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Abstract of the Dissertation
Solid-State NMR Spectroscopic Investigation of Structural and Chemical Defects

in Minerals
by
Harris Edward Mason
Doctor of Philosophy
in

Geosciences

Stony Brook University

2009

In the laboratory the chemical and structural composition minerals can often be
carefully controlled. In nature, minerals can incorporate chemical and structural defects
which do not affect the overall mineralogy. It is these defects which make particular minerals
or mineral groups ideal for usage in a wide variety of geochemical applications. Phosphate
defects in the carbonate minerals calcite and aragonite have been studied for applications in
environmental remediation and for the development of paleorainfall and paleonutrient
proxies. Defect incorporation in minerals of the apatite group has implications for the
stability of bones and teeth as well as for using these minerals to remediate heavy metals.

This work focuses on the analysis of mineral defects using solid-state nuclear
magnetic resonance (NMR) spectroscopy. The first studies involve the investigation of
phosphorous (P) incorporation into calcite speleothems and aragonitic deep-sea coral
skeletons as it relates to paleo-proxy development. By tracking P paleo moisture records can
be divined from calcite speleothems and paleo-nutrient record can be obtained from

aragonitic coral skeletons. In both cases *'P NMR spectroscopic results indicate the majority
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of P incorporates as incompatible phosphate defects in the carbonate mineral lattice, but
associated crystalline calcium phosphate phases are seen in each. These observations have
bearing on the applicability of geochemical models based on incompatible incorporation of
phosphate to the development of these paleo-proxies.

The second set of studies focuses on defect incorporation into the apatite structure.
Carbonate incorporation into hydroxylapatite (HAp), and fluorapatite (FAp) is investigated
and how this relates to their use in remediation stratigies. In HAp the proton bearing defects
and sodium play important roles in accomdating the carbonate defects, but in FAp it is clear
that F has a clearer role. Additionally, the lead containing apatite pyromorphite is also
investigated due to their importance in remediation of Pb contaminated sites. These materials
were studied as a function of Ca incorporation using “’Pb NMR spectroscopic methods and
illustrate some of the limitation of NMR spectroscopy in the study of environmentally

relevant systems.
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I. Introduction

1. Introduction

A mineral is a naturally occurring substance with a definite ordered arrangement of
atoms, and a definite chemical composition. In the laboratory the arrangement of atoms and
the chemical composition of a synthetic mineral can be carefully controlled. In nature,
however, minerals can exhibit complex solid solutions and contain multiple chemical and
structural defects. These properties of minerals can make studies of geochemical processes in
natural systems challenging. It is also these properties that allow minerals to incorporate trace
elements interesting for applications in environmental remediation, paleoclimatology,
medicine, and a wide range of other applications. Therefore, it is important to understand
how minerals incorporate and accommodate trace elements.

Chemical defects, structural defects, and inclusions are relevant to trace element
incorporation and defined as follows for the purpose of this dissertation. A chemical defect
will be defined as a minor or trace occurrence of an element or compound which does not
normally occur in a mineral’s stoichiometric chemical formula. A structural defect is a
localized distortion of the crystal structure due to chemical defect incorporation or vacancy
substitution. This type of structural defect can induce long-range changes in the crystal
structure such as lengthening or contraction of unit cell dimensions without changing the
overall crystal symmetry. This definition excludes macroscopic or long-range structural
defects such as dislocations along crystal lattice planes. An inclusion will be defined as a
macroscopic crystal impurity which occurs as an incongruity within the crystal such as an
apatite grain hosted in feldspar or fluid water inclusion in calcite.

Solid-state nuclear magnetic resonance (NMR) spectroscopy provides a valuable
method for investigating mineral defects present at minor to trace amounts. However, much
of its past application in geosciences has been limited to the investigation of major rock
forming silicates. The potential to expand its use in geosciences is significant. It can be used
in many systems where defect concentrations (1 wt% or less) impede detection with methods
such as X-ray diffraction (XRD) or X-ray adsorption spectroscopy (XAS). XRD provides
long-range structural information and changes in mineral cell parameters as a function of
defect incorporation can be investigated. The local bonding environment surrounding these

defects is difficult to constrain with XRD methods. XAS can be used to provide elementally



specific information on the local environment of defects, but often lacks sensitivity when
observing some light elements such as P or Al. Vibrational spectroscopies such as Raman
and Infrared (IR) spectroscopy can provide information about light element speciation at
lower abundances. However, this technique does not discriminate amongst species or
elements and spectra contain vibrational modes from all species present. The consequence
being that vibrational modes often overlap hiding important spectral features. NMR
spectroscopy is elementally specific, sensitive to light elements ('H being the most NMR
sensitive nucleus), and able to probe atomic structure on the scale of 5 A or less allowing.
These properties illustrate the suitability of NMR spectroscopic methods for defect
characterization.

This dissertation focuses on solid-state NMR spectroscopic analyses of members of
two different mineral groups where the incorporation of minor and trace elements is of
significant geochemical importance. The first portion of the dissertation (Chapters 2 and 3)
focus on the role of phosphate incorporation into the calcium carbonate minerals calcite
(Chapter 2) and aragonite (Chapter 3), and the implications of the incorporated P speciation
have on the development of paleo-rainfall and paleo-nutrient proxies, respectively. The
second portion of the thesis (Chapters 4 — 5) focuses on the apatite group of minerals. Solid-
state NMR is used to investigate how carbonate defects are accommodated in hydroxylapatite
(Chapters 4) and fluorapatite (Chapter 5). Finally, a short concluding chapter (Chapter 6)
focuses on the common role of H-bearing species in balancing the defects investigated in the

prior chapters.

2. Substitutions Important in Representative Low-Temperature Geochemical
Systems
2.1 Chemical Defects in Calcium Carbonate
2.1.1. Crystal Structures and Stability of Calcite and Aragonite
Calcite and aragonite are the two most common polymorphs of calcium carbonate.
Calcite crystallizes in the rhombohedral space group, R 3 ¢ (Figure 1.1). The structure is

relatively simple with six-coordinate Ca ions occupying the octahedral sites in a face

centered cubic lattice of carbonate carbons. The cubic symmetry is broken by the three-fold



rotation of the carbonate oxygens about the carbon in alternating layers. Aragonite
crystallizes in the orthorhombic space group Pmcn (Figure 1.2). Ca in this structure is in a 9
coordinate configuration, and the carbonate oxygens are bonded to three Ca instead of two as
in the calcite structure. The larger cation site of the aragonite structure allows for the easier
incorporation of larger cations such as Sr, Ba, and Pb. The thermodynamically stable forms
at standard temperature and pressure (25 °C, 1 atm) of SrCO;, BaCO;, and PbCO;
(strontianite, witherite, and cerussite, respectively) all have the aragonite structure whereas
the thermodynamically stable forms of smaller cation carbonates such as MgCO;, ZnCOs,
and CdCO; (magnesite, smithsonite, and otavite, respectively) all have the calcite structure.
Calcite is the thermodynamically stable phase of CaCOs; at ambient surface
temperatures and pressure, while aragonite is metastable. Aragonite can be precipitated from
supersaturated Ca*"/COs”> solutions at higher temperatures (~60° to 100° C) and pure calcite
can be transformed to aragonite at high pressures [1]. Other methods can be used to stabilize
aragonite. In supersaturated solutions at ambient conditions (1 atm, 25° C), accessory cations
such as Mg can be used to favor precipitation of aragonite over calcite [1]. Mg poisons the
growth of calcite crystals and aragonite, which crystallizes more rapidly than calcite, will

preferentially precipitate.

