are closer analogs still. Two early experiments to

produce mixed Fe/Mg-whitlockite failed to produce any significant whitlockite
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(Appendix I Table S1). With understanding gained from further endmember
experiments, another set of experimental conditions was tested with a lower solution
concentration (13.0 g/L as opposed to >17 g/L for the earlier attempts). This experiment
included a source of Na" as part of the solution (included in the solution concentration
noted above). Though Na" does not generally occur in whitlockite, the ion does occur in
a specific Ca”" site in natural merrillite, including merrillite found in martian meteorites
where Na' content can be as high as 2 wt.% (Jolliff et al., 2006). The batch produced
Fe/Mg mixed whitlockite (Figs. 1D and 2C) along with impurities of hydroxyapatite and
monetite, and large (>150 um) polycrystalline aggregates. Most impurities were in the
>150 pm and <75 pm size fractions, leaving the 75-150 pum size fraction the purest. This
fraction comprised 39% of the total output mass. EMP analyses showed no incorporation
of Na' into any of the synthesized material and an average stoichiometry of
CagoFep7Mgo3(POsOH)(PO4)s (Table 2). The whitlockite seems to preferentially
incorporate Mg, as the whitlockite from this batch had a Fe to Mg molar ratio of ~7:3 but
the molar ratio of Fe to Mg in the reactants added was ~9:3. EMP analyses of results
from additional mixed Fe/Mg-whitlockite synthesis experiments support this observation
(Appendix I Table S2). It is also of note that the mixed Fe/Mg-whitlockite synthesis
experiments had a higher failure rate than those of the endmembers, even after finding a
generally successful set of conditions. Further investigation might yield the source of the
failures or better refine the method. The lack of Na" incorporated within the whitlockite
synthesized in these experiments suggests it may not be possible to incorporate the ion
into the structure under hydrothermal conditions. Thus, mixed Fe/Mg-merrillite

subsequently synthesized from the mixed Fe/Mg-whitlockite would also lack the sodium
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generally found in martian and lunar merrillite. Further investigation to determine
conditions that favor Na' substitution in merrillite are warranted as they could potentially
reveal important information about the specific martian environments in which merrillite
forms. Nevertheless, sodium-free mixed Fe/Mg-bearing merrillite represents a better
analog to martian merrillite than pure endmember phases. EMP analyses revealed
standard deviations of Fe and Mg contents were slightly higher than those of endmember
synthesized material (Table 2). However, the minor increase in inhomogeneity should

not limit the usefulness of the material for most studies.

Merrillite Synthesis

Merrillite and whitlockite structures are too similar to be easily distinguished by
powder XRD, thus heat-treated materials were analyzed by SC-XRD and EMP to
determine if the whitlockite to merrillite transformation had occurred. In the case of Mg-
merrillite, SC-XRD (discussed in more detail below under Crystallography) confirmed
synthesis had occurred and EMP analyses of the resulting Mg-merrillite (Table 2)
indicated a stoichiometry of Cag4Mg; 1(PO4)7,0, compared to Cag Mg o(PO3;0OH)(PO4)s
of the starting Mg-whitlockite. The higher stoichiometric value for Ca®* results from Ca
substitution for charge balance due to dehydrogenation. Dehydrogenation is also the
likely cause of higher observed totals for EMP analyses of Mg-merrillite versus the Mg-
whitlockite used to synthesize it (99.35% versus 98.02% respectively). The synthesized
Mg-merrillite maintained the crystallinity and morphology of the starting whitlockite

material (Fig. 1E).
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Fe-merrillite synthesis proved more complex than Mg-merrillite synthesis due to
the apparent oxidation of ferrous Fe*" to ferric Fe*" when heated in open air. Fe-
whitlockite samples heat-treated in open air (i.e. in the Pt crucible) changed color from
white to orange or yellow. Like the Mg-merrillite, EMP analyses of the heat treated
material showed overall totals rise from 98.15% for the original whitlockite to 98.80%
for the heat treated material (with Fe calculated as FeO, see Table 2 and associated table
notes), likely due to the loss of H" during heating. However, EMP analyses also
indicated a stoichiometry that did not significantly change from the Fe-whitlockite of
CagoFe; o(PO4)70. This EMP result, and the color change, suggested oxidation of Fe’' to
Fe’* to produce a ferric Fe-merrillite phase balancing the change in charge due to the loss
of H" as shown below:

CaoFe® (PO;OH)(PO4)s— Cag Fe’ (PO,)-. (1)

Bond valence calculations (Skowron and Brown, 1990) and Fe — O bond lengths (Table
3) based on SC-XRD analyses of the heat treated material were also consistent with Fe*".
To confirm dehydrogenation, IR analyses were performed on both the unreacted Fe-
whitlockite and the heat-treated Fe-merrillite to determine the presence or absence of O—
H bonds (Fig. 3A). The IR spectra show a large reduction in absorption between the
starting material and the heat-treated material over the range of 3330 to 2570 cm™ where
a broad feature is associated with an O—H stretch (White, 1990; Belik et al., 2002). There
is also an O—H absorption peak at 2380 cm™ (Belik et al., 2002) which disappears
between the starting whitlockite material and the samples heated treated in the Pt crucible
open to the atmosphere (Fig. 3A), further supporting the conclusion that the material is

ferric (Fe*") Fe-merrillite. Previous research using solid state methods has also produced
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a ferric Fe-merrillite (e.g. Lazoryak et al., 1996; Belik et al., 2002), although the material
in those experiments was a fine powder.

In order to prevent Fe oxidation and promote the formation of ferrous Fe-
merrillite, Fe-whitlockite was heated to 1055 °C in triple argon purged evacuated fused
Si0, tubes instead of the open air Pt crucible. After heat treatment, EMP analyses
indicated a stoichiometry of Cag,Fe; Mgy 1(P1,004)7 and overall totals rose compared to
the starting material (Table 2). Bond valence calculations performed using VALIST
(Wills, 1999) and Fe—O bond lengths (Table 3) from SC-XRD data are consistent with an
Fe oxidation state of 2+, indicating that the phase is ferrous. However, IR results showed
a remaining peak at 2380 cm™' indicating that full dehydrogenation did not occur during
the heat treatment (Fig. 3A). Thus the resulting phase consists of ferrous Fe-merrillite
containing some whitlockite. Extending the incubation time at 1055 °C to three days had
no effect on the IR results. The result of heat treating the Fe-whitlockite in a sealed SiO,
appears to be ~80-90% transformation to merrillite based on SC-XRD and is discussed in
more detail in the Crystallography section. The incomplete dehydrogenation of the
ferrous merrillite may be the result of changing partial pressure due to H' loss in the
sealed system and warrants further exploration. Many of the heat treated crystals were
darker in color suggesting the formation of other, possibly Fe-containing phases,
although BSE and EMP analyses were unable to detect a separate phase within crystals or
a color dependent difference in chemistry.

Formation of mixed Fe/Mg-merrillite followed similar trends to that of
endmember Fe-merrillite synthesis, with samples heated in open air oxidizing to

Fe’*/Mg-merrillite and samples heated in an evacuated SiO; tube forming Fe*"/Mg-
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merrillite. Fe/Mg-whitlockite heat treated in a Pt crucible in open air showed a rise in
EMP totals over the starting material beyond that attributable only to total calculations
based on Fe,O; rather than FeO (Table 2 and associated table notes). IR analyses, as
described above (Fig. 3B), indicated dehydrogenation had occurred. Bond valence
calculations based on SC-XRD data showed that Fe had oxidized to Fe**, and EMP
analyses of the reacted material showed a stoichiometry of Cag,Fey7Mgo 4(P1.004)7
compared to the unreacted whitlockite of Cag oFey7Mgo 3(P1.0030H )(POs)s indicating Ca
mobility to balance the change in charge due to the loss of H' had occurred. Heat
treatment also caused a color change in the material from white/translucent to red/orange.
Dehydrogenation of mixed Fe/Mg-whitlockite by heating in an evacuated fused
Si0, tube resulted in crystalline material that varied in color from clear translucent to
nearly opaque dark black. SC-XRD analysis performed on a clear crystal indicated it to
be Fe’*/Mg-merrillite that contained some whitlockite. Fe — O distances determined by
SC-XRD indicate that the Fe had not significantly oxidized. A smaller, sharp O-H
absorption peak at 2380 cm™ remained (Fig. 3B) indicating that the phase contained some
whitlockite. Similar to the ferrous endmember Fe-merrillite extending the incubation
time to three days had no effect on the IR results. Estimates of the merrillite/whitlockite
content are discussed in more detail in the Crystallography section, but indicate that most
of the mixed Fe/Mg-reacted material is merrillite (~70%). The color change observed in
post heat treatment crystals, as with the Fe-merrillite treated in a SiO, tube, suggested the
possible formation of another phase. However, as with the similarly treated endmember
Fe-whitlockite, BSE and EMP analyses were unable to detect a separate phase within the

crystals or a difference in chemistry between lighter or darker colored material.
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Surface deposits or films on crystals of synthesized endmember and mixed
merrillite crystals are apparent under SEM imaging (Figs. 2D to 2F) and by optical
microscopy (e.g. Fig. 1E). Large (> 150 um) Mg-merrillite crystals were completely
covered with the film, which is generally sub-micron in thickness. The amount of
coverage appeared to decrease with decreasing grain size (i.e. smaller crystals exhibited
less complete or thinner coverage). In contrast, deposits on Fe*"-bearing crystals rarely
covered the entire crystal surface and in the case of ferric Fe-merrillite, most crystals
showed no coating (Fig. 1F). SC-XRD analyses did not detect a second phase, although
SC-XRD analysis would be unlikely to detect such small amounts of a second phase.
The surface textures also lack any morphology that would suggest crystallinity and thus
may be amorphous. The coatings were also not detectable in EMP prepared samples due
to their sub-micron thickness and similar chemistry. EDS in SEM of the reacted surfaces
indicated that the surface deposits were mainly Ca and P with no evidence of Mg or Fe,
and therefore suggest that they may be the result of some form of diffusion to the surface
during heating.

In an attempt to determine what additional phases might be present in the
merrillite samples, two samples were analyzed by synchrotron XRD; a translucent red-
colored crystal of the Fe/Mg-merrillite heat treated in open air (ferric Fe/Mg-merrillite),
and a crystal containing a hazy grey to black core within a clear crystal matrix of Fe/Mg-
merrillite heat treated in a SiO; tube (ferrous Fe/Mg merrillite). Specimens were 100 to
150 um in diameter. In both cases, diffraction patterns exhibited three distinct sets of

features: reflections that belong to multiple domains of merrillite, reflections that belong
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to domains from whitlockite, and Debye fringes from very fined grained (grain size <
Ium) inclusions. Thus the samples were not true single crystals.

Modeled and observed patterns of the red-colored ferric Fe/Mg-merrillite sample
along with the residual of the fit appear in Figure 4A. In addition to the expected
merrillite and whitlockite, monetite and a minor amount of holtedahlite [Mg,(PO4)(OH)]
were also identified. Holtedahlite occurs as a fine grained phase which generated a
smooth powder diffraction pattern. With the given experimental settings and based on
the observed peak profiles the average grain size of holtedahlite is less than 1 pm and
more than 100 nm. Since the diffraction signals from whitlockite, merrillite, and
monetite were not powderous, a Reitveld analysis for phase quantification could not be
conducted. However, the strength of the diffraction signal of holtedahlite indicates that it
is significantly less than merrillite, whitlockite, and monetite.

The ferrous Fe/Mg-merrillite specimen with the grey-black core region was
composed of a solid solution whitlockite/merrillite matrix (>3 micron grain size)
containing small amounts of monetite and an additional unidentified fine grained (< Ium)
phase. Limited diffraction data are consistent with a Na-bearing Ca-ferrate, although a
confident identification is not possible and oxidized Fe would be surprising in the ferrous
Fe/Mg-merrillite. The observed pattern with the whitlockite/merrillite contributions
masked and modeled patterns of monetite, a Na-bearing Ca-Ferrate, and the residual of
the fit appear in Figure 4B.

Presumably, some of these additional phases may also occur in the endmember
merrillite materials, though we were not able to confirm that as part of the current study.

Synchrotron diffraction patterns of monetite might explain the calcium and phosphorus
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phase observed as films on crystals. SC-XRD analyses did not detect monetite,
holtedahlite or another unidentified phase, but the technique and sample selection criteria
are designed to refine single structures from single crystals and are not applicable to
detecting minor phases that exhibit reflections from multiple domains or powder fringe
patterns.

The mechanism by which calcium balances the charge imbalance due to the loss
of H' from whitlockite and increases the stoichiometric Ca in non-ferric merrillite is
unclear. Gopal and Calvo (1972) and Gopal et al. (1974), who synthesized merrillite
from both natural and synthetic Mg-whitlockite, present no mechanism. Hughes et al.
(2008), who synthesized merrillite from synthetic Mg-whitlockite, suggest Ca-rich
reagents entrained in the synthetic whitlockite crystals yielded Ca sufficient to counter
the charge imbalance due to H' loss, with the Ca presumably diffusing through the
crystal. However, this mechanism fails to explain enhanced Ca concentrations in the
whitlockite to merrillite dehydrogenation experiments of Gopal and Calvo (1972) who
used natural whitlockite, which would contain no entrained reagents.

The apparent enrichment of Ca relative to phosphate during the whitlockite to
merrillite transformation could take place through the formation of additional phases that
either diffuse to the surface or are dispersed and difficult to detect within the bulk
crystals. This would be consistent with the synchrotron diffraction data that indicate
additional phases were present within Fe/Mg-merrillites. An additional phase or phases,
like the holtedahlite or Fe-bearing phase indicated by synchrotron diffraction, would be
required in order to take up extra Mg or Fe made available during the transformation

from whitlockite to merrillite. Synchrotron diffraction data from the ferric Fe/Mg-
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merrillite heat treated open to atmosphere indicated holtedahlite as the only additional
crystalline phase beyond monetite, which would take up remaining Mg. It is plausible
that if the Fe is oxidizing during transformation as per Equation 1, an additional Fe-
bearing phase may not necessarily form. However, in the case of the ferrous Fe/Mg-
merrillite treated in the SiO; sealed tube, both Fe- and Mg-bearing additional phases
would be expected and synchrotron diffraction data only indicate a possible Fe-bearing
crystalline phase. It is possible that an undetected amorphous Mg-phase is taking up the
excess Mg, and that a similar Fe-bearing phase may also form to take up any excess Fe in
the Ferric merrillite that is not accounted for by oxidation (Equation 1). Candidates for
such a phase include Fe- and Mg- pyrophosphates [X»(P,O7) where X is Mg or Fe],
which can be produced in high temperature metal/phosphate systems and can be
amorphous (Bensalem et al., 1997; Lee et al., 2012). These Fe- and Mg-pyrophosphate
phases may also act as transitional phases — for example, a hypothetical Mg-
pyrophosphate may be a transitional phase to the holtedahlite observed by synchrotron
XRD (Equation 2), which would explain why holtedahlite was detected in one sample,

but no Mg-containing phase in the other:
Mgz(P207) +2 HQO d Mgz(PO4)(OH) + H3PO4 . (2)

A general reaction reflecting the transformation from whitlockite to merrillite may
therefore include either holtedahlite or an amorphous metal pyrophosphate, and be

represented by:
Whitlockite + Heat — Merrillite + Monetite + Additional Phase(s) + H;PO, + H,0,

where non-merrillite phases take up any remaining chemistry resulting from the
whitlockite-to-merrillite transformation. A balanced example that includes both monetite

and pyrophosphate as the metal phosphate is:
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24 CagX(PO;0H)(PO4)s — 22 Cays X(PO,); + 7 Ca(HPO,)+ Xo(P207) + 5 H;PO, +H,0. (3)

Equations similar to 1, 2, or 3, or combinations thereof, are consistent with the
observations of this study and allow for a mechanism of charge balance that does not
require entrained synthesis reagents. Such a mechanism would better explain the
transformation of natural whitlockite to merrillite confirmed by Gopal and Calvo (1972),

where no entrained reagents from synthesis were present.

Crystallography

The atomic parameters of Mg-whitlockite and Mg-merrillite synthesized by
conceptually similar methods to those used here have been previously measured by SC-
XRD and discussed (Gopal et al., 1974; Hughes et al., 2008), and therefore we only focus
on differences between the Fe- and Fe/Mg-whitlockite and merrillite structures
determined in this work. The structures of Fe-whitlockite and ferric Fe-merrillite have
been previously refined using powder XRD diffraction (Corlett and Keppler, 1966;
Keppler, 1968; Lazoryak et al., 1996; Belik et al., 2002). Belik et al. (2002) utilized
neutron powder XRD and located two deuterium sites for Fe—whitlockite; hydrogen
cannot be located by SC-XRD methods. Since significantly more accuracy is possible
with single crystal XRD, we report the structures of Fe-whitlockite and ferric Fe-
merrillite here (Table 4). Atomic parameters of synthetic ferrous Fe-merrillite, and
mixed Fe/Mg-merrillite do not appear to be in the literature, and we present atomic
coordinates and full listing of bond distances as Tables S3 and S4 in Appendix I. A .cif

file containing all six crystal structures is also in Appendix I.
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Broadly speaking, the six crystal structures determined (Fe- and Fe/Mg-
whitlockite, as well as ferrous and ferric Fe- and Fe/Mg-merrillite)(Table 4) are similar
with differences related mainly to the chemistry. The position of the proton has
previously been established as protonating the phosphate group located on the 3-fold axis
(labeled P3 in this work). Protonated phosphates point in the opposite direction
compared to non-protonated phosphates. Modeling of this disorder for the synthetic Fe-
whitlockite found 89.0% of P3 on the inverted site; 100% should be inverted if the
structure were fully protonated. It is possible that some protons occupy other sites in the
structure, some Fe¥' is present, minor merrillite is present, or a combination of the three.
Small amounts of merrillite within natural whitlockite and synthetic Mg-whitlockite have
been previously noted (Hughes et al., 2008).

Heat treating the Fe-whitlockite in a Pt crucible open to the atmosphere yields an
Fe-merrillite sample where 97.1% of the P3 are not on the inverted site, in agreement
with essentially full conversion to merrillite. This does not require 2.9% protonation — it
is possible that a fraction of the P3 phosphate remains inverted after deprotonation. The
observed Fe — O distances (Table 3) are highly sensitive to the oxidation state of the iron.
We find distances in the Fe-whitlockite sample (Fe — O bond lengths of ~2.03 A), and in
the ferric merrillite sample (Fe — O bond length of ~2.10 A) that match expected metal —
oxygen distances for Fe’" and Fe’", respectively. Note that the approximate difference
of 0.1 A between Fe for Fe*" and Fe®" is larger by roughly a factor of 50 than standard
deviations on these bond distances (Table 3). Bond valence calculations are normally
only an approximate method of identifying oxidation state as bond distances can be

influenced by a variety of structural features in a specific compound. In this particular

31



instance, bond valence calculations are more conclusive as the crystal structures and
compositions are very similar to each other. While the observed bond distances as well
as the bond valence calculations clearly suggest primarily Fe* in the Fe-whitlockite and
ferrous merrillite, and primarily Fe’* in ferric merrillite, they only indicate which
oxidation state is predominant in each structure, not the relative amounts of Fe*" and
Fe’,

Heating the Fe-whitlockite samples in evacuated SiO; tubes apparently prevented
some oxidation of Fe*" to Fe', as evidenced by little change in the measured Fe — O
bond distances (Table 3). Charge balance in the merrillite is maintained by the migration
of Ca®" cation sites to around where protons are found in the whitlockite form. The Ca is
distributed over two sites, Ca4A and Ca4B, with refined occupancies of 14.8 and 29.6%,
respectively. As it is not possible from crystallography to assign elements to partially
occupied sites such as these, we infer that they are likely Ca based on its increase in
microprobe data (Table 2) and the bonding environments for both sites. Table 3 includes
bond distances for these sites, all of which are longer than expected for Fe**. In addition,
the environments are quite irregular, which would be unfavorable for d° Fe but not
unusual for Ca*". As 50% occupancy of a divalent cation site would provide sufficient
charge balance to replace that lost by full dehydrogenation, these occupancies are
consistent with 88.8% conversion to merrillite. Of the P3 phosphates, 23.9% are
inverted, which is consistent with a modestly higher degree of protonation than suggested
by the Ca®* occupancies, though some of the P3 phosphate may have remained inverted
after deprotonation. The Ca*" occupancies of the Fe-whitlockite heat treated in a sealed

Si0, tube, together with P3 observations, indicate ~80-90% conversion to merrillite.
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There was no evidence of significant electron density on or around these sites in the Fe-
whitlockite and Fe-merrillite heat treated in a Pt crucible.

The mixed Fe/Mg-whitlockite sample refined to a similar overall structure as the
pure Fe-whitlockite. Refinement of the Fe/Mg ratio yielded a 63.7% Fe occupancy, with
the balance Mg, in general agreement with the microprobe results (Table 2). The Fe/Mg
ratios refined for the two heated samples refined to 75.4% (Pt crucible) and 64.6% (SiO;
tube). Inter-crystal standard deviations on this ratio determined by microprobe were
high, so it is quite possible that this value varies some from crystal to crystal. P3
phosphates are inverted 84.0% of the time, suggesting the whitlockite is 16% merrillite
already, and the Fe — O distances are consistent with Fe*". The sample heated in air
ended up with 6.5% of the P3 site inverted, suggesting near complete conversion to
merrillite structure, and the Fe — O distances are consistent with Fe*".

Results of heating mixed Fe/Mg samples in sealed SiO, tubes were also quite
similar to the pure Fe case. Fe — O distances are consistent with Fe*", and 30.9% of the
P3 phosphate group are inverted, indicating that the sample is largely merrillite. Two Ca

sites with similar environments and occupancies (9.8% and 26.4%) were also found.

Implications for Martian Studies
Merrillite is a potentially important indicator of martian geologic processes,
including the evolution of halogen and water content over time in martian magmas. A
deeper understanding of the relationship of merrillite formation to halogen and water
content in melts may hold clues to parts of the martian igneous and hydrologic cycles.

The relationship of merrillite/whitlockite to apatite in melts may also hold important
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clues to the evolution of not only martian magmas, but those of other differentiated
bodies including Earth and asteroids. The phosphate in martian soils and dust may also
be present as merrillite, making the mineral of interest to martian surface process studies
and, as a major source of bio-essential phosphate, studies pertaining to martian
habitability. Access to a supply of synthetic, coarse crystalline whitlockite and merrillite
of various chemistries and an understanding of the conditions under which these phases
can be formed, as presented here, will likely aid in facilitating a number of these studies
as well as further investigations into more fundamental thermodynamic and kinetic
parameters of the minerals. Complete dehydrogenation of ferrous merrillite in this study
may have been hindered by the sealed tube used. A flow through apparatus may
eventually prove more successful, and while Na" incorporation into merrillite may not be
possible under hydrothermal conditions, a high temperature approach may yield success.
Future efforts in producing completely dehydrogenated ferrous merrillite as well as
incorporating Na" into synthetic merrillite are warranted as the conditions under which
these are achieved may reveal further insights into the natural environments, martian or

otherwise, in which these minerals form.
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Table 1. Masses and volumes used in finalized whitlockite synthesis methods

Total Solids in

Synthetic Mineral MgNO:; (g) FeS (g) NaCl (g)° HAP (g)b solid H:0 Solution
Mass (g) (mi) (9/L)
Mg-whitlockite 0.300 (+0.003) - - 1.000 (+0.003) 1.300 90 14.4
Fe-whitlockite - 0.055 (+0.005) 1.000 (+0.003) 1.055 90 11.7
Fe/Mg-whitlockite 0.050 (+0.003)  0.050 (+0.005)  0.067 (+0.005) 1.000 (+0.003) 1.167 90 13.0

“Later experiments showed NaCl to have no effect on synthesis. "HAP = hydroxyapatite.

sa[qe L



Table 2.

Chemical analyses of whitlockite and merrillite by electron microprobe in wt%.

Mg-whitlockite

Mg-merrillite

Cao 47.61 (0.20) 48.89 (0.21)
P,0s 46.85 (0.27) 46.38 (0.32)
MgO 3.54 (0.14) 4.06 (0.12)
FeO 0.02 (0.03) 0.02 (0.03)
Na,O B.D. B.D.
*H,0 0.86 -
Total 98.02 (0.34) 99.35 (0.36)
n 17 16
Stoic. Cag oMgo.o(PO30H)(PO,)s Cag 4Mg11(PO4)70
Ferric Ferrous
Fe-whitlockite Fe-merrillite Fe-merrillite
(Pt cruc.) (SiO, tube)
cao 46.00 (0.45) 46.37 (0.27) 47.00 (0.19)
P,05 45.26 (0.47) 46.02 (0.50) 45.42 (0.46)
MgO 0.14 (0.03) 0.34 (0.07) 0.39 (0.10)
®Fe,0, - 6.74 - -
FeO 6.75 (0.27) - 6.85 (0.18)
Na,O0 B.D B.D. B.D.
*H,0 0.86 - -
Total 98.15 (0.63) 99.47 (0.45) 99.65 (0.53)
n 18 17 20
Stoic. Cag oMgo.o(POsOH)(PO,)6 CagoFeqsMgo1(P04)70 Cag ;Fe; oMgo1(PO4)7.0
Ferric Ferrous
Fe/Mg-whitlockite Fe/Mg-merrillite Fe/Mg-merrillite
(Pt cruc.) (SiO, tube)
Cao 46.54 (0.59) 46.79 (0.33) 47.09 (0.22)
P,0; 45.83 (0.36) 45.96 (0.39) 45.40 (0.38)
MgOo 1.00 (0.20) 1.29 (0.09) 1.20 (0.16)
PFe,0; - 4.98 - -
FeO 4.62 (0.71) - 5.68 (0.23)
Na,O0 B.D. B.D. B.D.
*H,0 0.86 - -
Total 97.99 (0.49) 99.02 (0.60) 99.36 (0.48)
n 15 13 19
Stoic. CagoFeq7Mgo3(PO3OH)(PO,)g Cag 1Feq7Mgo3(P04)70 Cag ;FeqsMgo3(P04)7.0

Parenthetical values are 1 standard deviation. n = number of analyses averaged chemistry is based on.
B.D. = below detection.
“H,0 is based on ideal whitlockite (Hughes et al., 2008) and is not included in the EMP totals.

"Fe was measured assuming Fe’* and recalculated to Fe’* with total and resulting stoichiometry adjusted
accordingly. For ferric Fe-merrillite, the original FeO wt. % = 6.07 with a standard deviation of 0.13,
analysis total of 98.80, and calculated stoichiometry of Cag ;Fey Mgy (PO,);o. For Ferric Fe/Mg-
merrillite the original FeO wt. % = 4.48 with a standard deviation of 0.08, analysis total of 98.53, and
calculated stoichiometry of CagFey Mgy 4(POy)7o. NOTE: It is not possible by microprobe alone to

actually determine Fe’/Fe’" content and these values are estimates.
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Table 3. Select bond lengths discussed in text for synthetic minerals A.

Ferrous Ferrous

Fe- Ferric Fe/Mg-

FerricFe-  merrillite Fe/Mg- merrillite

Fe- Fe/Mg- merrillite (Sio, merrillite (Sio,

whitlockite  whitlockite (Pt cruc.) tube) (Pt cruc.) tube)

Fe(1)- 0(4) 2.1131(16)  2.1067(13)  2.046(2) 2.122(3) 2.048(2) 2.104(2)

O(4)#1  2.1130(16)  2.1068(13)  2.046(2)  2.122(3)  2.048(2)  2.104
O(4)#2  2.1130(16)  2.1068(13)  2.046(2)  2.122(3)  2.048(2)  2.104(2)
0(5) 2.0893(16)  2.0806(12)  2.011(2)  2.108(3)  2.023(2)  2.092(2)
O(5)#1  2.0893(16)  2.0806(12)  2.011(2)  2.108(3)  2.023(2)  2.092(2)
O(5)#2  2.0893(16)  2.0806(12)  2.011(2)  2.108(3)  2.023(2)  2.092(2)

Ca(4A)-  O(6)#18 NA NA NA 2.736(5)  NA 2.758(6)
O(6)#19 NA NA NA 2.736(5)  NA 2.758(6)
O(7)#18 NA NA NA 2.541(4)  NA 2.541(4)
O(7)#19 NA NA NA 2.541(4)  NA 2.541(4)
Ca(4B)- O(6)#18 NA NA NA 2.516(3)  NA 2.518(2)
O(6)#19  NA NA NA 2.516(3)  NA 2.518(2)
O(7)#18 NA NA NA 2.846(5)  NA 2.851(4)
O(7)#19 NA NA NA 2.846(5)  NA 2.851(4)

Parenthetical values are standard deviations. "Pt cruc." denotes merrillite produced in a platinum crucible in
open air. "SiO, Tube" denotes merrillite produced using a triple argon purged and seal glass tube. Only Fe-O
and Ca-O bonds discussed in text appear in table. A full table of bond lengths appears in deposit item Table S4.
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Table 4. Single crystal X-ray diffraction refinement statistics.

Ferric Fe- Ferrous Fe-
Fe- merrillite (Pt merrillite (SiO, Ferric Fe/Mg- Ferrous Fe/Mg-merrillite
Mineral whitlockite Fe/Mg-whitlockite cruc.) tube) merrillite (Pt cruc.) (SiO, tube)
Emp. formula CagFeHO,5P;  CagFegesHMEgo36023P7  CagFeHg025P7  CagasFeHg12025P7  CagFeg75Mgo250,5P 7 Cag ssFeq ssHo 28M80.35025P7
Formula wt. 1082.37 1070.93 1081.38 1099.12 1073.59 1084.98
a(A) 10.3510(7) 10.3499(4) 10.3278(11) 10.3453(6) 10.3301(13) 10.3392(7)
c(A) 37.059(2) 37.0715(16) 37.050(4) 37.118(2) 37.062(5) 37.081(2)
Volume (A3) 3438.6(4) 3439.1(2) 3422.4(8) 3440.3(5) 3425.1(10) 3432.8(5)
Density (calc.)
3 3.136 3.103 3.148 3.183 3.123 3.149
(Mg/m”)
Reflections
17516 17609 17589 11475 17501 17513
collected
Independent
. 2352 2355 2334 2238 2338 2342
reflections
R(int) 0.0221 0.0202 0.0248 0.0236 0.0249 0.0213
parameters 140 142 140 146 143 153
Goodness-of-fit
1.148 1.085 1.095 1.078 1.053 1.085
on F2
Final R indices
[1>2sigma(l)]
R1 0.0185 0.0154 0.0172 0.0204 0.0171 0.0157
wR2 0.0552 0.041 0.0454 0.0517 0.0483 0.0411
R indices (all data)
R1 0.0185 0.0155 0.0175 0.0211 0.0178 0.016
WR2 0.0553 0.0411 0.0455 0.0521 0.0489 0.0414
Largest diff. e A’
peak 0.361 0.315 0.372 0.590 0.787 0.472
hole -1.913 -0.956 -1.092 -1.032 -0.366 -0.425

Note: 5.1°to 61.0° 20 range, temperature 100 K, space group R3c. Parenthetical values are standard deviations.
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0.5 mm TN . R K | < w 0.5 mm

Figure 1. Optical images of synthesized phases. A) Mg-whitlockite single crystals with a polycrystalline
aggregate in the upper left corner. B) Fe-whitlockite single crystal. Dark color inside crystal suggests
some intra-crystalline iron film on growth faces. C) Fe-whitlockite polycrystalline aggregates. Darker
colors in some aggregates from inter-crystalline iron films. D) Mixed Fe/Mg-whitlockite single crystals.
E) Mg-merrillite showing the hazy surface texture due to a thin film deposit post heat treatment. The
extent of coverage appeared to decrease with decreasing grain size (i.e. smaller crystals exhibited less
complete or thinner coverage). F) Ferric Fe-merrillite crystals showing the incomplete hazy surface
texture post heat treatment on some crystals (arrows). Deposits on the minerals rarely covered the entire
crystalline surface. "White crystals" in this image are polycrystalline aggregates.
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Figure 2. Scanning Electron Microscope images of synthesized materials. A) SEM SEI image of
synthesized Mg-whitlockite. B) SEM SEI image of synthetic twinned Fe-whitlockite. C) SEM SEI image
of synthesized Fe/Mg-whitlockite. D) SEM SEI with inset (taken at 3000x) showing coating developed on
Mg-merrillite crystal during synthesis. Most Mg-merrillite crystals were completely covered, although
smaller grains exhibited less complete or thinner coverage. E) SEM SEI image of Ferric Fe-merrillite
showing coating developed during synthesis. In contrast to Mg-merrillite, the deposit on the mineral rarely
covered the entire crystalline surface and in some cases crystal showed no coating, consistent with
discussion of our proposed mechanisms. F) SEM SEI image of ferrous Fe-merrillite showing coating
developed during synthesis.
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Figure 3. IR Spectra of whitlockite and merrillite A) Fe-whitlockite, ferrous merrillite treated in a SiO2
tube, and ferric merrillite treated open to atmosphere. B) Fe/Mg-whitlockite, ferrous Fe/Mg-merrillite heat
treated in a SiO2 tube, and ferric Fe/Mg-merrillite heat treated open to atmosphere. Whitlockite data show
an apparent absorption from 3330 to 2570 cm-1 where a broad O-H stretch feature exists. The absorbance
is mainly absent in material treated in a Pt crucible exposed to air (ferric Fe- and Fe/Mg-merrillite), with
some absorption in the O-H stretching band present in material treated in a sealed SiO2 tube (ferrous Fe-
and Fe/Mg-merrillite) including a peak at 2380 cm-1. Spectra offset for clarity.

42



4x10° A -
3x10° | R
S 0o ‘ 3
s
2 5
% "% pattern J ‘ l
=
L
E 0 -|Merrillite h " ‘ ‘ ‘ -
Holtdahiite i "“ | }v K
Whitlockite
_1x10° | Monetite L
Residual
T T T T T Y. T T
2 4 6 8 10 12 14
Degree 20
2-5:(104 1 1 i 1 1 i i i 1 i 1
2.0x10° 4 -
—~ 1.5x10" o
- |
8
2 1.0x10"' -
7]
=4
£ s oero | Masked i
= o Pattern
0.0 Ferrate —_— A -
Monetite
4 Residual WWWM-
T T T T T T T
2 4 6 8 10 12 14

Degree 20

Figure 4. Synchrotron X-ray diffraction. A) Observed and modeled patterns of the red-colored ferric
Fe/Mg-merrillite sample along with the residual of the fit. Beyond the expected whitlockite/merrillite
observed in the crystal, monetite and holtedahlite also appear to be present. B) Similar data for a dark-
colored ferrous merrillite crystal with whitlockite/merrillite pattern data masked out. This crystal also
contained monetite and an additional unconfirmed phase with structure similar to a ferrate.
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CHAPTER THREE

READILY AVAILABLE PHOSPHATE FROM MINERALS IN EARLY AQUEOUS

ENVIRONMENTS ON MARS.

This chapter was originally published in Nature Geoscience in September, 2013.

Citation: Adcock, C., Hausrath, E., and Forster, P. (2013) Readily available phosphate
from minerals in early aqueous environments on Mars. Nature Geoscience, 6(10), 824-
827.

Abstract

Given the presence of essential chemistry, the processes that led to life on Earth
may have also occurred on Mars. Phosphate is among the chemical nutrients thought to
be essential for life and low prebiotic availability of phosphate may have been a
complicating factor in terrestrial abiogenesis. A similar hurdle may have potentially
confronted the development of life on Mars. Here we present dissolution rates,
phosphate release rates and solubilities of phosphate minerals found in martian rocks as
determined from laboratory measurements. Our findings indicate phosphate release rates
and phosphate concentrations in solution are higher on Mars than Earth for a given set of

conditions.

Introduction
If the chemistry essential to life was present in water containing environments on
Mars, the processes that led to life on Earth may have also occurred on the red planet

(Miller and Urey, 1959). Phosphate is one of the chemical nutrients thought to be
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essential for life and is also considered critical to reactions that may have led to life on
Earth (Westheimer, 1987; Schwartz, 2006). However, low prebiotic availability of
phosphate may have been a complicating factor in terrestrial abiogenesis (Gulick, 1955;
Schwartz, 2006), suggesting that a similar hurdle may have confronted the development
of life on Mars. Phosphate available for biological reactions can be introduced into
aqueous environments through dissolution of primary phosphate minerals during water—
rock interactions, but little is known about the dissolution of the dominant phosphate
minerals found in martian meteorites and presumably on Mars (McSween and Treiman,
1998; McCubbin and Nekvasil, 2008; Filiberto and Treiman, 2009b; McCubbin et al.,
2012). Here we present dissolution rates, phosphate release rates and solubilities of
phosphate minerals found in martian rocks as determined from laboratory measurements.
Our experimental findings predict phosphate release rates during water—rock interactions
on Mars that are as much as 45 times higher than on Earth and phosphate concentrations
of early wet martian environments more than twice those of Earth. We suggest that
available phosphate may have mitigated one of the hurdles to abiogenesis on Mars.
Phosphate possesses many attributes that exclusively suit the ion for biotic and
prebiotic roles, including stabilizing adenosinetriphosphate (ATP), deoxyribonucleic acid
(DNA), ribonucleic acid (RNA) and contributing to the amphiphilic character of
phospholipids that make them ideal components of cell membranes (Westheimer, 1987).
In DNA, for example, the phosphate bond configuration and resulting net negative charge
act to ionize and protect the macromolecule from hydrolysis, qualities required for cell
containment and the persistence of genetic material (Westheimer, 1987). The hydrolysis

half-life of phosphate-based DNA is of the order of millions of years, its stability making
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it ideal for retaining genetic information (Schroeder et al., 2006). In contrast, DNA-type
diesters based on anions similar to phosphate, such as arsenate, sulfate, silicate, or
orthovanadate, possess half-lives of the order of days at most, which is not sufficient for
the faithful reproduction of genetic material (Westheimer, 1987; Schroeder et al., 2006).
No terrestrial organism has been observed to persist in an environment completely devoid
of phosphate. Phosphate availability is also considered essential for prebiotic reactions
that eventually led to terrestrial life (Miller and Urey, 1959). Phospholipid polymers
have been observed to abiotically form in water and self-assemble into bilayers that may
have acted as precursors to present biological cell membranes (Hargreaves et al., 1977).
Phosphate has also been shown to be key in reactions leading to abiotic formation of
RNA, both in the RNA itself and acting as a catalyst and pH buffer, which may have been
a step towards a so-called RNA world and a possible precursor to present DNA-using life
(Powner et al., 2009). Phosphate availability for prebiotic reactions is considered critical
enough that the low solubility of phosphate minerals resulting in low concentrations of
phosphate in prebiotic terrestrial waters and the relatively poor reactivity of phosphate
towards organic compounds, may have been a hurdle for the origin of life (that is, the so-
called phosphate problem)(Keefe and Miller, 1995; Schwartz, 2006). Numerous studies
have proposed plausible mechanisms for the synthesis of organophosphates using agents
such as cyanamide, salts of phosphoric acid, or heating in the presence of aluminum
phosphate (Schwartz, 2006), thus addressing the poor reactivity. However, all of these
mechanisms require phosphate availability. The fundamental necessity of aqueous
phosphate availability has led to a number of studies suggesting mechanisms to enhance

global or local P concentrations, including the introduction of more soluble reduced P
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species by volcanism, meteorites, or lightning (Yamagata et al., 1991; Schwartz, 2006;
Pasek and Lauretta, 2008; Pasek and Block, 2009). Whatever mechanism allowed for
terrestrial abiogenesis, the phosphate problem underlines the crucial nature of phosphate
in biotic and probably prebiotic reactions. Given the possible similarity of past and
perhaps present environments on Mars and the chemical attributes of phosphate that
make it essential for terrestrial life, if life arose on Mars, phosphate availability probably
played a critical role (Miller and Urey, 1959).

Mars is phosphate rich (five to ten times more than Earth) as evidenced from
martian meteorites and alpha particle X-ray spectrometry rock analyses by the Mars
Exploration Rovers (Appendix II, Table S5). However, the presence of phosphate is not
equivalent to phosphate availability. Phosphate has no significant volatile phase under
terrestrial or martian conditions. Phosphate is first introduced and made bioavailable in
an environment through the dissolution of primary phosphate minerals in igneous rocks
during rock-water interactions.

Dissolution of phosphate-containing minerals has probably occurred on Mars.
Alpha particle X-ray spectrometry analyses from Mars Exploration Rover Spirit indicate
a loss of Ca and P from the surfaces of high-P rocks such as Wishstone at Gusev Crater
(Gellert et al., 2006), suggesting dissolution of a Ca- and P-containing mineral. The
dissolution rate of primary phosphate minerals from rocks such as Wishstone controls the
rate of introduction of phosphate into aqueous and therefore potentially habitable
environments and the solubility of these minerals controls equilibrium phosphate
concentrations. Thus, fundamental thermodynamic and kinetic data (for example,

solubility and dissolution rates) from Mars-relevant phosphate minerals can be applied to
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interpret phosphate release as part of a conceptual model of martian phosphate mobility.
Such application of fundamental kinetic and thermodynamic data is extensively used to
interpret natural systems (Drever, 2005).

The dissolution rates and solubility of fluorapatite, Cas(PO4);F, the most common
primary phosphate mineral on Earth, are well studied (Valsami-Jones et al., 1998; Welch
et al., 2002; Guidry and Mackenzie, 2003; Chairat et al., 2007; Harouiya et al., 2007). In
contrast, few kinetic and thermodynamic data exist for merrillite, CagNaMg(PO4); [an
extraterrestrial variety of whitlockite, CaoMg(PO3;OH)(POy4)s] and Cl-rich apatite,
Cas(PO4)3(Cl; F), the dominant primary phosphate minerals in martian meteorites
(McSween and Treiman, 1998). Therefore, to better understand martian phosphate
release and availability, we measured chlorapatite, merrillite and whitlockite dissolution
rates over a range of pH values using the initial rate method and carried out solubility
experiments (see Appendix II Supplementary Methods).

Fluorapatite dissolution rates and solubility were also measured to determine the
relative differences in dissolution rates and equilibrium concentrations between the Mars-
relevant primary phosphate minerals and fluorapatite. Although mineral dissolution rates
measured in the laboratory often cannot be directly extrapolated to the field, relative
differences in dissolution rates between minerals can, allowing for comparison of the rate
of phosphate release during water-rock interactions in terrestrial versus martian
environments.

Mineral dissolution was measured in duplicate or triplicate experiments for each
mineral over a pH range of 2 to 5 in 35 individual batch experiments. Results indicate

higher Ca and P release rates for chlorapatite, whitlockite and merrillite than for
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fluorapatite (Fig. 5 and Supplementary Sheets S1-S35 of Appendix II). Ca: P release
ratios are generally stoichiometric or close to stoichiometric in experiments (Appendix 11
Supplementary Sheets S1-S35). Mineral dissolution rates for individual experiments
were determined through linear regression analysis of cumulative calcium release over
time (Appendix II Supplementary Methods) and are compiled in Supplementary Table S6
of Appendix II.

Rate laws for each mineral were developed by applying linear regression to log
dissolution rates of averaged batch experiments versus pH (Table 5 and Appendix II
Supplementary Sheets S1-S35). The resulting pH dependence of mineral dissolution was
fit to:

logR = log kyy — nyspH,
where R is the mineral dissolution rate (in mol m™ s™), k- is the intrinsic rate constant in
units of mol m? s and ny. is the reaction order with respect to H+ (Table 6). To
compare our results for well-studied fluorapatite with dissolution rates from the literature,
our mineral dissolution rates of fluorapatite were plotted against results from previous
studies (Valsami-Jones et al., 1998; Welch et al., 2002; Guidry and Mackenzie, 2003;
Chairat et al., 2007; Harouiya et al., 2007). Our fluorapatite dissolution rates all fall
within half an order of magnitude of previously published data. Our derived value of &z«
for the fluorapatite rate law is within error of a previously published rate law, and our
value of ny+ 1s within 10% of a previously published rate law (Appendix II, Fig.
S2)(Chairat et al., 2007).

Comparison of chlorapatite, merrillite, whitlockite and fluorapatite dissolution
rates indicates that chlorapatite dissolves more rapidly than fluorapatite over the entire

pH range of the experiments, and merrillite and whitlockite exhibit faster dissolution than
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fluorapatite over the pH range of 2 to 4.5 (Fig. 6a), although, owing to mineral
stoichiometry, P release is greater over the entire pH range for these minerals (Fig. 6b).
The rapid dissolution of whitlockite and merrillite relative to fluorapatite is probably the
result of significant structural differences between the two mineral types. In contrast,
similar dissolution rates of whitlockite and merrillite are probably owing to the very
similar mineral structures that differ mainly by the higher calcium in the merrillite used in
these experiments and slight structural differences resulting from dehydrogenation of
whitlockite (Appendix II Supplementary Methods). The faster dissolution of chlorapatite
relative to fluorapatite may be the result of somewhat weaker bonds in chlorapatite from
incorporating the larger Cl” ion into the anion column sites of the mineral. The
approximately equal dependence on pH of fluorapatite and chlorapatite dissolution is
similar to that of other minerals that form solid solution series such as
celestite/anglesite/barite and the olivine series (Wogelius and Walther, 1992; Dove and
Czank, 1995). However, a change in structure from P63=m hexagonal structure
(fluorapatite) to P21=b monoclinic structure (chlorapatite) occurs at the Cl endmember
(Hughes et al., 1989) and enthalpy data suggest nonlinearity may exist along the CI-F join
(Hovis and Harlov, 2010). Nonetheless, dissolution and solubility data presented here
should represent upper and lower bounds and be useful in approximating dissolution of
mixed F~ and CI  apatites that have been observed in martian meteorites (McCubbin and
Nekvasil, 2008; McCubbin et al., 2012).

Mineral dissolution rates are generally expressed in terms of moles of mineral
released per unit of time (Fig. 6a); however, differences in mineral stoichiometry result in

more moles of phosphate released per mole of merrillite or whitlockite than per mole of
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apatite. The mineral dissolution rates and stoichiometry measured here indicate
phosphate release from whitlockite and merrillite that is 1.9 to 4.8 times greater than
fluorapatite over the measured pH range. Over the same pH range, phosphate release
from chlorapatite ranges from 2.2 to 4.1 times higher than fluorapatite (Fig. 6b).
Factoring in the approximate order of magnitude greater presence of phosphate minerals
inferred from the P content of bulk Mars versus Earth (Appendix II Table S5), rates of
phosphate introduction into martian environments during rock-water interactions could
be >45 times that of Earth.

Solubility experiments carried out on the minerals (Table 6 and Appendix II
Supplementary Methods) indicate that equilibrium concentrations of Ca and P from
chlorapatite, whitlockite, and merrillite are significantly greater than from fluorapatite
(Fig. 7). Solubility product constant (Kp,) values for fluorapatite from our experiments
generally agree with previous studies (Appendix II Table S7) lending confidence to the
method. The solubility experiments also allowed for calculation of dissolution rates
under near-neutral conditions (pH ~7; Appendix II Supplementary Methods and Fig. S3),
which indicate that phosphate release from chlorapatite, merrillite and whitlockite
dissolution remain higher than from fluorapatite under neutral conditions as well as acidic
(Appendix II Fig. S4). Although Earth and Mars have probably possessed both alkaline
and acidic aqueous environments (Ehlmann et al., 2008), and the pH necessary for crucial
prebiotic reactions is not known for either Earth or potentially Mars, it is not unlikely that
prebiotic reactions that lead to abiogenesis occur in a specific pH range (for example, the
abiotic synthesis of RNA requires pH buffering) (Powner et al., 2009). Therefore, under

such expected similar pH environments, the greater phosphate release from the Mars-
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relevant minerals relative to fluorapatite would be important in alleviating any shortage
of phosphate.

The higher solubilities of Mars-relevant primary phosphate minerals and faster
dissolution rates measured here suggest higher phosphate concentrations in solution and
that phosphate removed from solution by prebiotic, biotic, or abiotic reactions would be
replaced rapidly, effectively increasing phosphate availability in situations of rapid
uptake or removal. Phosphate is but one bioessential component and the fundamental
data presented here do not specifically replicate conditions in a particular martian
environment. However, the faster dissolution rates of Mars-relevant dominant primary
phosphate minerals, higher concentrations of phosphate minerals in the martian crust and
higher final phosphate concentrations in solution from Mars-relevant phosphate minerals
all suggest higher phosphate availability on Mars relative to Earth. The results suggest
that the phosphate problem may be much less significant on Mars than on Earth, possibly

mitigating one of the hurdles faced by potential martian abiogenesis.

Methods
Dissolution rates of synthetic chlorapatite, whitlockite, merrillite and natural
fluorapatite were measured by the initial rate method in batch dissolution experiments
(Rimstidt and Newcomb, 1993). This method, where a rate is determined under
conditions at the onset of far-from-equilibrium batch experiments, has been demonstrated
to yield results comparable to other experimental methods (Rimstidt and Newcomb,
1993). A graphical representation of the method is included as Appendix II Fig. S1.

Solubility experiments were carried out in pure water using previously published
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methods (Zhu et al., 2009). Detailed materials, methods, data analysis and any associated

references are provided in Appendix II Supplementary Methods.
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Tables

Table 5. Log mineral dissolution rates and accompanying pH values.

Mineral In;t;lal n* ?r::' r:gg!;
Whitlockite 2 2 -6.43
Whitlockite 3 2 -7.20
Whitlockite 4 2 -8.46
Whitlockite 5 2 -9.17

Merrillite 2 2 -6.49

Merrillite 3 2 -7.22

Merrillite 4 2 -8.20

Merrillite 5 2 -9.25
Chlorapatite 2 2 -6.27
Chlorapatite 3 2 -6.66
Chlorapatite 4 2 -8.15
Chlorapatite 5 2 -8.81
Fluorapatite 2 3 -6.64
Fluorapatite 3 3 -7.58
Fluorapatite 4 3 -8.39
Fluorapatite 5 2 -9.09

*n = number of experiments average is based on.
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Table 6. Dissolution rate constants (log ky.), pH dependence (n;.), and final concentrations from
solubility experiments with calculated K, values.

Mineral Dissolution rate experiments
log k. (mol m~ st ny.

Merrillite -4.56 +0.192 -0.92 +0.052
Whitlockite -4.50 +0.274 -0.95 +0.075
Chlorapatite -4.28 +0.524 -0.91 £0.143
Fluorapatite -5.07 £0.138 -0.82 +0.038

Solubility experiments®
Log
Ca mmol* P mmol* pH Ksp

Merrillite 0.0358 £0.0005 0.0254 £+0.0010 6.6 -39
Whitlockite  0.0490 +0.0008 0.0368 +0.0014 6.8 -39
Chlorapatite 0.0466 £0.0012 0.0226 +0.0009 6.9 -22

Fluorapatite 0.0224 +0.0007 0.0109 +0.0012 6.5 -27
Range values are standard errors (dissolution) or standard deviations (solubility).
“Reactions: Merrillite; CagsMg(PO,); + 7TH™ =9.5Ca’" + Mgz+ + 7HP042',
Whitlockite; Ca;Mg(PO;OH)(PO,)s+ 6H = 9Ca’" + Mg’ + 7HPO,,
Chlorapatite; Cas(PO,);Cl + 3H = 5Ca’* + 3HPO/ + CI,
Fluorapatite; Cas(PO,);F + 3H" = 5Ca*" + 3HPO/ + F.
*average of 3 analyses
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Figures
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Figure 5. Calcium release over time. Initial calcium release over time (average of linear fits of duplicate
or triplicate experiments) at pH 2 for chlorapatite, whitlockite, merrillite and fluorapatite. Relative release
rates are representative of all pH conditions tested here, where chlorapatite, whitlockite, and merrillite all
exhibit faster Ca and P release rates than fluorapatite.
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Figure 6. Mineral dissolution rates and phosphate release rates. a, Log mineral dissolution rates versus
pH for whitlockite, merrillite, chlorapatite and fluorapatite. Plotted points are the average of two or more
dissolution experiments (Appendix II Table S6). Lines are derived from regression analyses and represent
measured rate laws. b, Log rates of phosphate release versus pH based on measured mineral dissolution
rates and stoichiometric release. Plots show that Mars-relevant minerals chlorapatite, whitlockite and
merrillite all release phosphate at significantly higher rates than fluorapatite during dissolution under these
conditions.
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Figure 7. Calcium concentrations over time in solubility experiments. Values are averages of duplicate
experiments for each mineral. Plot shows that Ca concentrations over time are higher for chlorapatite,
merrillite and whitlockite, versus fluorapatite. Labeled dashed lines represent final concentrations based on
three point averages. Phosphate release follows the same trends. Experiment conducted at 25 °C under
neutral conditions. End pH values were 6.9, 6.6, 6.8 and 6.5 for chlorapatite, merrillite, whitlockite and
fluorapatite, respectively.

58



CHAPTER FOUR

WEATHERING PROFILES IN HIGH-P ROCKS AT GUSEV CRATER, MARS,
SUGGEST DISSOLUTION OF PHOSPHATE MINERALS INTO NEAR-NEUTRAL

WATERS

Abstract

Abundant evidence indicates that significant surface and near-surface liquid water
has existed on Mars in the past. Evaluating the potential for habitable environments on
Mars requires an understanding of the chemical and physical conditions that prevailed in
such aqueous environments. Among the geologic features that may hold evidence of past
environmental conditions on Mars are dissolution profiles, such as those in the high-P
bearing Wishstone class rocks. The dissolution profiles of these rocks indicate the loss of
a Ca-phosphate mineral occurred during past aqueous interactions, and the high-P content
of these rocks makes them of astrobiological interest because the phosphorus released
from them during aqueous interactions is among the elements thought to be required for
life. In this work, we used Mars mission data, laboratory-derived kinetic and
thermodynamic data, and data from terrestrial analogs for Mars rocks, including our own
observations of potential martian high-P analog basalts from Craters of the Moon
National Monument (COTM), to model a conceptualized Wishstone class rock using the
reactive transport code CrunchFlow. Our results suggest that the weathering profiles in

Wishstone class rocks are consistent with dissolution of minerals from a rock containing
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multiple Ca-phosphate minerals into near-neutral environments that may have been

conducive to life on Mars.

Introduction

Although abundant geologic and mineralogical data indicate that Mars
experienced a period of significant and regionally widespread surface and near-surface
liquid water (Carr, 1996; Christensen et al., 2000; Bibring et al., 2005; Baker, 2006;
Bibring et al., 2006; Clark et al., 2007; Michalski and Dobrea, 2007; Ehlmann et al.,
2008; Milliken et al., 2008; Mustard et al., 2008; Murchie et al., 2009; Wray et al., 2009;
Milliken et al., 2010; Grotzinger et al., 2013; Williams et al., 2013; Gainey et al., 2014),
the specific characteristics of these past waters, such as pH, remain largely unknown.
There is evidence of acidic aqueous interactions on Mars, such as the discovery of
jarosite at Meridiani Planum (Elwood Madden et al., 2004; Klingelhofer et al., 2004) and
the stratigraphic relationship of Fe-sulfates with opaline silica in young martian deposits
in the same area (Milliken et al., 2008), both indicators of a period of acidic aqueous
conditions. However, at the Phoenix Lander site, soil/mineral experiments suggest more
neutral or slightly alkaline conditions may have prevailed (Hecht et al., 2009) and
mineralogical findings at Gale Crater by MSL also suggest a neutral pH environment at
that location (Grotzinger et al., 2013). Recent work focused on Comanche rock class
outcrops has suggested that the area of Columbia Hills in Gusev Crater on Mars may
have experience periodic flooding of mildly acidic to near neutral waters (Ruff et al.,

2014), while other studies suggest more acidic aqueous interactions in Gusev (Gellert et
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al., 2004; Arvidson et al., 2006; Hurowitz et al., 2006a). It is likely that Mars possessed a
diversity of aqueous environmental conditions that evolved over time.

Weathering profiles, persistence of primary minerals, and mineral alteration
products of martian rocks can be indicators of the chemical and physical aqueous
conditions under which they were formed, such as pH and duration of water/rock
interaction (Elwood Madden et al., 2004; Klingelhdfer et al., 2004; Papike et al., 2006;
Stopar et al., 2006; Olsen and Rimstidt, 2007; Hausrath et al., 2008a; Hausrath et al.,
2008b; Elwood Madden et al., 2009; Hecht et al., 2009; Hausrath et al., 2011; Grotzinger
et al., 2013; Hausrath and Olsen, 2013; Gainey et al., 2014). Numerical modeling is a
technique which has been extensively applied to such indicators in order to quantitatively
interpret past aqueous conditions which may have prevailed on Mars (Elwood Madden et
al., 2004; Tosca et al., 2005; Chevrier, 2006; Zolotov and Mironenko, 2007; Hausrath et
al., 2008a; McAdam et al., 2008; Schwenzer and Kring, 2008; Hausrath and Olsen,
2013). Here we apply reactive transport modeling to model dissolution profiles in
Wishstone class float rocks on Mars.

Wishstone class rocks were encountered by the Mars Exploration Rover (MER)
Spirit in the Columbia Hills of Gusev Crater on Mars and two rocks of the class,
Wishstone and Champagne, were analyzed with the full MER Spirit science package,
including Alpha Particle X-ray Spectroscopy (APXS). APXS analyses by MER Spirit of
this rock class indicate a decrease in Ca and P at the rock surfaces, suggesting alteration
of the rocks by mineral dissolution. Ca and P are the only elements to show appreciable
loss, and Ca/ P ratios at the rock surfaces compared to Ca/ P ratios in the interior suggest

that a Ca-phosphate mineral, likely apatite or merrillite, though the ratios also allow for a
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secondary mineral like brushite (Hurowitz et al., 2006a; Ming et al., 2006), is the only
mineral that has seen significant dissolution from the rocks during past aqueous
interactions. This somewhat unusual profile may be indicative of specific aqueous
conditions, shedding light on past martian weathering conditions. This rock class is of
further astrobiological interest because P is a bioessential nutrient and the release of P
from martian rocks has implications for past martian habitability.

Previous work has suggested Wishstone class dissolution profiles could be the
result of highly acidic weathering. Hurowitz et al. (2006a), based on fluorapatite
dissolution kinetics, suggested leaching driven by repeated episodic exposure to
volcanically derived acidic fogs might result in the profiles measured by APXS. Gellert
et al. (2004), also suggested acidic conditions based on laboratory observations of
meteorites interacting with dilute acid solutions. Here, in order to investigate the aqueous
conditions under which Wishstone class rocks may have weathered and released
phosphate into the environment, with implications both for potentially widespread
weathering conditions on Mars and for mobility of the important nutrient P on Mars, we
used reactive transport modeling to quantitatively interpret Wishstone weathering
profiles. We used Mars mission data, laboratory derived kinetic and thermodynamic
data, and data from terrestrial analogs, including the high-P basalts at Craters of the
Moon National Monument (COTM), to inform our model. Our results suggest the
weathering profiles in Wishstone class rocks may indicate dissolution of phosphate
minerals by near neutral waters, with important implications for past weathering
conditions on Mars, as well as a better understanding of P release into aqueous martian

environments.
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Methods

High-P Wishstone Class Rocks

Wishstone class rocks comprise the dominant population of float rocks
encountered by Spirit on the northwest flank of Husband Hill and are common among the
float rocks of Cumberland Ridge (Arvidson et al., 2006; Squyres et al., 2006). Miniature
Thermal Emission Spectrometer (MiniTES) classified over 95 Wishstone class rocks at
Columbia Hills (Ruff et al., 2006), although only two rocks, Wishstone and Champagne,
were subjected to the full MER Spirit analysis package. No source or outcrop for the
rocks has been identified and, though a number of studies suggest plausible mineralogies
for the class based on differing assumptions (Hurowitz et al., 2006b; McSween, 2006;
McSween et al., 2006; Ming et al., 2006; McSween et al., 2008; Ming et al., 2008; Usui
et al., 2008), the MER science package allowed for only limited direct mineralogy
measurements by Mini-TES or by Mossbauer of Fe-containing phases. Alpha Particle X-
ray Spectroscopy (APXS) of two Wishstone class rocks (i.e. Wishstone and Champagne)
showed them to be typified by high P (~5% as P,Os), and low Cr (below detection limit)
(Gellert et al., 2006; Ming et al., 2006). The P in the rocks is considered high for
common basaltic rock (Ming et al., 2006; Squyres et al., 2006), though terrestrially rare
phoscorite-carbonatite complex rocks are high in P, and the high-P basalt flows at Craters
of the Moon National Monument in Idaho, USA, have also been suggested as plausible
analogs for the martian rocks (Ming et al., 2008; Usui et al., 2008). Images from Spirit's
Microscopic Imager (MI) show some angular grains present in the rocks, thus, the rocks

have also been suggested as pyroclastic in origin or possibly a breccia resulting from

63



impact processes (Squyres et al., 2006). With these uncertainties in mind, whenever
possible we chose modeling inputs that were appropriate for a plausible range of
Wishstone mineralogies and formation mechanisms.

To provide additional constraints for the model inputs of a Wishstone class rock
and inform other parameters of the modeling, we examined petrographic thin sections of
basalts from Craters of the Moon National Monument in Idaho (COTM) by Scanning
Electron Microscopy (SEM) (Appendix III supplementary information and
accompanying Figs. S5-S12, and Appendix IV). These high-P-bearing basalts (up to 2.9
wt% as P,Os) (Kuntz et al., 1992) have been suggested as analogs to high-P rocks on
Mars such as Wishstone class (Usui et al., 2008). Insights gained from investigating
COTM rocks were used in conjunction with other data to inform the model on secondary
minerals, porosity, and specific surface areas of minerals as discussed below (detailed
methods and results of COTM observations are contained in Appendix III supplementary
information, and Appendix IV).

Model inputs for mineralogy of a conceptualized Wishstone class rock were based
on CIPW norm calculations of McSween et al. (2006) from MER Spirit APXS which
included information from Mossbauer measurements (Table 7). To simplify the model,
minerals present in the CIPW norm calculations at less than 5 wt% were not incorporated
into the model, ilmenite and magnetite were combined into a single mineral, and
feldspars were also input as a single mineral with an intermediate composition (Anys).

Analyses by APXS of an "as is" surface, brushed surfaces, and Rock Abrasion
Tool (RAT) treated surfaces of Wishstone class rocks indicated less Ca and P in the

surface of the rocks than the interior (Gellert et al., 2006; Briickner et al., 2008) (Table
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8). Ratios of Ca and P between rock surfaces and interiors are consistent with the loss of
a Ca-phosphate mineral and suggest a Ca-phosphate mineral as the only mineral
substantially lost from the rocks due to alteration (Hurowitz et al., 2006a; Ming et al.,
2006). Martian meteorite data indicate that the dominant primary phosphate minerals on
Mars are Cl-apatite and merrillite (McSween and Treiman, 1998), often found coexisting
in martian meteorites, although fluorapatite (the dominate primary phosphate mineral on
Earth) also occurs in some martian meteorites with chlorapatite (McCubbin and Nekvasil,
2008). Ca/ P ratio differences in APSX analyses are also reasonably consistent with
apatite and merrillite. We therefore configured models with merrillite, chlorapatite, and
fluorapatite each as the only Ca-P-bearing mineral, as well as models that included both
chlorapatite and merrillite within the model.

The Ca/ P ratios in APXS data of Wishstone class rocks are also reasonably
consistent with brushite, a secondary phosphate mineral (Hurowitz et al., 2006a).
Because brushite is a secondary mineral and observations of Wishstone class rocks
suggests them be less altered than other Columbia Hills materials, brushite is not favored
as the source of P in Wishstone class (Ming et al., 2006). Thus, brushite has not been
considered in CIPW mineralogy norms of Wishstone class rocks or other petrologic
interpretations of the rocks (Gellert et al., 2004; McSween et al., 2006; Ming et al., 2006;
McSween et al., 2008; Ming et al., 2008; Usui et al., 2008). The mineral is also rare on
Earth and has not been detected in either martian meteorites or on Mars. The presence of
brushite in Wishstone class rocks as more than an alteration product in the near surface,
would limit Wishstone class petrogenesis to sedimentary or impact breccias derived from

a very brushite rich (10 wt %+) source area, or a secondary process that generated
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brushite within the rocks while preserving other primary minerals, scenarios that seem
unlikely. For this reason, brushite dissolution is not considered further in this paper.

A fit of MiniTES data indicate up to 10% basalt glass may be present in
Wishstone class rocks along with 10% phosphate minerals (Ruff et al., 2006). Phosphate
is incompatible and can be concentrated in basalt glasses. Thus, a high-P basalt glass
could be a Ca-P-containing phase within Wishstone class rocks along with another Ca-
phosphate mineral (or multiple Ca-phosphate minerals). Glass kinetics and
thermodynamics vary significantly as a function of glass composition, which itself is
highly variable (Hamilton, 1999; Wolff-Boenisch et al., 2004). Thus, a Wishstone glass
could be the phase dissolving from the rocks, or be a resistant phase which accounts for
the P concentration on brushed surfaces analyzed by APXS. However, the 10%
phosphate minerals in the MiniTES fit would account for nearly all of the P measured by
APXS in Wishstone class. Further, if a glass does play a significant role in the measured
profiles of Wishstone class, the Ca/ P ratio in the glass would have to roughly match that
of a Ca-phosphate mineral and the P concentrations would have to be very high (as much
as 25 wt% P,0s in the glass to account for the dissolving phase or a resistant phase
contributing to the higher P concentrations within the rock). In addition, if the glass is
the dissolving component, any remaining chemistry outside of the Ca and P in the glass
would have to be consistent with the bulk rock to produce the profiles measured in
Wishstone class by APXS. For these reasons we did not include a glass component in
finalized models. The possibility of a glass within Wishstone class as one of the P-

bearing phases is, however, still plausible.
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Since Wishstone class rocks have been previously suggested to be impact
breccias, pyroclastics, or extrusive igneous rocks (Arvidson et al., 2006; Squyres et al.,
2006), initial porosity values were set to 5% based on image analysis of COTM basalt
(Appendix III supplementary information), and data for volcanic breccias (Rejeki et al.,
2005; Benning, 2008), tuffs (Keller, 1960; Rejeki et al., 2005), terrestrial basalts (Davis,
1969; Freeze and Cherry, 1977; Sato et al., 1997; Rejeki et al., 2005), lunar basalts
(Kiefer et al., 2012; Macke et al., 2012), and brecciated basalt or fractured basalt (Freeze
and Cherry, 1977) (Table 9). We varied porosity from 3% to 10% in early modeling and
found that porosity variations alone did not significantly change the relative dissolution
depths of minerals.

Tortuosity (7) is a measure of the complexity of permeable paths within rocks.
Though it can be calculated in a number of ways, in the modeling code used in this study

(Crunchflow, discussed below) the value is equivalent to:

De
Dy’

T =
where D, is the effective diffusion coefficient and D,, is the coefficient in pure water
(Steefel, 2008; Steefel, 2009). Values derived from experimental data on both basalt and
volcanic breccias range from 5.76 x 10 to 3.56 x 10 (Sato et al., 1997; Benning, 2008).
We chose an intermediate value of 1 x 10™. Varying the tortuosity over 2 orders of
magnitude in preliminary models changed the absolute depths of the reaction fronts but
did not change the relative positions of the reaction fronts.

Mineral dissolution rates and solubilities were sourced from the literature (Table

10). In order to account for Al immobility, a generalized Al-bearing amorphous-like

phase based on kaolinite/halloysite kinetics and thermodynamics was allowed to
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precipitate in the models (Table 10). This phase is not listed in Table 7 because it is a
precipitate rather than an initial component in the rock. Phosphate was also allowed to
sorb to mineral surfaces in the model, after Dzombak and Morel, (1990). Solubility
values for Ca-phosphate minerals were varied by +/- 2 orders of magnitude, based on
variations in measured solubilities for fluorapatite in the literature (+/- 5 orders of
magnitude, Oelkers et al., 2009). This variation showed some change in the overall depth
of dissolution of Ca-phosphate minerals in preliminary modeling profiles, suggesting a
component of diffusion-limited dissolution exists in the models (see Appendix III Figs.
S13 and S14 for a general description of model output profiles and the effects of
solubility on Ca-phosphate minerals respectively). Finalized models were run with
measured values (Adcock et al., 2013).

Mineral dissolution rates are generally normalized to mineral surface areas. To
estimate mineral surface areas for this study, grain size measurements taken from the
COTM Kimama lava flow thin sections were used to derive grain diameters for the
minerals ilmenite, plagioclase, and fluorapatite (Appendix III supplementary
information). Kimama does not contain appreciable pyroxene, however, pyroxenes and
plagioclase in both Blue Dragon and Minidoka COTM basalts are roughly the same size,
so we assumed pyroxene grain sizes to be similar to plagioclase for modeling. We also
assumed merrillite and chlorapatite grain sizes to be similar to fluorapatite in Kimama
thin sections. The relative grain sizes followed feldspar ~ pyroxene > ilmenite > Ca-
phosphate mineral. The geometric (4g.,) specific surface area (SSA) was then

determined for the minerals using:

6Vin

A =
geo WD’
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where V;, is the molar volume in m’ mol™, W,, is the molar mass in g mol™, and D is the
grain diameter in meters (Rimstidt et al., 2012). Most laboratory-derived dissolution
rates (including those used as inputs in this study) normalize dissolution rates to surface
areas determined by gas sorption using the Brunauer, Emmett, and Teller method (BET)
(Brunauer et al., 1938). The relationship between gas sorption-measured surface areas
and geometrically calculated surface areas (the roughness) is expressed as:

ABET

A= ,
Ageo

where A is a unit-less roughness coefficient, Apzr is the specific surface area as measured
by BET inm® g™, and Ageo 1s the geometrically calculated specific surface area also in
units of m*g”'. Geometric SSA's calculated for minerals were multiplied by roughness
coefficient values from the literature (White et al., 1994; Brantley and Mellott, 2000;
Adcock et al., 2013) to approximate BET SSAs. The mineral surface area that interacts
with aqueous solutions (i.e. the total reactive surface area) is considered the largest
source of uncertainty in field calculations of mineral dissolution rates (White, 2002).
Previous research has shown that the mineral surface actually in contact with weathering
fluids during rock/water interactions may only be 0.1 to 10% of the measurable mineral
surface area (Velbel, 1993). In order to approximate this effect in our modeling, we
chose an intermediate value of 5% and applied it to our mineral surface area, shown in
Table 10. Varying the surface areas over 2 orders of magnitude did not change the
relative positions of reaction fronts in model output.

During chemical weathering, some component of surface retreat is expected as
porosity develops to a point where the rock is no longer competent. CrunchFlow is

capable of incorporating surface retreat or erosion at a specific rate, however there is no
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current option for surface retreat based on porosity due to chemical weathering. Based
on observed maximum total porosities for altered or fractured basalt (Freeze and Cherry,
1977; Sak et al., 2004; Navarre-Sitchler et al., 2009) and typical porosities of
unconsolidated sediments (Davis, 1969; Freeze and Cherry, 1977), we considered 50%
porosity as a reasonable threshold for surface retreat in our models, and applied the
surface retreat component into results after modeling. We also considered physical
erosion beyond that associated with surface retreat from chemical weathering based on
the observation that many of the rocks at Gusev Crater are ventifacts and Wishstone itself
has rounded edges, some faceting, and streaking of RAT surfaces (Greeley et al.,

2006)(Appendix III Figs. S15 and S16).

Reactive Transport Modeling

The dissolution profiles that form in rocks, including Wishstone class rocks, are
the result of a combination of chemical (e.g. mineral kinetics, thermodynamics, solution
pH) and physical (e.g. reactive surface area, porosity, tortuosity, mineralogy) conditions
at work during water/rock interactions. Reactive transport modeling is a tool that can
incorporate the effects of multiple chemical and physical parameters during aqueous
interactions, produce dissolution profiles in model space (see Appendix III Fig. S13 as an
example), and constrain the conditions under which specific dissolution profiles may
form, such as those observed in Wishstone class rocks.

Modeling in this study was conducted using the reactive transport code
CrunchFlow written by Carl Steefel (Steefel, 2010). The code allows for a global

implicit reactive transport modeling approach (GIMRT) in which transport and
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multicomponent reactions are simultaneously solved (Steefel and Lasaga, 1994; Steefel
and MacQuarrie, 1996; Steefel, 2009). CrunchFlow has been used in a number of
previous water/rock interaction studies, including those applied to Mars (Giambalvo et
al., 2002; Knauss et al., 2005; Mabher et al., 2006; Hausrath et al., 2008a; Dontsova, 2009;
Mabher et al., 2009; Navarre-Sitchler et al., 2011; Shen et al., 2011; Beisman et al., 2013;
Hausrath and Olsen, 2013).

In order to investigate the solution which interacted with high-P rocks on Mars,
we constructed a model using CrunchFlow with the conceptualized Wishstone class rock
in contact with waters of variable pH on the martian surface. The water contacting the
rock during rock-water interactions was modeled as a low ionic strength solution with the
initial pH adjusted for each corresponding model over a range of 2 to 8. Partial pressures
for oxygen and CO, were set to present day martian atmospheric pressures. Solution
temperature was set to 1 °C.

Models were conceptualized as a column of 150 cells of 50 um depth representing
the rock Wishstone from surface to interior, and were run for up to 100,000 years of
water-rock interaction. Models included a Dirichlet boundary for aqueous and gaseous
species at the interaction surface. Total surface area is calculated by CrunchFlow using a
shrinking sphere model (Levenspiel, 1972; Lasaga, 1998), and all parameters (surface
area, mineral volumes, surface area, porosity and others) are updated by CrunchFlow at

the end of each time iteration.

71



Results and Discussion

Understanding the persistence and characteristics of liquid water is important in
assessing the habitability of Mars. Weathering profiles that develop within rocks during
rock/water-interactions can be indicators of the aqueous conditions under which they
were formed. Profiles in martian Wishstone class rocks, which indicate dissolution
mainly restricted to Ca-phosphate mineralogy (Hurowitz et al., 2006a; Ming et al., 2006)
are of particular interest. Not only are these somewhat unusual profiles likely indicative
of specific past martian aqueous conditions, but phosphate is a required nutrient for all
known life and phosphorus (as phosphate or a more reduced species such as phosphite)
was likely required for the origin of terrestrial life (Westheimer, 1987; Schwartz, 2006;
Powner et al., 2009; Pasek and Kee, 2011). Thus the profiles in Wishstone rocks could
not only yield insight into alteration under martian conditions, but also the characteristics
of release of a nutrient essential for both the origin and persistence of life.

In previous studies the profiles of Wishstone rocks have been suggested to be the
result of acidic chemical weathering, possibly by volcanically derived acid fogs, based
either on kinetic values for fluorapatite dissolution or the observation of apatite
dissolution from meteorites by dilute acids in the laboratory (Gellert et al., 2004;
Hurowitz et al., 2006a). The use of reactive transport modeling allows the consideration
of multiple factors affecting mineral dissolution, including kinetics, thermodynamics,
porosity, tortuosity, and specific surface area, both simultaneously and quantitatively.

Model output from CrunchFlow is generated at user-defined modeling times (e.g.
at 100,000 years of modeling) and includes modeled values correlated with cells (i.e.

depths in this study) of bulk chemistry, mineralogy, surface area, and porosity within the
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conceptualized rock, as well as gas concentrations, pore-water chemistry, pH, and the
saturation state of solution. Because the output data are correlated with cell values (i.e.
depths into the modeled rock), they can be easy plotted as a function of depth. Mineral
volume output data plotted against cell depth, for example, represents modeled mineral
dissolution profiles within a rock from the original "surface" of the rock down to
unaltered (or less altered) “corestone”. These model generated profiles can be compared
to APXS data of Wishstone on Mars, as well as analyzed using knowledge obtained from
terrestrial weathering profiles. In such plots mineral dissolution front depths are
represented by curves in mineral volume fraction lines (see Appendix III Fig. S13).

Model outputs in this study showed a number of overall trends consistent with the
kinetic and thermodynamic properties of the modeled mineralogy of Wishstone class.
For instance, in all modeled profiles, the trend of overall deeper dissolution of minerals
with decreasing pH from neutral to acidic is present (Fig. 8 and Appendix III Figs. S17 to
S20). This is consistent with the kinetics and thermodynamics of the minerals used in the
models which all tend toward faster dissolution rates and higher solubilities with
decreasing pH. The depth of 50% developed porosity in models, our threshold for
surface retreat due to chemical weathering, follows the same trend of increasing depth
with more acidic pH values (Fig. 8).