2.1.2 Trace Element Modeling in Calcium Carbonate

Trace element incorporation into calcium carbonate can occur through various
processes, but in this dissertation coprecipitation, and surface precipitation will be considered.
Coprecipitation of a trace element occurs when the trace element incorporates simultaneously
with mineral precipitation. During coprecipitation, the trace element can congruently
substitute for a structural component of the crystal structure, or incongruently as a chemical
defect. In either case, the trace element does not form a separate crystalline phase. Surface
precipitation is the process of a trace element forming a separate crystalline phase from that
of the matrix mineral. A surface precipitate can be encased within the growing matrix crystal,
but still retain a different mineralogy and crystal chemistry from the matrix. These processes
can occur separately or in tandem during growth of the matrix crystal. Geochemical methods
utilized to measure trace element concentrations in carbonates such as secondary ion mass

spectrometry (SIMS) or lasar ablation inductively coupled mass spectrometry (LA-ICPMS)



provide only concentration, but cannot differentiate between these two modes of trace
element incorporation.

Traditional models of trace element incorporation typically assumed a simple
relationship between the concentration of trace elements in solution and that of the bulk
crystal. In equilibrium the incorporation of a trace element can be described using a

distribution coefficient defined as:

K,=- (1)

where K, is the distribution coefficient of the trace element, ¢, is the trace element
concentration in the solid, and c¢,, is the trace element concentration in the solution [2]. If the
distribution coefficient for the system is known then the concentration of the trace element in
the solid can be related directly back to its solution concentration. However, this simple
model does not account for differences in K, due to kinetic effects and numerous additional
models for deriving this value for carbonates have been proposed [3].

Kinetic effects on apparent K, values could be taken into account by applying models
that explicitly consider the effects of surface adsorption, such as Watson [4]. In this model
differences in the surface structure, chemistry, and trace element transport mechanisms of the
host crystal with respect to the bulk are taken into consideration. The surface can have a
different structure from that of the bulk, significantly affecting the surface absorption
properties. The concentration of a trace element in solution and in the surface layer may also
vary with respect to distance from the point at which the host crystal adopts the bulk structure
and the concentration at any point can be related back to the equilibrium solution
concentration through the equation:

c, =c, FD (2)
where ¢, is the trace element concentration in solution at a distance x from the surface, ¢, is
the equilibrium trace element concentration (assumed to be at an infinite distance from the
surface), F' is a partition coeffficent, and / is the length of the distinct surface layer. In this
model trace elements absorbed and transported within the surface layer can diffuse to the
bulk structure as the crystal grows.

The above models can explain coprecipitation of trace elements, but they cannot be

applied to surface precipitate formation. It is difficult to constrain the amount of a trace



element contained in a surface precipitate. The formation of surface precipitates depends
upon nucleation and crystal growth rates which involve high kinetic barriers. The processes
of coprecipitation can also occur simultaneously with surface precipitation removing trace
elements from the solution. Since there is not way to differentiate between the two with bulk
geochemical methods, most studies of trace element incorporation in carbonate assume that
unless surface precipitate formation is blatantly present that it does not occur. This
assumption may not hold in all cases and methods for differentiating between coprecipitated

trace elements and surface precipitates must be developed.

2.1.3 Occurence of Phosphate in Calcium Carbonate

Various trace elements such as Ba, Sr, Mg, S, or P can occur in natural calcites and
aragonites and have been studied for potential use as paleo-indicator proxies. Recent interest
in the calcite/phosphate and aragonite/phosphate systems has been sparked by the potential of
phosphorus contained in calcite speleothems [5-9] and aragonitic coral skeletons [10-12] to
be used as paleo-rainfall and paleo-nutrient proxies. The tracing of annual growth bands
define the growth rates of these samples, and the abundances of trace elements have been
shown to track as a function of environmental indicators such as temperature, or pH. LA-
ICPMS and SIMS can be used to measure variations in P-content of speleothems and corals
in the 10 to 100 ppm range with micron to submicron resolution and correlated with time [5-
7,13, 14].

Phosphate interactions with calcite and aragonite have been extensively studied due
to the role of excess-P in fresh and ocean water eutrophication. Since P is a limiting nutrient,
an explosion in the growth of algae and other microorganisms occurs in the presence of
excess levels of P leading to the depletion of oxygen from surface waters. With this problem
as their focus, numerous geochemical studies have focused on the macroscopic uptake of
phosphate by calcite and aragonite. These studies have all observed that phosphate retards the
growth of calcite and aragonite [15-20]. The variation of adsorption and coprecipitation rates
of phosphate with calcite and aragonite is known, and various geochemical models have been
proposed that predict the P speciation in these systems [15, 20-22]. However, few studies
have directly measured in what forms the P is present. Hinedi et al. [23] investigated the

speciation of P sorped onto calcite samples using solid-state nuclear magnetic resonance



(NMR) techniques. The majority of P was present as phosphate incorporated in the calcite
structure at low P loadings (0.002 to 1.0 P nm™). The crystalline calcium phosphate phase
brushite (CaHPO, * 2H,0) was able to form at slightly higher P loadings (1.9 to 3.5 P nm™).
Surface precipitates can and do form under certain conditions. For example, epitaxial

precipitation of hydroxylapatite on calcite has been observed [24].

2.2. Defects and Solid Solution in Apatite Family Minerals
2.2.1. The Apatite Structure

The apatite family of minerals is characterized by a common topology
accommodating a variety of both anionic and cationic defects, and allowing for extensive
solid solution. The space groups adopted by minerals with the apatite structure can vary
depending on the substitutions involved but the majority have the hexagonal P6s/m space
group and can be described by the general chemical formula As(BO4);X. A is typically a
divalent cation (eg, Ca2+, Pb2+, Cd2+), BO; is a trivalent oxyanion (eg. PO43', AsO43', VO43'),
and X is monovalent anion (F°, CI', OH"). A structural representation of the apatite structure
is shown in Figure 1.3. The main characteristic of the apatite structure is a large channel
occupied by the X anions parallel to the c-axis. In fluorapatite, this site is fully occupied by F
at the (0, 0, 0) position In hydroxylapatite and chlorapatite, this site is split, half-occupied by
OH or CI (for hydroxylapatite or chlorapatite, respectively), and slightly displaced above or
below the (0, 0, 0) position. The apatite structure contains two A sites in a 2:3 ratio denoted
Al and A2 respectively. The A2 sites are arranged in alternating trigonal planes surrounding
the X anion and can be 7- or 8-coordinate, bonding to 6 oxyanion oxygens and either one or
two X anions in a distorted polyhedron. The A1 site lies in the middle of two alternating
triangular arrangements of BO4 tetrahedra and is 9-coordinate, bonding to 6 closest oxygens
in a twisted trigonal prism and three further removed equatorial oxygens. The apatite
structure is flexible and can adapt to accommodate cations and anions of varying charge and
size to substitute. This property makes members of the apatite family good candidates for use
in remediation strategies where they can incorporate metal cations such as Zn*", Cd*", or Pb*"

and polyatomic anions such as AsO43', CrO43', or VO43'.

2.2.2. Carbonate-rich Apatite



Carbonate substitution is one of the most commonly studied anionic substitutions in
apatite. Carbonate-rich apatites are important in a wide range of fields including medicine,
dentistry, materials science, and geology. Carbonate apatites containing to 6 wt% carbonate
are the major mineral component in bones and teeth, and carbonate fluorapatites are
important for the geochemical cycling of P in marine sediments [25-27]. The carbonate
content also affects reactivity and solubility when apatite is applied in remediation schemes.
Since the incorporation of carbonate into apatite invokes charge and structural imbalances it
is important to understand how carbonate substitution can be accommodated by the apatite
structure.