Similarly, comparing models containing different Ca-phosphate minerals
(merrillite, fluorapatite, and chlorapatite), the relative dissolution depth results between
the three primary Ca-phosphate phases are in agreement with laboratory-measured
dissolution rates and solubilities of the minerals (Table 10)(Adcock et al., 2013). In all

pH cases modeled, fluorapatite shows the shallowest dissolution of the three Ca-

73



phosphate minerals (Fig. 9 and Appendix III Figs. S17-S19). Chlorapatite shows the
deepest dissolution fronts of the Ca-phosphate minerals at a given pH, and merrillite is
intermediate between chlorapatite and fluorapatite (Fig. 9), although in pH 7 and 8
models, merrillite and fluorapatite dissolution fronts are somewhat similar (Appendix I1I
Figs. S17 and S19). For chlorapatite- and merrillite-bearing models, the Ca-phosphate
mineral dissolution depth exceeded the depth of the chemical weathering surface retreat
in all but the pH 2 models. In the pH = 2 models, the surface retreat due to enhanced
porosity (> 50%) is deeper than the loss of merrillite and matched the depth of
chlorapatite dissolution. Fluorapatite-bearing models showed the same trend, however,
surface retreat from chemical weathering also exceeded fluorapatite mineral dissolution
depth at pH 3. Models containing two Ca-phosphate minerals (i.e. chlorapatite +
merrillite) showed the same overall trends as single Ca-phosphate mineral models, with
dissolution depth of a particular Ca-phosphate mineral, at a given pH and modeling time,
generally matching that of the same Ca-phosphate in the single phosphate mineral
models.

All models (including models with two Ca-phosphate minerals) showed
significant plagioclase dissolution, beyond the surface retreat from chemical weathering,
over the entire pH range with fronts being deep but also relatively gradual in shape
(Appendix III Figs. S17- S20). Comparatively sharp ilmenite dissolution fronts were also
apparent over the entire pH range, but generally shallow in depth at pH 5 or higher. With
the exception of pH 2, the depth of estimated surface retreat from chemical weathering
exceeded or coincided with the dissolution front depth for illmenite, effectively removing

the fronts from the overall dissolution profiles in the rock. Hypersthene showed no
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significant dissolution except in models with pH <5, and in all models the surface retreat
due to developed porosity exceeded any significant hypersthene dissolution (Appendix 11
Figs. S17-S20).

In chlorapatite models run at pH > 3 and merrillite at pH 5-6, the Ca-phosphate
minerals show the most significant dissolution with depth and were completely dissolved
from the rock before any other mineral. The significant plagioclase dissolution is
accompanied by precipitation of the secondary Al-bearing phase at all but pH 2 and 8.
This plagioclase dissolution behavior is not inconsistent with terrestrial observations of
natural systems where plagioclase has been observed to be the first mineral to dissolve
from rocks or exhibit relatively rapid dissolution suggesting solubility as well as kinetics
may play an important role in controlling mineral weathering (White, 2008; Brantley and
White, 2009; Maher et al., 2009; Navarre-Sitchler et al., 2009; Navarre-Sitchler et al.,
2011). Therefore, in low-porosity rocks such as these, and others on Mars, significant
dissolution of plagioclase is consistent with what we would expect from interaction of
rock surfaces with liquid water.

In addition to surface retreat assumed to occur due to porosity developed from
chemical weathering, additional surface erosion is also likely. Many profiles on Earth
and Mars show a significant component of physical surface erosion has occurred to
modify profiles (Hausrath et al., 2008a). A number of rocks at Gusev crater are fluted or
faceted ventifacts or show signs of physical weathering (Greeley et al., 2006; Greeley et
al., 2008), including Wishstone which shows some evidence of both faceting and rounded
edges (Appendix III Fig. S15). Further, RATed surfaces on Wishstone also showed

"streaking" (Greeley et al., 2008) which is an indicator of present day physical abrasion
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or weathering (Appendix III Fig. S16). Thus ongoing physical erosion, in addition to
surface retreat due to chemical weathering, is expected for Wishstone class rocks.
Incorporating an additional component of physical erosion could yield modeled
profiles consistent with the partial loss of Ca and P from the profiles measured by APXS
for models containing chlorapatite or merrillite at pH 4-7 (see Fig. 10). Though some
dissolution of plagioclase exceeds or matches that of the merrillite and chlorapatite at
these pH values, the presence of the secondary phase could potentially mask plagioclase

dissolution from elemental-only analytical techniques such as APXS. Figure 10 includes
a T plot of Al content normalized to Ti that shows Al concentrations remain relatively

stable despite the plagioclase dissolution. This is also the case for other elements
including Si, indicating that even in profiles with significant plagioclase dissolution,
APXS data might detect only dissolution of a Ca- and P-containing mineral. However,
because of the very similar brushed concentrations of P measured by APXS at the
surfaces of both Wishstone and Champagne (Wishstone = 2.64 wt% and Champagne =
2.63 wt% as P,Os_both of which represent ~ 50 % of the P,Os measured at depth) (Table
8), in models that contained a single Ca-phosphate mineral, physical erosion fronts would
have to precisely intercept the Ca-phosphate reaction fronts in both Wishstone and
Champagne rocks at the same point, a scenario that seems unlikely (Fig. 10). In contrast,
in models with multiple Ca-phosphate minerals, as would be expected from martian
meteorite observations which commonly have a mixture of apatite and merrillite or
possibly mixture of chlorapatite and fluorapatite (McSween and Treiman, 1998;
McCubbin and Nekvasil, 2008), a range of physical erosion depths could yield similar

concentrations measured by APXS if only one Ca-phosphate mineral were fully dissolved
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from the rock at the brushed/eroded surface, but both minerals were present in the interior

at the RATed depth 3mm+ deeper. This scenario is diagramed in Figure 11 with
merrillite and chlorapatite and the accompanying T plot. Chlorapatite + merrillite models

run at initial pH values of 4 to 7 produce profiles that fit this scenario. However, the
greatest separation between the two phosphate mineral fronts, and thus the most available
leeway for variation in physical erosion depth between rocks while still possessing
profiles consistent with APXS measurements, occurs at pH 6 (Appendix III Table S9).
Thus, for chlorapatite + merrillite bearing models, profiles produced under pH 6
conditions are the most plausibly consistent with Wishstone as measured by APXS.
While reactive transport models such as those used in this study are numerical
approximations that by necessity contain assumptions and simplification, and different
assumptions or input might yield different results, the models presented here reasonably
approximate dissolution in Wishstone-type rocks on Mars with the available data. The
models of this study suggest the dissolution profiles in Wishstone class rocks are best
explained if Wishstone class rocks contain more than one Ca-phosphate mineral, a likely
scenario based on martian meteorites (McSween and Treiman, 1998; McCubbin and
Nekvasil, 2008). Further, the modeled profiles here suggest that the profiles measured by
APXS indicate alteration of Wishstone class rocks by mildly acidic to neutral waters,
with pH 6 models allowing the best fit. These conditions are consistent with resent
research that indicates mildly acidic to near neutral (pH 5-6) waters may have been
episodically present in Gusev Crater at Columbia hills in the form of an ephemeral lake,
based on observations and modeling applied to Comanche rocks in the Columbia hills

(Ruff et al., 2014).

77



Though the pH conditions most favorable to life are not conclusively known,
certain potentially prebiotic reactions and the stability of some bio-molecules are favored
under more neutral rather than acidic conditions (Lindahl, 1993; Madigan et al., 2000;
Knoll et al., 2005; Powner et al., 2009). The modeling results in this study suggest that
more neutral aqueous conditions may have prevailed at some point in the past at Gusev
Crater, rather than more acidic conditions such as wide-spread acid vapor alteration
(Settle, 1979; Banin et al., 1997; Tosca et al., 2004; Golden et al., 2005; Hurowitz et al.,
2006a; Yen et al., 2008; Hausrath et al., 2013). These results are in agreement with
recent observation and modeling of other rocks in Gusev Crater (Ruff et al., 2014), with

positive implications for past martian habitability.

Conclusions

Weathering profiles can be used as indicators of past aqueous conditions,
preserving characteristics such as the duration of liquid water, pH, temperature, and other
factors. In Wishstone class rocks on Mars, profiles measured by MER Spirit APXS
suggest the loss of a Ca-phosphate mineral has occurred during past aqueous interactions.
These profiles have previously been suggested as an indicator of chemical weathering by
highly acidic fogs or possibly dilute acidic waters. In this study, models which contained
multiple Ca-phosphate minerals, initial pH values of 4-7, and a component of physical
erosion produced profiles similar to those apparent in Wishstone class rocks on Mars,
with pH 6 models being the most consistent with the APSX-measured data. These
modeling results suggest that past environmental conditions at Gusev Crater may have

included aqueous dissolution into mildly acidic to neutral conditions.
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Though the exact range of required conditions under which life can originate are
unknown, certain potentially prebiotic reactions and the stability of some bio-molecules
are favored under more neutral conditions (Lindahl, 1993; Madigan et al., 2000; Knoll et
al., 2005; Powner et al., 2009). In addition, phosphate is a bioessential nutrient and
phosphorus, either as phosphate or a more reduced species such as phosphite, is
considered crucial in pre-biotic reactions that may have led to the origin of life on Earth.
The results of this study, which indicate the possible dissolution of phosphate minerals by
near neutral waters on Mars, therefore have positive implications for potentially habitable

environments on Mars.
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Tables

Table 7. Mineralogy and volume fraction used in model.

McSween Mineral
ot al This Mineral ~ Volume
Mineral 2006 Wt. study Volume  Fraction
% Wit%** Fraction  with 5.%
porosity
Feldspars* 57.6 59.3 0.679 0.646
Albite 42.9
Anorthite 10.4
Orthoclase 3.4
llimenite 5.0 14.0 0.089 0.084
Corundum 2.4
Magnetite 7.6
Hypersthene (OPX) 13.5 13.9 0.109 0.103
Ca-phosphate mineral 12.5 12.9 0.123 0.117
Olivine 1.9
Porosity 0.05
Totals 99.6 100 1 1

*Total Feldspars (Feldspars were combined into a single mineral of representative composition)
**Minerals comprising <5 wt.% were not included in the model. Ilmenite and magnetite were combined
into a single mineral "llmenite". Wt% values were then renormalized to 100% before mineral volume
fractions were calculated.
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Table 8. APXS Ca and P analyses of Wishstone and Champagne on Mars.

Champagne Wishstone
Depth Oxidewt.% Elementalwt.% Depth Oxidewt.% Elemental wt. %
(mm) CaO0 P,0; Ca P (mm) CaO0 P,0; Ca P

Surface 0.00 6.67 1.79 4.77 0.78 - - - - -
Brushed 0.00 6.59 2.64 4.71 1.15 0.00 6.86 2.63 4.90 1.15

RAT 1* - 8.78 5.07 6.28 2.21 3.18 8.89 5.19 6.35 2.26
RAT 2 395 875 5.05 6.25 2.20 - - - - -
Loss 216 241 1.54 1.05 2.03 2.56 1.45 1.12

*Champagne received two RAT operations and analyses (included in table). No depth has been reported
for Champagne RAT 1. Only one RAT operation was performed on Wishstone.
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Table 9. Porosities of basalts, tuff and breccias relevant to Wishstone.

Rock Type Porosity (%) Reference

Terrestrial Welded Tuff 5-14 Keller, 1960; Rejeki et al., 2005
. Davis, 1969; Freeze and Cherry, 1977; Sato et al.,

Terrestrial Basalt 0.1-11.4 1990; Rejeki et al., 2005 Y
Craters of The Moon Basalts 0.1-7.5 This study.
Lunar Basalt 2-11 Macke et al., 2012
Brecciated Basalt 10 Freeze and Cherry, 1977
Volcanic Breccia 4-19 Rejeki et al., 2005; Benning, 2008
Lunar Impact/Regolith Breccia 5-12 Macke et al., 2012
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Table 10. Thermodynamic data, kinetic data, and specific surface areas used in modeling

Surface
Log K Log k. Ny Logou- Noh. Ea Area

Mineral Reaction Stoichiometry (298 K) (kcal/mol) (m? g-l)
Plagioclase (An,s) 125 +C(i 07255;\1'\12‘o 'Tﬁ'fiéiiéfféfgg'; casmo 817 -9.22f 0408 924" 038 148425 7.66x10°
Hypersthene FeMgSi,0p + 4 H' = + Mg + Fe®* +25i0,+2H,0  11.3269" -9.02° 0.6° -12.72%  0.00"  19.11132°  6.07x10°
lImenite FeTiO; +2H" + H,0 = Fe®* + Ti(OH), 0.9046" -8.35° 0.421*  -11.16°  0.00° 9.053989° 9.44x10°

Phosphate mineral

Merrillite CagsMg(PO,), + 7H = 9.5Ca”" + Mg”* + 7HPO4” -39.1° -4.56° 0.924° 3.10x 102
Chlorapatite Cas(PO,)sCl + 3H" = 5Ca®* + 3HPO,” +CI’ -21.3° -4.28° 0.912° 11° 3.85x10°
Fluorapatite Cas(PO,)sF + 3H" = 5Ca” + 3HPO,” + F -26.5¢ -5.07° 0.817° 11° 4.89x10°
Brushite CaHPO,-2(H,0) = Ca2++HPO,” + 2H,0 6.55° -4.14 0.541° 3.8" 3.10x 107
Secondary phase ALSi,05(0H), + 6H+ = 2AP" + 2Si0, + 5H,0 12.55' -13.2 0.55’ -15.4 0.00’ 15.0 7.66x 107

“ Based on work by Maher et al. (2009) for An;s.
b Lawrence Livermore National Laboratory thermochemical modeling database (Thermo.com.V8.R6.230) (Delany and Lundeen, 1990; Johnson et al.,

2000).

“Adcock et al., (2013).

? Palandri and Kharaka (2004) from compiled mineral data by Schott and Berner (1985) and White et al. (1994) .

¢ Harouiya et al. (2007).

! Plagioclase kinetics derived based on data compiled by Bandstra and Brantley (2008) from multiple sources of dissolution rates for albite and
anorthite (i.e. Chou and Wollast, 1984, Knauss and Wolery, 1986, Holdren and Speyer, 1987, Casey et al., 1991; Rose, 1991; Amrhein and Suarez,
1992, Stillings and Brantley, 1995; Hodson, 2003) and data on the non-linear relationship between Ca and Na content and dissolution rates from Blum

and Stillings (1995).

¢ Estimated value based on the kaolinite Ksp from Maher et al. (2009) increased 4 orders of magnitude to approximate a precursor phases like

halloysite (Steefel and Van Cappellen, 1990, Yang and Steefel, 2008)
" Based on kaolinite dissolution kinetics of Huertas et al. (1999) for proton promoted and neutral range dissolution slowed 1 order of magnitude to

account for slower precipitation kinetics based on Yang and Steefel (2008)
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Figure 8. Modeled dissolution profiles (100 k.y. models at pH values of 3, 5 and 7) of a Wishstone-type rock containing chlorapatite as the Ca-
phosphate mineral. Dashed horizontal lines represent estimated surface retreat due to chemical and physical weathering of the rocks based on 50%

porosity. The overall trend of deeper dissolution of minerals with decreasing pH is consistent with the thermodynamics and kinetics of the minerals in
the modeled rock. Dissolution profiles of the non-phosphate minerals at a given modeled pH were similar in all models regardless of the Ca-phosphate
mineral used in the modeled rock.

Sam3r



Plagioclase (An,,)

Rock 0 = +— « = [Imenite
Surface
' ‘ Hypersthene
LT - — — — — — = — 4—Ca-Phosphate
1 “—"T"' Jposseress Secondary Phase’
TR o Fluorapatite |
2—“‘- I - T .- p - !
~. |k " ' " Merrillite
E I S :
£ Vs Chlorapatite
< 31 .
O | ’
@
3 el
4 I
=
5 - I,
I
B T i 'l T [ T | T [ T 'l T l' T
0 10 20 30 40 50 60 70

Mineral Volume %

Figure 9. Comparison of different modeled Ca-phosphate minerals weathering at pH 6 with 100 k.y.
of model time. Dashed horizontal line represents surface retreat of the rocks based on 50% porosity
Dissolution profiles for minerals other than the Ca-phosphate and depth of surface retreat do not
significantly change between models, thus only those from the chlorapatite model are shown. Figure shows
chlorapatite dissolution to the greatest depth and fluorapatite to the shallowest, with merrillite in between.
This is consistent with thermodynamic and kinetic data for these minerals (Adcock et al., 2013)
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Figure 10. Output dissolution profile for chlorapatite-bearing model at pH 5 for 100 k.y. A) 1.
Surface retreat from the original rock surface based on 50% developed porosity. Note that the surface
retreat overtakes the dissolution front of ilmenite, effectively removing it from the rock dissolution profile.
2. A component of additional erosion lowers the rock surface even more and generates a profile consistent
with APXS brushed surface data for both Wishstone and Champagne, however, the depth of the physical
erosion must intercept the Ca-phosphate dissolution front in exactly the same place in both rocks to remain
consistent with the APXS data. 3. At an additional depth (3 mm+) reached after use of the RAT, another
APXS analysis is taken in relatively unweathered rock. B) t plot of Al normalized to Ti concentration
where 0 = parent concentration for Al and -1 = complete depletion. Plot shows that despite plagioclase

dissolution Al remains relatively immobile. This is due to the formation of the Al-bearing secondary
phase.

86



A — Plagioclase (An,)

— - = [Imenite B —_— A+

- = - Hypersthene
Oricinal Surf —— Chlorapatite
0d = = == = = BT == Merrillite s i i
3 -+ Secondary Phase
B .-w;:...u..-.. ........... :Surface Retreat\_l,‘
gt o e v o M AT e e e e s - =—=7 ==
_ 1z %@wﬁﬂfﬁa!ﬂ%MW 7 W//’%
E 2 - :" " . E 2 =
E ] £
= : \I * depth falls between -
- . *  Brushed analysis =
% 39 '+ Ca-phosphate mineral % 34
(] |+ dissolution frants s
4 i 4
d .
5+ ﬁ ' 5
o0 RAT Analysis Py
; taken at a deeper (3)
" i depth (3 mm+) ""
677 T T 7 6
0 10 20 30 40 50 60 70 -1 0 1

Mineral Volume

Figure 11. Two mineral dissolution model scenario from a chlorapatite/merrillite bearing model at
pH 6 for 100 k.y. A) 1. Surface retreat from the original rock surface based on 50% developed porosity.
Note that the surface retreat overtakes the dissolution front of ilmenite, effectively removing it from the
rock dissolution profile. 2) A component of additional erosion lowers the rock surface even more (shaded
area) overtaking the merrillite dissolution front but leaving the chlorapatite front, thus an APXS brushed
surface analysis would indicate some but not all Ca-phosphate mineral loss. 3) At an additional depth (3
mm+) reached after use of the RAT, another APXS analysis is taken in relatively unweathered rock which
would show the full phosphorus content of the rock. B) t plot of Al normalized to Ti concentration where 0
= parent concentration for Al and -1 = complete depletion. Plot shows that despite plagioclase dissolution
Al remains relatively immobile. This is due to the formation of the Al-bearing secondary phase.
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Supplementary Discussion

Effects of parameter variation during whitlockite synthesis.

In order to synthesize Mg-whitlockite, the Hughes et al. (2008) experiment was
replicated, but Mg®" was intentionally supplied to the system in the form of magnesium
nitrate hexahydrate (Mg(NO),-6H,0) (J. T. Baker, ACS grade). To simplify the
method, 40 mesh reagent grade calcium hydroxyapatite (HAP) powder (Spectrum,
reagent grade) was used rather than pre-synthesizing this phase. The ratio of HAP to
magnesium nitrate hexahydrate by mass was generally 3.33: 1 to provide sufficient Mg*"
based on whitlockite stoichiometry, but not excess Mg”" that might lead to the formation
of additional Mg phases. Variables during the preliminary experiments included
incubation time at 240 °C (5-14 days), adjusted pH (2.1 to 2.8), and the total
concentration of solids used in the experiments (6.7 to 90 g/L). Early experiments were
run in 23 ml Teflon lined acid digestion vessels (Parr 4749) and later scaled up to 125 ml
vessels (Parr 4748). Preliminary experiments were carried out with the goal of first
producing Mg-whitlockite crystals, and then refining the synthesis method for phase
purity, larger crystal size, and sufficient output mass to carry out crystallographic and
chemical characterization as well as supply Mg-whitlockite for use in the synthesis of
Mg-merrillite.

Insight gained during synthesis of Mg-whitlockite was used to develop a

procedure for Fe-whitlockite synthesis. Initially, FeCl, was used as a source of Fe*" in
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place of the Mg(NOs3),-6H,0 used in Mg-whitlockite synthesis. After experiments using
FeCl, failed to produce significant whitlockite, Fe(II)S was utilized as the Fe** source and
whitlockite crystals were produced along with hydroxyapatite and opaque phases
(presumably Fe phases). Variables during the preliminary experiments included
incubation time at 240 °C (5-9 days), and total concentration of solids (9.0 to 17.8 g/L).
In addition, the production of iron sulfide phases prompted varying the ratio of HAP to
Fe(ID)S from 9.6:1 (near stoichiometric ideal) to 28.6:1 by mass to limit their formation.
The pH value was not significantly varied from 2.8 as results from Mg-whitlockite
synthesis indicated it had no effect.

Although endmember whitlockite and merrillite are useful for different studies,
natural whitlockite and merrillite generally contain both Mg®" and Fe**. We therefore
applied the results of endmember synthesis experiments to synthesize non-endmember
whitlockites and from them mixed Fe/Mg-merrillite. Variables included the ratio of Mg
and Fe, as well as the concentration of total solids in solution (10.2 to 17.8 g/L). Sodium
(as NaCl) was also included in some experiments. Though sodium is not typical within
terrestrial whitlockite, it is present in most natural merrillite, particularly martian
merrillite, in what is a partially filled calcium site in synthetic merrillite (Jolliff et al.,
2006). The methods documented in the accompanying paper are those which
successfully produced the material characterized and used for mixed Fe/Mg-merrillite
synthesis in this study and include sodium (as NaCl), however, sodium was not
incorporated into the whitlockite structure in any of multiple attempts. Additional

experiments showed sodium to neither inhibit nor aid the production of mixed Mg/Fe-
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whitlockite. Appendix I Table S1 contains parameter values for all whitlockite synthesis
experiments in this study, including those used to make mixed Fe/Mg-whitlockite and

subsequent Fe/Mg-merrillite.
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Table S1. Batch parameters for whitlockite synthesis experiments.

Vessel MgNO;-6H,0 FeCl, FeS NaCl HAP Mass DI pH pH Mass
ID Size (g) (g) (g) (g) (g) Tot (g) (mL) g/L* start Days end Out (g) Note
Mg-1 23 ml 0.0153 0.0518 0.0671 10 6.7 2.70 5 - - Whit.
Mg-2 23 ml 0.2210 0.7716 0.9926 11 90.2 2.78 5 - - Monetite
Mg-3 23 ml 0.0159 0.0519 0.0678 10 6.8 2.66 10 2.80 0.016 Whit.
Mg-4 23 ml 0.0461 0.1541 0.2002 10 20.0 2.69 11 2.80 0.113 Whit.
Mg-5 23 ml 0.1093 0.3630 0.4723 13.5 35.0 2.81 14 2.16 0.189 Monetite
Mg-6 23 ml 0.2190 0.7280 0.9470 13.5 70.1 2.80 14 1.92 0.607 Monetite
Mg-7 125 ml 0.4599 1.5432 2.0031 90 22.3 2.80 7 2.09 1.150 Monetite
Mg-8 125 ml 0.4588 1.5423 2.0011 90 22.2 2.78 6 1.85 1.320 Monetite
Mg-9 125 ml 0.4595 1.5452 2.0047 90 22.3 2.80 5 1.86 1.370 Monetite
Mg-10 125 ml 0.4601 1.5426 2.0027 90 22.3 2.77 5 1.85 1.300 Monetite
Mg-11 125 ml 0.4595 1.5423 2.0018 90 22.2 2.80 5 1.90 1.220 Monetite
Mg-12 125 ml 0.2298 0.7709 1.0007 90 11.1 2.70 7 2.10 0.240 Whit.
Mg-13 125 ml 0.3890 1.2813 1.6703 90 18.6 2.79 5 2.01 0.834 Crypto-xtal mix
Mg-14 23 ml 0.0158 0.0512 0.0670 10 6.7 2.10 7 1.85 0.030 Whit.
Mg-15 23 ml 0.2006 0.0000 0.2006 10 20.1 2.70 5 2.12 0.125 Whit.
Mg-16 125 ml 0.3004 1.0014 1.3018 90 14.5 2.77 7 1.70 1.131 Whit.
Mg-17 125 ml 0.3000 1.0000 1.3000 90 14.4 2.76 7 1.84 0.899 Whit.
Mg-18 125 ml 0.3000 1.0000 1.3000 90 14.4 2.74 7 - - Whit.
Mg-19 125 ml 0.3000 1.0000 1.3000 90 14.4 2.78 7 - - Whit.
Mg-22 125 ml 0.3004 1.0000 1.3004 90 14.4 2.72 7 1.78 0.800 Whit.
Mg-23 125 ml 0.3000 1.0070 1.3070 90 14.5 2.79 7 2.10 0.555 Whit.
Mg-24 125 ml 0.3000 1.0000 1.3000 80 16.3 2.74 7 2.11 0.588 Leaked/Failed
Mg-25 125 ml 0.3004 1.0007 1.3011 90 14.5 2.73 7 1.97 0.510 Whit.
Mg-26 125 ml 0.3005 1.0011 1.3016 90 14.5 2.70 7 1.98 0.480 Whit.
Mg-27 125 ml 0.3003 1.0010 1.3013 90 14.5 2.79 7 1.81 0.720 Whit.
Mg-28 125 ml 0.3000 1.0000 1.3000 90 14.4 2.78 7 1.88 0.699 Whit.
Mg-29 125 ml 0.3000 1.0000 1.3000 90 14.4 2.65 7 1.74 0.702 Whit.
Mg-31 125 ml 0.3026 1.0004 1.3030 90 14.5 2.65 12 1.76 0.810 Whit.
Mg-32 125 ml 0.3016 1.0006 1.3022 90 14.5 2.69 12 1.77 0.710 Whit.
Mg-33 125 ml 0.2997 1.0012 1.3009 90 14.5 2.71 12 1.72 0.730 Whit.
Mg-34 125 ml 0.2994 0.9996 1.299 90 14.4 2.74 6 1.78 0.770 Whit.
Mg-35 125 ml 0.3013 0.9998 1.3011 90 14.5 2.80 6 1.75 0.720 Whit.
Mg-36 125 ml 0.2997 1.0009 1.3006 90 14.5 2.75 6 1.74 0.810 Whit.
Mg-37 125 ml 0.3004 1.0005 1.3009 90 14.5 2.68 7 1.89 0.730 Whit.
Mg-38 125 ml 0.3002 1.0001 1.3003 90 14.4 2.72 7 1.82 0.700 Whit.
Mg-39 125 ml 0.3003 1.0001 1.3004 90 14.4 2.40 7 1.78 0.760 Whit.
Mg-40 125 ml 0.3004 1.0004 1.3008 90 14.5 2.74 8 1.89 0.665 Whit.
Mg-41 125 ml 0.2994 0.9999 1.2993 90 14.4 2.78 8 1.82 0.706 Whit.
Mg-42 125 ml 0.3008 1.0002 1.301 90 14.5 2.75 8 1.78 0.825 Whit.
Mg-44 125 ml 0.3002 1.0012 1.3014 90 14.5 2.73 7 - 0.632 Whit.
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Table S1 continued. Batch parameters for whitlockite synthesis experiments.

Vessel MgNO;-6H,0 FeCl, FeS NaCl HAP Mass DI pH pH Mass
ID Size (g) (g) (g) (g) (g) Tot (g) (mL) g/L* start Days end Out (g) Note
Mg-45 125 ml 0.3003 1.0008 1.3011 90 14.5 2.76 7 1.83 0.676 Whit.
Mg-46 125 ml 0.3005 1.0005 1.3010 90 14.5 2.74 7 1.77 0.775 Whit.
Mg-47 125 ml 0.2998 1.0003 1.3001 90 14.4 2.74 7 1.77 0.723 Whit.
Mg-48 125 ml 0.2998 1.0005 1.3003 90 14.4 2.76 7 1.76 0.726 Whit.
Mg-49 125 ml 0.2990 1.0000 1.2990 90 14.4 2.75 7 1.69 0.813 Whit.
Mg-50 125 ml 0.3002 1.0001 1.3003 90 14.4 2.66 8 1.80 0.627 Whit.
Mg-51 125 ml 0.3003 1.0001 1.3004 90 14.4 2.73 8 1.73 0.734 Whit.
Mg-52 125 ml 0.3001 1.0000 1.3001 90 14.4 2.75 8 1.68 0.776 Whit.
Mg-53 125 ml 0.3008 1.0000 1.3008 90 14.5 2.66 6 1.84 0.594 Whit.
Mg-54 125 ml 0.3009 1.0003 1.3012 90 14.5 2.79 6 1.75 0.690 Whit.
Mg-55 125 ml 0.3412 1.0006 1.3418 90 14.9 2.76 6 1.74 0.715 Whit.
Mg-56 125 ml 0.3003 0.9994 1.2997 90 14.4 2.69 7 1.85 0.702 Whit.
Mg-57 125 ml 0.3002 0.9995 1.2997 90 14.4 2.76 7 1.74 0.715 Whit.
Mg-58 125 ml 0.2999 1.0003 1.3002 90 14.4 2.74 7 1.70 0.734 Whit.
Mg-59 125 ml 0.3002 0.9998 1.3000 90 14.4 2.77 7 1.83 0.460 Whit.
Mg-60 125 ml 0.2998 0.9998 1.2996 90 14.4 2.74 7 1.85 0.437 Whit.
Mg-61 125 ml 0.3003 1.0012 1.3015 90 14.5 2.74 7 1.83 0.566 Whit.
Fe-1 23 ml 0.0287 0.2307 0.2594 16 16.2 2.68 9 2.26 0.148 No Whit.
Fe-2 23 ml 0.0290 0.2311 0.2601 16 16.3 2.77 9 2.20 0.143 No Whit.
Fe-3 23 ml 0.0356 0.0173 0.2312 0.2841 16 17.8 2.74 8 2.11 0.114 No Whit.
Fe-4 23 ml 0.0357 0.0129 0.2311 0.2797 16 17.5 2.77 8 2.00 0.173 minor Whit.
Fe-5 23 ml 0.0249 0.2334 0.2583 16 16.1 2.75 8 1.80 - aggregates Whit.
Fe-6 23 ml 0.0183 0.1739 0.1922 16 12.0 2.74 8 1.80 - Cleaner Whit
Fe-7 125 ml 0.0763 0.7300 0.8063 90 9.0 2.76 7 2.06 0.427 Fe-Whit.
Fe-8 125 ml 0.0769 1.0012 1.0781 90 12.0 2.77 7 2.10 0.520 Fe-Whit.
Fe-9 125 ml 0.0600 0.9994 1.0594 90 11.8 2.78 7 2.05 0.630 Fe-Whit.
Fe-10 125 ml 0.0500 1.0001 1.0501 90 11.7 2.77 7 2.17 0.520 Fe-whit+agg.
Fe-11 125 ml 0.0347 1.0009 1.0356 90 11.5 2.78 7 1.87 0.500
Fe-12 125 ml 0.0392 1.0000 1.0392 90 11.5 2.69 7 1.96 0.471 Lg xtals Fe-whit.
Fe-13 125 ml 0.0450 1.0000 1.0450 90 11.6 2.74 7 1.87 0.785 Lg xtals Fe-whit.
Fe-14 125 ml 0.0767 1.0008 1.0775 90 12.0 2.75 7 1.90 0.731 Fe-whit+agg.
Fe-15 125 ml 0.1003 1.0004 1.1007 90 12.2 2.72 7 1.92 0.846 Fe-Whit.
Fe-16 125 ml 0.0349 0.9999 1.0348 90 11.5 2.69 7 1.89 0.609 Fe-Whit.
Fe-17 125 ml 0.0800 1.0003 1.0803 90 12.0 2.75 7 1.94 0.451 No-Whit.
Fe-18 125 ml 0.0849 1.1003 1.1852 90 13.2 2.75 7 1.89 0.726 Fe-Whit.
Fe-19 125 ml 0.1101 1.2004 1.3105 90 14.6 2.68 7 1.97 0.845 Fe-whit+agg.
Fe-20 125 ml 0.0549 1.0004 1.0553 90 11.7 2.76 7 1.95 0.419 Fe-Whit.
Fe-21 125 ml 0.0558 1.0001 1.0559 90 11.7 2.69 7 1.92 0.452 Fe-Whit.
Fe-22 125 ml 0.0544 1.0004 1.0548 90 11.7 2.71 7 1.96 0.444 Fe-Whit.
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Table S1 continued. Batch parameters for whitlockite synthesis experiments.

Vessel MgNO;-6H,0 FeCl, FeS NaCl HAP Mass DI pH pH Mass
ID Size (g) (g) (g) (g) (g) Tot (g) (mL) g/L* start Days end Out (g) Note
Mix-1 125ml 0.0500 0.0500 0.0667 1.0000 1.1667 90 13.0 2.64 7 2.05 0.761 Whit.
Mix-2 125ml 0.1000 0.0500 1.0000 1.1500 90 12.8 2.73 7 2.15 0.694 Whit.
Mix-3 125ml 0.1000 0.1000 1.0000 1.2000 90 13.3 2.78 7 - - No Whit.
Mix-4 125ml 0.1000 0.0495 0.9997 1.1492 90 12.8 2.78 7 2.2 0.688 No Whit. (HAP)
Mix-5 125ml 0.1103 0.0403 1.0000 1.1506 90 12.8 2.70 7 2.01 0.821 No Whit. (HAP)
Mix-6 125ml 0.1207 0.0305 1.0005 1.1517 90 12.8 2.78 7 2.27 0.591 Rare Whit.
Mix-7 125 ml 0.0505 0.0499 0.0668 1.0000 1.1672 90 13.0 2.75 7 1.8 0.811 Whit.
Mix-8 125 ml 0.0505 0.0499 1.0005 1.1009 90 12.2 2.74 7 1.84 0.915 Whit.
Mix-9 125 ml 0.1505 0.0500 1.2000 1.4005 90 15.6 2.78 7 2.1 0.974 No Whit.
Mix-10 125 ml 0.1000 0.0500 1.0000 1.1500 90 12.8 2.72 7 2.05 0.700 Rare Whit.
Mix-11 125 ml 0.0800 0.0400 0.8000 0.9200 90 10.2 2.78 7 2.04 0.550 Rare Whit.
Mix-12 125 ml 0.0900 0.0300 0.8000 0.9200 90 10.2 2.78 7 2.02 - Minor Whit.
Mix-13 125 ml 0.0500 0.0501 1.0002 1.1003 90 12.2 2.75 7 1.89 0.799 Whit. (lg)
Mix-14 125 ml 0.0399 0.0601 0.9999 1.0999 90 12.2 2.78 7 - 0.765 Whit.
Mix-15 125 ml 0.0600 0.0400 1.0000 1.1000 90 12.2 2.77 7 2.04 0.707 Whit.
Mix-16 125 ml 0.0501 0.0500 0.0601 1.0001 1.1603 90 12.9 2.77 7 1.99 0.785 Whit. well fm.
Mix-17 125 ml 0.0251 0.0501 0.9000 0.9752 90 10.8 2.76 7 - 0.556 Whit.
Mix-18 125 ml 0.0300 0.0700 1.0000 1.1000 90 12.2 2.77 7 2.01 0.644 Whit.
Mix-19 125 ml 0.0351 0.0501 1.0001 1.0853 90 12.1 2.77 7 1.98 0.689 Whit.
Mix-20 125 ml 0.0350 0.0502 1.0000 1.0852 90 12.1 2.78 7 1.96 0.674 A.W./Whit.
Mix-21 125 ml 0.0901 0.0302 0.9002 1.0205 90 11.3 2.78 7 2.2 0.470 Rare Whit.

Vessel Size = the volume of the Teflon lines Parr reaction vessel used. All chemistry weights are in grams. Mass Tot = Total mass of solids in grams used in the
experiment. DI = volume of 18 MQ water used in experiment. g/L = ratio of total mass of solids (g) in solution (L). pH Start = the adjusted pH at the start of the
experiment. Days = number of days of incubation. pH end = measured pH at end of experiment. Mass Out = total mass (g)of material recovered after
experiment including impurities. Abbreviations in notes: Whit.=whitlockite, agg. = polycrystalline aggregates, lg = large, HAP = hydroxyapatite, well fm. =
well formed crystals. Crypto-xtal mix = mix of microcrystalline phases. A.W. = reaction vessel underwent additional cleaning including additional acid washing
to investigate any affect on nucleation.
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Table S2. Microprobe analyses of Mg/Fe-whitlockite synthesized with varied Fe: Mg ratios.

Mg/Fe-Whitlockite Synthesis Experiment ID

Mix-6 Mix-21 Mix-1
Cao 48.40 (0.26) 47.73 (1.31) 46.54 (0.59)
P,0; 45.83 (0.28) 45.59 (0.92) 45.83 (0.36)
MgO 3.43 (0.32) 2.63 (0.05) 1 (0.20)
FeO 0.18 (0.24) 1.92 (2.51) 4.62 (0.71)
Na,O B.D. - B.D. - B.D. -
H,0° 0.86 - 0.86 - 0.86 -
Total 98.69 (0.42) 98.73 (0.79) 98.85 (0.49)
n 11 7 18
Stoic. Cag2FeooMgoo(PO3OH)(POys)ss  CagiFeqsMgos(POsOH)(PO,)s o CagoFeo;Mgo 3(PO3OH)(PO,)s
Fe:Mg Soln.” 0.74 0.98 2.91
Fe:Mg Prod.* 0.00 0.43 2.33

Parenthetical values are 1 standard deviation. n = number of analyses averaged chemistry is based on. B.D. = below detection.
“H,0 is based on ideal whitlockite (Hughes et al., 2008) and is included in these EMP totals.

"The molar ratio of Fe: Mg added to the solution of the experiment.

“The molar ratio of Fe: Mg in the stoichiometry of the resulting whitlockite.



Table S3. Atomic parameters for synthesized whitlockite and merrillite.

Ferric Ferrous
Ferric Fe- Ferrous Fe- Fe/Mg- Fe/Mg-
Fe- Fe/Mg- merrillite merrillite merrillite merrillite
Atom whitlockite  whitlockite (Pt cruc.) (SiO, tube) (Pt cruc.) (SiO, tube)
Fe(1) Feioo Feo.e37 Fe100 Fe1o00 Feo.7s4 Feosas
X 0.6667 0.6667 0.6667 0.6667 0.6667 0.6667
y 0.3333 0.3333 0.3333 0.3333 0.3333 0.3333
z 0.1137(1) 0.1138(1) 0.1151(12) 0.1142(1) 0.1149(1) 0.1150(1)
Uleq) 0.008(1) 0.003(1) 0.005(1) 0.006(1) 0.002(1) 0.004(1)
Mg(1) Mgo.363 M8go.245 Mgo.354
X NA 0.6667 NA NA 0.6667 0.6667
y NA 0.3333 NA NA 0.3333 0.3333
z NA 0.1138(1) NA NA 0.1149(1) 0.1150(1)
Uleq) NA 0.002 NA NA 0.002 0.004
Ca(1) Cay00 Cay00 Cayg0 Cay.00 Cai00 Cai00
X 0.7191(1) 0.7192(1) 0.7224(1) 0.7245(1) 0.7226(1) 0.7239(1)
y 0.8534(1) 0.8534(1) 0.8547(1) 0.8571(1) 0.8548(1) 0.8566(1)
z 0.2150(1) 0.2150(1) 0.2140(1) 0.2133(1) 0.2140(1) 0.2144(1)
Uleq) 0.005(1) 0.004(1) 0.004(1) 0.005(1) 0.004(1) 0.005(1)
Ca(2) Cay g0 Cay g0 Caygo Caroo Caroo Caroo
X 0.5125(1) 0.5122(1) 0.5081(1) 0.5099(1) 0.5088(1) 0.5103(1)
y 0.0542(1) 0.0537(1) 0.0442(1) 0.0502(1) 0.0451(1) 0.0509(1)
z 0.1792(1) 0.1793(1) 0.1798(1) 0.1785(1) 0.1796(1) 0.1794(1)
Uleq) 0.005(1) 0.005(1) 0.004(1) 0.005(1) 0.004(1) 0.006(1)
Ca(3) Cai0o Cai0o Cai00 Cay.00 Cay.00 Cay.00
X 1.1580(1) 1.1573(1) 1.1483(1) 1.1495(1) 1.1489(1) 1.1506(1)
y 0.8643(1) 0.8646(1) 0.8714(1) 0.8731(1) 0.8709(1) 0.8717(1)
z 0.1080(1) 0.1080(1) 0.1072(1) 0.1064(1) 0.1071(1) 0.1074(1)
Uleq) 0.012(1) 0.011(1) 0.006(1) 0.015(1) 0.007(1) 0.016(1)
P(2) P1oo P10 P1.00 P1.00 P1.00 P10
X 0.4761(1) 0.4761(1) 0.4745(1) 0.4713(1) 0.4746(1) 0.4725(1)
y -0.0162(1) -0.0160(1) -0.0175(1) -0.0201(1) -0.0174(1) -0.0193(1)
z 0.0827(1) 0.0827(1) 0.0841(1) 0.0820(1) 0.0837(1) 0.0830(1)
Uleq) 0.005(1) 0.004(1) 0.003(1) 0.005(1) 0.003(1) 0.005(1)
P(1) P1oo P1oo P10 P1.00 P1.00 P1oo
X 0.8606(1) 0.8601(1) 0.8562(1) 0.8602(1) 0.8564(1) 0.8601(1)
y 0.6848(1) 0.6841(1) 0.6761(1) 0.6794(1) 0.6767(1) 0.6798(1)
z 0.1464(1) 0.1464(1) 0.1459(1) 0.1455(1) 0.1458(1) 0.1464(1)
Uleq) 0.004(1) 0.004(1) 0.003(1) 0.004(1) 0.003(1) 0.005(1)
P(3A) Po.gg0 Po.g40 Po.029 Po.239 Po.oss Po.309
X 0.3333 0.3333 0.3333 0.3333 0.3333 0.3333
y -0.3333 -0.3333 -0.3333 -0.3333 -0.3333 -0.3333
z 0.1934(1) 0.1934(1) 0.2178(1) 0.2138(1) 0.2170(1) 0.2146(1)
Uleq) 0.005(1) 0.005(1) 0.004(1) 0.005(1) 0.005(1) 0.006(1)
P(3B) Po.110 Po.160 Po.o71 Po.761 Po.g3s Po.so1
X 0.3333 0.3333 0.3333 0.3333 0.3333 0.3333
y -0.3333 -0.3333 -0.3333 -0.3333 -0.3333 -0.3333
z 0.2160(2) 0.2165(1) 0.1952(13) 0.1932(2) 0.1933(5) 0.1936(1)
Uleq) 0.005 0.005 0.004 0.005 0.005 0.004(1)
O(10A) Oo.890 Oo.840 00.020 00.239 Oo.065 Oo.309
X 0.3333 0.3333 0.3333 0.3333 0.3333 0.3333
y -0.3333 -0.3333 -0.3333 -0.3333 -0.3333 -0.3333
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Ferric Ferrous
Ferric Fe- Ferrous Fe- Fe/Mg- Fe/Mg-
Fe- Fe/Mg- merrillite merrillite merrillite merrillite
Atom whitlockite  whitlockite (Pt cruc.) (SiO, tube) (Pt cruc.) (SiO, tube)
z 0.1508(1) 0.1508(1) 0.2594(1) 0.2555(2) 0.2586(1) 0.1523(2)
Uleq) 0.013(1) 0.012(1) 0.006(1) 0.009(1) 0.007(1) 0.015(3)
0(108) 0o.110 0o.160 Oo.970 Oo.761 Oo.935 Oo.691
X 0.3333 0.3333 0.3333 0.3333 0.3333 0.3333
y -0.3333 -0.3333 -0.3333 -0.3333 -0.3333 -0.3333
z 0.2568(8) 0.2579(3) 0.1549(15)  0.1520(2) 0.1511(8) 0.2560(2)
Uleq) 0.013 0.004(2) 0.007 0.009 0.007 0.011(1)
0(6) O1.00 O1.00 O1.00 O1.00 O1.00 O1.00
X 0.5657(2) 0.5658(1) 0.5682(2) 0.5602(3) 0.5677(2) 0.5620(2)
y -0.0877(2)  -0.0872 -0.0826(2)  -0.0930(3)  -0.0831(2)  -909(2)
z 0.0696(1) 0.0695(1) 0.0696(1) 0.0684(1) 0.0691(1) 0.0694(1)
Uleq) 0.008(1) 0.007(1) 0.006(1) 0.016(1) 0.006(1) 0.013(1)
0(9) O1.00 O1.00 O1.00 O1.00 O1.00 O1.00
X 0.3533(2) 0.3526(1) 0.3444(2) 0.3420(3) 0.3436(2) 0.3431(3)
y -0.1832(2) -0.1834(1) -0.1866(2) -0.1882(3) -0.0187(2) -0.1876(2)
z 0.2056(1) 0.2054(1) 0.2050(1) 0.2018(1) 0.2044(1) 0.2030(1)
Uleq) 0.009(1) 0.008(1) 0.007(1) 0.016(1) 0.009(1) 0.017(1)
0(8) O1.00 O1.00 O1.00 O1.00 O1.00 O1.00
X 0.3344(2) 0.3345(1) 0.3365(2) 0.3317(3) 0.3356(2) 0.3325(2)
y -0.0606(2)  -0.0606(1)  -0.0552(2)  -0.0575(3)  -0.0559(2)  -0.0579(2)
z 0.0604(1) 0.0604(1) 0.0606(1) 0.0594(1) 0.0605(1) 0.0604(1)
Uleq) 0.006(1) 0.005(1) 0.005(1) 0.006(1) 0.005(1) 0.006(1)
0(5) O1.00 O1.00 O1.00 O1.00 O1.00 O1.00
X 0.5754(2) 0.5756(1) 0.5763(2) 0.5746(3) 0.5762(2) 0.5750(2)
y 0.1551(2) 0.1556(1) 0.1589(2) 0.1516(3) 0.1582(2) 0.1529(2)
z 0.0774(1) 0.0778(1) 0.0808(1) 0.0781(1) 0.0803(1) 0.0792(1)
Uleq) 0.007(1) 0.007(1) 0.005(1) 0.009(1) 0.004(1) 0.010(1)
0(2) O1.00 O1.00 O1.00 O1.00 O1.00 O1.00
' 0.8747(2) 0.8737(1) 0.8599(2) 0.8660(3) 0.8613(2) 0.8670(2)
y 0.7381(2) 0.7360(1) 0.7100(2) 0.7168(3) 0.7119(3) 0.7198(3)
z 0.1068(1) 0.1068(1) 0.1058(1) 0.1054(1) 0.1057(1) 0.1063(1)
Uleq) 0.009(1) 0.009(1) 0.006(1) 0.010(1) 0.007(1) 0.013(1)
0(3) O1.00 O1.00 O1.00 O1.00 O1.00 O1.00
X 1.0193(2) 1.0188(1) 1.0161(2) 1.0204(2) 1.0161(2) 1.0203(2)
y 0.7337(2) 0.7330(1) 0.7289(2) 0.7308(3) 0.7291(2) 0.7311(2)
z 0.1598(1) 0.1597(1) 0.1589(1) 0.1580(1) 0.1590(1) 0.1590(1)
Uleq) 0.007(1) 0.006(1) 0.006(1) 0.007(1) 0.006(1) 0.007(1)
0(1) O1.00 O1.00 O1.00 O1.00 O1.00 O1.00
X 0.7795(2) 0.7792(1) 0.7803(2) 0.7857(3) 0.7800(2) 0.7846(2)
y 0.7504(2) 0.7499(1) 0.7482(2) 0.7538(3) 0.7486(2) 0.7528(2)
z 0.1674(1) 0.1672(1) 0.1665(1) 0.1657(1) 0.1663(1) 0.1667(1)
Uleq) 0.008(1) 0.007(1) 0.006(1) 0.009(1) 0.007(1) 0.009(1)
0(4) O1.00 O1.00 O1.00 O1.00 O1.00 O1.00
X 0.7675(2) 0.7671(1) 0.7619(2) 0.7656(3) 0.7623(2) 0.7655(2)
y 0.5128(2) 0.5122(1) 0.5034(2) 0.5096(3) 0.5041(2) 0.5093(2)
z 0.1506(1) 0.1506(1) 0.1519(1) 0.1523(1) 0.1516(1) 0.1524(1)
Uleq) 0.007(1) 0.007(1) 0.005(1) 0.007(1) 0.005(1) 0.008(1)
0(7) O1.00 O1.00 O1.00 O1.00 O1.00 O1.00
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Ferric Ferrous
Ferric Fe- Ferrous Fe- Fe/Mg- Fe/Mg-
Fe- Fe/Mg- merrillite merrillite merrillite merrillite
Atom whitlockite  whitlockite (Pt cruc.) (SiO, tube) (Pt cruc.) (SiO, tube)
X 0.4261(2) 0.4260(1) 0.4214(2) 0.4176(3) 0.4222(3) 0.4189(2)
y -0.0543(2)  -0.0550(1)  -0.0610(2)  -0.0657(3)  -0.0616(2)  -0.0650(3)
z 0.1219(1) 0.1219(1) 0.1227(1) 0.1208(1) 0.1224(1) 0.1218(1)
Uleq) 0.009(1) 0.008(1) 0.006(1) 0.014(1) 0.008(1) 0.0015(1)
Ca(4A) Cap.1a8 Cag.oos
X NA NA NA 0.3333 NA 0.3333
y NA NA NA -0.3333 NA -0.3333
z NA NA NA 0.1360(1) NA 0.1041(3)
Uleq) NA NA NA 0.011(1) NA 0.019(3)
Ca(4B) Cao.z06 Cao.264
X NA NA NA 0.3333 NA 0.3333
y NA NA NA -0.3333 NA -0.3333
z NA NA NA 0.1028(3) NA 0.1369(1)
Uleq) NA NA NA 0.013(3) NA 0.007(1)

Parenthetic values are standard deviations. Pt cruc. = merrillite produced by heating in open air in a
platinum crucible. SiO, tube = merrillite produced in a triple argon purged and sealed silica glass tube.
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Table S4.

Bond lengths for synthesized whitlockite and merrillite in angstroms.

Ferrous
Fe- Ferric Ferrous
FerricFe-  merrillite Fe/Mg- Fe/Mg-
Fe- Fe/Mg- merrillite (Sio, merrillite merrillite
whitlockite whitlockite (Pt cruc.) tube) (Pt cruc.) (SiO, tube)
Ca(1)- 0(1) 2.3062(14) 2.3115(11) 2.308(2) 2.313(3) 2.310(2) 2.3128(19)
O(2)#6 2.4348(17) 2.4268(13) 2.340(2) 2.386(3) 2.345(2) 2.385(2)
O(3)#8 2.4482(15) 2.4548(11) 2.468(2) 2.456(2) 2.467(2) 2.4568(19)
O(5)#7 2.4401(14) 2.4445(11) 2.511(2) 2.449(3)  2.506(2) 2.449(2)
O(5)#9 2.4724(14) 2.4763(11) 2.495(2) 2.487(3) 2.484(2) 2.485(2)
o(e)#7 2.7753(15) 2.7703(11) 2.740(2) 2.849(3)  2.741(2) 2.823(2)
o(8)#9 2.5050(14) 2.5065(11) 2.470(2) 2.469(2) 2.474(2) 2.4742(19)
O(9)#2 2.4570(14)  2.4530(11) 2.409(2) 2.437(3)  2.409(2) 2.437(2)
Ca(2)- O(1)#14 2.6522(15) 2.6481(11) 2.638(2) 2.627(3) 2.631(2) 2.630(2)
O(10B)#15  2.717(7) 2.699(3) 2.5360(11) 2.544(2) 2.578(2) 2.542(2)
0(2) 2.5441(15) 2.5465(11) 2.586(2) 2.475(3)  2.492(2) 2.469(2)
O(2)#14 2.4649(14) 2.4675(11) 2.492(2) 2.377(2)  2.389(2) 2.3720(18)
0(3) 2.3727(14) 2.3736(11) 2.388(2) 2.564(2) 2.5518(12) 2.5888(17)
O(6)#1 2.3934(15) 2.4009(12) 2.458(2) 2.484(3)  2.463(2) 2.468(2)
0(7)#13 2.5186(16) 2.5251(12) 2.609(2) 2.573(3) 2.610(2) 2.567(2)
0O(8)#13 2.3717(15) 2.3762(11) 2.418(2) 2.399(3) 2.412(2) 2.3957(19)
O(9)#16 2.9456(15) 2.9483(11) 2.899(2) 2.998(3) 2.926(2) 2.994(3)
Ca(3)- o(1)#1 2.6373(15) 2.6345(11) 2.634(2) 2.681(3) 2.638(2) 2.669(2)
O(3)#2 2.6570(14) 2.6507(11) 2.602(2) 2.633(2) 2.602(2) 2.6348(18)
O(4)#1 2.4591(14) 2.4612(11) 2.501(2) 2.439(2) 2.497(2) 2.4444(19)
O(4)#2 2.4278(14) 2.4313(11) 2.463(2) 2.414(3)  2.458(2) 2.4191(19)
O(6)#12 2.4604(14) 2.4616(11) 2.473(2) 2.450(3) 2.468(2) 2.449(2)
0o(7) 2.3600(15) 2.3633(11) 2.345(2) 2.407(3) 2.350(2) 2.401(2)
O(8)#11 2.3685(14) 2.3691(11) 2.378(2) 2.368(2) 2.374(2) 2.3675(18)
0(9) 2.3782(14) 2.3748(11) 2.320(2) 2.358(3) 2.327(2) 2.360(2)
Ca(4A)- 0O(6)#18 NA NA NA 2.736(5) NA 2.758(6)
O(6)#19 NA NA NA 2.736(5) NA 2.758(6)
0(7)#18 NA NA NA 2.541(4) NA 2.541(4)
O(7)#19 NA NA NA 2.541(4) NA 2.541(4)
Ca(4B)- 0O(6)#18 NA NA NA 2.516(3) NA 2.518(2)
O(6)#19 NA NA NA 2.516(3) NA 2.518(2)
O(7)#18 NA NA NA 2.846(5) NA 2.851(4)
O(7)#19 NA NA NA 2.846(5) NA 2.851(4)
Fe(1)- 0(4) 2.1131(16) 2.1067(13) 2.046(2) 2.122(3) 2.048(2) 2.104(2)
O(4)#1 2.1130(16) 2.1068(13) 2.046(2) 2.122(3) 2.048(2) 2.104(2)
O(4)#2 2.1130(16) 2.1068(13) 2.046(2) 2.122(3)  2.048(2) 2.104(2)
O(5) 2.0893(16) 2.0806(12) 2.011(2) 2.108(3) 2.023(2) 2.092(2)
O(5)#1 2.0893(16) 2.0806(12) 2.011(2) 2.108(3) 2.023(2) 2.092(2)
O(5)#2 2.0893(16) 2.0806(12) 2.011(2) 2.108(3) 2.023(2) 2.092(2)
P(1)- 0(1) 1.5281(15) 1.5257(11) 1.528(2) 1.528(3) 1.530(2) 1.528(2)
0(2) 1.5484(16) 1.5456(13) 1.521(2) 1.532(3) 1.523(2) 1.535(2)
0(3) 1.5393(14) 1.5382(11) 1.535(2) 1.537(2)  1.535(2) 1.5377(18)
0o(4) 1.5512(16) 1.5497(12) 1.562(2) 1.546(3) 1.561(2) 1.546(2)
P(2)- 0O(5) 1.5538(16) 1.5552(12) 1.588(2) 1.556(3)  1.583(2) 1.558(2)
0o(6) 1.5261(15) 1.5260(12) 1.527(2) 1.537(3) 1.526(2) 1.531(2)
0o(7) 1.5284(15) 1.5256(12) 1.516(2) 1.529(3) 1.520(2) 1.529(2)
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0(8)

P(3A)-  O(10A)
0(9)
0(9)#18
0(9)#19

P(3B)-  O(10B)
0(9)
0(9)#18
0(9)#19

1.5385(15)
1.582(3)
1.5297(14)
1.5298(14)
1.5298(14)
1.51(3)
1.512(3)
1.512(3)
1.512(3)

1.5381(11)
1.578(3)
1.5291(11)
1.5292(11)
1.5292(11)
1.534(14)
1.5187(16)
1.5187(16)
1.5187(16)

1.544(2)
1.540(4)
1.5366(19)
1.5366(19)
1.5366(19)
1.49(3)
1.507(12)
1.507(12)
1.507(12)

1.543(2)
1.530(3)
1.493(3)
1.493(3)
1.493(3)
1.546(7)
1.526(2)
1.526(2)
1.526(2)

1.546(2)
1.57(3)

1.518(6)
1.518(6)
1.518(6)
1.543(5)
1.534(2)
1.534(2)
1.534(2)

1.5422(19)
1.530(7)
1.500(2)
1.500(2)
1.500(2)
1.535(6)
1.5209(19)
1.5209(19)
1.5209(19)

Parenthetic values are standard deviations. Pt cruc. = merrillite produced by heating in open air in a
platinum crucible. SiO, tube = merrillite produced in a triple argon purged and sealed silica glass tube.
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CIF Files to accompany Chapter Two

Fe-whitlockite

data_FeWhitlockite_Om_b

_chemical_formula_sum

'Ca9 Fe H 028 P7'
_chemical_formula_weight 1082.37
_chemical_compound_source 'synthetic'
_symmetry_cell_setting trigonal
_symmetry_space_group_name_H-M R3c
_chemical_name_mineral whitlockite

loop_
_symmetry_equiv_pos_as_xyz
%y, z

Ly, Xy, 2

-x+y, -X, '

"y, X, z+1/2'

-x+y, y, z+1/2'

'X, X-y, z+1/2'

'x+2/3, y+1/3, z+1/3'
-y+2/3, x-y+1/3, z+1/3'
-x+y+2/3, -x+1/3, z+1/3'
'-y+2/3, -x+1/3, z+5/6'
-x+y+2/3, y+1/3, z+5/6'
'x+2/3, x-y+1/3, z+5/6'
'x+1/3, y+2/3, z+2/3'
-y+1/3, x-y+2/3, z+2/3'
-x+y+1/3, -x+2/3, z+2/3'
'-y+1/3, -x+2/3, z+7/6'
-x+y+1/3, y+2/3, z+7/6'
'x+1/3, x-y+2/3, z+7/6'

_cell_length_a 10.3510(7)
_cell_length_b 10.3510(7)
_cell_length_c 37.059(2)
_cell_angle_alpha 90.00
_cell_angle_beta 90.00
_cell_angle_gamma 120.00
_cell_volume 3438.6(4)
_cell_formula_units_zZ 6

_cell_measurement_temperature 100(2)
_exptl_crystal_density_diffrn 3.136
_exptl_crystal_density_method 'not measured'
_exptl_crystal_F_000 3216
_exptl_absorpt_coefficient_mu 3.294
_exptl_absorpt_correction_type multi-scan
_exptl_absorpt_correction_T_min 0.6768
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_exptl_absorpt_correction_T_max 0.7466
_exptl_absorpt_process_details "SADABS"

_diffrn_ambient_temperature  100(2)
_diffrn_radiation_wavelength  0.71073

_diffrn_radiation_type MoK\a
_diffrn_radiation_source 'fine-focus sealed tube'
_diffrn_radiation_monochromator graphite
_diffrn_reflns_number 17516

_diffrn_reflns_av_R_equivalents 0.0221
_diffrn_reflns_av_sigmal/netl 0.0128
_diffrn_reflns_limit_h_min -14
_diffrn_reflns_limit_h_max 14
_diffrn_reflns_limit_k_min -14
_diffrn_reflns_limit_k_max 14
_diffrn_reflns_limit_|_min -52
_diffrn_reflns_limit_|_max 52
_diffrn_reflns_theta_min 2.52
_diffrn_reflns_theta_max 30.50
_reflns_number_total 2352
_reflns_number_gt 2341
_reflns_threshold_expression  >2sigma(l)

_computing_structure_solution 'SHELXS-97 (Sheldrick, 2008)’
_computing_structure_refinement 'SHELXL-97 (Sheldrick, 2008)'

_refine_special_details

Refinement of FA2” against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on FA2A, conventional R-factors R are based
on F, with F set to zero for negative FA2”. The threshold expression of
FA27 > 2sigma(FA27) is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based
on FA2” are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.

’

_refine_ls_structure_factor_coef Fsqd
_refine_ls_matrix_type full
_refine_Is_weighting_scheme  calc
_refine_ls_weighting_details

'calc w=1/[\s"2~(Fo*27)+(0.0372P)*2~+2.0977P] where P=(FoA27+2FcA24)/3!
_atom_sites_solution_primary intrinsic
_atom_sites_solution_secondary difmap
_atom_sites_solution_hydrogens none
_refine_|ls_hydrogen_treatment none
_refine_ls_extinction_method none
_refine_ls_extinction_coef ?
_refine_ls_abs_structure_details

'Flack H D (1983), Acta Cryst. A39, 876-881'
_refine_ls_abs_structure_Flack 0.00(4)
_refine_ls_number_reflns 2352
_refine_ls_number_parameters 140
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_refine_Is_number_restraints 1

_refine_ls_R_factor_all 0.0186
_refine_Is_R_factor_gt 0.0185
_refine_Is_wR_factor_ref 0.0552
_refine_ls_wR_factor_gt 0.0552
_refine_Is_goodness_of fit ref 1.148
_refine_ls_restrained_S_all 1.148
_refine_ls_shift/su_max 0.001

_refine_ls_shift/su_mean 0.000

loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
_atom_site_symmetry_multiplicity
_atom_site_calc_flag
_atom_site_refinement_flags
_atom_site_disorder_assembly
_atom_site_disorder_group

Fel Fe 0.6667 0.3333 0.113741(17) 0.00771(9) Uani13dS..

Cal Ca 0.71906(5) 0.85343(4) 0.215037(11) 0.00506(9) Uani 1 1d.. ..
Ca3 Ca 0.51246(4) 0.05420(5) 0.179244(10) 0.00547(8) Uani 1 1d.. ..
Ca2 Ca 1.15795(5) 0.86426(4) 0.107990(13) 0.01161(9) Uani 1 1d.. ..
P2 P 0.47612(6) -0.01616(6) 0.082656(13) 0.00455(10) Uani 11d . ..

P1 P 0.86055(6) 0.68479(6) 0.146444(12) 0.00450(10) Uani11d.. ..
P3A P 0.3333 -0.3333 0.19345(3) 0.0051(2) Uani 0.890(3) 3d SP . .
P3B P 0.3333 -0.3333 0.2160(2) 0.005 Uiso 0.110(3) 3d SP ...

010A 0 0.3333-0.3333 0.15077(9) 0.0130(7) Uani 0.890(3) 3d SP ..

0108 0 0.3333 -0.3333 0.2568(8) 0.013 Uiso 0.110(3) 3d SP ..

06 0 0.56574(16) -0.08767(16) 0.06961(4) 0.0076(3) Uani11d.. ..
09 0 0.35329(15) -0.18316(15) 0.20559(4) 0.0087(3) Uani11d.. ..
08 0 0.33437(16) -0.06065(15) 0.06044(4) 0.0061(2) Uani11d.. ..
05 0 0.57543(15) 0.15508(17) 0.07742(4) 0.0074(3) Uani11d.. ..
02 0 0.87474(16) 0.73809(18) 0.10685(4) 0.0086(3) Uani11d. ..
03 0 1.01933(15) 0.73373(15) 0.15978(4) 0.0069(3) Uani11d. ..
01 0 0.77948(16) 0.75035(16) 0.16736(4) 0.0078(3) Uani11d. ..
04 0 0.76750(15) 0.51279(17) 0.15058(4) 0.0072(3) Uani11d. ..
07 0 0.42614(17) -0.05431(17) 0.12192(4) 0.0092(3) Uani 1 1d.. ..

loop_

_atom_site_aniso_label

_atom_site_aniso_U_11

_atom_site_aniso_U_22

_atom_site_aniso_U_33

_atom_site_aniso_U_23

_atom_site_aniso_U_13

_atom_site_aniso_U_12

Fel 0.00759(13) 0.00759(13) 0.0080(2) 0.000 0.000 0.00379(7)
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Cal 0.00526(18) 0.00538(16) 0.00496(18) -0.00048(13) -0.00005(13) 0.00297(14)
Ca3 0.00491(17) 0.00649(17) 0.00489(16) 0.00131(13) 0.00019(14) 0.00277(14)
Ca2 0.01178(19) 0.00726(18) 0.00855(18) -0.00144(14) 0.00505(16) -0.00068(14)
P2 0.00460(19) 0.0051(2) 0.0044(2) -0.00043(17) -0.00058(17) 0.00278(17)
P10.0050(2) 0.0050(2) 0.0039(2) -0.00033(17) 0.00015(17) 0.00285(16)

P3A 0.0046(3) 0.0046(3) 0.0061(5) 0.000 0.000 0.00229(13)

010A 0.0147(10) 0.0147(10) 0.0095(14) 0.000 0.000 0.0073(5)

06 0.0098(6) 0.0092(6) 0.0069(6) -0.0011(5) -0.0010(5) 0.0073(5)

09 0.0090(6) 0.0059(6) 0.0123(6) 0.0016(4) 0.0032(5) 0.0044(5)

08 0.0052(6) 0.0072(6) 0.0055(5) -0.0004(5) -0.0008(4) 0.0027(5)

05 0.0057(6) 0.0065(7) 0.0101(6) -0.0013(5) -0.0006(5) 0.0031(5)

02 0.0096(6) 0.0131(7) 0.0039(6) 0.0004(5) 0.0008(5) 0.0064(5)

03 0.0054(6) 0.0079(6) 0.0065(5) 0.0006(5) -0.0002(4) 0.0025(5)

01 0.0104(6) 0.0087(6) 0.0071(6) -0.0017(5) 0.0004(5) 0.0069(5)

04 0.0057(6) 0.0049(6) 0.0103(6) -0.0002(5) -0.0008(5) 0.0021(5)

07 0.0106(7) 0.0132(7) 0.0051(6) -0.0013(5) 0.0002(5) 0.0068(6)

Fe/Mg-whitlockite

data_FeMgWhitlockite_ Om_b

_chemical_formula_sum

'Ca9 Fe0.64 H Mg0.36 028 P7"
_chemical_formula_weight 1070.93
_chemical_compound_source 'synthetic'
_symmetry_cell_setting trigonal
_symmetry_space_group_name_H-M R3c
_chemical_name_mineral whitlockite

loop_
_symmetry_equiv_pos_as_Xyz
', y, 2

Ly, Xy, 2

-x+y, -X, Z'

"y, -X, z+1/2'

-x+y, y, z+1/2'

'X, X-y, z+1/2"

'x+2/3, y+1/3, z+1/3'
-y+2/3, x-y+1/3, z+1/3'
-x+y+2/3, -x+1/3, z+1/3'
'-y+2/3, -x+1/3, z+5/6'
-x+y+2/3, y+1/3, z+5/6'
'x+2/3, x-y+1/3, z+5/6'
'x+1/3, y+2/3, z+2/3'
y+1/3, x-y+2/3, 2+2/3'
“x+y+1/3, -x+2/3, z+2/3'
-y+1/3, -x+2/3, z+7/6'
-x+y+1/3, y+2/3, z+7/6'
'x+1/3, x-y+2/3, z+7/6'

_cell_length_a 10.3499(4)
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_cell_length_b 10.3499(4)

_cell_length_c 37.0715(16)
_cell_angle_alpha 90.00
_cell_angle_beta 90.00
_cell_angle_gamma 120.00
_cell_volume 3439.1(2)
_cell_formula_units_Z 6

_cell_measurement_temperature 100(2)
_exptl_crystal_density_diffrn  3.103
_exptl_crystal_density_method 'not measured'
_exptl_crystal_F_000 3186
_exptl_absorpt_coefficient_mu 3.084
_exptl_absorpt_correction_type multi-scan
_exptl_absorpt_correction_T_min 0.6997
_exptl_absorpt_correction_T_max 0.7466
_exptl_absorpt_process_details "SADABS"

_diffrn_ambient_temperature  100(2)
_diffrn_radiation_wavelength  0.71073

_diffrn_radiation_type MokK\a
_diffrn_radiation_source 'fine-focus sealed tube'
_diffrn_radiation_monochromator graphite
_diffrn_reflns_number 17609

_diffrn_reflns_av_R_equivalents 0.0202
_diffrn_reflns_av_sigmal/netl 0.0113
_diffrn_reflns_limit_h_min -14
_diffrn_reflns_limit_h_max 14
_diffrn_reflns_limit_k_min -14
_diffrn_reflns_limit_k_max 14
_diffrn_reflns_limit_|_min -52
_diffrn_reflns_limit_|_max 52
_diffrn_reflns_theta_min 2.52
_diffrn_reflns_theta_max 30.51
_reflns_number_total 2355
_reflns_number_gt 2336
_reflns_threshold_expression  >2sigma(l)

_computing_structure_solution 'SHELXS-97 (Sheldrick, 2008)'
_computing_structure_refinement 'SHELXL-97 (Sheldrick, 2008)'

_refine_special_details

Refinement of FA2/ against ALL reflections. The weighted R-factor wR and
goodness of fit S are based on FA2”, conventional R-factors R are based

on F, with F set to zero for negative FA2”. The threshold expression of
FA2A > 2sigma(FA27) is used only for calculating R-factors(gt) etc. and is
not relevant to the choice of reflections for refinement. R-factors based
on FA2A are statistically about twice as large as those based on F, and R-
factors based on ALL data will be even larger.

’

_refine_ls_structure_factor_coef Fsqd
_refine_ls_matrix_type full
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_refine_|s_weighting_scheme  calc
_refine_ls_weighting_details

'calc w=1/[\s"2*(Fo*2/7)+(0.0267P)*27+0.9683P] where P=(Fo"2A+2Fc”2A)/3'
_atom_sites_solution_primary intrinsic
_atom_sites_solution_secondary difmap
_atom_sites_solution_hydrogens none
_refine_Is_hydrogen_treatment none
_refine_ls_extinction_method none
_refine_ls_extinction_coef ?
_refine_ls_abs_structure_details

'Flack H D (1983), Acta Cryst. A39, 876-881'
_refine_ls_abs_structure_Flack 0.00(9)
_refine_Is_number_reflns 2355
_refine_Is_number_parameters 142
_refine_Is_number_restraints 1

_refine_Is_R_factor_all 0.0155
_refine_Is_R_factor_gt 0.0154
_refine_|ls_wR_factor_ref 0.0411
_refine_ls_wR_factor_gt 0.0410
_refine_Is_goodness_of _fit_ref 1.145
_refine_ls_restrained_S_all 1.145
_refine_ls_shift/su_max 0.001

_refine_ls_shift/su_mean 0.000

loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_U_iso_or_equiv

_atom_site_adp_type

_atom_site_occupancy

_atom_site_symmetry_multiplicity

_atom_site_calc_flag

_atom_site_refinement_flags

_atom_site_disorder_assembly

_atom_site_disorder_group

Fel Fe 0.6667 0.3333 0.113848(16) 0.00310(17) Uani 0.637(4) 3d SP ..
Mgl Mg 0.6667 0.3333 0.113848(16) 0.003 Uiso 0.363(4) 3d SP ..
Cal Ca 0.71923(3) 0.85341(3) 0.215018(8) 0.00441(7) Vanil1d...
Ca3 Ca 0.51225(3) 0.05368(3) 0.179264(8) 0.00492(6) Uanil1ld...
Ca2 Ca 1.15730(4) 0.86455(3) 0.107972(10) 0.01143(7) Uani11d...
P2 P 0.47608(5) -0.01597(5) 0.082739(10) 0.00369(8) Uani11d...
P1 P 0.86008(4) 0.68408(5) 0.146408(9) 0.00373(7) Uanil1d...
P3A P 0.3333-0.3333 0.19339(2) 0.00472(18) Uani 0.840(2) 3d SP. .
P3B P 0.3333-0.3333 0.21651(13) 0.005 Uiso 0.160(2) 3d SP ..
010A 0 0.3333-0.33330.15081(7) 0.0124(5) Uani 0.840(2) 3d SP. .
010B 0 0.3333 -0.3333 0.2579(3) 0.004(2) Uiso 0.160(2) 3dSP..

06 0 0.56579(12) -0.08715(12) 0.06953(3) 0.0068(2) Uani11d...
09 00.35257(12) -0.18341(11) 0.20545(3) 0.0080(2) Uani11d...
08 0 0.33451(12) -0.06062(11) 0.06045(3) 0.00537(19) Uani11d...
05 00.57559(11) 0.15558(13) 0.07776(3) 0.0066(2) Uani11d...
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02 00.87366(12) 0.73603(14) 0.10680

( 3)0.0089(2) Uani11d...
03 0 1.01881(12) 0.73302(12) 0.15970

(

(

3)0.00611(19) Uani11d...
01 0 0.77921(12) 0.74988(12) 0.16719(3) 0.00655(19) Uani 1 1d.. . .
04 0 0.76708(11) 0.51224(13) 0.15058(3) 0.0066(2) Uani11d. ..
07 0 0.42597(13) -0.05502(13) 0.12187(3) 0.0084(2) Uani11d.. ..