There are two sites in which carbonate substitutes into the apatite structure, denoted
as A and B type substitutions. Apatites can contain pure A-type, pure B-type or mixed AB-
type substitutions. In A-type substitutions, carbonate substitutes for hydroxyl, or fluorine
channel ions creating carbonate hydroxylapatite (CHAp) and carbonate fluorapatite (CFAp),
respectively. XRD and polarized IR studies have shown that A-type carbonate orients with its
plane parallel to the c-axis [28-32]. A secondary A-type substitution denoted A2-type
substitution has been reported for Na-free CHAp synthesized at high temperature and
pressure. In this mineral, the carbonate occupies a “stuffed” channel position where the
carbonate lies closer to the edges of the apatite channel [29]. B-type substitution occurs when
the carbonate replaces phosphate in the structure. In this substitution the carbonate orients
with its plane slightly sub-parallel to one of the faces of the missing phosphate tetrahedron
[28, 33]. Recently, an additional B-type substitution denoted “B2-type” has been observed in
IR spectra of CFAp [34], but the structural role of this substitution has not been determined.

Additional substitutions and vacancies may balance both charge and structural defects
in carbonate bearing apatites. In CFAp, the amount of Na, Mg, Sr, and other monovalent or
divalent cations substituting for Ca provides insight into the diagenetic history of a sample
[25, 27]. Substitution of monovalent cations such as Na" or Ca vacancies have been proposed
as methods of correcting charge imbalances from carbonate substitution [35-37]. Fleet and
Liu suggested that AB-type substitution can occur where carbonate substitutes into adjacent
A and B sites coupled with a Na" substitution [35]. The incorporation of F in excess of one
per formula unit (pfu) in CFAp directly correlates with B-type carbonate content. This

observation led to the proposal of a tetrahedral COsF>" complex as the substituting species,



however, direct evidence is lacking. Since all these additional substitutions may be present in
carbonate-rich apatites, complete understanding of carbonate substitution must include an

understanding of the role of these contaminant defects.

3. Solid-State NMR Spectroscopic Methods

3.1. Basic Principles of NMR Spectroscopy

When a nucleus with a non-zero nuclear spin is placed in a static magnetic field (B,
in practice the field generated by the superconducting magnet), the energy levels between
spin states are split (Figure 1.4). For spin 'z nuclei, the splitting results in energy levels +)2
and -%. The difference in energy between these levels is:

AE = yhB, ’ 3)

where v is a property of the nucleus called the gyromagnetic ratio measured in rads'T™, h is
Planck’s constant divided by 2w, and By is the static magnetic field in T. Using the Bohr
relation:

AE=hv=ho, 4)
combined with Equation 3 the equation defining the Larmor frequency (typically in the radio
frequency (rf; MHz) range) can be derived.

w, = B, (5)
The nuclei in the full system at equilibrium distribute between these levels based on the
Boltzmann distribution. For example, consider a system where there is 1 mol of 'H present.
Using the high temperature approximation of the Boltzmann distribution the difference in
population is:
hyB,

AN=N,, ,
2k, T

(6)

where AN is the population difference in energy levels (AN = Nyigh - Niow), Nior 18 the total
population, k5 is the Boltzmann constant, and 7 is the temperature in Kelvin. The difference
in "H populations is only 47 umol at room temperature (25° C). Since the magnitude of this
difference determines the sensitivity of the NMR experiment, the NMR experiment is much

less sensitive than other spectroscopies.



When describing NMR spectroscopic experiments, the frame of reference of the
physical descriptions is important. The molecular frame is simply any axis system based on
the physical characteristics of the material being studied. A representative molecular frame
could be based on the unit cell axes, an apex of a coordination polyhedra or an internuclear
vector. In the laboratory frame (Figure 1.5A) the z-axis is parallel to By. In this frame,
individual spins precess about By at the Larmor frequency but with variable magnetic
moment orientations in the plane perpendicular to the z-axis (xy-plane). The net magnetic
moment of all the spins is defined as My, and at equilibrium M, will be the same as the
magnetization along the z-axis (M;). When performing an NMR experiment, rf pulses (B; in
Figure 1.5) at or near the Larmor frequency are applied to the system. In the laboratory frame,
these pulses rotate at the Larmor frequency. A rotating frame (Figure 1.5B) can be defined

where the xy-plane rotates at the Larmor frequency, making B; appear static in this frame.

3.2. Single Pulse NMR

The fundamentals of NMR signal origination and observation can be understood by
analyzing the basic single pulse (SP) NMR experiment. The sequence of applied rf pulses
(pulse sequence) for the SP NMR experiment is presented in Figure 1.6. As the name implies,
the most basic SP NMR experiment consists of a single short polarized rf pulse tuned to the
Larmor frequency of the nucleus under observation. In the rotating frame, the applied pulse
(denoted B;) is static and can be administered along either axis in the xy-plane. This pulse

causes My to precess in the plane perpendicular to B, at the angular frequency:

o, =B, (7)
If the following condition is met:
T
- tp = E , (8)

where ¢, 1s the length of the applied pulse in ps at the end of the pulse My = My and the
applied pulse is called a “90° pulse.” Similarly, if the pulse is applied such that the solution
to Equation 9 equals = this pulse is called a “180° pulse” and M, will reside along —z. After
the “90° pulse” is turned off the individual magnetic moments (the sum of which is equal to
M) will dephase in the xy-plane such that their sum (My) decays with the characteristic

relaxation time T,. Concurrently the magnetization will return to its equilibrium position



along the z-axis with the characteristic relaxation time T;. The precession of the transverse
magnetization induces an oscillating current in a wire coil recorded as a function of decay
time called a Free Induction Decay (FID). The FID is converted to a frequency spectrum by
Fourier Transformation. This experiment is repeated and the signals co-added to improve the
signal to noise ratio. In solid-state NMR the time needed to wait between additional

experiments (pulse delay) is dependent upon T; and the length of the pulse applied.

3.3. The Chemical Shift

The most important interaction measured in the single pulse experiment is the NMR
chemical shift. If an isolated nucleus is excited by an rf pulse, it will produce a signal which
resonates at its Larmor frequency. However, nuclei are never isolated but surrounded by
electrons, some of which interact with other electrons and neighboring atoms to form atomic
bonds shielding the nuclei and changing the NMR frequency. The resulting shift in frequency

away from the Larmor frequency called the chemical shift (8) is defined as:

5=t ©)

where vops 1S the measured frequency of the peak, vy is the Larmor frequency. The chemical
shift is defined as the frequency shift of a peak with respect to a reference compound. Since
the shift is typically very small, it is measured in parts per million frequency (ppm) because
of the relationship in Equation 11.

(v, —v,)x B, (10)
For example, >'P NMR uses 85% H3;PO4(aq) as a reference compound by assigning the single
peak in its spectrum a chemical shift of 0 ppm. A *'P spectrum of HAp will contain a single
peak at the chemical shift of 2.65 ppm from 85% H3;PO4. A sample where the chemical shift

is known (such as HAp) can be used as a secondary chemical shift reference.

3.4 Magic Angle Spinning
The NMR spectrum of a solution typically contains sharp peaks located at the
chemical shifts defined by the characteristic bonding environment of that molecule. In a

solution, the free rotation of the molecule averages out interactions such as dipole - dipole

10



coupling. In a solid, no such motional averaging typically occurs. The participation of
valence electrons in bonding distorts the electron current density around the nucleus.
Depending on the orientation of a bond with regard to By, the chemical shift can vary
significantly in frequency. This variation with bond orientation is referred to as chemical
shift anisotropy (CSA) and is described mathematically by a second rank tensor.
Measurements of the principle vectors of the CSA can be performed on single crystals using
a goniometer probe. In powders all possible orientations of a given bond with respect to By
may be present. The resulting spectrum of a powdered sample is a sum of the spectra arising
from all possible crystallite orientations weighted according to the probability of their
occurrence. The main tool used to provide higher resolution to solid-state NMR spectroscopy
is magic-angle spinning (MAS). MAS is the technique where powdered samples are spun
about an axis inclined 54.74° to B, during the acquisition of NMR spectra since it is the
solution to the equation:

3cos’(@)-1=0 (11)
Many NMR interactions such as dipole coupling have a 3cos*(0)-1 dependence so MAS
averages 0 to 54.74° over a rotor period for any crystallite orientation. If the frequency of
spinning is large compared to the CSA, the powder pattern is broken into sharp peaks spaced
at the spinning frequency, and the lineshape appears more solution-like. The main peak is
then located at the average trace value of the CSA tensor, and defined as the isotropic
chemical shift. The isotropic peak can alternately be named the centerband and can be easily
differentiated from the other peaks (spinning sidebands) since it will not change its position

with changes in spinning rate.