—_— ===

loop_

_atom_site_aniso_label

_atom_site_aniso_U_11

_atom_site_aniso_U_22

_atom_site_aniso_U_33

_atom_site_aniso_U_23

_atom_site_aniso_U_13

_atom_site_aniso_U_12

Fel 0.00305(19) 0.00305(19) 0.0032(3) 0.000 0.000 0.00153(10)

Cal 0.00469(14) 0.00469(12) 0.00420(14) -0.00059(10) -0.00019(10) 0.00260(11)
Ca3 0.00442(13) 0.00589(13) 0.00431(13) 0.00130(10) 0.00028(11) 0.00246(11)
Ca2 0.01162(15) 0.00662(14) 0.00774(14) -0.00155(11) 0.00505(12) -0.00168(11)
P2 0.00385(15) 0.00397(17) 0.00383(17) -0.00036(13) -0.00039(13) 0.00238(13)
P1 0.00386(16) 0.00425(16) 0.00315(17) -0.00030(13) 0.00000(14) 0.00207(13)
P3A 0.0038(2) 0.0038(2) 0.0066(5) 0.000 0.000 0.00189(10)

010A 0.0142(8) 0.0142(8) 0.0089(12) 0.000 0.000 0.0071(4)

06 0.0088(5) 0.0082(5) 0.0062(4) -0.0003(4) -0.0001(4) 0.0064(4)

09 0.0073(5) 0.0048(4) 0.0119(5) 0.0014(3) 0.0033(4) 0.0032(4)

08 0.0050(5) 0.0058(5) 0.0047(4) -0.0007(3) -0.0011(3) 0.0023(4)

05 0.0052(4) 0.0047(5) 0.0097(5) -0.0019(4) -0.0012(4) 0.0022(4)

02 0.0092(5) 0.0167(6) 0.0035(5) 0.0014(4) 0.0009(4) 0.0084(4)

03 0.0045(5) 0.0071(5) 0.0058(4) 0.0004(4) 0.0000(4) 0.0023(4)

01 0.0085(5) 0.0074(5) 0.0060(4) -0.0010(4) 0.0008(4) 0.0056(4)

04 0.0047(5) 0.0051(5) 0.0097(5) -0.0001(4) -0.0010(4) 0.0022(4)

07 0.0089(5) 0.0127(5) 0.0047(4) -0.0007(4) 0.0002(4) 0.0063(4)

Fe-merrillite heat treated open to air

data_FeMerrilliteAir_Om_a

_chemical_formula_sum

' Ca9 Fe H0.02 028 P7'
_chemical_formula_weight 1081.38
_space_group_crystal_system  trigonal

_space_group_IT_number 161
_chemical_compound_source 'synthetic'
_symmetry_space_group_name_H-M R3c
_chemical_name_mineral merrillite
loop_

_space_group_symop_operation_xyz

'y, 2'

"y, Xy,

-X+y, -X, Z'

"y, -x, z+1/2'
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-x+y, y, z+1/2'

'X, X-y, z+1/2'

'x+2/3, y+1/3, z+1/3'
y+2/3, x-y+1/3, z+1/3'
-x+y+2/3, -x+1/3, z+1/3'
'-y+2/3, -x+1/3, z+5/6'
-x+y+2/3, y+1/3, z+5/6'
'x+2/3, x-y+1/3, z+5/6'
'x+1/3, y+2/3, z+2/3'
"-y+1/3, x-y+2/3, z+2/3'
-x+y+1/3, -x+2/3, z+2/3'
'-y+1/3, -x+2/3, z+7/6'
-x+y+1/3, y+2/3, z+7/6'
'x+1/3, x-y+2/3, z+7/6'

_cell_length_a 10.3278(11)
_cell_length_b 10.3278(11)
_cell_length_c 37.050(4)
_cell_angle_alpha 90
_cell_angle_beta 90
_cell_angle_gamma 120
_cell_volume 3422.4(8)
_cell_formula_units_Z 6

_cell_measurement_temperature 100(2)
_exptl_crystal_density_diffrn 3.148

_exptl_crystal_F_000 3210

_exptl_crystal_size_max 0.07
_exptl_crystal_size_mid 0.07
_exptl_crystal_size_min 0.07

_exptl_absorpt_coefficient_mu 3.310
_exptl_absorpt_correction_type multi-scan
_exptl_absorpt_correction_T_min 0.6943
_exptl_absorpt_correction_T_max 0.7466
_exptl_absorpt_process_details "SADABS"

_diffrn_ambient_temperature  100(2)
_diffrn_radiation_wavelength  0.71073
_diffrn_radiation_type MokK\a
_diffrn_reflns_number 17589
_diffrn_reflns_av_unetl/netl  0.0139
_diffrn_reflns_av_R_equivalents 0.0248
_diffrn_reflns_limit_h_min -14
_diffrn_reflns_limit_h_max 14

_diffrn_reflns_limit_k_min -14
_diffrn_reflns_limit_k_max 14
_diffrn_reflns_limit_l_min -52

_diffrn_reflns_limit_l_max 52
_diffrn_reflns_theta_min 2.529
_diffrn_reflns_theta_max 30.506
_diffrn_reflns_theta_full 25.242
_diffrn_measured_fraction_theta_max 0.998
_diffrn_measured_fraction_theta_full 0.996
_diffrn_reflns_Laue_measured_fraction_max 0.998
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_diffrn_reflns_Laue_measured_fraction_full 0.996
_diffrn_reflns_point_group_measured_fraction_max 0.998
_diffrn_reflns_point_group_measured_fraction_full 0.996

_reflns_number_total 2334
_reflns_number_gt 2283
_reflns_threshold_expression 'l > 2\s(l)'
_reflns_Friedel_coverage 0.994

_reflns_Friedel_fraction_max  0.998
_reflns_Friedel_fraction_full 0.997

_computing_structure_refinement 'SHELXL-2013 (Sheldrick, 2013)'

_refine_special_details

Refined as a 2-component inversion twin.
_refine_ls_structure_factor_coef Fsqd
_refine_ls_matrix_type full
_refine_ls_weighting_scheme  calc
_refine_ls_weighting_details
'w=1/[\s"2~(Fo"27)+(0.0264P)*27+4.0671P] where P=(For2/+2FcA27)/3'
_atom_sites_solution_primary intrinsic
_atom_sites_solution_secondary diffmap
_atom_sites_solution_hydrogens
_refine_Is_hydrogen_treatment undef
_refine_ls_extinction_method none
_refine_ls_extinction_coef
_refine_ls_abs_structure_details

Refined as an inversion twin.
_refine_ls_abs_structure_Flack 0.56(2)
_chemical_absolute_configuration ?
_refine_ls_number_reflns 2334
_refine_Is_number_parameters 140
_refine_Is_number_restraints 2

_refine_ls_R_factor_all 0.0175
_refine_|s_R_factor_gt 0.0172
_refine_Is_wR_factor_ref 0.0455
_refine_Is_wR_factor_gt 0.0454
_refine_Is_goodness_of fit_ref 1.095
_refine_ls_restrained_S_all 1.094
_refine_ls_shift/su_max 0.000

_refine_ls_shift/su_mean 0.000

loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
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_atom_site_occupancy

_atom_site_site_symmetry_order

_atom_site_calc_flag

_atom_site_refinement_flags_posn
_atom_site_refinement_flags_adp
_atom_site_refinement_flags_occupancy
_atom_site_disorder_assembly

_atom_site_disorder_group

Fel Fe 0.6667 0.3333 0.11505(2) 0.00519(13) Uani13dSTP..

Cal Ca 0.72237(6) 0.85471(6) 0.21403(2) 0.00411(12) Uanil1d.....
Ca3 Ca 0.50813(6) 0.04416(7) 0.17985(2) 0.00416(11) Uanil1d.....
Ca2 Ca 1.14831(6) 0.87139(6) 0.10715(2) 0.00557(12) Uanil1d.....
P2 P 0.47448(9) -0.01749(9) 0.08408(2) 0.00319(14) Uanil1d.....
P1 P 0.85624(8) 0.67612(9) 0.14590(2) 0.00331(13) Uani11d.....
P3A P 0.3333-0.3333 0.1952(13) 0.004 Uis0 0.029(3)3dDSUP..
P3B P 0.3333-0.3333 0.21780(3) 0.0038(3) Uani 0.971(3) 3dSTP..
010A 0 0.3333-0.3333 0.25937(11) 0.0065(7) Uani 0.971(3) 3dSTP..
010B 0 0.3333-0.3333 0.1549(15) 0.007 Uiso 0.029(3)3dDSUP..
06 0 0.5682(2) -0.0826(2) 0.06956(5) 0.0056(4) Uani11d.....

09 00.3444(2) -0.1866(2) 0.20504(5) 0.0075(4) Uani11d.....

08 0 0.3365(2) -0.0552(2) 0.06064(5) 0.0046(4) Uani11d.....

05 00.5763(2) 0.1589(2) 0.08082(5) 0.0046(4) Uanil1d.....

02 00.8599(2) 0.7100(2) 0.10584(6) 0.0056(4) Uani11d.....

03 01.0161(2) 0.7289(2) 0.15893(5) 0.0056(4) Uani11d.....

01 00.7803(2) 0.7482(2) 0.16651(5) 0.0061(4) Uani11d.....

04 00.7619(2) 0.5034(2) 0.15187(5) 0.0051(4) Uani11d.....

07 00.4214(2) -0.0610(2) 0.12267(6) 0.0063(4) Uani 1 1d.....

loop_

_atom_site_aniso_label

_atom_site_aniso_U_11

_atom_site_aniso_U_22

_atom_site_aniso_U_33

_atom_site_aniso_U_23

_atom_site_aniso_U_13

_atom_site_aniso_U_12

Fel 0.00518(18) 0.00518(18) 0.0052(3) 0.000 0.000 0.00259(9)
Cal 0.0040(3) 0.0042(2) 0.0041(2) -0.00028(19) 0.00020(19) 0.00209(19)
Ca3 0.0042(3) 0.0043(2) 0.0036(2) 0.00061(19) -0.0001(2) 0.00182(19)
Ca2 0.0052(2) 0.0045(2) 0.0052(2) 0.0001(2) 0.0017(2) 0.0011(2)
P2 0.0032(3) 0.0027(3) 0.0035(3) 0.0000(2) -0.0002(3) 0.0014(2)
P1 0.0034(3) 0.0032(3) 0.0033(3) -0.0003(2) 0.0000(3) 0.0016(2)
P3B 0.0027(3) 0.0027(3) 0.0059(6) 0.000 0.000 0.00136(17)
010A 0.0068(10) 0.0068(10) 0.0060(16) 0.000 0.000 0.0034(5)
06 0.0066(9) 0.0066(9) 0.0055(8) -0.0004(7) 0.0001(7) 0.0046(8)
09 0.0067(9) 0.0045(9) 0.0115(10) 0.0024(7) 0.0028(8) 0.0029(8)
08 0.0044(9) 0.0043(8) 0.0046(8) -0.0001(7) -0.0008(7) 0.0019(7)
05 0.0036(8) 0.0036(9) 0.0064(9) 0.0005(7) -0.0001(7) 0.0015(7)
02 0.0064(9) 0.0078(9) 0.0035(9) 0.0005(7) 0.0004(7) 0.0042(8)
03 0.0042(9) 0.0068(9) 0.0048(8) 0.0007(7) -0.0002(7) 0.0020(7)
01 0.0079(9) 0.0070(9) 0.0054(8) -0.0011(7) 0.0005(7) 0.0051(8)
04 0.0043(9) 0.0035(9) 0.0064(9) 0.0000(7) -0.0005(7) 0.0011(7)
07 0.0076(9) 0.0059(9) 0.0051(8) 0.0010(7) 0.0007(7) 0.0032(8)

—_— — — — — —
—_— — — —
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Fe-merrillite heat treated in an SiO; sealed tube

data_FeMerrilliteQTZ_Om_a

_chemical_formula_sum
' Ca9.44 Fe H0.12 028 P7"
_chemical_formula_weight 1099.12

_chemical_name_mineral merrillite
_space_group_crystal_system  trigonal
_space_group_IT_number 161
_chemical_compound_source 'synthetic'

_symmetry_space_group_name_H-M R3c

loop_
_space_group_symop_operation_xyz
', y, 2

"y, Xy, 2

-x+y, -X, '

-y, X, z+1/2'

-x+y, y, z+1/2'

'X, X-y, z+1/2"

'x+2/3, y+1/3, z+1/3'
-y+2/3, x-y+1/3, z+1/3'
-x+y+2/3, -x+1/3, z+1/3'
'-y+2/3, -x+1/3, z+5/6'
"-x+y+2/3, y+1/3, z+5/6'
'x+2/3, x-y+1/3, z+5/6'
'x+1/3, y+2/3, z+2/3'
y+1/3, x-y+2/3, 2+2/3'
“x+y+1/3, -x+2/3, z+2/3'
'-y+1/3, -x+2/3, z+7/6'
-x+y+1/3, y+2/3, z+7/6'
'x+1/3, x-y+2/3, z+7/6'

_cell_length_a 10.3453(6)
_cell_length_b 10.3453(6)
_cell_length_c 37.118(2)
_cell_angle_alpha 90
_cell_angle_beta 90
_cell_angle_gamma 120
_cell_volume 3440.3(5)
_cell_formula_units_Z 6

_cell_measurement_temperature 100(2)
_exptl_crystal_density_diffrn  3.183

_exptl_crystal_F_000 3264
_exptl_crystal_size_max .05
_exptl_crystal_size_mid .05
_exptl_crystal_size_min .05

_exptl_absorpt_coefficient_mu  3.392
_exptl_absorpt_correction_type multi-scan
_exptl_absorpt_correction_T_min 0.6939
_exptl_absorpt_correction_T_max 0.7466
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_exptl_absorpt_process_details "SADABS"

_diffrn_ambient_temperature  100(2)
_diffrn_radiation_wavelength  0.71073
_diffrn_radiation_type MoK\a
_diffrn_reflns_number 11475
_diffrn_reflns_av_unetl/netl  0.0178
_diffrn_reflns_av_R_equivalents 0.0236
_diffrn_reflns_limit_h_min -14
_diffrn_reflns_limit_h_max 14
_diffrn_reflns_limit_k_min -14
_diffrn_reflns_limit_k_max 14
_diffrn_reflns_limit_|_min -45
_diffrn_reflns_limit_|_max 52
_diffrn_reflns_theta_min 2.524
_diffrn_reflns_theta_max 30.488
_diffrn_reflns_theta_full 25.242
_diffrn_measured_fraction_theta_max 1.000
_diffrn_measured_fraction_theta_full 0.999
_diffrn_reflns_Laue_measured_fraction_max 1.000
_diffrn_reflns_Laue_measured_fraction_full 0.999
_diffrn_reflns_point_group_measured_fraction_max 1.000
_diffrn_reflns_point_group_measured_fraction_full 0.999

_reflns_number_total 2238
_reflns_number_gt 2189
_reflns_threshold_expression 'l > 2\s(l)'
_reflns_Friedel_coverage 0.994

_reflns_Friedel_fraction_max  1.000
_reflns_Friedel_fraction_full 1.000

_computing_structure_refinement 'SHELXL-2013 (Sheldrick, 2013)’

_refine_special_details

Refined as a 2-component inversion twin.
_refine_ls_structure_factor_coef Fsqd
_refine_ls_matrix_type full
_refine_Is_weighting_scheme  calc
_refine_ls_weighting_details
'w=1/[\s"27(Fo*2/)+(0.0276P)*27+8.5052P] where P=(Fo”r2/~+2Fc”2A)/3'
_atom_sites_solution_primary intrinsic
_atom_sites_solution_secondary diffmap
_atom_sites_solution_hydrogens none
_refine_Is_hydrogen_treatment none
_refine_ls_extinction_method none
_refine_lIs_extinction_coef
_refine_ls_abs_structure_details

Refined as an inversion twin.

’
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_refine_ls_abs_structure_Flack 0.48(3)
_chemical_absolute_configuration ?
_refine_ls_number_reflns 2238
_refine_Is_number_parameters 146
_refine_|ls_number_restraints 2
_refine_Is_R_factor_all 0.0211
_refine_Is_R_factor_gt 0.0204
_refine_Is_wR_factor_ref 0.0521
_refine_Is_wR_factor_gt 0.0517
_refine_Is_goodness_of_fit_ref 1.078

_refine_ls_restrained_S_all 1.078
_refine_ls_shift/su_max 0.001
_refine_ls_shift/su_mean 0.000
loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_U_iso_or_equiv

_atom_site_adp_type

_atom_site_occupancy

_atom_site_site_symmetry_order

_atom_site_calc_flag

_atom_site_refinement_flags_posn
_atom_site_refinement_flags_adp
_atom_site_refinement_flags_occupancy
_atom_site_disorder_assembly

_atom_site_disorder_group

Fel Fe 0.6667 0.3333 0.11420(3) 0.00572(14) Uani13dSTP..

Cal Ca 0.72446(8) 0.85713(7) 0.21332(2) 0.00491(13) Uanil1d.....
Ca3 Ca 0.50988(7) 0.05019(8) 0.17850(2) 0.00503(13) Uanil1d.....
Ca2 Ca 1.14949(8) 0.87308(8) 0.10639(2) 0.01494(16) Uanil 1d.....
P2 P 0.47132(11) -0.02015(10) 0.08205(2) 0.00514(17) Uanil1ld.....
P1 P 0.86017(10) 0.67945(10) 0.14554(2) 0.00426(16) Uani11d.....
P3B P 0.3333-0.3333 0.21379(6) 0.0051(5) Uani 0.761(5)3dSTP..
P3A P 0.3333-0.3333 0.1932(2) 0.005 Uiso 0.239(5)3dDSUP..
010A 0 0.3333-0.3333 0.25546(17) 0.0085(12) Uani 0.761(5)3dSTP..
010B 0 0.3333 -0.3333 0.1520(2) 0.009 Uis0 0.239(5)3dDSUP..
06 0 0.5602(3) -0.0930(3) 0.06843(7) 0.0156(6) Uanil11d.....
09 0 0.3420(3) -0.1882(3) 0.20178(9) 0.0165(6) Uanil11d.....
08 0 0.3317(3) -0.0575(3) 0.05945(6) 0.0063(4) Uanil11d.....
05 00.5746(3) 0.1516(3) 0.07811(7) 0.0092(5) Uani11d.....
02 00.8660(3) 0.7168(3) 0.10543(7) 0.0104(5) Uani11d.....
03 0 1.0204(2) 0.7308(3) 0.15797(6) 0.0068(4) Uani11d.....
01 00.7857(3) 0.7538(3) 0.16568(7) 0.0087(5) Uani11d.....
04 0 0.7656(3) 0.5096(3) 0.15229(7) 0.0070(4) Uani11d.....
07 00.4176(3) -0.0657(3) 0.12080(7) 0.0141(5) Uani11d.....
Cada Ca 0.3333-0.3333 0.13595(13) 0.0112(13) Uiso 0.296(7) 3dS.P..
Ca4db Ca 0.3333-0.3333 0.1028(3) 0.013(3) Uis0 0.148(7)3dS.P..
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loop_

_atom_site_aniso_label

_atom_site_aniso_U_11

_atom_site_aniso_U_22

_atom_site_aniso_U_33

_atom_site_aniso_U_23

_atom_site_aniso_U_13

_atom_site_aniso_U_12

Fel 0.00575(19) 0.00575(19) 0.0057(3) 0.000 0.000 0.00288(10)

Cal 0.0055(3) 0.0056(3) 0.0043(3) -0.0007(2) -0.0001(2) 0.0032(2)

Ca3 0.0040(3) 0.0056(3) 0.0049(3) 0.0016(2) 0.0002(3) 0.0020(2)

Ca2 0.0125(3) 0.0103(3) 0.0089(3) -0.0014(3) 0.0053(3) -0.0041(3)

P2 0.0074(4) 0.0057(3) 0.0037(4) -0.0007(3) -0.0008(3) 0.0043(3)

P1 0.0045(3) 0.0046(3) 0.0038(4) -0.0002(3) -0.0003(3) 0.0024(3)

P3B 0.0025(5) 0.0025(5) 0.0104(13) 0.000 0.000 0.0012(2)

010A 0.0094(17) 0.0094(17) 0.007(3) 0.000 0.000 0.0047(8)

06 0.0272(15) 0.0239(14) 0.0095(12) -0.0054(10) -0.0061(10) 0.0231(13)
09 0.0123(11) 0.0080(11) 0.0320(16) 0.0084(11) 0.0128(11) 0.0071(11)
08 0.0070(10) 0.0055(10) 0.0046(10) -0.0004(8) -0.0008(8) 0.0017(8)
05 0.0052(10) 0.0090(12) 0.0126(12) -0.0031(9) -0.0014(8) 0.0030(9)
02 0.0076(11) 0.0209(13) 0.0040(11) 0.0010(9) -0.0004(9) 0.0080(10)
03 0.0049(10) 0.0080(10) 0.0052(10) 0.0010(8) -0.0012(8) 0.0016(9)
01 0.0133(11) 0.0109(10) 0.0057(11) -0.0010(8) 0.0003(9) 0.0089(9)
04 0.0049(10) 0.0052(11) 0.0100(12) -0.0006(9) -0.0011(8) 0.0018(9)
07 0.0155(13) 0.0246(14) 0.0053(11) 0.0004(10) -0.0012(9) 0.0123(12)

Fe/Mg-merrillite heat treated open to air

data_FeMgMerrillite_Air_Om_a

_chemical_formula_sum

'Ca9 Fe0.75 Mg0.25 028 P7'
_chemical_formula_weight 1073.59
_chemical_name_mineral merrillite
_space_group_crystal_system  trigonal
_space_group_IT_number 161
_chemical_compound_source 'synthetic'
_symmetry_space_group_name_H-M R3c

loop_
_space_group_symop_operation_xyz
%y, 2

Ly, Xy, 2

-Xx+y, -X, Z'

-y, X, z+1/2'

-x+y, y, z+1/2'

'X, X-y, z+1/2'

'x+2/3, y+1/3, z+1/3'
'-y+2/3, x-y+1/3, z+1/3'
-x+y+2/3, -x+1/3, z+1/3'
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'-y+2/3, -x+1/3, 2+5/6'
'-x+y+2/3, y+1/3, 2+5/6'
'x+2/3, x-y+1/3, z+5/6"'
'x+1/3, y+2/3, z+2/3'
'-y+1/3, x-y+2/3, z+2/3'
-x+y+1/3, -x+2/3, z+2/3'
'-y+1/3, -x+2/3, z+7/6'
'-x+y+1/3, y+2/3, z+7/6'
'x+1/3, x-y+2/3, z+7/6'

_cell_length_a 10.3301(13)
_cell_length_b 10.3301(13)
_cell_length_c 37.062(5)
_cell_angle_alpha 90
_cell_angle_beta 90
_cell_angle_gamma 120
_cell_volume 3425.1(10)
_cell_formula_units_Z 6

_cell_measurement_temperature 100(2)
_exptl_crystal_density_diffrn  3.123

_exptl_crystal_size_max 0.07
_exptl_crystal_size_mid 0.07
_exptl_crystal_size_min 0.07

_exptl_absorpt_coefficient_mu 3.164
_exptl_absorpt_correction_type multi-scan
_exptl_absorpt_correction_T_min 0.7025
_exptl_absorpt_correction_T_max 0.7466
_exptl_absorpt_process_details "Sadabs"

_diffrn_ambient_temperature = 100(2)
_diffrn_radiation_wavelength  0.71073
_diffrn_radiation_type MoK\a
_diffrn_reflns_number 17501
_diffrn_reflns_av_unetl/netl  0.0141
_diffrn_reflns_av_R_equivalents 0.0249
_diffrn_reflns_limit_h_min -14
_diffrn_reflns_limit_h_max 14
_diffrn_reflns_limit_k_min -14
_diffrn_reflns_limit_k_max 14
_diffrn_reflns_limit_|_min -52
_diffrn_reflns_limit_|_max 52
_diffrn_reflns_theta_min 2.528
_diffrn_reflns_theta_max 30.498
_diffrn_reflns_theta_full 25.242
_diffrn_measured_fraction_theta_max 1.000
_diffrn_measured_fraction_theta_full 0.999
_diffrn_reflns_Laue_measured_fraction_max 1.000
_diffrn_reflns_Laue_measured_fraction_full 0.999
_diffrn_reflns_point_group_measured_fraction_max 1.000
_diffrn_reflns_point_group_measured_fraction_full 0.999
_reflns_number_total 2338
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_reflns_number_gt 2278

_reflns_threshold_expression 'l > 2\s(l)'
_reflns_Friedel_coverage 0.994

_reflns_Friedel_fraction_max  1.000

_reflns_Friedel_fraction_full  1.000
_computing_structure_refinement 'SHELXL-2013 (Sheldrick, 2013)'

_refine_special_details

Refined as a 2-component inversion twin.
_refine_ls_structure_factor_coef Fsqd
_refine_Is_matrix_type full
_refine_|s_weighting_scheme  calc
_refine_ls_weighting_details
'w=1/[\s"27(Fo"2/)+(0.0314P)*27+4.3497P] where P=(Fo”r2~+2Fc"2A7)/3'
_atom_sites_solution_primary intrinsic
_atom_sites_solution_secondary diffmap
_atom_sites_solution_hydrogens none
_refine_|s_hydrogen_treatment none
_refine_ls_extinction_method none
_refine_ls_extinction_coef
_refine_ls_abs_structure_details

Refined as an inversion twin.
_refine_ls_abs_structure_Flack 0.49(3)
_chemical_absolute_configuration ?
_refine_ls_number_refins 2338
_refine_Is_number_parameters 143
_refine_Is_number_restraints 2
_refine_Is_R_factor_all 0.0178
_refine_Is_R_factor_gt 0.0171
_refine_Is_wR_factor_ref 0.0489
_refine_Is_wR_factor_gt 0.0483
_refine_Is_goodness_of _fit_ref 1.053

_refine_ls_restrained_S_all 1.053
_refine_ls_shift/su_max 0.001
_refine_ls_shift/su_mean 0.000
loop_

_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
_atom_site_adp_type
_atom_site_occupancy
_atom_site_site_symmetry_order
_atom_site_calc_flag
_atom_site_refinement_flags_posn

116



_atom_site_refinement_flags_adp
_atom_site_refinement_flags_occupancy
_atom_site_disorder_assembly

_atom_site_disorder_group

Fel Fe 0.6667 0.3333 0.11488(2) 0.0019(3) Uani 0.754(7)3dSTP..
Mgl Mg 0.6667 0.3333 0.11488(2) 0.002 Uiso 0.246(7)3dSUP..
Cal Ca 0.72255(6) 0.85481(6) 0.21402(2) 0.00404(12) Uanil1d.....
Ca3 Ca 0.50884(6) 0.04511(7) 0.17962(2) 0.00405(12) Uanil1d.....
Ca2 Ca 1.14889(7) 0.87089(6) 0.10713(2) 0.00741(12) Uanil1d.....
P2 P 0.47459(9) -0.01742(9) 0.08372(2) 0.00299(14) Uani11d.....
P1 P 0.85644(8) 0.67669(9) 0.14577(2) 0.00309(13) Uanil11d.....
P3B P 0.3333-0.3333 0.21701(4) 0.0047(3) Uani 0.935(4)3dSTP..
P3A P 0.3333-0.3333 0.1933(5) 0.005 Uiso 0.065(4) 3dDSUP..
0108B 0 0.3333-0.3333 0.25863(12) 0.0074(7) Uani 0.935(4) 3dSTP..
0O10A 0 0.3333-0.33330.1511(8) 0.007 Uiso 0.065(4) 3dDSUP..
06 0 0.5677(2) -0.0831(2) 0.06914(5) 0.0065(4) Uani11d.....

09 0 0.3436(2) -0.1870(2) 0.20443(6) 0.0093(4) Uani11d.....

08 0 0.3356(2) -0.0559(2) 0.06051(5) 0.0053(4) Uani11d.....

05 00.5762(2) 0.1582(2) 0.08034(5) 0.0045(4) Uani11d.....

02 00.8613(2) 0.7119(3) 0.10574(6) 0.0070(4) Uani11d.....

03 0 1.0161(2) 0.7291(2) 0.15895(5) 0.0059(4) Uani11d.....

01 00.7800(2) 0.7486(2) 0.16629(6) 0.0067(4) Uani11d.....

04 00.7623(2) 0.5041(2) 0.15157(5) 0.0046(4) Uani11d.....

07 00.4222(3) -0.0616(2) 0.12242(6) 0.0078(4) Uani11d.....

—_— — — — — — — —

loop_

_atom_site_aniso_label

_atom_site_aniso_U_11

_atom_site_aniso_U_22

_atom_site_aniso_U_33

_atom_site_aniso_U_23

_atom_site_aniso_U_13

_atom_site_aniso_U_12

Fel 0.0020(3) 0.0020(3) 0.0018(4) 0.000 0.000 0.00099(15)

Cal 0.0046(3) 0.0041(2) 0.0039(2) -0.00055(19) -0.0001(2) 0.00253(19)
Ca3 0.0039(3) 0.0043(2) 0.0038(2) 0.00076(19) 0.0003(2) 0.00196(19)
Ca2 0.0069(2) 0.0058(3) 0.0060(2) -0.0004(2) 0.0024(2) 0.0006(2)
P2 0.0034(3) 0.0027(3) 0.0031(3) 0.0001(2) -0.0001(3) 0.0017(2)
P1 0.0032(3) 0.0030(3) 0.0030(3) -0.0001(2) 0.0001(3) 0.0015(2)
P3B 0.0026(4) 0.0026(4) 0.0088(7) 0.000 0.000 0.00132(18)

0108 0.0070(11) 0.0070(11) 0.0083(17) 0.000 0.000 0.0035(5)

06 0.0075(9) 0.0083(9) 0.0061(8) -0.0004(7) -0.0001(7) 0.0057(8)
09 0.0087(9) 0.0060(9) 0.0150(10) 0.0045(7) 0.0054(8) 0.0051(8)
08 0.0052(9) 0.0041(8) 0.0055(8) -0.0005(7) -0.0007(7) 0.0014(7)
05 0.0031(8) 0.0033(9) 0.0060(9) -0.0006(7) -0.0010(6) 0.0008(7)
02 0.0089(10) 0.0093(10) 0.0041(9) 0.0000(7) 0.0002(7) 0.0056(8)
03 0.0042(9) 0.0066(9) 0.0063(8) 0.0009(7) -0.0015(7) 0.0023(8)
01 0.0084(9) 0.0063(9) 0.0064(8) -0.0009(7) 0.0012(7) 0.0045(8)
04 0.0047(9) 0.0031(9) 0.0061(9) -0.0003(7) -0.0005(7) 0.0020(7)
07 0.0106(10) 0.0085(9) 0.0048(8) 0.0012(7) 0.0011(7) 0.0051(8)
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Fe/Mg-merrillite heat treated in an SiO, sealed tube

data_FeMgMerrillite_QTZ_0m_a_a

_chemical_formula_sum

' Ca9.36 Fe0.65 HO.28 Mg0.35 028 P7'
_chemical_formula_weight 1084.98
_space_group_crystal_system  trigonal

_space_group_IT_number 161
_chemical_name_mineral merrillite
_chemical_compound_source 'synthetic'

_symmetry_space_group_name_H-M R3c

loop_
_space_group_symop_operation_xyz
%, y, 2

Ly, Xy, 2

-x+y, -X, '

-y, -x, z+1/2'

-x+y, y, z+1/2'

'X, X-y, z+1/2"

'x+2/3, y+1/3, z+1/3'
'-y+2/3, x-y+1/3, z+1/3'
-x+y+2/3, -x+1/3, z+1/3'
'-y+2/3, -x+1/3, z+5/6'
'-x+y+2/3, y+1/3, z+5/6'
'x+2/3, x-y+1/3, z+5/6'
'x+1/3, y+2/3, z+2/3'
y+1/3, x-y+2/3, 2+2/3'
-x+y+1/3, -x+2/3, z+2/3'
'-y+1/3, -x+2/3, z+7/6'
-x+y+1/3, y+2/3, z+7/6'
'x+1/3, x-y+2/3, z+7/6'

_cell_length_a 10.3392(7)
_cell_length_b 10.3392(7)
_cell_length_c 37.081(2)
_cell_angle_alpha 90
_cell_angle_beta 90
_cell_angle_gamma 120
_cell_volume 3432.8(5)
_cell_formula_units_Z 6

_cell_measurement_temperature 100(2)
_exptl_crystal_density_diffrn  3.149

_exptl_crystal_F_000 3225

_exptl_crystal_size_max 0.06
_exptl_crystal_size_mid 0.06
_exptl_crystal_size_min 0.06

_exptl_absorpt_coefficient_mu 3.176
_exptl_absorpt_correction_type multi-scan
_exptl_absorpt_correction_T_min 0.6997
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_exptl_absorpt_correction_T_max 0.7466
_exptl_absorpt_process_details "SADABS"

_diffrn_ambient_temperature  100(2)
_diffrn_radiation_wavelength  0.71073
_diffrn_radiation_type MoK\a
_diffrn_reflns_number 17513
_diffrn_reflns_av_unetl/netl  0.0120
_diffrn_reflns_av_R_equivalents 0.0213
_diffrn_reflns_limit_h_min -14
_diffrn_reflns_limit_h_max 14

_diffrn_reflns_limit_k_min -14
_diffrn_reflns_limit_k_max 14
_diffrn_reflns_limit_|_min -52

_diffrn_reflns_limit_|_max 52
_diffrn_reflns_theta_min 2.526
_diffrn_reflns_theta_max 30.494
_diffrn_reflns_theta_full 25.242
_diffrn_measured_fraction_theta_max 0.997
_diffrn_measured_fraction_theta_full 0.994
_diffrn_reflns_Laue_measured_fraction_max 0.997
_diffrn_reflns_Laue_measured_fraction_full 0.994
_diffrn_reflns_point_group_measured_fraction_max 0.998
_diffrn_reflns_point_group_measured_fraction_full 0.996

_reflns_number_total 2342
_reflns_number_gt 2313
_reflns_threshold_expression 'l > 2\s(l)'
_reflns_Friedel_coverage 0.996

_reflns_Friedel_fraction_max  0.999
_reflns_Friedel_fraction_full 0.999

_computing_structure_refinement 'SHELXL-2013 (Sheldrick, 2013)’

_refine_special_details

Refined as a 2-component inversion twin.
_refine_ls_structure_factor_coef Fsqd
_refine_Is_matrix_type full
_refine_ls_weighting_scheme  calc
_refine_ls_weighting_details
'w=1/[\s"2~(Fo”2/)+(0.0231P)*2~+5.1052P] where P=(Fo"2/~+2Fc”2A7)/3'
_atom_sites_solution_primary  none
_atom_sites_solution_secondary none
_atom_sites_solution_hydrogens none
_refine_Is_hydrogen_treatment none
_refine_ls_extinction_method none
_refine_lIs_extinction_coef
_refine_ls_abs_structure_details

Refined as an inversion twin.

’
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_refine_ls_abs_structure_Flack 0.49(3)
_chemical_absolute_configuration ?
_refine_ls_number_reflns 2342
_refine_Is_number_parameters 153
_refine_ls_number_restraints 2
_refine_Is_R_factor_all 0.0160
_refine_Is_R_factor_gt 0.0157
_refine_|ls_wR_factor_ref 0.0414
_refine_Is_wR_factor_gt 0.0411
_refine_Is_goodness_of_fit_ref 1.085

_refine_ls_restrained_S_all 1.085
_refine_ls_shift/su_max 0.000
_refine_ls_shift/su_mean 0.000
loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_U_iso_or_equiv

_atom_site_adp_type

_atom_site_occupancy

_atom_site_site_symmetry_order

_atom_site_calc_flag

_atom_site_refinement_flags_posn
_atom_site_refinement_flags_adp
_atom_site_refinement_flags_occupancy
_atom_site_disorder_assembly

_atom_site_disorder_group

Fel Fe 0.6667 0.3333 0.11499(2) 0.0037(3) Uani 0.646(6) 3dSTP..
Mgl Mg 0.6667 0.3333 0.11499(2) 0.004 Uiso 0.354(6) 3dSUP..
Cal Ca 0.72390(6) 0.85662(6) 0.21442(2) 0.00529(10) Uanil 1d.....
Ca3 Ca 0.51028(6) 0.05093(6) 0.17944(2) 0.00551(10) Uanil 1d.....
Ca2 Ca 1.15060(6) 0.87166(6) 0.10741(2) 0.01588(13) Uanil1d.....
P2 P 0.47248(8) -0.01935(8) 0.08298(2) 0.00539(13) Uanil1ld.....
P1 P 0.86006(8) 0.67984(8) 0.14641(2) 0.00467(12) Uanil1ld.....
P3B P 0.3333-0.3333 0.21458(7) 0.0061(5) Uani 0.691(7) 3dSTP..
P3A P 0.3333-0.3333 0.19357(12) 0.0036(11) Uani 0.309(7) 3dDSTP..
010A 0 0.3333-0.3333 0.1523(2) 0.015(3) Uani 0.309(7) 3dDSTP..
010B 0 0.3333 -0.3333 0.25597(15) 0.0109(11) Uani 0.691(7) 3dSTP..
06 0 0.5620(2) -0.0909(2) 0.06936(5) 0.0132(4) Uanil11d.....

09 0 0.3431(3) -0.1876(2) 0.20297(6) 0.0169(4) Uanil11d.....

08 0 0.3325(2) -0.0579(2) 0.06038(5) 0.0063(3) Uani11d.....

05 00.5750(2) 0.1529(2) 0.07916(5) 0.0098(4) Uani11d.....

02 00.8670(2) 0.7198(3) 0.10630(5) 0.0127(4) Uani11d.....

03 0 1.02029(19) 0.7311(2) 0.15898(5) 0.0072(3) Uani11d.....

01 00.7846(2) 0.7528(2) 0.16670(5) 0.0094(3) Uani11d.....

04 0 0.7655(2) 0.5093(2) 0.15245(5) 0.0080(3) Uani11d.....

07 0 0.4189(2) -0.0650(3) 0.12179(5) 0.0152(4) Uani11d.....

Ca4B Ca 0.3333-0.3333 0.13691(12) 0.0067(11) Uani 0.264(6) 3dSTP..
CadA Ca 0.3333-0.3333 0.1041(3) 0.019(3) Uani 0.098(6) 3dSTP..

—_— —
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loop_

_atom_site_aniso_label

_atom_site_aniso_U_11

_atom_site_aniso_U_22

_atom_site_aniso_U_33

_atom_site_aniso_U_23

_atom_site_aniso_U_13

_atom_site_aniso_U_12

Fel 0.0036(3) 0.0036(3) 0.0038(4) 0.000 0.000 0.00181(15)
Cal0.0058(2) 0.0056(2) 0.0052(2) -0.00089(17) -0.00049(17) 0.00340(18)
Ca30.0047(2) 0.0061(2) 0.0054(2) 0.00142(17) -0.00002(19) 0.00235(18)
Ca2 0.0135(3) 0.0107(2) 0.0095(2) -0.0019(2) 0.0058(2) -0.0044(2)
P2 0.0068(3) 0.0061(3) 0.0047(3) -0.0005(2) -0.0008(2) 0.0043(2)
P1 0.0051(3) 0.0054(3) 0.0036(3) -0.0003(2) -0.0001(2) 0.0028(2)
P3B 0.0034(5) 0.0034(5) 0.0115(14) 0.000 0.000 0.0017(2)

P3A 0.0052(11) 0.0052(11) 0.000(3) 0.000 0.000 0.0026(5)

0O10A 0.022(5) 0.022(5) 0.002(6) 0.000 0.000 0.011(2)

010B 0.0100(15) 0.0100(15) 0.013(2) 0.000 0.000 0.0050(8)

06 0.0207(10) 0.0195(9) 0.0097(8) -0.0036(7) -0.0035(7) 0.0177(9)
09 0.0135(9) 0.0079(8) 0.0319(12) 0.0078(8) 0.0126(8) 0.0074(8)
08 0.0062(8) 0.0065(7) 0.0052(7) 0.0003(6) -0.0003(6) 0.0023(6)
05 0.0055(8) 0.0090(9) 0.0143(9) -0.0032(7) -0.0013(6) 0.0033(7)
02 0.0113(9) 0.0252(11) 0.0045(8) 0.0014(7) 0.0002(7) 0.0112(8)
03 0.0048(8) 0.0077(8) 0.0069(7) 0.0011(6) -0.0002(6) 0.0014(7)
01 0.0130(8) 0.0099(8) 0.0077(7) -0.0014(6) 0.0006(6) 0.0075(7)
04 0.0059(8) 0.0048(8) 0.0122(8) -0.0015(6) -0.0018(6) 0.0019(7)
07 0.0185(10) 0.0271(11) 0.0056(8) 0.0007(7) 0.0000(7) 0.0157(9)
Ca4B 0.0066(12) 0.0066(12) 0.007(2) 0.000 0.000 0.0033(6)

Ca4A 0.022(4) 0.022(4) 0.013(5) 0.000 0.000 0.011(2)
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Supplementary Figures
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Figure S1. Example of initial rate method batch experiment. At the onset of the experiment while the
batch is at far from equilibrium conditions, cumulative moles of Ca released increase sharply in a linear
fashion. To calculate a dissolution rate using the initial rate method, regression analysis is applied to
measurements taken at the beginning of the experiment during the linear phase (dashed line) before initial
conditions change significantly. The slope of the fitted line represents the release rate of Ca which,
adjusted for surface area and mineral stoichiometry, represents the dissolution rate of the mineral under the
conditions of the experiment. As the experiment continues, concentrations approach steady state. Data in
figure is from experiment FAP-P4D.
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Figure S2. Results of fluorapatite dissolution experiments from this study (+ symbols) plotted with
fluorapatite rate data from multiple previous studies. Measured dissolution rates for fluorapatite from
this study all fall within half an order of magnitude of previously published data points (Valsami-Jones et
al., 1998; Welch et al., 2002; Guidry and Mackenzie, 2003; Kohler et al., 2005; Chairat et al., 2007;
Harouiya et al., 2007; Bandstra et al., 2008). The intrinsic rate constant (ky+) for the fluorapatite rate law
derived in this study is within error of the intrinsic rate constant for a previously published rate law, and the
pH dependence (») in this study is within 10% of a previously published pH dependence (Chairat et al.,

2007).