3.5. Dipole Coupling in Solids
The detection of dipole — dipole coupling allows direct measurement of spatial
proximity between NMR active nuclei. Dipole coupling arises from the interaction of two
NMR-active nuclei in a static magnetic field (Figure 1.7). In this case, the total magnetic
field (B(/)) experienced by the / nucleus is:
B(I)=B, +B,, (12)
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where By is the static magnetic field and By is the local magnetic field created by the S
nucleus. If the magnitude of By changes from +Bp to —B;, this change affects the total
magnetic field experienced by 1. The strength of By is given by:

B, ~+D(3cos* 0 -1), (13)
where D is the dipole coupling constant and 6 is the angle between B, and the internuclear
vector between / and S.

The total dipole coupling of the spin system (all NMR active nuclei being observed in
the system i.e. all 'H, all *'P, or both) is broken into the coupling between nuclei of the same
type (homonuclear dipole coupling) and the coupling between nuclei of differing types
(heteronuclear dipole coupling). Since the NMR experiments discussed in the following
sections rely on the interactions between two unlike nuclei, heteronuclear dipole coupling
will be discussed. When the first-order approximations of the heteronuclear dipole coupling
spin Hamiltonian are derived a coefficient called the dipole couple constant (D) is defined as
the following:

h

D= ﬁﬁ—f (14)
where y; and ys are the gyromagnetic ratios of the / and S nuclei, yy is the magnetic
permeability of free space, and r is the / — § internuclear distance. D determines the strength
of the heteronuclear dipole coupling between two spins and depends directly on 7, providing
the structural information sought in the following chapters. The magnitude of D also
depends upon the two nuclei under consideration. For example, consider a PO, defect
substituting into the calcite at the COs site. The nearest °C to *'P would be approximately 4
A and produce a *'P — "°C dipole coupling (Dcp) of 1.2 kHz. A *'P — 'H spin pair located at
the same internuclear distance will experience a 4.8 kHz dipole coupling, and a °C — '°N
spin pair will experience a 0.2 kHz dipole coupling. Dipole correlations between heteronuclei

not only depend upon the internuclear distances, but also on the two nuclei of interest.

3.6. NMR Methods for Measuring Dipole Coupling

As mentioned previously, most modern solid-state NMR spectroscopic experiments
employ MAS as a means to achieve better spectral resolution. The process of motional

averaging employed by MAS also averages out other NMR interactions, like dipole coupling.

12



Since dipole coupling provides the most direct distance information in a solid-state NMR
experiment, methods have been determined which can measure dipole coupling while still

benefiting from enhanced MAS resolution.

3.6.1. Cross Polarization

One method of exploiting the dipole coupling between heteronuclei is the cross
polarization (CP) experiment. The CP/MAS NMR pulse sequence is shown in Figure 1.8.
The experiment proceeds by applying a 90° excitation pulse on the indirect channel (‘H in
Figure 1.8) and afterward applying a simultaneous “spin locking” pulse (also called the
contact pulse) on the directly and indirectly observed channels. This sequence induces
magnetization transfer via dipole coupling between the indirectly observed nuclei and the
directly observed nuclei if their precession rates are equal (yiBi1 = ysBis). The spectrum is
then observed in the direct dimension (*'P in Figure 1.8). The resulting spectrum produced
by the pulse sequence in Figure 1.8 would be of the *'P species associated with 'H in the
sample.

The relative strength of the dipole coupling constant between heteronuclei can be
estimated qualitatively through analysis of the CP kinetics. Varying the length of the “spin
locking” pulse (the contact time, CT) results in distinct peak intensity changes in the CP
spectra (Figure 1.9). The intensity variations can be simulated using various CP kinetics
models [38] where the characteristic intensity build-up and decay are fit. A review of CP
experiment and associated kinetics models can be found in Kolodziejski and Klinowski [38].
While various CP kinetics models can be applied in geochemical systems, the “classical” is

most relevant here. The “classical” model of CP intensity (I) as a function of time (CT) is:

T | [ ol €T | exf €T
I(t)-]o[ _E] {exp[ Tlfgj exp[ Tjsﬂ (15)

where I is the initial intensity, 7;s1s the time constant for the magnetization exchange, and

Tllp is the time constant for / magnetization decay. Relaxation is from the doubly titled

rotating frame, and not longitudinal relaxation. The classical model assumes that the number

of I spins is much greater than the number of S spins and Tli >>T 1s=T1;- While these

assumptions are valid for many geochemical systems, they must be reevaluated for each set
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of experimental conditions. The 7}, decay constants are related to complex couplings

between the / nuclei and the total lattice of nuclear spins. The Tis is related to the dipole
coupling between the 7 and S nuclei.

Under the ideal experimental conditions, 775 can be used to directly estimate
internuclear distances [39]. In a many-spin, rigid system the following relationship can be

observed:

T oMy o 1 (17)

where T, ,;‘ is the CP rate (the inverse of Tis), M; is the second moment of the heteronuclear

dipole coupling, and 7; is the internuclear distance between the ith 7 and S nuclei. However, in
most cases the system or the experimental conditions do not permit direct calculation of
internuclear distances.  Other interactions such as homonuclear spin-spin diffusion,
homonuclear dipole coupling, and molecular scale motions can also complicate the direct use
of measured 7js values. Instead it is often useful to qualitatively compare Tjs values for
multiple peaks to get a sense of the association between the two nuclei in a sample. The
typical trend is the correspondence of short relative Tis values with shorter relative

internuclear distances and vice vesra.

3.5.2. Heteronuclear Correlation

Despite the power of CP to clearly identify the association between two nuclei such
as >'P with 'H, this experiment lacks the ability identify with which "H the *'P is most closely
associated. For example, in the case of brushite (CaHPO, * 2H,0), '"H magnetization can
transfer from either the '"H on HPO, or structural H,O, but the relative contributions at each
contact time are lost in the standard CP/MAS experiment. Since the bonding interactions
involving H may be critical to mineral reactivity and stability, a method for determining
which 'H species is closely associated with the directly detected nucleus is desirable.

The NMR experiment best suited for these types of analyses is heteronuclear
correlation (HetCor) spectroscopy. For the purpose of the following discussion, the indirectly
detected nucleus is 'H and the directly observed nucleus is *'P (other nuclei can be easily
substituted in both discussion and experimentation). The simplest HetCor pulse sequence

(Figure 1.10) is a modification of the CP/MAS pulse sequence with the inclusion of an
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incremented delay ¢/ after the 90° pulse on the 'H channel. Since the 90° pulse moves the 'H
magnetization to the transverse plane the effect of the 7/ delay is to allow the 'H
magnetization to evolve according to the chemical shifts in this plane before the
magnetization is transferred to *'P through the CP contact pulse. The experiment is 2-
dimenisonal in the sense that spectra are collected for a series of 7/ delay times. Time is
encoded in two dimensions, the increment ¢/ and the acquisitions time ¢2. HetCor produces
individual *'P spectra whose intensity modulations with 7/ map FIDs in the 'H dimension at
each subsequent point in the *'P dimension. These FIDs can then be Fourier transformed to
produce 'H spectra that correlate to points in the *'P spectra. The resulting contour plots
show the degree of correlation between 'H and *'P species (Figure 1.11).

Alternately, modifying the HetCor pulse sequence by adding two additional 90°
pulses will increase 'H spin-spin diffusion (Figure 1.12). The addition of a -90° pulse after
the incremented ¢/ period moves the magnetization from the transverse plane back along the
z-axis. The following £, is a set delay period where 'H magnetization diffuses to a bulk 'H
reservoir which may or may not be coupled directly to *'P. The second 90° pulse
immediately before the contact time shifts the magnetization to the transverse plane where it
can then be transferred to *'P during the CP contact pulse. In certain cases, the CP kinetics of
'H species can be affected by magnetization loss from spin-spin diffusion, which can be
detected by this experiment. In the absence of homonuclear 'H decoupling during ¢/, spin
diffusion can occur among 'H, so that cross peaks can be observed not only from the H

directly coupled to P, but from other H in contact by spin diffusion as well.

3.5.3. Rotational Echo Double Resonance

The CP/MAS and HetCor NMR experiments rely upon dipole coupling between the
two nuclei to mediate the transfer of magnetization yielding qualitative proximity
information. However, other influences such as spin-spin diffusion, homonuclear coupling,
and oscillatory or “non-classical” CP kinetics can prevent quantitative derivation of
internuclear distances (except in the case of isolated spin pairs). Therefore, another NMR
tool which relies on the heteronuclear dipole coupling between two heteronuclei, but not

affected by such phenomena is necessary.
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Investigating the close proximity of two heteronuclei and the dipole coupling between
them is possible with the rotational echo double resonance (REDOR) NMR experiment. The
REDOR experiment consists of two separate NMR experiments as showed in Figure 1.13.
The first is a standard spin-echo (a 90° pulse followed by a delay and then a 180° pulse) on
the observe channel (Figure 1.13A). In the second, the same spin-echo is applied on the
observe channel, but a series of 180° pulses are applied on the indirect channel (Figure
1.13B). The sequences are “rotor synchronized” where the time between the 90° and 180°
pulses on the observe channel must be an integer multiple () of the rotor period (tr). This
synchronization is necessary because MAS averages heteronuclear dipole coupling to zero
over the rotor period. The evolution of the local magnetic field at the 'H nucleus arising from
dipole coupling to *'P (BLp) is illustrated in the bottom panel of Figure 1.13A. The field
experienced by the 'H crosses through zero at every half rotor period and returns to zero by
the end of the spin-echo experiment. By placing 180° pulses on the *'P channel at the half
rotor periods (Figure 1.13B), the By u is inverted, and the effect of dipole coupling is
reversed. The disparity in the average local field before and after the 'H 180° pulse results in
incomplete refocusing of the 'H spin-echo (dephasing) and a reduction in signal intensity that
depends on the length of the experiment (dephasing time) and the magnitude of the dipole
coupling.

The REDOR experiment involves the collection of two separate spectra. In the
example presented in Figure 1.13, the first is a 'H spin-echo (Sy) with no pulses applied on
the *'P channel which produces a spectrum where all 'H species are represented. The second
spectrum (S) is the "H{*'P} REDOR spectrum where any 'H peaks associated with *'P are
reduced in intensity. A difference spectrum (Sy-S) shows only the 'H peaks associated with
3lp.

Similar to CP/MAS, a series of REDOR spectral sets can be collected where the
number of rotor periods (dephasing time) is increased or decreased, and the resulting
REDOR fractions ((Sy-S)/S) can be plotted as function of dephasing time. The variation of
the REDOR fraction can be fit using dipole coupling models to derive quantitative
information on internuclear distances. Curves produced by isolated pairs of heteronuclei are
the simplest to fit and interpret. Software packages such as SIMPSON [40] can be used to
simulate and fit REDOR curves. Figure 1.14 shows a typical REDOR dephasing curve
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calculated for a >C — *'P spin pair at an internuclear distance of 4 A. However, systems in
geochemistry often involve dipole interactions between many spin pairs. Data for multiple
spin pairs are easily interpreted if the different pairs have different chemical shifts, but many
sources may contribute to the total dipole coupling of a single peak. Bertmer and Eckert [41]
presented a series of “multi-spin” approximations, which fit the initial increase of the
REDOR curve well and can be used to extract the average dipole coupling for the entire

system.
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4. Summary of the Chapters

This dissertation focuses on systems where minor substitutions in minerals are critical
to the understanding of the underlying geochemistry. Chapters 2 and 3 investigate the
incorporation of phosphate defects into natural and synthetic samples of calcite and aragonite.
In Chapter 2, the incorporation of phosphate in calcite speleothems is studied to examine P
content as a potential paleorainfall proxy [2-4]. An unidentified crystalline calcium
phosphate phase and monetite (CaHPO,) are identified in calcite speleothems as well as
occluded inorganic phosphate defects in calcite. In Chapter 3, deep sea coral skeletal
aragonite P content is investigated. In this system, P content is used in the development of a
paleonutrient proxy for ocean environments [10]. The NMR data show that majority of P is
present as occluded inorganic phosphate in aragonite, but in some samples, crystalline
hydroxylapatite can occur. Both studies explore the implications of the determined speciation
as they relate to the geochemistry of paleorainfall and paleonutrient proxies. Since the
incorporation of crystalline inclusions into these minerals is not well understood, careful
screening of samples before applying these proxies is advocated.

Chapters 4 and 5 examine carbonate-rich apatites to understand the chemical and
structural basis for carbonate accommodation in hydroxylapatite and fluorapatite. Several
compensation schemes have been developed explaining carbonate incorporation in these
systems. In Chapter 4, investigation of CHAp identifies charge and structural compensation
of carbonate ions as coupled A and B-type substitution of hydrogen carbonate ions with Na'.
Chapter 5 investigates a natural CFAp and the different compensation roles of F and H in
carbonate substitution. This study shows that an extra peak occurs in the "°F spectrum, which
is not associated with differences in 'H or *'P dipole coupling, but correlates with the amount
of F in excess of 1 per formula unit. Additionally, structural water is identified and shown to
serve a role in balancing structural defects resulting from carbonate substitution.

Chapter 6 presents a brief summary of the results presented in the previous chapters
and discusses the apparent importance that H-bearing species play in accommodating all the
defect substitutions studied. In the studied systems H-bearing species are all important in the
charge and structural balancing of chemical and structural defects. Using double resonance
NMR spectroscopic techniques yields data on chemical and structural defects in these

systems unobtainable with XRD and vibrational spectroscopic techniques alone. In particular,
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it is shown that double resonance methods are instrumental in identifying the types of
hydrogen environments associated with the defect and the strength of hydrogen bonding.