124



Whitlockite

65 N = )

6.5 N A — = Linear Fit R*=0.994
1 NN O Merrillite

-7.0 N - - Linear Fit R®=0.953
E o < A\ Chiorapatite

-7.5 4 \ = =Linear Fit R?=0.978
4 uorapatite

N\ Fi
-8.0 1 ' \ —— Linear Fit R>=0.996

-10.0 4

-10.5 4

Log Dissolution Rate (mol m?s™)
o
o
1

-11.0 T T T T T T T T T T T T

Figure S3. Plot of log dissolution rate law fits incorporating initial rate data from solubility
experiments. Plot shows general rate law trends continue into neutral pH range.
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Figure S4. Model of log phosphate release based on mineral stoichiometry and mineral dissolution
rates including initial rate data from solubility experiments. Plot shows phosphate release rate from
whitlockite, merrillite, and chlorapatite are all higher than fluorapatite over the range of pH 2 to pH 7.
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Supplementary Methods

Materials

Chlorapatite was synthesized using previously published methods after (Prener,
1967, 1971; Tacker and Stormer, 1993; Dachs et al., 2010) by heating a mixture of
hydroxyapatite and calcium chloride to 1100°C for 24 hours. Whitlockite was
synthesized using methods based on Hughes et al. (2008) by combining 1.000 (£0.003) g
hydroxyapatite and 0.300 (£0.003) g magnesium nitrate in 90 ml of 18.2 MQ water,
acidifying to pH <2.8 with phosphoric acid, and incubating at 240°C for 6-10 days in a
hydrothermal Parr vessel. Merrillite was synthesized by heating whitlockite synthesized
as described above to 1060°C for 72 hours after Hughes et al. (2008). Natural
fluorapatite from Durango, Mexico, was purchased from Minerals Unlimited of
Ridgecrest, California.

Minerals were determined to be pure phases by powder X-ray diffraction (XRD)
using a Panalytical X pert Pro diffractometer using Cu Ko radiation(XXL Laboratory,
UNLV). Scans were performed over 5-75° 20, 0.008° step size at 0.06° sec scan rate,
and phase identification was carried out using Panalytical X Pert High Score Plus
software. Mineral compositions were confirmed by electron microprobe analysis (EMP)
on a JEOL JXA-8900 microprobe operating at 20keV and 10nA using a 10pm beam
(EMIL Facility, UNLV) (see below). With the exception of merrillite, the
stoichiometries used in calculations in this study came from the International
Mineralogical Association-CNMNC List of Mineral Names (IMA)(Nickel and Nichols,

2009) and are CagMg(PO3OH)(PO4)s (whitlockite), Cas(PO4);Cl (chlorapatite) and
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Cas(POy)sF (fluorapatite). The IMA official formula for merrillite is CagNaMg(PQOy)7.
The method of merrillite synthesis used in this study allowed for no sodium. For this
reason, the formula Cag sMg(PO,)7is used in all required calculations. This formula was
confirmed by EMP.

In apatites, a change in structure from P63/m hexagonal structure (fluorapatite) to
P21/b monoclinic structure (end-member chlorapatite) can occur at the Cl end-member
(Hughes et al., 1989), though hexagonal chlorapatite from high temperature synthesis is
documented (Hovis and Harlov, 2010). EMP data indicate our synthetic chlorapatite is
end-member or near end-member chlorapatite, and X-ray diffraction confirmed EMP
analysis and that the structure is hexagonal.

Minerals were powdered in an agate mortar and pestle, and sieved to obtain the
75-150um (fluorapatite) or 38-75um (whitlockite, merrillite, and chlorapatite) size
fraction. The retained fractions were cleaned of fine particles by repeatedly sonicating in
spectrographic grade ethanol until the supernatant was clear, and then dried at 60°C. A
representative sample of each mineral fraction was examined using a JEOL JSM-5610
Scanning Electron Microscope (SEM) (EMIiL Facility, UNLV) to confirm the absence of
fine particles on mineral surfaces. SEM imaging and analyses of merrillite powder
showed very thin (sub-micron) Ca-P features partially covering grains which were not
detectable by EMP or XRD. These are likely a product of the dehydrogenation process,
and due to the tiny fraction that they make up of the total substrate are assumed to have a
negligible effect on the mineral dissolution or solubility.

Surface areas of the cleaned mineral powders were measured by the Brunauer-

Emmett-Teller (BET)(Brunauer et al., 1938) method in a Micromeritics ASAP 2020
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Accelerated Surface Area and Porosimetry analyzer using Kr as the adsorbate, and are:
0.0536 (£ 0.0004) mz/g (chlorapatite), 0.0321 (+ 0.0002) m*/g (fluorapatite), 0.0516

(+0.0002) m*/g (whitlockite), and 0.0465 (+0.0003) m?/g (merrillite).

Dissolution Experimental Setup

Each dissolution experiment consisted of a mineral mass of 0.3000 (£0.0005) g
(fluorapatite) or 0.1500 (£0.0005) g (all other minerals) and 180 ml of reacting solution
in an acid-washed 250 ml low density polyethylene (LDPE) bottle. Reacting solutions
consisted of 0.01M KNOs (designed to be similar in ionic strength to a soil
solution)(Goyne et al., 2006), adjusted to the required pH of the experiment with trace
element analysis grade HNOs. Batches were immersed in a 25°C shaker bath and
agitated at 100 strokes per minute. All batch conditions were run in duplicate, and
mineral-free control experiments were run each time experiments were performed. High
purity 18.2 MQ water was used in all solutions, and all equipment was either new or acid
washed prior to use.

At time intervals determined through preliminary experiments (10-60 minutes
while dissolution rates were being assessed, depending on the pH condition) batches were
opened and 10 ml of solution removed by pipette. Between 5 and 9 samples were taken
from each batch during the first day to determine dissolution rates by the initial rate
method. Subsequent samples of select batches were removed at intervals of days or
weeks after the period of initial rate. These samples were to track progress toward steady
state, and thus timing was not critical. Solution samples were measured for pH, filtered

(0.45 um filter), and acidified with trace element analysis grade HNO; to a pH of <2.
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Samples were analyzed for Ca by flame atomic absorption (AA) using a Thermo
Scientific iCE 3000 Series AA after adding 0.36 M lanthanum chloride solution to 10%
v/v to mitigate interference by phosphorus (Eaton et al., 2005). Samples from batch
experiments for each mineral at each pH were additionally analyzed for P by the methyl
blue / acetic acid method (Murphy and Riley, 1962) using a Thermo Scientific Genesys
10S UV-Vis.

Moles Ca released into solution at each time interval were calculated using the

expression (Welch and Ullman, 2000):

mg = men+ (¢ - ce-)Viery (Eq.S1)

where m(; and m,.;) are the moles of Ca released into solution at time 7 and 7 - 1
respectively, ¢ and c(-1) are measured calcium concentrations (M) at times # and ¢ — 1,
and V(1) is the volume (L) of reaction solution before the sampling event at time ¢.
Moles Ca released were plotted versus time for each batch experiment and fit by linear
regression analysis, with the slope of the linear fit representing the rate, r¢,, of Ca release
(mol's ). Linear fits were not forced through zero. Rates were determined using the
initial 5-9 points when Ca release was linear with time. Experiments that produced fits
with R’ values of less than 0.900 were rerun and experiments with R’ values of less than
0.900 not used. Rates of Ca release, r¢,, were then converted to mineral dissolution rates,

Tdiss, USING:

Vaiss = rCa/(A 'S) (Eq' SZ)
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where 4 is the substrate surface area (m®) used in the experiment and is the product of the
BET determined specific surface area (m?/ g) and the mineral mass used in the experiment
(g). S is the stoichiometry of the respective mineral in the experiment.

Rate laws for each mineral were developed by applying linear regression to log
dissolution rates of averaged batch experiments, as determined above, versus pH (Table
1, Supplementary Data Sheets S1-S35). The resulting pH dependence of mineral

dissolution was fit to:

log R =log ky+ - npH; (Eq. S3)

where k- is the dissolution rate constant and 7 is the rate dependence on pH.

Solubility Experimental Setup

Solubility experiments were performed using the methods of Zhu, 2009. For each
mineral, a mass of 0.2000 grams (+/- 0.0005g) mineral powder was added to a 250ml
LDPE vessel along with 200ml of high purity 18.2 MQ water. Vessels were immersed in
a 25°C shaker bath and agitated at 100 strokes per minute. All batch conditions were run
in duplicate, and a mineral-free control experiment was included. Sampling consisted of
removing 10ml of solution from each vessel at days 5, 10, and 22, every 2 weeks
thereafter to day 92, and day 113. Solution samples were measured for pH, filtered (0.20
um filter), and acidified with trace element analysis grade HNO; to a pH of <2. Samples
were analyzed for Ca by flame atomic absorption (AA) using a Thermo Scientific iCE
3000 Series AA after adding 0.36 M lanthanum chloride solution to 10% v/v to mitigate

interference by phosphorus (Eaton et al., 2005). Samples were additionally analyzed for
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P by the methyl blue / acetic acid method (Murphy and Riley, 1962) using a Thermo
Scientific Genesys 10S UV-Vis. Once equilibrium concentrations were established, K,
values were calculated from ion concentrations and final pH using PHREEQC (Version
2.15) (Parkhurst and Appelo, 1999) and the included Lawrence Livermore National
Laboratory database (llnl.dat) (Johnson et al., 1992) for the reactions in Table 2.
Resulting K, values for fluorapatite from our experiments generally agree with previous

studies (Appendix II Table S7) lending confidence to the method.
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Table S5. APXS phosphorus of Mars surface rocks and Earth / Mars bulk and crustal abundance.

Meridiani Planum (MER

Gusev Crater (MER Spirit) P,05 Opportunity) P,0g P,05
wt% wt% Earth / Mars data wt. %
Adirondack_RAT 0.52 McKittrick_RAT 0.99 Earth bulk 0.015
Humphrey RAT1 0.57 Guadelupe_RAT 0.97 Earth crust 0.2
Humphrey_RAT2 0.56 Mojo2_RAT 1.01 Mars mantle+crust 0.16
Mazatzal_NewYork_RAT1 0.82 BounceROck_Case_RAT 0.92
Mazatzal _Brooklyn_RAT2 0.65 Golf_Post_RAT_FRAM 0.97
Pot_of Gold_RAT 1.08 Lionstone_Numa_RAT 1.01
WoolyPatch_Sabre_RAT 1.24 Tennessee_RAT 1.03
WoolyPatch_Mastodon_RAT  1.20 Kentucky_Cubble_Hill2_RAT 1.05
Clovis_Plano_RAT 1.05 Virginia_RAT 1.07
Ebenezer_RAT 0.97 Ontario_London_RAT 1.11
Uchben_Koolik_RAT 0.94 Grindstone_RAT 1.07
Whishstone_Chisel_RAT 5.19 Kettlestone_RAT 1.03
Champagne_RAT 5.07 Millstone_Dramensfjord_RAT 1.17
Champagne_RAT2 5.07 Diamond_Jennes_Homann3_RAT1 1.05
Peace_RAT1 0.59 Diamond_Jennes_Homann3_RAT2 1.06
Peace_RAT2 0.49 MacKenzie_Campell_RAT 1.15
Watchtower_Joker_RAT 4.50 Inuvik_Toroyuktuk RAT 1.11
Bylot_RAT 1.01
Escher_Kirchner_RAT 1.01
Paikia_RAT 1.13
Wharenhui_RAT 1.08
Gagarin_RAT 1.07
IceCream_RAT 1.04
Friutbaskey_Strawberry 0.99
LemonRind_RAT 1.05
Olympia_Kalavrita 0.98
Average P205 1.79 1.04

Rock data compiled from Brukner et al., 2008 and Ming et al., 2008. Earth / Mars bulk and crustal data from

Wedepohl, 1995, and Wanke and Driebus, 1988.
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Table S6. Individual batch experiment conditions and results.

. Initial  Final Dissolution Log Kuse Uncerte.!inty of ,
Exp. ID Mineral n  Rate (Kyiss) 2 4 Fit R
pH pH (mol m2s7) (mol m™s™) (mol m?s)**
WHIT-P2DD Whitlockite 2.00 224 9 3.84E-07 -6.42 4.70E-08 0.907
WHIT-P2DDB Whitlockite 2.00 234 9 3.54E-07 -6.45 2.67E-08 0.962
WHIT-P3 Whitlockite 3.00 3.18 6 6.39E-08 -7.19 7.44E-09 0.949
WHIT-P3D Whitlockite 3.01 3.18 6 6.12E-08 -7.21 3.09E-09 0.990
WHIT-P4D Whitlockite 3.99 481 5 3.43E-09 -8.46 3.60E-10 0.969
WHIT-P4DD Whitlockite 3.98 482 5 3.43E-09 -8.46 6.08E-10 0.915
WHIT-P5D Whitlockite 5.00 538 5 7.26E-10 -9.14 1.27E-10 0.918
WHIT-P5DDB Whitlockite 4.99 567 6 6.29E-10 -9.20 8.59E-11 0.932
MER-P2DDC Merrillite 2.00 216 8 2.86E-07 -6.54 2.03E-08 0.977
MER-P2DD Merrillite 1.97 204 5 3.58E-07 -6.45 3.12E-08 0.983
MER-P3 Merrillite 3.00 352 7 5.71E-08 -7.24 3.75E-09 0.983
MER-P3D Merrillite 3.00 3.17 6 6.26E-08 -7.20 3.15E-09 0.992
MER-P4 Merrillite 4.00 459 6 7.47E-09 -8.13 5.70E-10 0.982
MER-P4DD Merrillite 4.00 443 6 5.41E-09 -8.27 4.28E-10 0.981
MER-P5 Merrillite 5.00 581 6 5.07E-10 -9.30 1.96E-11 0.995
MER-P5D Merrillite 4.91 565 5 6.28E-10 -9.20 1.27E-10 0.913
CAP-P2 Chlorapatite 1.97 206 5 5.99E-07 -6.22 4.57E-08 0.986
CAP-P2D Chlorapatite 2.00 206 6 4.91E-07 -6.31 6.85E-08 0.939
CAP-P3 Chlorapatite 2.95 316 5 2.64E-07 -6.58 2.64E-08 0.976
CAP-P3DD Chlorapatite 3.00 333 8 1.82E-07 -6.74 1.18E-08 0.980
CAP-P4 Chlorapatite 3.99 506 5 5.78E-09 -8.24 6.97E-10 0.965
CAP-P4D Chlorapatite ~ 4.00 487 5 8.70E-09 -8.06 1.20E-09 0.955
CAP-P5 Chlorapatite ~ 4.97 598 6 1.34E-09 -8.87 9.34E-11 0.965
CAP-P5D Chlorapatite 5.00 569 6 1.80E-09 -8.74 2.76E-10 0.914
FAP-P2D Fluorapatite 1.97 195 6 2.67E-07 -6.57 9.20E-09 0.995
FAPM-P2 Fluorapatite 1.97 207 6 1.80E-07 -6.74 2.28E-08 0.938
FAP-P2 Fluorapatite 1.99 203 6 2.53E-07 -6.60 2.08E-08 0.973
FAPM-P3 Fluorapatite 3.00 322 6 2.51E-08 -7.60 1.90E-09 0.977
FAP-P3DD Fluorapatite 3.00 3.09 9 3.06E-08 -7.51 2.56E-09 0.952
FAPC-P3D Fluorapatite 3.00 3.02 6 2.38E-08 -7.62 2.04E-09 0.971
FAPC-P4 Fluorapatite 3.99 437 5 4.05E-09 -8.39 3.24E-10 0.981
FAP-P4DD Fluorapatite 4.00 482 5 2.55E-09 -8.59 3.04E-10 0.958
FAPM-P4 Fluorapatite 4.00 424 6 6.67E-09 -8.18 8.01E-10 0.944
FAPM-P5 Fluorapatite 5.00 558 6 8.04E-10 -9.09 8.85E-11 0.953
FAPM-P5D Fluorapatite 5.00 549 5 8.16E-10 -9.09 1.54E-10 0.901

*n = number of points used in linear regression. **Standard error divided by substrate surface
area and mineral stoichiometry
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Table S7. Comparison of Log Ksp values from this study to literature

Study Log Ksp*
Zhu, 2009 -18.95
Jaynes et al., 1998 -21.13
Lindsay, 1979 -21.84
Stumm and Morgan, 1996 -21.95
Chin and Nancollas, 1991 -23.00
Vieillard and Tardy, 1984 -23.09
Amjad et al., 1981(Amjad et al., 1984) -23.10
Robie et al., 1979 -24.99
Elliot, 1994 -25.45
This study -26.50
Harouiya et al., 2007 -29.40
Stefansson, 2001 -30.94
Valsami-Jones et al., 1989 -32.95

*Reaction: Cas(PO,);F + 3H' = 5Ca’" + 3HPO/ + F. Except for Zhu, 2009, and this study, data are
compiled from Oelkers et al, 2009.
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Supplementary Discussion

Mineral Stoichiometry

Stoichiometries calculated from EMP were used to confirm the mineral chemistry and
results assume ideal hydrogen and oxygen values. With the exception of merrillite,
mineral stoichiometries used for calculations in this study were based on the official
conventions of the International Mineralogical Association (IMA). Our synthetic
merrillite contained no sodium and EMP analyses confirmed calcium substitution. Thus,
for this study a stoichiometry of 9.5 calcium (i.e. Cag sMg(PO4)7) was used in all
calculations.

Whitlockite

IMA convention: CagMg(PO3;0H)(PO4)s

EMP results: Cag 1Mgo.9(P1.0030H)(P1.004)s
Merrillite

IMA convention: CagNaMg(PO,);

EMP results: Cﬁg,o Cao,4Mg1_1(P1_oO4)7

For this study: CagsMg(PO,);

Chlorapatite

IMA convention: Cas(PO4)sCl
EMP results: Caso(P1.004)3Cly 4

Fluorapatite

IMA convention: Cas(PO,)sF
EMP results: Cas_o(P1_oO4)3F1_1

Electron Microprobe (EMP) Results

EMP Operating Conditions
Beam diameter: 10 microns
Accelerating Voltage: 20 KeV
Current: 10 nA

Results Summary (n represents the number of individual grains analyzed).
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Whitlockite:

Element F MnO cl P,05 FeO cao MgO Total
Ave. Wt. % 0.01 0.00 0.01 46.79 0.02 47.57 3.33 97.71%
Std. Dev. 0.02 0.01 0.01 0.26 0.03 0.27 0.37 0.60

n= 17

*Low totals due to the presence of undetectable/unaccounted for hydrogen within whitlockite
(CagMg(PO3OH)(P0Oy)s.)

Merrillite:
Element F MnO Cl P,05 FeO Cao MgO Total
Ave. Wt. % 0.00 0.01 0.01 46.38 0.02 48.89 4.06 99.36
Std. Dev. 0.00 0.01 0.01 0.32 0.03 0.21 0.12 0.36
n= 16

Chlorapatite:

Element F MnO Cl P,05 FeO CaoO MgO -O=FCl Total

Ave. Wt. % 0.03 0 7.23  40.28 0.14 53.76 0.12 1.64 99.92

Std. Dev. 0.03 0.01 1.18 0.91 0.83 1.21 0.14 - 0.81
n= 40*

*Analyses were performed on grains from four individual
batches of synthetic apatite.

Fluorapatite:

Element F MnO Cl P,0g FeO Cao MgO -O=F,(Cl Total

Average 3.75 0.02 0.47 40.91 0.03 5411 0.02 1.69 97.62*

Std. Dev. 0.17 0.01 0.02 0.19 0.01 0.23 0.01 - 0.44
n= 5%

*Durango Fluorapatite is well characterized. Low totals reflect ~2.00 wt % undetectable/unanalyzed
components including; SrO, REE,0;, ThO, As,0s, V,0;, CO,, SO; (Jarosewich, 1980).
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Supplementary Data

Data Sheets for Individual Batch Experiments

Datasheet S1
Experiment CAP-P2

Mineral: Chlorapatite Initial pH; 1.97 Specific Surf. Area (BET): 0.0563m%/g
Batch ID: CAP-P2 Mineral Mass: 0.1300g Total Surf. Area (BET): 0.00845 m?

Batch Results (shaded dota = the lineor initial rate data shown in the accompanying figure)

Timie (sec) Ca (moles P {moles oH i
relegsed ) released ) nitial Ca Release
0 0 MNA 1.97 1.E-04 ¥y =2.53E-08x + 3.56E-0.
240 5.55E-05 NA 2,06 - LE04 R*=19,86E-01
1380 7.18E-05 NA 2.06 % 1.E204
2100 9.22E-05 NA 2.06 3 &E0s
25820 1.02E:04 NA 2,07 5 CEDS
3600 1.29E-04 NA 2.06 £ s
4580 1.26E-04 NA 2.07 ;] S0
5300 1.36E-04 NA 212
81360 6.36E-04 NA 2.61 SE+00
0 2000 4000
Time (sec)
Regression Analysis Std.Error
R Square 0.986 MNA
Koo =7 A0S, where r_ isthe rate of Ca relzacs Ca release rate (=) 2.53E-08 1.76E-09

over time as determined by linear regression, Ais

the total BET surface area {specific surface ares

(BET) X mineral mass), and Sisthz Ca —_— Diss. Rate Mineral [ Kss) 5 99E.07 mol/m?s

stoiciometric cosfficient of the respective mineral, 5
Uncertainty of Fit  4.15E-08  mol/m’™s

*Analytical error bars fall within plotted symbols
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Datasheet S2
Experiment CAP-P2D

Mineral: Chlorapatite
Batch ID: CAP-P2D

Initial pH: 2.00
Mineral Mass:

0.1500g Total Surf. Area (BET): 0.00845m?

Specific Surf. Area (BET): 0.0563 m%/g

NA = ne analysis

Botch Results {shaded data = the linear initial rate data shown in the accompanying figure)

Time {sec) Ca(moles P (moles "
Ime |58C o H
refeased ) released’) Initial Ca Release
o 0 NA 2.00 204 y = 2.07E-08x + 5.75E-
660 5.24E-05 4,56E-05 2.01 = 2204 R =9.39E-01
= : - : T LED4
1380 9.84E-05 6.11E-05 202 § L 08
- o : = 5 o =
2220 108504 6.916-05 2.09 S 1604
2880 117504 7.00E-05 2.61 8 sEo0s
3600 1.256-04 779805 2.03 g 6E0s
5220 1.70E-04 1.04E-04 2.06 8 4ED05
83280 5.62E-04 NA 2.42 2505
342480 7.0BE-04 NA 2.72 9500
7168080 8.78E-04 NA 3.45 o 2000 4600 6000
7586480 8.75E-04 NA 3.47 Time (sec)
Regression Analysis Std.Error
R Square 0.933 NA
K =rfAeS, where r_ s the rate of Ca release
Ca relesse rate (o) 2.07E-08 2.63E-09

over time as determined by linear regression, 4 is
the total BET surface area [specific surface area
{BET} X mineral mass), and S isthe Ca

stoictometric coefficient of tha respective mineral.

Stoichiometry

Moles of Mineral Released

Time {sec )

Muoles Mineral

Moles Mineral

Released (P) Released [Cz2)
660 1.52E-05 1.25E-05
13E0 2.04E-05 1.99E-05
2220 2.30E-05 2.16E-05
2830 2.33E-05 2.24E-05
3600 2.60E-05 2.49E-05
5220 3A45E05 3.39E05

Moles mineral released (dbove) based on P arCa
determined from moles released of P or Ca dividad by
tive apprapriate stoichiometric factor of the respective

fon.

=3 Diss. Rate Mineral ( K=:)| 4.91E-07 mol/m’s

Uncertointy of it 6.2298E-08 mol/m’s

Stoichiometry Comparison
# Calcium W Phosphorus
4205
4.E05 ]
3.5-05
3.£05
2,205
2.E05 (=)
1505 .
5.2-06
0.E+00

Mole Mineral Released

] 2000 4000 6000
Time {sec)

*Analytical error bars fall within plotted symbols
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Datasheet S3
Experiment CAP-P3

Mineral: Chlorapatite Initial pH: 2.95 Specific Surf. Area (BET): 0.0563 m¥/g
Batch ID: CAP-P3  Mineral Mass: 0.1500g  Total Surf. Area (BET): 0.00845 m?

Batch Results (shoded dato = the linear initial rate data shown in the accompanying figure)

Time (sec) Ca (moles P {males o initi
released ) released ) nitial Ca Release
0 0.00E+00 NA 2.95 5.E05 y = L11E-08x + 2.15E-06
Sq_a 1.31E5-05 NA 310 = s AT =3.76E-01
1500  LB3E05 NA 3.09 2
2220 295605 NA 3.10 < 3E05
2940 3.4DE05 NA 311 5
3660  4.296-05 NA 3.16 g
5040 3.30E-05 NA 3:21 E 1.E-05
5760  3.99E-05 NA 3.31
81600  1.205-04 NA 4.48 0320
0 2000 4000
Time [sec)
Regression Analysis Std.Error
K =7 _JjA=S where r_ Isthe rate of Ca relaase R square 0.976 NA

overtime 3s determinad by linear regrassion, 4 is
the total BET surface area (specific surface area Ca release rate (1= 1.11E-08 1.01E-09
{BET) ¥ mineral mass), snd Sistha €3

stolciometric coefficient of the raspective mineral Diss. Rate Mineral (Ko=) 3.68E.07 Nmoi/me
Uncertainty of it 2.40E-0B  mol/m’s

*Analytical error bars fall within plotted symbols
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Datasheet S4
Experiment CAP-P3DD

Mineral: Chlorapatite Initial pH: 2.95 Specific Surf. Area (BET): 0.0563 m%/g

Batch ID: CAP-P3DD  Mineral Mass: 0.1500g Total Surf. Area (BET): 0.00845 m?
NA = no analysis

Batch Resufts (shoded data =the linear initial rate data shown in the gccompanying figure)

= Ca (moles B (males
Moo $ec) released ) released ) pH Initial Ca Release
o 0 NA 3.00 BEDS 1\ 7.70E-09x + 1.00E-05
a0 1.80E05 143205 3.03 = FES R-9.80e-01 #
1860 2.39E-05 1.73E-05 3.14 % 6.E-05
2700 311E-05 217805  3.05 g oEw
3660  376E05 252805 347 g HEOS 24
4560  4.14E05 2393895 322 g B,
5400  534E-05 336805  3.27 S =D
6360  563E-05 3.85E05  3.27 LEOS
7200  690E-05 407805 3.33 0.E+00
o 5000 10000
Time (sec)
Regression Analysis Stdl. Error
K, =r_/AsS where r_isthe rate of Ca release
n::e'r time as detzerminad by lingar regression, Ais R Spiare 9978 Nf‘
the total BET surface area {specific surface area Carelease rate (o) 7.70E-09 4.53E-10

(BET) X mineral mass), and Sisthe Ca
stoiciometric coafficient of the respective mineral, | Diss. Rate Mineral  Kess) mol s
Uncertainty of fit  1.07E-08  mol/m’s
Stoichiometry
Males of Mineral Released

Muoles Mineral Maoles Mineral

TImeRC)  Celeasedif)  Rileased (5 Stoichiometry Comparison
200 4.76E-06 3.78E-06 WPhosphate @ Calcium
1860 5.77E-06 4.79E-06 o L0
2700 7.25E-06 6.22E-06 @ LEG -
3660 8.76E-06 7.536-06 3 1E05 g
4560 9.76E-06 8.27E-06 £ 1805 -
; = L sr06 * *
5400 1.12E-05 1.07€-05 —— ]
5260 129805 113605 2 ioe |
7200 1.36E-05 1.38E-05 -
Moles mineral released (above) based onPor Ca 0.E+00
determiined from meiles refeased of P or Ca divided by a 5000 16000

the appropriate steichiometric factor of the respactive

lan: Time (sec)

*Analytical error bars fall within plotted symbols
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Datasheet S5

Experiment CAP-P4

Mineral: Chlorapatite
Batch ID: CAP-P4

Initial pH: 2.99

Mineral Mass: 0.1500g

Specific Surf. Area (BET): 0.0563 m*/g
Total Surf. Area (BET): 0.00845 m?

NA = npo analysis

Batch Results (shaded datn = the linear inftiol rate data shown in the accompanying figure)

Ca (moles B {maoles
Time [sec ) pH
released | reieased )
a o MNA 323
3180  4.88E06 NA 439
6780 6.23E-06 NA 455
9360 5.97£-06 NA 4375
13620 7.73E-06 NA 4,79
16500 B.23E-06 NA 5.06
20220 B.21E-06 MNA 5.48
96960 5.35E-06 MNA 3.89
1559460 1.14E-05 MNA 6.15
B33B0B0 1.26E-05 NA 6.63
K, . =r /A5 where r_ isthe rate of Carelease
ovar time as detarmined by linear repression, 4
the total BET surface ares {spedfic surfacs arsz
(BET) X mineral mass), and Sis the Ca
stoiciometric cofficient of the respective mineral.
—

*Analytical error bars fall within plotted symbols
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Initial Ca Release

9.E-06 ¥ = 2 44E-10x-+4.40E-0
. B.E06 R*=9.65E0
T 7.E-06
8 eE06
g S5EDB
8 aro0s
=]
£ 3ED6
3 2.E-06
1.E-DB
0.E+00
160000 20000
Time {sec)
Regression Analysis Std.Error
R Sguare 0.965 MA
Ca release rate (') 2.44E10 2.68E-11

Diss. Rate Mineral { Ks=)| s5.78E-09 [mol/m’s

Uncertainty of Fit 6.33E-10  molfm’s




Datasheet S6
Experiment CAP-P4D

Mineral: Chlorapatite Initial pH: 4.00 Specific Surf. Area (BET): 0.0563 m/g
Batch ID: CAP-PAD  Mineral Mass: 0.1500g Total Surf, Area (BET): 0.00845m?

NA = ne analysis
Botch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Time {sec) Cz (moles 2 (males 4
ime (sec b
released ) released | 2 Initial Ca Release
0 0 NA 4.00 LE05 y=3.67E-10x + 5,14E-06
2880  5.81E-08 3.53E-06 462 = 1E0S A" =39.55001
e . - 5 = ”:
5460  7.46E-06 4.39E-06 479 5
. . - @ 8.E-06
2160 £.37E-00 5.62E-06 4.84 =
=
10860  9.32E06 5.58E-06 486 y TEDS
13440  9.75E-D6 §,00E-06 387 ‘E’ 4.6-08
.05 = [
187380 1.02E-05 6.38E-06 5.08 O 2606
107280 1.17E-05 7.TAE-06 5.86
543120 1.36E-05 NA 6.31 0-£+00
0 5000 10000 15000
Time (sec)
Regression Analysis Std.Error
K= .r(D/A-S, where_ r . lsthe rate of Ca r_elE_ase R Square 0.955 NA
over time as determined by lingar regrassion, 4 =
the tatal BET surface area (specific surface area Ca refease rate (=) 3.67E-10 4.61E-11

{BET) X mineral mass), and §is the Tz

stoiciometric caefficient of the raspective mineral. Diss. Rate Mineral ( Kow:) 8.70E-.00  [mol/m?s
Uncertainty of Fit ~ L.O9E-00  mol/m’s

Stoichiometry
Maoles of Mineral Released

Moles Mineral Moles Mineral

Time {sec ) Released (P)  Released (Ca) Stoichiometry Comparison

& Calcium @ Phosphorus

2880 1.18E-06 1.16E-06 g
5460 1.46E-06 1.49€-06 i
2160 1.87E-06 1.67E-06 E 2.E-06 " = 2
10860 1.86E-06 1.86E-06 = ry
= 2E-08 B
13440 2.00E-06 1.95E-06 =
b ]
.E 1.E-06
Moles mineral relessed {above) based on P or Ca o
determined from males released of P or Ca divided by :.E" el
the apprapriate stoichiometric factor of the respective
fon. 0.E400
(¥ 5600 10000 15000
Time {sec)

*Analytical error bars fall within plotted symbols
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Datasheet S7
Experiment CAP-P5

Mineral: Chlorapatite
Batch ID: CAP-PS

NA = no analysis

Initial pH: 4.95
Mineral Mass: 0.1500g

Specific Surf. Area (BET): 0.0563 m?/g
Total Surf. Ares (BET): 0.00845 m?

Batch Results (shaded dato = the linear initial rate data shown in the accompanying figure)

_ Ca [moles P (moles
Time (sec ) pH
reteased ) released |
0 0 MNA& 4.57
3120  8.56E07 NA 534
6660 111608 NA 5.45
8300 1.33E06 N4 573
13580 1.50E-06 NA 5.77
16440  1.61E-06 NA 5.78
20160  1.B8E06 NA 5.98
6560 3.14E-06 NA 643
1559460 4.24E-06 MNA 6.62
Koy = Too/AeS, where 1, i5 the rate of Ca release
over time as determined by linsar regression, 4 is
the total BET surface area (spedfic surface area
(BET) X mineral mass), and 5 Is the Ca
stoiciometric coefficient of the respactive mineral.
—_—

Initial Ca Release

2ED6 o 5 68F 1%+ 7.25E0
T e
(3
o
¥
w LEDOB
o
=)
E
= 5.E07
3
Q.E+DO
0 loooo 20000 30000
Time (sec)
Regression Analysis Std.Error
R Square 0.984 MA
Ca release rate (I 5.68E-11 3.59E-12

Diss. Rate Mineral [ Ka.:) m0|fl"ﬁls

*Analytical error bars fall within plotted symbols
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Datasheet S8
Experiment CAP-P5D

Mineral: Chlorapatite
Batch I1D: CAP-P5D

Initial pH: 4.95

Specific Surf. Area (BET): 0.0563 mi/g
Mineral Mass: 0.1500g Total Surf. Area (BET): 0.00845 m?2

NA = no analysis

Batch Results (shaded data = the linear initial rate data shown in the accompaonying figure)

Ca (moles P (moles
Time {sec) refiased ) re}eused ) pH
0 0 NA 485
3000 1.01E-06  5.93E07 5.48
5580 1.52E-06 5.93E-07 5.:65
8340 1.68E-06  B.6EED7 5.40
10980 1.81E-06 65.89E-07 5.84
13560 1.:89E-06 T.53E07 5.88
18960 2.26E-06  950E07 5.9
107460 3.58E-06 1.95E-06 6.37
K = I A%S, where 1, [s the rate of Ca release
over time as determined by linear regression, 4 is
the total BET surface area (specific surface area
{BET) X mineral mass), and Sisthe Ca
stoiciemetric coefficient of the respective minaral. ﬁ'

Stoichiometry

Males of Mineral Released

Moles Mineral Moles Mineral

Time (sec) Released (P)  Released (Ca)
3000 1.98E-07 2.03E-07
5580 1.98E-07 3.04E-07
8340 2.22E-07 3.36E-07
10980 2.30E-07 3.63E-07
13560 2.51E-07 3.79E-07
18960 31707 4.51E-07

107460 6.51E-07 7.17E-07

Moeles mineral released {above) based on P erCa
determined from moles released of P or Ca divided by
the appropriate stoichiometric factor of the respective
forn.

Initial Ca Release

3.E06 y =6.91F-11x + 1.00E-06
_ R2=9.14F-0
T 2.E06
@
o
LT}
E 2.E-06
< 1E06 ®
E
8 5.E07
0.E+00
0 10000 20000
Time (sec)
Regression Analysis Std.Error
R Square 0.914 NA
Ca release rate (=) 6.91E-11 1.06E-11

Diss, Rate Mineral { Kess)| 1.64E-09 mol/ms

Mole Mineral Released

145

Uncertainty of it 2.51E-10 maol/m’s

Analytical error bars fall within plot symbols

Stoichiometry Comparison
B Phosphorus # Calcium

5.E-07
5.E-07 ¢
4,607

4.E-07 ® o ¢
3.E-07 @ i
3.E-07
2.E-07
2.E-D7
1.E-07
5.E-08
0.E+00

0 10000
Time (sec)

20000



Datasheet S9
Experiment FAP-P2

Mineral; Fluorapatite Initial pH: 1.99
Batch ID: FAP-P2 Mineral Mass: 0.3000g

Specific Surf. Area {BET): 0.0321m?/g
Total Surf. Area [BET): 0.00963 m?

NA = no analysis

Batch Results (shaded data = the linear initial rate dato shown in the accompanying figure)

Ca (mioles P {moles

Titves G2 rei.iased } re!reased ) pi
] 0 NA 1.99
600 119E-05  153E05 2.02
1260 153E05  190E05 1.99
1800 297605 220805 1.98
2460 346605  2.64ED5 2.03
3120 4.29E05 332805 2.03
4140 53305 NA 2.03
81300 140E-D4 NA 2.18
242460 2.04E-04 NA 2.21
5893220 3.38E-04 N& 2.27
850500 3AVE-D4 NA 2.3
1988100 3.01E-04 NA 2.2
2517480 3.62E-04 NA 23

Initial Ca Release
6.E-05
y=1.22E-08x + 4.085-06
5.E05 R2=9.73E-0
4 E-05
3.E-05

205

Ca (moles released)

1.E05

0.E+00
0 2000 4000 6000

Time {sec)

Regression Analysis Std.Error

K= r/B8e5, where r.is the rate of Ca release
over time as determined by linear regression, A i

the total BET surface area (specific surface srea E

(BET) X mineral mass), and $is the Ca
stoiciometric coefficient of the respective minaral.

Stoichiometry
Males of Mineral Releasad

Moles Mineral Moles Mineral

Time (eec) Released (P)  Released [C3)
600 5.11E-06 2,38E-06
1260 6.32E-06 3.05E-06
1800 7 32E-06 5.94E-06
2450 B.79E-06 5.92E-06
3120 1.11E-05 8.59E-06
4140 1.07E-05

Wioles mineral released (above) based on P or Ca
determined from moles released of P or Ca divided by
the appropriate stoichiometric factor of the respective
on.