This dissertation focuses on the application of double resonance solid-state NMR
spectroscopic methods to the study of substitution phenomena in minerals. The studies differ
significantly in the mineralogy and types of specimens investigated, but all illustrate the
efficacy of NMR methods at determining the local chemistry and structure of minor and trace
defects. Exploiting dipole coupling between nuclei allows investigation of the relative
proximity of nuclei such as 31P, 13C, IH, and "°F. This work demonstrates how to extend these

techniques to natural and synthetic geochemical systems of varying complexity.
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6. Figures and Captions

A

Figure 1.1. Structural representations of the calcite structure represented in the hexagonal

unit cell. A. Polyhedral representation viewed along the c-axis, and B. Ball and stick
representation viewed midway between the a-axes. Orange boxes represent the outline of the

unit cell.
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Figure 1.2. Structural representations of the aragonite crystal structure. A. Structure viewed
along the a-axis. Ca are represented as polyhedra and carbons are represented as spheres to
emphasize their arrangement. B. Structure viewed along the c-axis. Ca polyhedra are
represented as balls and sticks to emphasize the bonding environment. CO3 is represented as

polyhedra. Orange boxes outline the unit cell.
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Figure 1.3. Structural representations of the apatite structure. A. Structure viewed along the
c-axis, Al site is represented as a polyhedra containing only the six nearest oxygens to
emphasize the metaprism twist. B. Structure viewed along the a-axis. The A1 site is
represented by ball and stick model to emphasis the bonding environment. Orange boxes

outline the unit cell.
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Figure 1.4. Energy level diagram illustrating the splitting of energies that occurs when an /

= Y42 nuclei is placed in a static magnetic field (By).
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Figure 1.5. Schematic representations of A.the laboratory, and B rotating reference frames

used for describing NMR spectroscopic experiments.
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Figure 1.6. Standard pulse sequence depicting a 31P single-pulse NMR experiment.
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Figure 1.7. Schematic representation of dipole coupling between two nuclei / and S which in

this case are two spin 2 nuclei. Arrow labeled By represents the orientation of the static
magnetic field, arrow protruding from the 7 and S nucleus represents their magnetic
moments, lines surrounding the S nucleus represent the magnetic field produced by the §
nucleus, By is the local field generated by S which 7 experiences, and r is the internuclear

distance between the / and S nuclei.
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Figure 1.8. Standard Pulse sequence depicting a °>'P{'H} CP/MAS NMR experiment.
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Figure 1.9. Simulated CP kinetics curve using the “classical” model. Shown with the

individual Tis and T}, curves. Tig = 0.5 ms, T;, = 10 ms.
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Figure 1.10. Standard Pulse sequence depicting a 3'p{'"H} HetCor experiment.
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Figure 1.11. 3'p{'H} HetCor contour map for a sample of carbonate apatite. 'H summed

projection is shown along the top horizonatal axis, and *'P summed projection is shown

along the right most vertical axis.
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Figure 1.12. Standard pulse sequence depicting the 'H{*'P} HetCor experiment with 'H

mixing time added.
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Figure 1.13. Standard pulse sequences depicting a two rotor cycle 'H{*'P}REDOR

experiment. A. 'H Spin-echo control pulse sequence. B. "H{*'P} REDOR pulse sequence.
Bottom diagrams in both A and B depict the evolution of the 'H local field (BL ) during the

experiment.
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Figure 1.14. Simulated REDOR points and curve for a B¢ - *'P pair located at a distance
of 4 A using the SIMPSON software package.
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II. Phosphorus Speciation in Calcite Speleothems Determined from Solid-State
NMR Spectroscopy

Reproduced with permission from Earth and Planetary Science Letters
Harris E. Mason *, Silvia Frisia®, Yuanzhi Tang*, Richard ]. Reeder®, Brian L. Phillips®,
Phosphorus Speciation in Calcite Speleothems Determined from Solid-State NMR
Spectroscopy, Earth Planet. Sc. Lett. 254(2007) 313-322. doi: 10.1016/].epsl.2006.11.040
Copyright 2007 Elsevier B.V.

a Center for Environmental Molecular Science, Department of Geosciences, State University of New
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b Museo Tridentino di Scienze Naturali, via Calepina 14, 38100 Trento, Italy

1. Abstract

Variations in speleothem P concentration show cyclic patterns that have important
implications for high resolution paleoclimate and paleoenvironmental reconstructions.
However, little is known about the speciation of P in calcite speleothems. Here we employ
solid-state *'P and 'H magic angle spinning nuclear magnetic resonance (MAS NMR)
spectroscopic techniques as a non-destructive method for analyzing the distribution of P in
speleothems. The *'P MAS NMR results show three peaks indicating the presence of three
primary types of phosphate species in samples from the Grotta di Ernesto (northeastern Italy):
a broad peak at a chemical shift op.3; =3.1 to 3.7 ppm from individual phosphate ions
incorporated within calcite, a narrow set of peaks near dp3; =-0.9 ppm from crystalline
monetite and a narrow peak at dp3;1 =2.9 ppm from an unidentified crystalline phosphate
phase.  Essentially identical results were obtained for a synthetic calcite/phosphate
coprecipitate. Spectra collected for a sample from Grotte de Clamouse (southern France)
show only a broad peak near 3.5 ppm suggesting a possible limit for phosphate incorporation
into the calcite structure. These data suggest that P in this system can interact to form
calcium phosphate surface precipitates during infiltration events and are subsequently

enclosed during calcite growth.

2. Keywords

speleothem; phosphate; calcite; NMR spectroscopy
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3. Introduction

Speleothems are becoming one of the most promising archives of high resolution
climate and environmental proxy data in a variety of continental settings. The last 5 years
has seen a rapid advance in techniques capable of analyzing trace element concentrations in
speleothem calcite at very high spatial resolution. The corresponding time series of trace
element variability in stalagmites and stalactites are of great palacoenvironmental and
palaeoclimate significance.  Furthermore, chemical time series can provide annual
chronological markers [1]. The application of secondary ionization mass spectrometry
(SIMS) [2-5] and excimer, laser-ablation inductively coupled plasma mass spectrometry
(ELA-ICPMYS) [6, 7] has allowed rapid generation of scans at a spatial resolution of the order
of 10 micrometers. In these studies, P and Mg concentrations exhibit clear cycles which
have been related to hydrology [6], temperature, and prior calcite precipitation [3].

In annually laminated specimens from Grotta di Ernesto, the association of high P
content with visible, ca. 0.5 to 4 pum-thick, dark layers capping each lamina, has been
interpreted as recording a short period of increased P supply during autumnal infiltration
events [4]. Phosphorus appears, therefore, to be one of the trace elements that most clearly
defines annual cycles in speleothems; its distribution appears to be related to the pattern of
annual layering in a variety of environmental settings [4, 6]. Little is known, however, about
the form in which P is present within cave calcite. The P-rich dark laminae fluoresce,
implying that they contain higher concentrations of organic compounds derived from the soil
zone [8]. P could be associated with a soil-derived organic fraction brought into the cave
during the autumn rains. However, on the basis of average C/P ratio in soil organic matter,
Huang et al. estimated that organic P in stalagmites from Grotta di Ernesto should amount to
a maximum of ca. 9 ppm [4], which is much lower than the average of 43 ppm measured by
SIMS. Huang et al., therefore, infer that the bulk of P is inorganic, but considered the
distribution pattern to be inconsistent with submicroscopic apatite grains because P
commonly encompasses the inclusion-rich layer. The current interpretation is that at
concentrations below 100 ppm P may be present in speleothems as individual phosphate ions
incorporated within the calcite structure [4], which reflects cave hydrology, and water

chemistry variability [9].
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Synchrotron radiation generated micro XRF maps at 2 um resolution have shown that
the lateral distribution of P in the annually laminated speleothems from Grotta di Ernesto
follows laterally the visible dark layers marking each lamina. The range of P concentration
within each dark layer is, however, wide [9]. Micrometer- to sub-micrometer sized P-rich
pixels may be interpreted as associated with submicroscopic grains, which, if the hypothesis
of Huang et al. [4] is correct, may not be apatite but some other phase or P adsorbed on
colloidal particles [10]. Micrometer-sized, C-rich particles have indeed been observed by
scanning electron microscopy in association with the calcite surface which grew across the
autumnal flushing at Grotta di Ernesto [11].

Interactions between calcite and dissolved P have been studied extensively due to the
potential role of phosphate in the inhibition of calcite crystal growth and the importance of
phosphate sorption to mineral surfaces for mediating the geochemical cycling of P [12-20].
House and Donaldson [16] investigated phosphate adsorption and coprecipitation over a pH
range of 7 to 9.5 using P concentrations of 1 to 18 pmol L™ and calcite with a surface area of
0.22 and 0.37 m? g, corresponding to a maximum surface loading of 4.9 P nm™. They
concluded that phosphate coprecipitation, which gave overgrowths having >2000 ppm P,
could be adequately explained by a two component adsorption model of PO4> or CaPO, and
HPO,” or CaHPO,’. In addition they noted that during their adsorption experiments 80% of
the P was removed from solution within the first 2 minutes after addition of calcite to the
system. Hinedi et al [21] used solid-state "H and *'P NMR spectroscopy to investigate
phosphate sorption onto a high surface area calcite (22 m* g"). At phosphate loadings of
0.002 to 1.0 P nm™ (0.79 to 36.72 umol P g' calcite) they observed the sorption of
unprotonated phosphate groups, and at higher phosphate loadings of 1.9 to 3.5 P nm™ (69.92
to 128.22 umol P g”' calcite) the formation of brushite was observed. Dove and Hochella [22]
studied calcite precipitation on a 3 mm® calcite crystal in the presence of 6 pmol phosphate
(8.7 10° P nm™) with scanning force microscopy and found growth to proceed by the initial
formation of unidentified globular surface precipitates followed by jagged step progression.
These studies suggest that removal of dissolved P in the presence of calcite can occur quickly
and by several processes including sorption, coprecipitation, and formation of surface

precipitates.
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Clearly, an understanding of the chemical form of P within calcite is needed,
otherwise interpretation of climate and environmental proxy data becomes very difficult [10].
For example, it is possible that P concentration variations in calcite may reflect limits of the
ability of calcite to incorporate phosphate ions brought about by factors other than the P
concentration of the precipitating fluid. Given the broader implications that P in carbonates
has as a palaeoenvironmental indicator in a variety of environments [23] , the present study
aims at understanding its incorporation within natural and synthetic calcite. For this purpose,
we used solid-state *'P nuclear magnetic resonance (NMR) spectroscopy, which can measure
the Pspeciation in natural materials [24-27]. Cave carbonates are good candidates for solid-
state NMR spectroscopic studies because they exhibit a low abundance of paramagnetic ions
[28]. Results for speleothem calcite from different climatic settings, including the Grotta di
Ernesto speleothems for which P-rich layers seem to be good annual markers, and laboratory-
grown crystals indicate that P can be incorporated in speleothem calcite through several
processes, including coprecipitation and the formation of surface precipitates of crystalline

calcium phosphate phases.

4. Materials and Methods

For the present study we chose specimens from two caves, Grotta di Ernesto and
Grotte de Clamouse, characterized by different environmental, geologic and hydrologic
settings, and for which much information is already available [11, 29-31].  Speleothems
from these caves have been studied for palacoclimate and environmental reconstruction [29,
32].

Grotta di Ernesto, is a shallow cave (ca. 20 m below the surface), located at an
elevation of 1167 m in northeast Italy. It is cut in dolomitized limestone overlain by brown
calcareous soil up to 1.5 m thick supporting a mixed conifer and deciduous wood. Mean
annual temperature at the cave site is ca. 6.7°C and mean annual rainfall ca. 1300 mm/year,
which results in positive net infiltration, with maxima between October and November
following high rainfalls [11]. The cave hydrology responds to major recharge events in a
relatively short time, from a few days up to three months [33], which result in the
development of visible annual laminae in most Holocene stalagmites. Measured cave water

pH values range from 7.9 to 8.5, and the saturation index (as log(IAP/K.q)) of the drips

40



from 0.1 to 0.35. Typical P concentrations for the Grotta di Ernesto drip water range from
0.10 to 0.26 pmol L™, but can range from 0.97 to 1.61 pmol L™ during infiltration events [3].
Annual laminae of the speleothems consist of a thick, translucent and a thin dark layers [11,
33]. Modern cave calcite is mostly characterized by a few dislocations. In older portion of
the specimens, microstructures such as dislocations and lamellae have been observed when
the order in the stacking of the crystals is perturbed with increasing proportion of the dark
layer in successive laminae [11].

Grotte de Clamouse is a relatively deep cave, which develops > 50 m below the
surface cut in partially dolomitized limestone.  The present climate is typically
Mediterranean, with mean annual temperature of ca. 14.5°C and mean annual rainfall ca. 750
mm/year. Due to the dry conditions during summer months, negative infiltration is observed
in June, July and August. Nevertheless, drips are relatively constant throughout the year; the
hydrology of the cave is characterized by a high proportion of storage water in the aquifer.
Measured cave water pH values range from ca.7.6 to ca. 7.8, and the saturation index of the
drips range from -0.04 to 0.6 [30]. Holocene stalagmites commonly do not show visible or
UV-fluorescent annual laminae. At present there is no information on P content in the drip
waters. Previous studies indicate, however, that some trace elements such as Mg and Sr
show annual variations [32]. Under the present-day cave environmental conditions, the
calcite crystals are translucent, and show no microstructures or a few dislocations [30]. The
crystals composing the speleothems from these two caves differ and may potentially reflect
different incorporation of P.

The natural samples we analysed consisted of three calcite stalagmite speleothem
samples ER67 (subsample a, unpublished), still active when removed, and the Holocene
ER77 (subsample L) [33] and ER78 (subsample L) [9] from the Grotta di Ernesto, and the tip
of stalagmite CL23 (unpublished), consisting of clearly visible calcite crystals, still active at
the time of removal, from Grotte de Clamouse. Bulk samples of the ER67a, ER77.3L and
ER78L speleothems were crushed to pass a 120 um sieve and then bleached for an excess of
nine days in a 6% commercial sodium hypochlorite solution to remove any organic material.
Previous work has reported P contents of 69+20 ppm from SIMS traverses for similar
speleothems from Grotta di Ernesto [3, 4], and concentrations about three times lower for a

different sample from Grotte de Clamouse [34].
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For phosphate coprecipitation with calcite we used a seeded constant-addition method
adapted from Zhong and Mucci [35] and Tesoriero and Pankow [36] as described by Reeder
etal. [37]. To a stirred reaction vessel containing 0.7 L of a solution with 0.007 M CaCl, and
0.007 M NaHCOs3 and a 0.1 M NacCl background electrolyte, 0.5 g of reagent grade calcite
from Alfa Aesar (5 um particle size) was added as nucleation seeds. A solution containing
0.1 M CaCl; and 0.1 M NaCl was pumped through a syringe at a constant rate of 150 pL/min
into the reaction vessel while bubbling continuously with water-saturated air. From a second
syringe a solution containing 0.1 M Na,COs, 0.1 M NaCl and 20 uM K,;HPO4 was pumped
through anti-diffusion tips at the same rate. The total reaction time was 9 h, yielding 1.0 g of
phosphate-containing calcite overgrowth on the 0.5 g of seed crystals. The initial solution
had a measured pH of 7.86 and was supersaturated with respect to pure calcite, with a
saturation index of 1.1 (expressed as log (IAP/K.q)), as calculated using the program
PHREEQC [38]. During growth the solution pH increased initially and reached a constant
value of 8.25 + 0.1 within 4 to 5 h. Total CO; content in the solution was measured using the
procedure described by Hall and Aller [39] and, along with pH, was used to assess when the
system had reached a near steady-state with respect to calcite supersaturation. As the
coprecipitation reaction proceeded, the total amount of CO, dropped continuously until near
steady-state conditions were achieved, after around 5 hrs. At near steady-state the saturation
index with respect to pure calcite was 0.44, as calculated using the program PHREEQC [38].
The final calcite powder was collected by vacuum filtration, washed multiple times with
deionized water, and dried in an oven at 50°C. X-ray diffraction (XRD) revealed only calcite
phase. The total phosphate added to the system during crystal growth corresponds to 52 ppm
P in the overgrowths, somewhat lower than the average P concentration for the Grotta di
Ernesto samples.