R Square 0.973 NA

Ca release rate (r=) 1.2199E-08 1.01E-09

Diss. Rate Mineral (Kas) | 2.538-07 [mol/m’s

Uncertainty of Fit  2.11E-02  mol/m’s

Analytical error bars fall within plot symbols

Stoichiometry Comparison

B Phasphorus # Calcium
LE-05
1.E-05 - ¢
8.E-06
6.E-06 LS
4.E-06

7506 | ®

Mole Mineral Released

0.E+00

0 2000 4000 5000
Time (sec)



Datasheet S10
Experiment FAP-P2D

Mineral: Fluorapatite Initial pH: 1.97

Batch ID: FARP-P2D

Specific Surf. Area (BET): 0.0321 mi/g
Mineral Mass: 0.2000g Total Surf. Area (BET): 0.00963 m?

NA = no analysis

Batch Resulfts (shaded data = the linear inftial rate data shown in the accompanying figure)

Ca (moles P (moles
H
Tiimie {ses} released) relensed ) P
0 0 NA 1.97
780 1.21E-05 NA 1.98
1380 1.86E-D5 NA 1.98
1680 2.76E-05 NA 2.00
2580 3.60E-05 NA 2.02
3300 4.63E-05 NA 2.03
4500 5:84E-05 NA 185
11520 6.61E-05 NA 201
96060 1.48E-04 NA 2.09
Ko = I./A%S, where 1, is the rate of Cz releate
over time as determined by linear regression, A is
the tatal BET surface area (specific surface area
(BET) X mineral mass), and §is the Ca
stoiciemetric coefficiant of the respective mineral,
—

Initial Ca Release

7.E-05
y=1.28E-08% + 2.11E-06
5 2= R?=0.95E-01
o
E 5.E-05
T 4ED05
8 3p05
Q
E 2e05
S 1.E-05
0.E+00
0 2000 4000 6000
Time (sec)
Regression Analysis Std.Error
R Square 0.985 NA
Ca release rate (ra) 1.28E-08 4 49E-10

Analytical error bars fall within plot symbols

Diss. Rate Mineral { Keis=) 2.676-07 [mol/m’s

147

Uncertainty of it~ 9.31E-09  mol/m’s



Datasheet S11
Experiment FAPM-P2

Mineral: Fluorapatite Initial pH: 1.97 Specific Surf. Area (BET): 0.0321 m?/g
Batch ID: FAPM-PZ  Mineral Mass: 0.2000g Total Surf. Area (BET): 0.00963 m?
NA = no analysis
Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Tt (s52) Ca (moles P (males m .
released ) released ) F Initial Ca Release
0 0 NA 1.97 8.505
960 246E05  L79E05 195 = 7805 y= 8.5§E4}§x + 146505
1980 314E05  2.50E05 1.96 2 6.E-05 R =9-33_W
2820 405E-05  3.08E05 197 < B0 *
3660 443E05 31105 1.95 g HEO5
4440 475605  3.55E05 202 g R
5460 6.71E05 485605 2.07 g 2E»
15420 952E05  6.32E05 2.03 LEOS
= 0.E<00
99660 1.56E-04 NA 2.18
1346280 2.64E-04 NA 2.25 0 2000 4000 6000
Time (sec)
Regression Analysis Std.Error
K= 1 /A%S, where r_ isthe rate of Ca release R Saquare 0.938 NA
over time as determined by linear regression, 4 is 4 ;
Ca release rate (I=) 8.68E-02 1.11E-09

the total BET surface area (specific surface area
[BET) X mineral mass), and §Is the Ca
stoiciometric coefficient of the respective mineral.

—3  Diss. Rate Mineral (Ke=)| 1.80E-07 [mol/m’s
Uncertaintyof Fit  2.31E-02 mol/m’s

Stoichiomet
i Analytical error bars fall within plot symbols

Males of Mineral Released

Moles Mineral Moles Mineral

Time (sec) o o ()  Released (Ca) Stoichiometry Comparison
M Phoesphate # Calcium
560 5.96E-06 4.91E-06 3E05
1980 B8.34E-06 6.27E-06 =
2820 1.03E-05 8.10E-06 % 2.E-05 ,
3660 1.04E-05 8.86E-06 % _ B
& 2E05
4440 1.18E-05 9.50E-06 ke &
5460 1.62E-05 1.34E-05 E LE-05 J
15420 2.11E-05 1.90E-05 E
g se0s o
Moles mineral released (above] based an PorCa 0.E:00
determined from moles released of Por €a divided by *
the appropriate stoichiometric factor of the respactive 0 10000 20000
ien. Time (sec)
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Datasheet S12
Experiment FAPM-P3

Mineral: Fluorapatite
Batch ID: FAPM-P3

Initial pH: 3.00

Specific Surf. Area (BET): 0.0321m/g
Mineral Mass: 0.3000g Total Surf. Area [BET): 0.00963 m?

NA = no analysis

Batch Results (shoded data = the linear initial rate data shown in the accompanying figure)

Ca [moles P [moles
Tigie ) refi'ased ) rer’[eased ) i
0 0 NA 3.00

960 6.363E-06 NA 3.26
1740 7.132E-06 NA 3.08
2700 7.561E-06 NA 311
3540 9.348E-06 NA 3.16
4441 1.043E-05 NA 3.20
5700 1.180E-05 NA 3.22
8160 1.311E-065 NA 3.18

K. =1,/A%S, where r__is the rate of Ca release

over time as determined by linear regression, A i

the total BET surface area {specific surface area

(BET) X mineral mass), and §is the Ca

stoiclometric coefficient of the respective minaral. —_

Initial Ca Release

1.EO5
y=1.21E-09% + 4.95E-06
W
E 1.E-05
® 8E06
2 6E06
Q
E 406
g 2.E-06
0.E+00
{i] 2000 4000 6000
Time [sec)
Reqression Analysis Std.Error
A Square 0.977 NA
Ca release rate (') 1.21E-09 9.26E-11

Diss. Rate Mineral { Kass) mﬂ]/ m’s

149

Uncertainty of it~ 1.92E-08  mol/m’s

Analytical error bars fall within plot symbols



Datasheet S13
Experiment FAP-P3DD

Mineral: Fluorapatite
Batch ID: FAP-P3DD

Initial pH: 3.00

Specific Surf. Area (BET): 0.0321m%/g
Mineral Mass: 0.3000g Total Surf. Area (BET): 0.00963 m?

NA = no analysis

Batch Results (shoded data = the linear initial rate data shown in the accompanying figure)

Ca [moles P [moles
Yijie [9e0) rei.iased ) re;'[eased ) P
0 0 NA 3.00

1080 6.24E-06 NA 3.10
1920 7.29E-06 NA 3.06
2880 B.23E-06 NA 3.13
3840 9.68E-06 NA 3.07
4860 1.39E-05 NA 3.08
5820 1.37E-05 NA 3.09
6720 1.46E-05 NA 3.06
7620 1.56E-05 NA 3.00
8820 1.71E05 NA 3.08

K = /A5, where r_is the rate of Ca release

over time as determined by linear regression, A s

the total BET surface area {specificsurface area

[BET) X mineral mass), and Sis the Ca

stoiclometric coefficient of the respective mineral. =

Initial Ca Release

2.E-05
y =147e-09x + 4.69E-06
= R?=0.52E-
T 2805
;-3
@
g
w LEO5
&
Q
£ 5.5-06
3 >
0.E+00
{i] 5000 10000
Time [sec)
Regression Analysis Std.Error
R Square 0.852 NA

Ca release rate (I'c)

1.47E-09 1.25E-10

Diss. Rate Mineral (Ka=) | 3.06E-08 [mol/m’s

Uncertainty of it~ 2.58E-08  mol/m’s
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Datasheet S14
Experiment FAPC-P3D

Mineral: Fluorapatite Initial pH: 2.00 Specific Surf. Area (BET): 0.0321 m%/g
Batch ID: FAPC-P3D  Mineral Mass: 0.3000g Total Surf. Area (BET): 0.00963 m?
NA = no analysis

Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

- Ca (moles P (moles H
ime (sec) released ) released ) p Initial Ca Release
0 0 0 3.00 LE-05 y=1.15E-09x + 3.13E-06
1200 4.076-06 348E-06 3.04 = 1E05 R*=9.71E-01
1920 5.91E-06 474506  3.07 E 806
2760 5.29E-06 5.09E-06 3,05 <
3420 6.98E-06 5.55E-06 307 g ocee ¢
4140 7.84E-06 5.69E-06 2.00 E 4.E-06
5760 9.70E-06 7.10E-06  3.02 & g
0.E+00
0 5000 10000
Time (sec)
Regression Analysis Std.Error
Koo =1./A®S, where r_ isthe rate of Ca release R Square 0.871 NA
aver time as determined by linear regression, Afs 9 i )
Ca release rate (re) 1.15E-09 9.95E-11

the total BET surface area (specific surface area
[BET) X mineral mass), and §is the Ca
stoiciometric coefficient of the respective mineral.

=3  Diss. Rate Mineral (Ke=) | 2.38E-08 mol/m’s
Uncertainty of fit ~ 2.076-08  mol/m’s
Stoichiometry

Analytical error bars fall within plat symbols
Moles of Mineral Released L el U

Tt (6] Moles Mineral Moles Mineral Stoichiometry Comparison
Released (P)  Released (Ca) @ Phosphorus & Calcium
1200 1.16E-06 8.14E-07 4.F-06
1920 1.58E-06 1.18E-06 B
2760 1.70E-06 1.26E-06 g 3.E-06
3420 1.85E-D06 1:.40E-06 & i
4140 1.90E-06 1:57E-06 E 2.E-06 - m N &
5760 2.37E-06 1.94E-06 2 B e
e ¢
o 1E06 *

Muoles mineral released (zbove) based on P or C2 El:

determined from moles released of P or Ca divided by 0.E+00

the appropriate stoichiometric factor of the respective

10t (] 2000 4000 2000

) Time (sec)
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Datasheet S15
Experiment FAPC-P4

Mineral: Fluorapatite Initial pH: 3.99 Specific Surf. Area (BET): 0.0321mi/g
Batch ID: FAPC-P4  Mineral Mass: 0.3000z Total Surf. Area (BET): 0.00963 m?*
NA = no analysis
Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

T Ca (moles P (moles H
ime (sec) released ) released ) P Initial Ca Release
9 6.E-06
e 9 NA 3.99 y = 1.95E-10x + 1.68E-06
* ; 2 ]
7140 3._18{? (5l NA 4.20 £ 4E06
9728 3.73E-06 NA 4.26 =
13980 4.43E-06 NA 431 g FEW
16860 4.84E-06 NA 437 g 2E06
20580 5.11E-06 NA 4.41 S 1506
97260 6.70E-06 NA 4.80
0.E+00
0 16000 20000
Time (sec)
Regression Analysis Std.Error
Kﬁ.ﬁ_—.rmf.hs_. wherg rmisth_e rate of Ca r_eiease R Square 0.081 NA
over time as determined by linear regression, 4 s
the total BET surface area (spacific surface area Ca release rate (1) 1.95E-10 158E-11

(BET) X mineral mass), and 5is the Ca
storcjometric coefficient of the respective mineral. . ;i 3
—_— Diss. Rate Mineral { Kaw=) | 4.056-098 [mol/m’s

Uncertainty of Fit  3.28E-10  mol/m’s

Analytical error bars fall within plot symbols
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Datasheet S16
Experiment FAP-P4DD

Mineral: Fluorapatite Initial pH: 3.98 Specific Surf. Area (BET): 0.0321 m3/g
Batch ID: FAP-PADD  Mineral Mass: 0.3000g Total Surf. Area (BET): 0.00963 m?
NA = no analysis
Batch Resufts (shaded data = the linear initiol rate dota shown in the accompanying figure)

T . Ca (moles P {moles "
ime (sec) released ) released ) P Initial Ca Release
3.E-06
a S = Bk y=1.23E-10x + 5.42E-07
3660 1.16E-06 NA 4.41 = 3.E06 R*=9.58E-01
F = [T}
?290 I.Z;E—.Uﬁ NA 4.72 E 2606
10620 1.83E-06 NA 4.45 Ty
14160 2.25E-06 NA 4.58 g 2E06
17580 2 78E-06 NA 4.82 2 1606 ®
53520 3.99E-06 NA 5.60 = S E07
157140 8.01E-06 NA 5.69
770940 2 64E-06 NA 6.33 QEHG0
1372260 9.00E-06 NA 6.07 G 10000 20000
1741860 1.03E-05 NA £5.25 Time (sac)
Regression Analysis Std.Error
Kius=T./A®S, where_ [ is.th_e rate of C2 r_elease_ R Square 0.058 NA
over time as determined by linear regression, A is
Ca release rate (T=) 1.23E-10 1.48E-11

the total BET surface srea (specific surface area
(BET) X mineral mass), and SistheCa
stoiciometric coefficient of the respective mineral,

—_— Diss. Rate Mineral { Kass) moilmes

Uncertainty of Fit ~ 3.08E-10  mol/m’s

Analytical error bars fall within plot symbols
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Datasheet S17
Experiment FAPM-P4

Mineral: Fluorapatite Initial pH: 4.00

Batch ID: FAPM-P4

Specific Surf. Area (BET): 0.0321 m%/g
Mineral Mass: 0.3000g Total Surf. Area (BET): 0.00963 m?

NA = no analysis

Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Ca [moles P (moles
Toik ey re.fe{'ased ) mfeased ] PH
0 0 NA 4.00

1320 1.11E-06 4. 15E-07 413
2400 200606  6.11E-07 4.07
3840 2.03E06  848E07 4.05
4980 2.72E-06 9.23E-07 418
6300 283606 104506 410
8700 3. 71E-06 1.51E-06 424
92460 NA 2.79E-0b 4.81

Kgus =0 /A®S, where r_ is the rate of Ca releaze

over time as detarminad by linear regression, 4 is

the total BET surface area (specific surface area

(BET) X mineral mass), and 5 is the Ca

stoiciometric coefficient of the respective mineral. —_

Stoichiometry

Males of Mineral Released

Time (sec) Maoles Mineral Moles Mineral
Released (P)  Released (Ca)

1320 1.28E-07 2.23E-07
2400 2.04E-07 4.01E-07
3840 2.B3E-07 4.07E-07
4980 3.0BE-07 5.45E-07
6300 3.46E-07 5.65E-07
8700 5.03E-07 7.41E-07
92460 9.31E-07 NA

Muoles mineral released (above) based on P ar C2
determined from moles released of P or Ca divided by
the appropriate stoichiometric factor of the respective
lor,

Initial Ca Release

b 3.21E-10x + 9.27E07
y=3.21E-10x + 9.
5 L R?=0.44E-01
y 3606
g 3e06
g
o 2.E-06
]
o 2E06
£
~ 1E06 *
Y sE07
0.E+00
0 5000 10000
Time (sec)
Regression Analysis Std.Error
R Square 0.944 NA
Ca release rate (=) 3.21E-10 3.90E-11
Diss. Rate Mineral (Ka=)| 6.67E-08 [mol/m’s
Uncertainty of Fit ~ 8.11E-10  mol/m’s

Analytical error bars fall within plot symbols

Stoichiometry Comparison

& Calcium 8 Phosphorus
8.E-07
T 7E0? ®
T G.ED7
2 sE07 ** .
E 4. E-07 ¢ @ -
£ 3E0 g n
o 2607 | * W
€ 1r7 | ®
0.E+00
0 5000 10000
Time (sec)
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Datasheet S18
Experiment FAPM-P5
Mineral: Fluorapatite Initial pH: 5.00 Specific Surf. Area (BET): 0.0321 m3/z

Batch ID: FAPM-P5  Mineral Mass: 0.3000g Total Surf. Area (BET): 0.00963 m?
NA = no analysis

Batch Results (shaded data = the linear inftial rate data shown in the accompanying figure)

T Ca (moles P (moles "
ime (sec) released) released ) P Initial Ca Release
0 NA NA 5.00 LE06 |y -3876-11x + 3.68E.07
3000 5.086£07 1.88607 227 < LEO06 R?=9.53EQ4 *
7440 5.85E-07 2.76E-07 530 E 1.E-06
11820  8.99E-07 441607 528 = 807
14820  9.45E-07 141E07 558 8 oy
18060  1.14E-06 5.14E-07 5.54 £ 4ro
24360 1.24E-06 6.48E-07 5.58 3 YE07
103080 2.03E-06 NA 6.05 '
6319560  2.09E-05 NA 6.20 060D
0 10000 20000 30000
Time {sec)
Regression Analysis Stal.Error
Ke =T fASS, where_ oo is.th_e rate of Cz r_elease_ R Square 0.953 NA
over time as determined by linear regression, 4 is .
the total BET surface area (specific surface area Carelease rate (1=) 3.87E-11 4.31E-12

(BET) X mineral mass), and Sisthe Ca
stoiciometric eoefficient of the respective mineral, Diss. Rate Mineral { Kass) S 08E-10 f‘ﬁOUsz

Uncertainty of Fit 8.9598£-11 mol/m’s

Stoichiometry

Welas oF MiRaral alasssd Analytical error bars fall within plot symbols

Moles Mineral Moles Mineral

Lo S {P)  Released (Ca) Stoichiometry Comparison
3000 6.26E-08 1.02E-07 WPhosphorus @ Calcium
7440 9.19€-08 1,17E-07 2O

- 5.E07
11820 1.47E-07 1.80E-07 % ap07
14820 1.47E-07 1.89E-07 ;:-' 4.E-07
18060 1.71E-07 2.28€-07 "T: 3.607
24360 2 16E-07 2 49E-07 ﬂE gg__g; ® & ‘
§ 2.E07 ﬁ = E
Moles minera| released (above) basad on P or Ca © LEO7 & .
determined from moles released of P or Ca divided by = 5E08 |
the appreopriate stoichiometric factor of the respective 0.E+00

.

0 10000 20000 30000
Time {sec)
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Datasheet S19
Experiment FAPM-P5D

Mineral: Fluorapatite Initial pH: 4.91 Specific Surf. Area (BET): 0.0321m%/g
Batch ID: FAPM-P5D  Mineral Mass: 0.3000g Total Surf. Area (BET): 0.00963 m?

NA = no analysis

Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Ca (moles P (moles

Time (sec) e ) released ) pH Initial Ca Release
2.E-06
2 d NA .91 y=3.93E-11x + 6.66E-07
3600 722607 NA 5.14 s LEOR RE—g. *
7080 1.02E-06 NA 5.22 g LE®
10920 1.116-06 NA 5.31 = 1.E06
14400  1.30E06 NA 541 g AEQ7 ¢
18420 1.32E-06 NA 5.49 g 8EO7
101580  2.38E-06 NA 6.13 g e
522960 3.186-06 NA 6.15 LEW
0.E+00
0 10000 20000
Time (sec)
Regression Analysis Std.Error
Ko =T./AsS, where 1, is the rate of Ca release R Square 0.901 NA
over time as determined by linear regression; A is )
the total BET surface area (specific surface area Ca release rate (r=) 3.93E-11 7.51E-12

[BET) X mineral mass), and Sisthe Ca

stoici ient of ] ¥ ) F
toiciometric coefficient of the respective mineral Diss. Rate Mineral { Kas) S 16E-10 moi/mzs

Uncertainty of it~ 1.56E-10  mol/m’s

Analytical error bars fall within plot symbals
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Datasheet S20
Experiment WHIT-P2DD

Mineral: Whitlockite Initial pH: 1.98 Specific Surf. Area (BET): 0.0516 mi/g
Batch ID: WHIT-P20D Mineral Mass: 0.1500g Total Surf. Area (BET): 0.00774m?

NA = no analysis
Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Yo ) Ca (moles P (moles oH L
refeased ) released ) Initial Ca Release
0 0 NA 1.08 3.504
900 504605  NA 210 — 3.E04 T
1800 5.82E05 NA 207 2 R= 9.07@01.
_ g 2.F04
2760 5.90E-05 NA 2141 =
3660 7.29E-05 NA 223 g 2£04
4740 8.56E-05 NA 2.10 g 1c04
5640 154E-04 NA 2.18 8 5o
6340 1.59E-04 NA 2.08
7440 219604 NA 220 0.£+00
8700 2.45E-04 NA 224 0 5000 10000
1117680 5.60E-04 NA 3.20 Time (sec)
1204080 5.50E-04 NA 3.18 Regression Analysis Std.Error
6128880 5.57E-04 NA 3.23 R Square 0.907 NA
Ca release rate (1) 2.68E-08 3.246E-09
Ky = r.o/A%S, where r_ is the rate of Ca release

over time as determined by linear regression, 4 Is

the total BET surface area (specific surface area — Diss. Rote Mineral ( Kas) 3.84-07 [mol/m’s

iBE_ﬂ_ X mm_eral ma;;], iy 28 ihets R Uncertainty of Fit  4.6601E-08 mol/m’s
stoiciometric coefficient of the respective mineral,

Analytical error bars fall within plot symbols
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Datasheet S21
Experiment WHIT-P2DDB

Mineral: Whitlockite Initial pH: 1.98 Specific Surf. Area (BET): 0.0516 m%/g
Batch ID: WHIT-P2DDB Mineral Mass: 0.1500g Total Surf. Area (BET): 0.00774 m?
NA = no analysis
Batch Results (shaded data = the linear Initial rate data shown in the accompanying figure)

Tiine (sec) Ca (moles. P {moles ol .
refeased ) released) Initial Ca Release
0 o NA 1.98 HEsH y =2 .46E-08x + 3.16E-05
960 6.4A8E05  4.16E-05 2.08 5 3E04 R?*=19.62E-01
1800 9.11_E_—0_5 5 5.59{-05’ 212 % 2E04
2760 927e05  B.26E05 214 "
3720 104604  7.26E05 2.09 g 2E04
4800 1.50E-04  B48E05 213 E 1.E-04 o5 ®
5700 167604  1.18E-04 214 8 Gk
6600 1.87E-04 NA 277
7500 2.10E-04 NA 213 0.E0
8700 2.67E-04 NA 234 0 =000 10000
556020 5.58E-04 NA ile Time (sec)
599220 5.57E-04 NA 3.21 Regression Analysis Std.Error
R Square 0.252 NA
Koo = 1/A®S, where r_ isthe rate of Ca release Ca release rate (r=) 3 46E.08 1.85E6-00

over time as determined by linear regression, 4 1s
the total BET surface area (specific surface area

(BET) X mineral mass), and Sis the Ca —_— Diss. Rate Mineral { Ke==) | 3.54E-07 [mol/m’s

stoiciometric coefficient of the respective mineral. 3
Uncertainty of Fit ~ 2.65E-08 mol/m™s

Stichiomptry Analytical error bars fall within plot symbols

Males of Mineral Released

Time (sec) Moies Mineral Moles Mineral Stoichiometw Comparison
Released (P)  Released (Ca) # Calcium B Phosphorus
960 5.94E-06 7.20E-06 2.E-05
1800 8.01E-06 1.01E-05 3 2.E-05 . ‘
2760 8,94E-06 1.03E-05 8 iggg
3720 1.04£-05 1.15E-05 § 1EO5 i =
4800 1.21E-05 1.67E-05 £ 1E05 ® &
S REO06 m ®
300 1.68E-05 1._855—05 % e ‘
65600 NA 2.08E-05 2 4E06
7500 NA 2.33E-05 = 2FE06
8700 NA 2.97E-05 0.E+00
0 2000 4000 6000

Moles mineral released (abeve) based on P orCa
determined from males released of P or Ca divided by Time (sec)
the appropriate stoichiometric factor of the respective

for.
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Datasheet S22

Experiment WHIT-P3

Mineral: Whitlockite
Batch ID: WHIT-P2 Mineral Mass: 0.1500g

Initial pH: 3.00

Specific Surf. Area (BET): 0.0516 m3/g
Total Surf. Area (BET): 0.00774 m?

NA = no analysis

Batch Results (shaded data = the linear initiol rate data shown in the accompanying figure)

Ca (moles

P (mofes

Time (sec ) released ) released ) pH Initial Ca Release
0 0 NA 3.00 3.B05 | y=4.45E-09x + 8.00E-06
600 10405  7.96E06 3.09 = 3.E05 R*=0.49E-01
1260 :L@lgﬂs 1.35E-85 312 % SES
1800 1.62E-05 1.45E-05 311 o
2460 171E05 15005 311 g 2E05
2080 2.37E05 2.13E-05 115 TE) 1.E-05
4140 2.58E05 NA 3.18 8 sEos
81300 6.69E-05 NA 3.87
242460 6.636-05 NA 451 0.E+00
593220 6.68E-05 NA 469 0 2000 4000 6000
850500 7.01E-05 NA 467 Time (sec)
1988580 7.0BE-05 NA 47 Regression Analysis Std.Error
R Square D.940 NA
Koo :.rm/A-S, whe{&t Fes isthg rata of C2 release_ Ca release rate (r=) 4.4497E.00 5.14E-10
over time as determined by linear regression, 4.is
the total BET surface area (specific surface area
(BET) X mineral mass), and § is the Ca —3 Diss. Rate Mineral { Kas) mol/m’s

stoiciometric coefficient of the respective mineral

Stoichiometry

Maoles of Mineral Released

Moles Mineral

Moles Mineral

Time {sec) Released (P)  Released (Ca)
600 1.14E-06 1.16E-06
1260 1.93E-06 1.56E-06
1200 2.0BE-06 1.20E-06
2460 2.14E-06 1.90E-06
3060 3.04E-06 2.63E-08

Males mineral releazed (above) bazed on P orCa
determined from moles released of P or C3 divided by
the appropriate stoichiometric factor of the respective

1o,

Uncertainty of Fit  7.3799E-09  mol/m’s
Analytical error bars fall within plot symbaols

Stoichiometry Comparison

@ Calcium W Phosphorus
4.E-06

3.E-06 B
3.E06 *
2606 m? *
2.E06 @

1606 | ®

S.E07
0.E+00

Mole Mineral Released

0 2000 4000
Time (sec)
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Datasheet S23
Experiment WHIT-P3D

Mineral: Whitlockite Initial pH: 3.01 Specific Surf. Area (BET): 0.0516 mZ/g
Batch ID: WHIT-P3D Mineral Mass: 0.1500g Total Surf. Area (BET): 0.00774 m?

NA = no analysis
Batch Resuits (shaded data = the linear initial rate data shown in the accompanying figure)
Ca (moles P (moles

Time (sec) released ) released ) pH Initial Ca Release
0 0 NA 3.01 4E05 y=4.27E-09x + 1.27E-05
780  1.60E-05 NA 3.08 5 3EOS R?=9.90E-0
1380 1.85E-05 NA 3.12 2 3.E05
1920 2.16E-05 NA 314 3 2E05
2520 2.27E-05 NA 3416 8 sp0s
2 2
3180 2.69E-05 NA 3.1? E 1ros
4440 3.15E-05 NA 318 3
m ; 5.E-06
11460 3.31E-05 NA 346
96000 7,16E-05 NA 4.16 UEH0
0 2000 4000 6000
Time (sec)
Regression Analysis Std.Error
Ko = 1 fA%S, Where r_, is the rate of Ca release R Square 0.890 NA
over time as determined by linear regression, 4 is ’
the total BET surface:ared (specific surface area Ca release rate {r‘:“} 4.27E-09 2.13E-10

(BET) X mineral mass), and Sisthe Ca

Iei i i § ive mi ; . .
stolciometric coefficient of the respective mineral Diss. Rate Mineral ( Kess) 6.126.08 [mol J,.m:s

Uncertainty of Fit ~ 3.06E-09  mol/m’s

Analytical error bars fall within plot symbals
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Datasheet S24
Experiment WHIT-P4D

Mineral: Whitlockite Initial pH: 3.99
Batch ID: WHIT-P4D Mineral Mass: 0.1500g

Specific Surf. Area (BET): 0.0516 m/g
Total Surf, Area (BET): 0.00774 m?

NA = no analysis

Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

T free) Ca {moles P (moles H .
released ) released ) P Initial Ca Release
0 0 NA 3.99 8.506 y =2.39E-10x + 3.55E-06
3900 452606 270606 3.8 o giﬁ R*=0.69E
7680 5.10E06  3.73E06 452 b il
11160 6.49E06  441E-06 450 3 SEoE
14880 7.33E-06 53_1.?4}:5 a.76 8 4£06
18540 TITED6  5.64E06 4.81 £ 3.E06
81600 9.72E-06 6.95E-06 5.80 8 LE06
103380 1.00E-05 NA 6.01 LEO6
276480 1.08£-05 NA 6.25 0.£+00 _
0 10000 20000
Time (sec)
Regression Analysis Std.Error
Koe =_rm/Al5, wherg r.;sthe rateof Ca r.ele-ase. R Square 0.960 NA
over time as determined by linear regression, 4 is
the total BET surface area (specific surface area Ca release rate () 2.39E-10 2.48E-11
(BET) X mineral mass), and Sis the Ca
stoiciometric coefficient of the respective mineral. Diss. Rate Mi‘ne:‘a! ( Ke-:;) moi;'mzs

Stoichiometry

Meles of Mineral Released

Moles Mineral Moles Mineral

Vi see) Released (P)  Released (Ca)
3900 3.85E-07 5.02E-07
7680 5.32E-07 5.67E-07
11160 6.30E-07 T.21E-07
14880 7.80E-07 8.14E-07
18540 8.06E-07 8.64E-07
81600 9.93E-07 1.08E-06

Muoles mineral released (sbove) based on P or Ca
determined from moles released of P or Ca divided by
the appropriate stoichiometric factor of the respedtive
ion.
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Uncertainty of Fit ~ 3:57E-10  mol/m's

Analytical error bars fall within plot symbaols

Stoichiometry Comparison

B Phosphorus # Calcium
LEOG

1.E-06 =

.
4

4507 |m

8.E07
6.E07

2.E-07

Mole Mineral Released

0.E+00

0 50000
Time (sec)

100000




Datasheet S25
Experiment WHIT-P4DD

Mineral: Whitlockite Initial pH: 3.28 Specific Surf. Area (BET): 0.0516 mi/g

Batch ID: WHIT-24DD  Mineral Mass: 0.1500g Total Surf. Area (BET): 0.00774 m?
NA = no analysis

Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Time (sec) Ca (moles P (moles “ .
released ) released ) P Initial Ca Release
0 0 NA 3.98 9.506 y=2.39E-10x + 3.60E-06
3660 403606 NA 441 = Eele R®=9,15E-01
: = o 7.ED6
7200 5.95E-06 NA 472 b
: € BEOS
10620 6.22€-06 NA 4.45 T 5E08
14160 678205 NA 458 5 sros | 4
17580 7 JTE-06 NA 482 E 3.E-06
83520 1.04E-05 NA 5.60 3 2.E-06
187140 1.03E-05 NA 5.69 1E-06
770940 1.03£-05 NA 6.33 GE0
1372260 1.16E-05 NA 6.07 0 10000 20000
1741800 1.20E-05 NA 68.25 Time [sec)
Regression Analysis Std.Error
K= _r;_,,/A'S, w.here_ Fop i thg rate of Ca r_&l&asa R Square 0.915 NA
over time as determined by linear regression, A |5
the total BET surface ares (specific surface area Ca release rate (=) 2.39E-10 4.20E-11

[BET) X mineral mass], and 5is the Ca
stoiciometric coefficient of the respective mineral. 5 T
—p Diss. Rate Mineral [ Keas) mclf;’mls

Uncertainty of it ~ 6.03E-18  mol/m’s

Analytical error bars fall within plot symbols
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Datasheet S26
Experiment WHIT-P5D

Mineral: Whitlockite Initial pH: 5.00 Specific Surf. Area (BET): 0.0516 mi/g
Batch ID: WHIT-PSD Mineral Mass: 0.1500g Total Surf. Area (BET): 0.00774 m?

NA =no analysis
Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Time (sec | G tmoles ¥ imales pH Initial Ca Release
released ) released )
0 0 NA 5.00 2.E-06 y=5.06E-11x + 9.58E-0
3840 112606 NA 5.20 = R =18E:
7620 1.29E06 NA 531 % 2.E06
11100 1.67E-06 NA 534 T
14820 1.69E-06 NA 5.41 g 2B
18480 1.85E-06 NA 5.38 g
81540 3.06E-06 NA 6.13 o E07
103320 3.22E-06 NA 6.24
276420 4.26E-06 NA 5.34 a£:0
0 10000 20000
Time (sec)
Regression Analysis Stel.Error
i< A . S BSquam 6514 NA
Ca release rate (r=) 5.06E-11 B.75E-12

the total BET surface area {specific surface area

{BET) X mineral mass), and 5is the Ca
stoiciometric coefficient of the respective mineral, Diss. Rate Mineral ( Kuss) 7.26E-10 mo!z’mzs
Uncertainty of it~ 1.26E-10  mol/m’s

Analytical error bars fall within plot symbols
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Datasheet S27
Experiment WHIT-P5DDB

Mineral: Whitlockite Initial pH: 4.29 Specific Surf. Area (BET): 0.0516 m%/g
Batch ID: WHIT-PSDDBE Mineral Mass: (0.1500g Total Surf. Area (BET): 0.00774 m?

NA = no analysis
Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Ca (moles P (mioles

kil H iti
me (sec ) alacsad) released ) p Initial Ca Release
0 0.00E+00 NA 4.99 1.E-06 y=4.38E-11x + 2.51E-07
1320 185607  4.15E:07 5.19 = LEO6 R*=9.32601
= S : el S
3840 5.16E-07 6.11E-07 5a% 8 8E07
6300 587E07  8A8E07 531 @
8700 621607 923607 540 g BBV
10980 721607  1.04E06 5,55 g 4E07
18720 105806  151E06 567 S 2p07 @
92460 2.05E-06 NA 5.03
0.E+00
1] 10000 20000
Time (sec)
Regression Analysis Std.Error
K. = .r_w/A'S, where r_ is Lh_e rate of Ca r_r:Iease R Square 0.932 NA
over time as determined by Fnear regression, A ls
the tiotal BET surface area (specific surface area Ca release rate (r=) 4.3799E-11 5.93E-12

{BET) X mineral mass), and §is the'Ca

stolciometric coefficient of the respective mineral. Diss. Rate Mineral { Kasz) 6.29E-10 moi/mzs

Uncertainty of it~ 8.52E-11  mol/m’s

Stoichiometry Analytical error bars fall within plot symbols
Moles of Mineral Released

Time (ss¢) ":‘U'JES "";;‘E;a' ‘:'0['35 NE"*ZE“ Stoichiometry Comparison
eleased (P) eleased (Ca) # Calcium W Phosphorus
1320 5.93E-08 2.17E-08 4.E-07
3840 8.73E-08 5.74E-08 '§
B300 1.21E-07 6.53E-08 o 3.E07
8700 1.32E-07 6.90E-08 &
10980 1.48E-07 8.02E-08 E 2.E-07 =
18720 2.16E-07 1.17E-07 g 0 |
° 1E07 = - -
Moles mineral released (above) based on PorCa E‘-" m e * @ .
determined from moles released of P or Ca divided by @
the appropriate stoichiometric factor of the respective 0.E+00
ion. 0 10000 20000
Time (sec)
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Datasheet S28
Experiment MER-P2DDC

Mineral: Merrillite Initial pH: 2.00
Batch ID: MER-P2DDC  Mineral Mass: 0.1500g

Specific Surf. Area (BET): 0.0465m%/g

Total Surf. Area (BET): 0.00698 m2

NA =no analysis

Batch Results (shoded data = the linear initial rate data shown in the accormpanying figure)

Time (sec) Ca (moles P (moles H
refeased) released ) P
0 0 NA 2.00
960 1.40E-05 1LB7EDS 2.03
1920 2.29E-05 1.97E-05 2.06
2780 4.41E-05 2.26E05 213
3720 6.52E-05 6.B9E-05 212
4620/ 74005 T.98E-05 215
5460 8.21E-05 103E04 215
6420 1.08E-04 1LO9E-04 214
7260 1.36E-04 1.17E-04 2.16
Ky = Io/AS, where r_ s the rate of Ca release
over time as determined by linear regression, 4 i=
the total BET surface area (specific surface area
[BET) X miineral mass), and §is the Ca.
stoiclometric cosfficient of the respective mineral,
—

Stoichiometry

Maoles of Mineral Released

Moles Mineral Moles Mineral

Time (526} Released (P)  Released (Ca)

960 2.67E-06 1.47E-08
1920 2.B2E-06 2.42E-08
2760 3.22E-06 4.64E-08
3720 9.85E-06 6.86E-06
4620 1.14E-05 7.79E-06
5460 1.47E-05 B.64E-06
6420 1.568-05 1.14E-05
7260 1.67E-05 1.43E-05

Maoles mineral released (above)] based on Porca
determined frorm moles released of P or Ca divided by
the appropriate stolchiometric factor of the respective
ion.

Datasheet S29
Experiment MER-P2DD

Initial Ca Release

2E04 = 1.90F-08x- 2.55E-07
_ LE04 R=9.77E-01
% LE04
S LE04
e
g 8.E05
8 6.E05
E
= 4.E-05
2.E05
0.E+00
0 5000 10000
Time (sec)
Regression Analysis Std.Error
R Square 0.977 NA
Ca release rate (r=) 1.90E-08 1.18E-09
Diss. Rate Mineral (Ka=)|  2.86E-07 [mol/m’s
Uncertainty of it 1.78E-08 mol/m’s

Analytical error bars fall within plot symbols

Stoichiometry Comparison

B Phosphorus # Calcium

2.E-05
T 2E05 a"®
b o
g LEOS +
3 1.E-05 m e
T LEOS .
g 8EDS .
= 6G.E06
L 4E06 =
(=]
= 2606 | @ L L

0.E+00

0 5000 10000
Time (sec)
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Mineral: Merrillite Initial pH: 1.97 Specific Surf. Area (BET): 0.0455m%/s
Batch ID: MER-P2DD Mineral Mass: 0.1500g Total Surf. Area (BET): 0.00698 m?

NA = no analysis
Batch Results (shiaded data = the linear initial rate data shown in the accompanying figure)

Tife (sec) Ca (moles P (moles q i
refeased ) released) P Initial Ca Release
0 0 NA 1.97 %E05 y=2.38E-08x - 8.14E-06
- 8.E-05 =
900 1.40E-05 NA 2.06 S i R?=9.83E-01
1440 2.29E-05 NA 2,05 a G'E 05 2,
A
2160 A4 41E05 NA 2.07 ® S5E05
2880 6.52E-05 NA 2,07 8 afo0s
3600 7.40E-05 NA 2.04 g 3E05
4980 8.21E-05 NA 2.07 &8 2E05
9360 1.08E-04 NA 214 1E05
168060 3.80E-04 NA 2.55 D=4
o 2000 4000
Time (sec)
Regression Analysis Std.Error
Kgs = [/A®S5, where r__ s the rate of Ca releaze R Square 0.983 NA
over ime as determined by linear regrassion, 4 is =
the total BET surface area (specific surface area Ca release rate (r=) 2.38E-08 1.87E-09

(BET) X mineral mass), and 5is the Ca

ici e ici f i i : . . 3
stoiciometric coefficient of the respective mineral Diss. Rate Mineral { Kdss) 3.58807 Jmol/ms
Uncertainty of it~ 2.75E-08  mol/m’s
Analytical error bars fall within plot symbols
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Datasheet S30
Experiment MER-P3

Mineral: Merrillite Initial pH: 3.00 Specific Surf. Area (BET): 0.0465m%/g
Batch ID: MER-P3  Mineral Mass: 0.1500g Total Surf. Ares (BET): 0.00698 m?

NA =no analysis
Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Time (sec) Ga (poles P {niolis pH Initial Ca Release
refeased ) released )
0 0 NA 3.00 iviﬂ? y=3.79E-09x + 8.20E-06
< ] 7 &
960 1.26E-05 NA 350 £ e R?=9.83E-01
1800 1.46E-05 NA 293 g 3r0s &
2700 1.78E-05 NA 3.2 T 3E05
3540 2.10E-05 NA 3.26 & 2805
4440 2.43E05 NA 3.30 _E_ 2E05
5700 3.22E05 NA 351 & LEOS
2160 3.82E-05 NA 352 2.E06
1165980 5.42E-05 NA 481 400
1209180 5.44E-05 NA 5.27 0 2000 41000
3671580 5.30E-05 NA 492 Time (sec)
1504380 5.31E-05 NA 5.45 Regression Analysis Std.Error
4578780 5.45E-05 NA 5.49 R Square 0.983 NA
5226780 5.34E05 NA NA Ca release rate (r=) 3.79E-09 2.19E-10

Kupee = Moo/ eS, where 1., lsthe rate of Ca release — Diss. Rate Mineral ( Kas) 5.71E-08 mol/m’s

over time as determined by linear regression, 4 is . 5 1/ 2
the total BET surface area (specific surface area Um_‘e."fmn[y Ufﬁt 3.31E-09 EVIOH/ e

(BET) X mineral mass), and Sis the Ca Analytical error bars fall within plat symbols
stoiciometric coefficient of the respective mineral.
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Datasheet S31
Experiment MER-P3D

Mineral: Merrillite Initial pH: 3.00 Specific Surf. Area (BET): 0.0465mi/g
Batch ID: MER-P3D  Mineral Mass: 0.1500g Total Surf. Area (BET): 0.00698 m?

NA = no analysis
Batch Results (shaded data = the linear initial rate data shown in the accompanying figure}

THELsE) Ca (moles P (moles H .
cileased) rilaaiadl) P Initial Ca Release
0 0 NA 3.00 2505 y'=4.15E-09x + 3.84E-06
720 6.31E-06  2.B9E-06 3.07 = R*=9.928-01
1380  9.93E06 A4S57E06  3.05 g 2B
2040  127E-05 637E06 3.8 T
2520 1.43E-05 6.64E-06 314 &8 1EUS
3060 1.68E-05  B53E-06 318 g
3660  1.86E-05 S7IE06 347 & 9506
7140 2.17E-05 1.72E-05 325
. 0.E+00
101640 6.02E-05 2.81E-05 4.67
523020 6.18E-05 NA 5.00 0 a0 40
Time (sec)
Regression Analysis Std.Error
Ko =.rﬂf‘d"5‘ where_ rpis !.h_e rate of Ca r_eiea-se R Square 0.092 NA
over time as determined by linear regression, 4 is
the tatal BET surface area (specific surface area Ca release rate (I=) 4.15E-09 1.84E-10

(BET) X mineral mass), and 5 is the Ca

stoiciometric coefficient of the respective mineral. Diss, Rate Mineral (Ki=)|  6.26E-08 mol/m’s

Uneertainty of Fit ~ 2.77E-09  mol/m’s

Stoichiometry Analytical error bars fall within plot symbols
Maoles of Mineral Released

Stoichiometry Comparison
Moles Mineral Moles Mineral

T
ime (sec) Released (P) Released (Ca) ®Phosphorus @ Calcum
3.E-06
720 4.13E-G7 6.65E-07 ‘g
1380 6.53E-07 1.05E-06 s 2E00 = +
| = - o
2040 9.10E-G7 1.33E-D6 & 2506 Py
2520 9.49E-G7 1.50E-D6 o & N
o
3060 1.22E-0B6 1.77E-06 _; 1.E-06 * N
3660 1.24E-06 1.96E-06 o L |
o S5.BO07 o
2
Moles mineral released (above) based on PorCa 0.E+00
determined from I'T'I.D|_E released of P or Ca divided hy ) 2000 2000
the appropriate stoichiometric factor of the respective
fon. Time {sec)
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Datasheet S32
Experiment MER-P4

Mineral: Merrillite
Batch ID: MER-P4 Mineral Mass: 0.1500g

Initial pH: 4.01

Specific Surf, Area [BET): 0.0465 m¥/g
Total Surf. Area (BET): 0.00628 m?

NA =no analysis

Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Ca [moles

P (moles

Time (sec) released) released ) PH
6] 0 NA 401
960 1.76E-06 NA 4.33
1200 2.28E-06 NA 434
2700 2.89E-06 NA 415
3540 3.15E06 NA 433
4500 3.73E-06 NA 453
5700 4.095-06 NA 4.59
8220 4.95E-06 NA 4.59
101280 65.85E-06 NA 5.83
W = rm/AOS, where r_, s the rate of Ca release
over time as determined by linear regression, 4 s
the total BET surface area (specific surface area
(BET) X mineral mass), and § is the Ca
stoiciometric coefficient of the respective mineral :4

Ca [moles released)

5.E-06
4.E-06
4.E-06
3.E-06
3.E-06
2.E-06
2.E-06
1LE-06
5.E-07
0.E+00

Initial Ca Release

y=4.95E-10x + 1.40E-06
R:=0.82EF

2000 4000 6000

Time (sec)

Regression Analysis Std.Error

R Square
Ca release rate (1) 4.95€-10 3.33E-11

0.982 NA

Diss. Rate Mineral (Ke=)| 7.476-098 [mol/m®s

Uncertainty of it 5.03E-10  mol/m’s

Analytical error bars fall within plot symbols
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Datasheet S33
Experiment MER-P4DD

Mineral: Merrillite
Batch ID: MER-P4DD

Initial pH: 4.00
Mineral Mass: 0.1500g

Specific Surf. Area (BET): 0.0465m%/g
Total Surf. Area (BET): 0.00698 m?

NA = no analysis

Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Ca (moles P (maoles
el re!iast!d ) r‘e:eased] ot
0 0 0 4.00
1320 120E-06 1.33E-06 410
2400 L71E06 1.87E-06 4,17
3840 231E-06 2.66E-06 4.20
4920 282606 3.23E-06 431
6300 3.20E06 3.57E06 431
8700 383606 479606 443
92460 6.95E-06 NA 5.56
K = 1. /A®S5, where r__is the rate of Ca release
over time as determined by linear regression, A is
the total BET surface area {specific surface area
(BET) X mineral mass), and 5is the Ca
stoiciometric coefficient of the respective mineral. é

Stoichiometry

Males of Mineral Released

Time (sec)

Moles Mineral

Males Mingral

Released (P)  Released (Ca)
1320 1.91E-07 1.26E-07
2400 2.67E-07 1.BDE-O7
3840 3.80E-07 2.43E-07
4920 4.61E-07 2.97e-07
6300 5.10E-07 3.36E-07
8700 6.85E-07 4.03E-07

Moles mineral released |above) based on PorCa
determined from moles released of P or Ca divided by
the appropriate stoichiometric factor of the respective

on.

Initial Ca Release

2E06 y=3.50E-10x + 8.68E-07
_ AEDS R?=9.81E-01
T 4E06
§ 3E06
¥ 3E06
g 2E06
g2 2E06
= 1LE06
{5
5.E-07
0.E200
5000 10000
Time (sec)
Regression Analysis Std.Error
R Square 0.981 NA
Ca release rate (=) 3.59E-10 2,50E-11

Diss. Rate Mineral [ Kass) mal;’mza

Unecertainty of Fit

170

3.77E-10 mol/m’s

Analytical error bars fall within plot symbuols

Mole Mineral Released

Stoichiometry Comparison

# Calcium B Phosphorus
1.E-06
8.E-07
Ei
6.E-07
=2
4.£-07 - . »
T
2607 | ~K
0.E+D0
5000 10000
Time (sec)




Datasheet S34
Experiment MER-P5

Mineral: Merrillite Initial pH: 5.00 Specific Surf. Area (BET): 0.0465 m?/g
Batch ID: MER-PS Mineral Mass: 0.1500g Total Surf. Area (BET): 0.00698 m?

NA = no analysis
Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

Time (sec) g \mojes Fineles pH Initial Ca Release
released ) refeased )
0 0 0 5.00 LEO6 |\ -336E-11x+4.356-07
3840 5.74E-07  2.81E-07 5.45 = 1EO06 R*=9.656-01
7380 5.95E-07  4.57E:07 5.78 s 1E-06
11760 B.08E-G7 5.95E-07 556 % 8.E-07
1476‘0 '9.10E-07 6.20E-07 576 E 6.E-07
18000 1.05E-06 741607 568 2 acor
24000 1.25E-06 8.53E07 5.81 3 307
103020 2.03E-06 NA 6.33
0.E+00
0 10000 20000 30000
Time (sec)
Regression Analysis Std. Error
Kyee = Irm/A'S, where_ r.is th_r: rate of Ca r_giease R Square 0.995 NA
over time as determined by linear regression, 4 Is
the total Bﬁsu.rface area (specific surface area Ca release rate tr’-‘} 3.36E-11 1.14£-12

(BET) X mineral mass), and Sis the Ca

<toiciometri icient of ive mineral, . , 2

stoiciometric coefficent of the respective mineral Diss. Rate Mineral ( Kass) 507610 mol/ms
Uncertainty of fit ~ 1.73E-11 mol/m’s

Stoichiometry Analytical error bars fall within plot symbaols

Maolgs of Mineral Released

Moles Mineral Moles Mineral Stmchlometry companson

Time. :
the(sec] Released (P}  Released (Ca) B Phosphorus # Calcium
LEO7 *
3840 4.01E-08 6.05E-08
B LEO7 o
7380 5.52E-08 7.31E-08 " ey
2 1E07
11760 8.49E-08 8.51E-08 i m ‘
14760 8.86E-08 9.57E-08 z &E8 3
18000 1.06E-07 1.10E-07 £ 6E02 | @
24000 1.22E-07 1.326-07 E 4E08 (W
S 2E08
Moles mineral released (above) based on P or Ca 0.E+400
determined from moles released of P or Ca divided by ’
the appropriate stoichiometric factor of the respective 0 10000 20000 30000

lon, Time (sec)
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Datasheet S35

Experiment MER-P5D

Mineral: Merrillite
Batch ID: MER-PSD  Mineral Mass: 0.1500g Total Surf. Area (BET): 0.00698 m?

Initial pH: 4.91

Specific Surf, Area (BET): 0.0468m%/g

NA = no analysis

Batch Results (shaded data = the linear initial rate data shown in the accompanying figure)

oo ) Ca [moles P (moles H e
sefeased) redensed) P Initial Ca Release
0 0 NA 101 LEQS y=4.17E-11x + 3.78E-07
3840 4.64E-07 NA 5.10 = LED0G R?=9.13£-01
7320 7.02E-07 NA 521 E 1.E-06 e
11160  0.496:07 NA 5.25 3 BE07
14640 1.01E-06 NA 543 8 GEO07
18660 1.08E-06 NA 5.65 B ato &
101820 2.25E-06 NA 5.85 %
Y 2E07
523200 3.52E-06 NA 6.28
0.E+00
0 10000 20000
Time (sec)
Regression Anofysis Std.Error
Ky = Mo/A®S, where 1 ls the rate of Ca release RSGuare 0.913 NA
over time as determined by linear regression, 4 is 4 ) ’
the total BET surface area (specific surface area Ca release rate (1<) 4.17E-11 741E-12

(BET) X mineral mass), and 5 Is the Ca
stoiciometric coefficient of the respective mineral.

—3  Diss. Rate Mineral (Ka=)| 6.286-10 [mol/m’s

Uncertainty of Fit  1.12E-10  mol/ s
Analytical error bars fall within plot symbols
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APPENDIX IIT SUPPLEMENTARY INFORMATION FOR CHAPTER FOUR

Supplementary Information

Analysis of Weathering Features in Mars Analog Basalts at Craters of the Moon National
Monument, Idaho.
Introduction

Craters of the Moon National Monument (COTM) is located on the Snake River
Plain of Idaho in the northwestern United States (Figures S5 and S6, this Appendix). The
area is the locale of 60 or more alkaline lava flows and 25 cinder cones (Kuntz et al.,
1986a; Vaughan, 2008; Vaughan et al., 2011). The first detailed description of the area
was conducted by Stearns (1924; 1928) for the Idaho Bureau of Mines and Geology.
Stearns (1928) described the biota, geology, geomorphology, and reported the first
chemical analysis of COTM basalt, although it is not spatially located or assigned to a
specific lava flow. The area receives 240 - 380mm (9.5 - 15”) mean annual precipitation
moving from south to north (Stearns, 1928; Vaughan, 2008; Kukachka, 2010; Vaughan et
al., 2011) making it an arid to semi-arid environment. Average monthly high
temperatures range from -1.7 to 29 °C (29 - 84°F) and average lows span -12 to 11 °C (10
to 52°F) with approximately 7 months of lows in the sub-freezing range (Kukachka,
2010). Since the initial reports by Stearns, the chemistry and mineralogy of many COTM
flows have been well documented (Leeman et al., 1976; Kuntz et al., 1985; Kuntz et al.,
1992; Stout et al., 1994) and a number of flows at COTM have been dated and range in
age from ~2,000 to >18,000 years bp (Kuntz et al., 1986b; Kuntz et al., 1992; Vaughan et
al., 2011). The flows have experienced various degrees of surface weathering over time,

and thus represent an arid to semi-arid environment chronosequence (Vaughan, 2008).
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Many of the alkaline basalts at COTM posses high concentrations of FeO, TiO,,
and P,Os (up to 2.9 wt% P,0Os) (Stearns, 1928; Leeman et al., 1976; Kuntz et al., 1992;
Stout et al., 1994). The origins of the high-P basalts at COTM are not conclusively
understood. High large-ion lithophile element (LILE) and rare earth element (REE)
abundances relative to regionally close olivine basalts of the Snake River Plain suggest
they are not formed by crystal fractionation from the same parent magma source of Snake
River Plain olivine basalts (Usui et al., 2008). Heterogeneous mantle sources, crustal
contamination, or a combination of both have been proposed as possible explanations of
the unusual chemistry (Kuntz et al., 1992; Stout et al., 1994; Reid, 1995).

The unusual chemistry of COTM basalts led Usui and others to suggest COTM
basalts might serve as useful terrestrial analogs for high-P bearing Wishstone class rocks
on Mars (Usui et al., 2008). This martian rock class appears to comprise the dominant
population of float rocks encountered by the Mars Exploration Rover (MER) Spirit on
Cumberland Ridge and the northwest flank of Husband Hill within Gusev Crater on Mars
(Arvidson et al., 2006; Squyres et al., 2006). No source or outcrop for the rocks has been
identified. Alpha Particle X-ray Spectroscopy (APXS) analyses by MER Spirit of two
Wishstone class rocks (Wishstone and Champagne) showed the rocks, like COTM
basalts, to be typified by high Ti (~2.5-3% as TiO;) and P (~5% as P,Os) content (Gellert
et al., 2004; Ming et al., 2006). The chemical similarities of terrestrial COTM basalts and
martian Wishstone class rocks suggest potential petrogenetic/petrographic similarities
between the rocks as well.

As outlined in the accompanying chapter, the high-P chemistry of Wishstone class

rocks (much like COTM basalts) make Wishstone petrogenesis and mineralogy of
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particular geologic interest in martian studies. Further, these rocks show evidence of
both aqueous alteration and the loss of a phosphate mineral through dissolution. Both the
water responsible for the alteration of the rock class and the phosphorus released from
them have astrobiological implications and may hold insights into the potential for life to
have developed and persisted on Mars. In the absence of a physical sample of P-rich
Wishstone class martian rocks, investigation of chemically similar rocks of COTM as a
Martian analog can lead to insights into phosphate behavior over longer time-scales than
can be observed in the laboratory.

In this study, Scanning Electron Microscopy (SEM) using Backscattered Electron
(BSE) Imagery, Energy Dispersive Spectroscopy (EDS), and EDS X-Ray mapping was
utilized to investigate COTM basalts in thin section. The objective of this study was to
use COTM observation and analysis of weathering effects including the development of
weathering rinds, porosity, mineral dissolution textures, primary phosphate mineral
dissolution, and the abundance of secondary phosphate minerals, to gain insights that
might be applicable to Wishstone class rocks on Mars and to inform reactive transport

modeling.

Methods
Materials
Fifteen petrographic thin sections were prepared from samples of both buried and
exposed material from six COTM flows. Sampled flows ranged in age from 1,670 to
15,100 years before present and Figure S6 documents sample locations and flow ages.

Representative pieces of flow samples were broken from the main sample and oriented in
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epoxy mounts so that subsequent thin-sectioning would produce sections which included
exposed/weathered surfaces. Thin-sections were prepared by Spectrum Petrographics Inc
of Vancouver, Washington to 0.3 pm polish using anhydrous cutting and polishing

methods and epoxy impregnation in an effort to preserve weathered material and soluble

minerals.

Analytical

SEM analyses were performed using a JEOL JSM 5600 (EMiL Facility, UNLV)
at 20 kV and 30-40 spot size. Before analyses, thin-sections were carbon coated to 20 nm
thickness for conductance. SEM analyses focused on textural evidence of any preferred
mineral dissolution, evidence of secondary minerals, development of weathering rinds
and porosity development. The chemistry and mineralogy of many COTM flows have
been well documented previously (Leeman et al., 1976; Kuntz et al., 1985; Kuntz et al.,
1992; Stout et al., 1994) and were not a focus of our study, however, EDS analyses were
carried out using an Oxford Instruments detector and Oxford INCA software with semi-

quantitative capabilities to confirm the general mineralogy and phases present.

Image analysis
In addition to image analysis performed using Oxford Instruments INCA software
installed on the JEOL JSM 5600 SEM, subsequent oft-line image analysis was performed
using Oxford Instruments INCA and Adobe Photoshop CS6 software. Relative changes
in porosity and fracturing with depth were investigated using image BSE mosaics

collected from the weathered surface of the samples to unweathered core material. Plots
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of porosity with depth were constructed from mosaics by first aligning, rotating, and
cropping the mosaic such that 10 pm "slices" of equal areas of the sample image
perpendicular to the weathered sample surface could be consecutively isolated, contrast
enhanced, and open micro-porosity areas could be determined by histogram. This was
done for one mosaic from a sample of each flow to a depth of 1200 um (well into
unweathered corestone). Figure S7 is an example of how mosaics were analyzed. Macro
pores (>100 um on a side) were filled with a color that would not overlap the pore color
in the histogram. Histogram pore space was used to obtain a percent porosity value
associated with the depth of the particular "slice". The same porosity image analysis
techniques were used to get general unweathered porosities of the samples for informing
the modeling. The depth of enhanced porosity within samples was determined in three
ways. First, subjectively (i.e. "by eye") in BSE mosaics, then subjectively in plotted
profiles, and finally the plotted profiles were subjected to more quantitative analysis by
determining when three consecutive slices gave measured porosities of less than the
average porosity plus the standard deviation of the deepest 300 um (unweathered
corestone). For the Kimama sample, image analysis was applied to measure the grain
sizes of minerals in multiple BSE images of unweathered corestone for use in surface

area estimates used in reactive transport modeling of the accompanying paper.

Results
Textures in thin section of observed high-P basalts from COTM range from
vitrophyric to poikiolitic with the vitrophric textures being restricted to the youngest

flows. Figure S8 contains BSE images of textures typical of the 6 flows sampled. In
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some samples weathering appeared to favor glassy matrix dissolution over other phases,
while in other samples (which also included a glass component) weathered surfaces
showed no preferred mineral dissolution. Rinds were present on the exposed surfaces of
all samples, but were never continuous and generally never exceeded 100 um. No
conclusive correlation between rind thickness and age was apparent. The youngest
sampled flow, Blue Dragon, appears to have weathering-produced porosity (spall type
cracks and holes) up to 60 um into the sample and in many places an alteration rind of
~10 pm depth into the glassy matrix has formed (Figure S9). The chemistry of the rind
by EDS compared to the unaltered glass does not appear significantly different, thus the
lower BSE signal (darker color) in the image may be a density change. This type of rind
was unique to the Blue Dragon samples and may play some role in the blue sheen that is
characteristic of these basalts in hand sample. Both intermediate aged Lava Point and
Pronghorn samples showed variable porosity and weathering textures. Porosity to depth
measurements on these samples (discussed further below) were applied to a generally
representative area of the samples. Thin-section samples of the oldest flows, Sunset and
Kimama show more advanced porosity development than most of the other samples,
which was due primarily to the dissolution of the glassy matrix.

Extensive effort focused on detecting any secondary phosphate minerals that were
present. A few Al- and Fe-secondary phosphate phases had been previously observed in
samples of Pronghorn and Kimama flows (Cornell and Hausrath, 2010). In this study
secondary phosphate minerals were found (Figure S10), but were also very rare and

restricted to within a few tens of micrometers of the weathered surface.
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Part of this study focused on determining if the primary phosphate mineral in
COTM samples (fluorapatite) was preferentially dissolving. Though some fluorapatite
minerals within samples exhibited a texture that suggested they may be dissolving
preferentially, the texture could also be explained as glassy matrix dissolved out of the
interior of skeletal apatite (Figure S11). Further, in some cases, relatively pristine
fluorapatite crystals were present surrounded by porosity created by the apparent
dissolution of glassy matrix. It is of note in regards to the accompanying paper, that
fluorapatite is not the expected primary phosphate mineral in martian rocks and has both
different kinetics and thermodynamics than Mars-relevant primary phosphate minerals
(i.e. Cl-rich apatite and merrillite) (Adcock et al., 2013).

Measurements of porosity from weathered surface to the interiors of samples
indicated that increases in fractures and porosity occur to depths well beyond any obvious
chemical alteration. Further, a correlation of depth of change in porosity to time does
seem apparent, with older flows having enhanced porosity deeper into the rock (Figure
S12). For use in informing reactive transport modeling in the accompanying paper, the
porosity of unweathered corestone varied from 0.1 % to 1.03 % with an average value of
0.7%. While these values seem low, the technique used here does not measure
macroporosity and the value of 0.7% is within range for basalts as measured by others
(see Table 9 of accompanying paper ). Average porosities of weathered material (surface

to 100 um deep) ranged from 0.6 - 7.5% with an overall average of 3.8%

Reactive transport modeling performed in the accompanying paper requires
specific surface areas as mineral dissolution rates are normalized to surface areas. To

estimate surface area for this study, grain size measurements taken from COTM Kimama
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lava flow thin sections were used to derive grain diameters for the minerals ilmenite,
plagioclase, pyroxene, and the primary phosphate mineral fluorapatite. To do this we
measured both long and short axes of mineral grains and used them to determine an
average geometric diameter (Table S8). These geometric diameters were then used with
roughness values from the literature to estimate BET surface area, and estimate total
reactive surface area to derive specific surface areas (SSA) for use in modeling. Because
Kimama does not contain appreciable pyroxene, we assumed pyroxene grain diameters to
be similar to plagioclase, and we assumed that the merrillite and chlorapatite grain sizes
would be similar to fluorapatite.
Summary

Despite variations in texture, a correlation between age and depth of weathering-
produced porosity in COTM flows is apparent. However, no correlation between age and
weathering rind thickness could be confirmed. Secondary phosphate minerals were
located in samples but were rare and not a significant phase. Porosity in unweathered
corestone (excluding macro porosity) measured in this work is within the range observed
in other basalts. With the exception of the glassy matrix of some samples, no preferred

mineral dissolution was observed.
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Table S8. Long and short axis measurements and averaged diameter of grain in Kimama thin sections (um). Values were used to obtain

geometric surface areas for modeling.

Plagioclase limenite Fluorapatite Enstatite
X y ave X y ave X y ave X y ave
148 123 135.5 172 60 116 20 20 20 114 60 87
132 60 96 73 56 64.5 23 17 20 60 45 52.5
321 99 210 90 50 70 80 30 55 60 40 50
200 60 130 72 30 51 84 46 65 84 48 66
204 50 127 60 60 60 30 25 27.5 108 75 91.5
273 64 168.5 35 35 35 30 22 26 50 50 50
500 82 291 87 78 82.5 48 33 40.5 164 91 127.5
400 100 250 84 40 62 40 29 345 136 105 120.5
400 135 267.5 51 35 43 37 23 30 60 52 56
188 30 109 42 24 33 51 24 37.5 90 54 72
Ave. Diameter (um) 178.45 61.7 35.6 77.3
Radius (um) 89.225 30.85 17.8 38.65
Radius (m) 8.92E-05 3.09E-05 1.78E-05 3.87E-05

so[qe], Areyuowd[ddng



Table S9. Depth of Merrillite front, Chlorapatite front, and the distance between them

Initial Merrillite  Chlorapatite Distance
pH Front Front between
fronts
4 1775 2275 500
5 1475 2075 600
6 1175 1875 700
7 825 1475 650

Depths are in micrometers. Data is from models run for 100,000 years of rock water interaction. Distance
was measured from the deepest point of the merrillite dissolution front to the deepest point of the
chlorapatite dissolution front.
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Supplementary Figures
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Figure S5. General location of Craters of the Moon National Monument within the state of Idaho
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Figure S7. Example of image analysis of cross-section mosaics of COTM samples. This sample was from the Kimama flow.
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Figure S8. BSE images of textures typical of the six flows sampled. A) Blue Dragon, B) Minidoka, C)
Lava Point, D) Prong Horn, E) Sunset, F) Kimama
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Figure S9. Blue Dragon (1670 bp). Note apparent alteration rind into glassy matrix. Sample BDIBCTA.
Scale Bar 50pm

187



Al

L kAt Far m

= Ay

Figure S10. EDS X-ray map of secondary phosphate mineral in Blue Dragon (same location as
Figure S9). Note P bearing phase in lower left of P map which has no Ca bearing counter part but does
appear to have Fe.
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Figure S11. Fluorapatite grains like this one in Kimama appear in some cases to be dissolving
fluorapatite, but may also be skeletal with glassy matrix dissolving from within.
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Figure S12. Plot of estimated depth of weathering induced porosity versus time.
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Figure S13. Example of output model profile. Plot shows % mineral volume with depth from the
surface of a modeled rock to the interior. Colored lines represents mineral concentration in the rocks as %
volume. Dashed line at top represent original surface of modeled rock. Curves in lines are mineral
dissolution fronts. At depths above the curves, the mineral has dissolved and the % mineral volume in the
rock has decreased. Below the curves the minerals are undissolved and the % mineral volume is that of the
parent rock.
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Figure S14. The effects of +/-2 orders of magnitude change in merrillite solubility (pH 6, 100,000
years model time). 1) Merrillite solubility suppressed by 2 orders shows a slightly shallower dissolution
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Figure S15. NASA image PIA07191: Spirit view of 'Wishstone' (False Color). Image shows RAT scar
on rock. Wishstone has the appearance of rounded edges and evidence of facets that indicate physical
erosion has occurred. Image credit: NASA/JPL/Cornell
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Figure S16. Data from MER Product 2N 156291204 EFF A0 00 P0665 R0 M1. Wishstone appears in
the central left and exhibits streaking that developed post RAT operations. Image credit:

NASA/JPL/Cornell/USGS
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Figure S20. Modeled dissolution profiles and Al t plots for chlorapatite + merrillite models at pH 2-8.
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APPENDIX IV ADDITIONAL SUPPLEMENTARY DATA
This fourth appendix contains data in addition to that associated with the chapter

manuscripts.

Though MER Spirit carried and extensive science package capable of chemical
and some mineralogical analysis, the unusual chemistry of Wishstone class rocks
combined with the fact that they are float rocks has made mineralogical and petrogenetic
determinations challenging. Table S10 is a compilation of the many Mars Wishstone
rock class mineralogy estimates made based on differing assumptions and data set
combinations. The broad range of mineral compositions is both an indicator of the
uncertainty in the rock class mineralogy and its petrogenesis, and the interest in the
somewhat chemically unusual Wishstone class rocks.

Though the high-P content in Wishstone class is unusual, high-P rocks do exist on
Earth and the high-P basalt flows of Craters of the Moon national Monument (COTM)
are among the rocks suggested as possible analogs for Wishstone class rock (Usui et al.,
2008). Elisabeth Hausrath collected a number of samples from COTM from select lava
flows and the author had a total of 15 thin sections of these samples, or sub-samples
previously epoxy mounted, from six different lava flows prepared (Table S11). Thin
sections were investigated by SEM to help inform modeling of Wishstone class rocks,
and likely more than 1000 images were acquired. The images that follow (and occasional
EDS spectra) in this appendix were selected from the total catalog of images to document
interesting trends that may be helpful to the interpretation of phosphate mobility in arid

environments.
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Table $10. Mineralogy calculations of Wishstone Class rocks from various studies.

Ming et al. Oct.
2005 McSween McSween et
Ming et Ming et Ming et al. "Wishstone McSween McSween Ruff et al. Hurowitz etal. May al. May 2008
Mineral al. Oct. al. Oct. Oct. 2005 Class" et al. Sept et al. Sept. Dec. 2006 etal. 2008 Wish. -Cha\r/n
2005 2005 Champ. combined 6‘Wisph W 2006 Mini-TES Dec. cIPW o s Op./CI
Wish.®  Champ.? RAT2 APSX, : Champ.? Data® 2006* S0,/Cl >
e corr.
Mossbauer, corr.
Mini-TES®
Feldspars 57.23 57.67 57.57 52 56.7 56.7 55 51.4 55.7 56.1
Albite 43.31 43.76 43.65 42.9 42.9 379 42.1 42.5
Anorthite 10.43 10.71 10.72 10.4 10.6 55 10.4 10.2 10.5
Orthoclase 3.49 3.2 3.2 34 3.2 3.1 34 31
llimenite 5.06 5.82 5.76 1 5.0 5.7 5.6 4.9 5.6
Tio2 1
Corundum 2.52 2.22 2.22 2.4 2.2 3.1 2.4 2.1
Quartz 0.5 3.4 0.4
Magnetite 1.15 1.24 1.24 1 7.6 9.2 7.8 7.5 9.1
Hypersthene
(OPX) 5.08 3.66 3.78 12 135 13.0 134 13.7 13.0
Enstatite 9.7 9.9
Ferrosilite 4.0 3.1
Merrillite
Apatite 12.35 12.03 11.98 11 12.5 12.1 10 11.7 12.3 12.0
Olivine* 16.59 17.36 17.45 6 1.9 0.0 15 0 1.5
Basalt Glass 10
Secondary
Minerals 14 10 2.5
Totals 99.98 100 100 98 99.6 99.4 100.0 98.9 98.0 98.3
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Table $10. Continued

McSween et  McSween et Usui et
McSween McSween et al. Sept. Usui et al. Usui et al. Usui et al. . Smith, Smith,
etal. May al.May200s _2F May o al.-May2008  ,,00 Sept.2008  Sept.2008  Sept.2008 o™ 014, 2014,
Mineral 2008 Wish. Champ. 2008 Wish. Champ. Wish. Extrapolated Champ. Extrapolated 20.14' Champ. Champ.
MgSO,/Na MgsO,/Nacl ~ C'PWand CIPWand o of  Wish. (50, CIPWof  Champ.(s0; VSN parq RAT2
Cl corr.® corr.’ recalculatecg recalculatecel APXS removed)’ APXS data’ removed)’ mode mode® mode®
Mossbauer Mossbauer f
data
Feldspars 53.4 51.5 55.7 56.1 63.4 57 63.3 53.1 60.5 60.9 60.8
Albite 39.7 37.9 43.1 41 43.4 37.5 46.4 46.7 46.7
Anorthite 10.3 10.5 16.8 12.4 16.7 12.3 10.6 10.9 10.8
Orthoclase 3.4 3.1 3.5 3.6 3.2 3.3 3.5 3.3 3.3
llimenite 4.9 5.6 1.9 1.4 5 5.9 5.8 6.3 3.7 4.3 43
Tio2
Corundum 2.9 3.0 0.2 1.2 0.7 2.8 2.5 2.5
Quartz 2.8 5.1 1.6
Magnetite 7.5 9.1 1.7 1.3 7.7 7.5 9.3 9.1 4.4 4.9 4.6
Hypersthene
(OPX) 13.1 10.5 17.0 19.3 5.1 6.7 6.2 7 11.9 12.2 12.4
Enstatite 8.4 7.4
Ferrosilite 4.7 3.1
Merrillite 11.4 17.6 11.1 22.1
Apatite 12.3 12.0 12.3 12.0 11.2 11 11
Olivine* 7.6 7.0 7.3 4 4.2 5.5 4.1 4.2
Basalt Glass
Secondary
Minerals 3.9 2.9
Totals 96.9 96.8 100.1 100.0 100.1 99.9 99.9 99.9 100 99.9 99.8

“Ming et al., 2006, "McSween et al., 2006, ‘Ruff et al., 2006, "Hurowitz et al., 2006 *“McSween et al., 2008, "Usui et al., 2008, °Eugene Smith, 2014, unpublished
data calculated using methods after Irvine and Baragar, 1971.



Table S11. Thin section descriptions.

Sample Flow

ID Description Age
BD1ACTA Blue Dragon from hand sample 1,670
BD1BCTA Blue Dragon from hand sample 1,670
BD1CCTA Blue Dragon from hand sample 1,670
M2CTA Minidoka from hand sample 3,590
M3CTA Minidoka from hand sample 3,590
LP2CTA Lava Point from hand sample 7,840
LP3CTA Lava Point from hand sample 7,840
P331JC Pronghorn from Jason Cornell epoxy mount 10,240
P42JC Pronghorn from Jason Cornell epoxy mount 10,240
PAACTA Prong horn from hand sample 10,240
PABCTA Prong horn from hand sample 10,240
LC12CTA  Sunset from hand sample 12,010
LC31JC Sunset from Jason Cornell epoxy mount 12,010
K24JC Kimama from Jason Cornell epoxy mount 15,100
K31JC Kimama from Jason Cornell epoxy mount 15,100
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Supplementary Figures

f

Figure S21. Blue D‘;agon BD1ACTA weathered edge with a fracture. Scale 100um
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Figure S22. Blue Drag:;n sample BD1IACTA. An apatite sits inside the inclusion of the olivine in the
low-center of the image. Scale 60um.
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Figure S23. Blue Drag.("m sample BD1IACTA fracture. This is a fracture that shows some weathering.
Note the dissolution texture of the apatite above the fracture and the apatite on the fracture edge showing
little sign of weathering. Scale 60um.
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Figure S24. Blue Drﬁgon sample BD1IACTA dark rim. Dark Rim is Si/Al material similar to the glassy
matrix but depleted in Ca and Fe compared to interior material. Could this be the “Blue” of Blue Dragon?
Scale 90um. The dark "smudges" are contamination of the sample and are not part it.
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Figure S25. Blue Dragon sample BD1ACTA dark rim. Dark rim is Si/Al material (glass maybe) but
depleted in Ca and Fe compared to interior material. Not eroded rind cross cutting olivine. There are
secondary phosphates here P/Fe (in rind). What looks like carbonate is the dark rind forming under the
rim (under the plag). Scale SOum.
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Figure S26. Blue Dragon sample BD1IACTA and EDS. Image, EDS analysis location, and EDS spectra
indicating Secondary Phosphates in “pyroxenish” material
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Figure S27. Minidoka Sample M2CTA. Weathering rind, note the cross-cutting. These rinds were
discontinuous in samples and varied from 40-100 microns when present. Scale: 90um.

209



-

strum 158

! 100 ! Electron Image 1
=i 'R
c .
i 7
%
T T L] T T T ¥ T ¥ T ] [
0 z 1 1 g 10 1z 14 18 18 20
IFull Scale 858 cis Curscr 0.000 e

Figure S28. Minidoka Sample M2CTA and EDS. Possible secondary phosphate. This type of texture
was rare in the Minidoka samples
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Figure S29. Minidoka Sample M2CTA edge. Note alteation rim on edg.

211



. .
Z2Z/5EP# 11

Figure S30. Minidoka sample M2CTA edge. Alteration on exposed edge of sample.
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Figure S31. Minidoka sample M2CTA. More alteration textures
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Figure S32. Minidoka sample A alteration. Alteration textures are on exposed surface.
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Figure S33. La
dissolution
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the interior of the sample.
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Figure S35. Lava Point sample LP3CTA. Possible alteration rind on exposed egde of sample, however,
these same texture could also be surface deposits. Scale: 100um
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Fiur S37. Pronghorn sample P31JC. Possible dissolution textures and increased prosity in the interior
of the sample, but also either an alteration rind or a deposit on the original sample surface.
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Figure S38. Pronghorn sample P42JC. Fluorapatites (large medium grey grains) near original exposed
surface of sample. Long grain in the right of image is a fluorapatite grain with the long C axis near parallel
to the thinsectrion surface.
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Figure $39. Pronghorn sample P4ACTA. Fluoraatites (medium grey grains) near an altereation rind.
Note the dissolutoin texture of the interior of the sample.
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Figure S40. Pronghorn sample P4ACTA and EDS. Image and EDS analysis of rim around porosity.
Analysis shows phosphorus.
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Figure S41. Pronghorn sample P4AACTA dissolution. Dissolution textures near original surface of
sample. Not the apatite in the upper center of image (large medium grey grain) which show little sign of
dissolution.
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igure S42. Sunset sample LC12 JC. Possible alteration rind or surface deposit.
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Figure S43. Kimama sample K24JC. Dissolution textures in interior and possible alteration rind or
deposit on original mineral surface.
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Figure S44. Kimama sample K31JC. Relic Apatite, or more likely skeletal texture.
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Figure S45. Kimama sample K31JC. Nearly pristine apatite sitting in dissolved matrix zone.

227



Figure S46. Kimama sample K31JC surface. This is most likely a surface deposit (right side of image)
rather than the product of alteration or weathering.
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