All of the NMR spectra were collected on a 400 MHz Varian Inova spectrometer
under magic-angle-spinning (MAS) conditions, at operating frequencies of 161.8 MHz and
399.8 MHz for *'P and 'H, respectively. For the *'P experiments, samples were contained in
7.5 mm (0.d.) SizNy rotors and spun at 5 kHz. Single-pulse (SP) *'P spectra were obtained
with 3 pus pulses and relaxation delays that varied from 2 to 1000 s. Spectra taken at 500 s
relaxation delay were used to obtain relative concentration ratios; spectra taken for some

samples at a 1000 s relaxation delay showed no further increase in absolute intensity. For the
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CP/MAS experiments, contact times of 1-2 ms were used. The probe and rotor assemblies
yielded no detectable *'P NMR signal after several days of acquisition. However, standard
ZrO»-based rotor sleeves give *'P signals in the spectral region for orthophosphate groups.
The *'P NMR chemical shifts (8p.3;) are referenced with respect to 85% phosphoric acid,
using hydroxylapatite as a secondary reference set to 8p.3; =2.65 ppm. The 'H SP MAS
NMR spectra were obtained using a Chemagnetics probe assembly configured for 4 mm (o.d.)
rotors and modified to yield very low 'H background signal. A spinning rate of 15 kHz and a
90° pulse width of 3.5 us were used. The '"H NMR chemical shifts (du.1) are referenced with
respect to tetramethylsilane (TMS) using adamantane as a secondary reference set to

On-1 = 2.0 ppm.

5. Results and Discussion

The *'P NMR spectra of all the samples studied can be described by three
orthophosphate components consisting of a broad peak with a chemical shift near dp.3; = 3.5
ppm, a narrow resonance at dp_3; = 2.9 ppm and a narrow set of peaks centered near dp.3; = -1
ppm. The single-pulse (SP) spectra in Figure 2.1 show all of the P environments in the
samples, but were obtained under experimental conditions that suppress the narrow peak at
2.9 ppm so that the broad peak near 3.5 ppm can be distinguished. The intensities of the
NMR peaks depend on the °'P spin-lattice relaxation time and the experimental relaxation
delay [40]. The relaxation times differ substantially among the distinct P environments, with
that for the peak at dp_3; = 2.9 ppm being by far the longest. Thus, the relative intensity of
the peak at 2.9 ppm appears smaller at short relaxation delay. Figure 2.2a shows a typical
spectrum (for ER78L) obtained under quantitative conditions, in which the integrated areas
of the peaks are proportional to the concentration of the corresponding P environments. The
J'P{'H} cross-polarization (CP) spectra (Fig. 2.3) contain signal only for P that is in close
spatial proximity to H (less than about 4A). The calcite seeds used to prepare the synthetic
calcite/phosphate coprecipitate yielded no detectable *'P NMR signal by SP or CP methods,
thus the spectra for this sample correspond only to P in the overgrowths even though NMR

detects the entire sample.
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All samples show a broad peak at op.3; = 3.1 ppm to 3.7 ppm (3.6 — 3.8 ppm full
width at half-maximum; FWHM) in both the SP and CP spectra (Figs. 2.1, 2.3, and Table
2.1). This peak is similar in position and width to that reported by Hinedi et al [21], which
they assigned to unprotonated phosphate groups sorbed onto the surface of calcite. In our
samples this peak likely represents phosphate groups that have sorbed onto the surface and
subsequently become incorporated as defects during calcite growth. The large width of this
peak indicates a distribution of phosphate environments (e.g., bond lengths and angles), as
would be expected for a defect structure. The presence of this peak in CP spectra indicates
that it corresponds to P in close proximity to H. It is likely that even if these coprecipitated
phosphates are unprotonated, other H-bearing species are likely to be present and serve to
accommodate the charge imbalance and structural defects created by phosphate substitution
in the calcite structure. This observation is in agreement with reports of high levels of H
detected by ion probe in the dark, autumnal portion of Grotta di Ernesto stalagmite annual
laminae, where P concentration also increases [3, 4], and with the 'H NMR data presented
below. The H detected by ion microprobe is consistent with the presence of molecular water
or nano-inclusions [41]. However, CP signal requires rigid H species, perhaps indicative of
structural defects.

Narrow peaks at a chemical shift near dp.3; =-0.9 ppm (1.1 to 1.5 ppm FWHM) occur
in both the SP and CP spectra taken for the Grotta di Ernesto samples and the synthetic
calcite/phosphate coprecipitate (Figs. 2.1 and 2.3, and Table 2.1). In most spectra this peak
occurs at the average position for the two peaks characteristic of crystalline monetite
(CaHPO,) [42, 43], which were not resolved in these spectra due to the low 'H decoupling
power used. The CP spectrum taken for the synthetic sample (Fig. 2.3) clearly shows two
peaks at 0Op.3; =-0.5 ppm (1.3 ppm FWHM) and -1.8 ppm (1.5 FWHM) that closely
resemble those previously reported for monetite [42, 43]. The presence of monetite is also
supported by the occurrence of a small characteristic peak in the '"H SP MAS NMR spectra of
these samples (see below).

The *'P SP spectra of the Grotta di Ernesto and synthetic samples also show a
prominent narrow peak at a chemical shift op.3; =2.9 ppm (0.7 to 0.9 ppm FWHM) that
dominates the spectra, but which is notably absent from the CP spectra (cf. Figs. 2.1 and 2.3).

The position and width of this narrow peak is within the range of those previously reported
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for hydroxylapatite [42-44], but is slightly shifted from our measurement for reagent grade
material ( Op.3; =2.65 ppm). Under our experimental conditions even a small fraction of
hydroxylapatite would yield a peak in the CP spectra, because of its high *'P{'H} CP
efficiency [45]. Additional CP spectra were taken over a range of experimental conditions,
particularly at short and long contact times (0.5 to 7 ms) and long and short relaxation delays
(up to 60 s), but no corresponding peak at dp.3; =2.9 ppm was observed. The narrow line
shape (0.7 to 0.9 ppm FWHM) of this peak indicates a very uniform P environment and
suggests strongly that it arises from a well-ordered crystalline phase. However, the 3P NMR
properties of other possible Ca-phosphate phases such as tricalcium phosphate, whitlockite,
and tetracalcium phosphate do not match any of our data [43, 46, 47]. We tentatively assign
this peak at 2.9 ppm to an anhydrous Ca-orthophosphate but cannot identify the phase from
the current data. Orthophosphate is indicated by the absence of spinning sidebands, which
would be prominent for pyrophosphate groups [48]. Assignment to a Ca-phosphate seems
likely because this peak also occurs in the synthetic sample, which was precipitated from a
solution containing only Na“, K*, and Ca*" cations.

To obtain quantitative ratios for the three types of phosphate environments we fit the
SP spectra taken under quantitative conditions (500 s relaxation delay) to a sum of Gaussian
curves (Fig. 2.2), with the constraint that for each sample the width and position of the broad
peak centered near dp.3; = 3.5 ppm equal those observed in the corresponding CP spectrum.
The results for the Grotta di Ernesto samples (Table 2.1) indicate that the majority of the P
species present (57 to 71%) is represented by the peak at dp.3; = 2.9 ppm, followed by 25 to
30% as phosphate coprecipitated in calcite (peak at op.3; =3.5 ppm), and 4 to 16% as
monetite (peak at dp.3; =-0.9 ppm). The synthetic calcite/phosphate coprecipitate shows the
same P species, but with the peak for phosphate in calcite the most abundant (47%) followed
by the peak at Op.3; = 3.0 ppm (35%) and monetite (17%). This result indicates the synthesis
method employed can reproduce the P species present in the natural samples.

Further support for the presence of monetite inclusions is provided by 'H SP MAS
NMR data. For the Grotta di Ernesto samples the 'H spectra (Fig. 2.4) are dominated by a
narrow peak at dy.; =4.8 ppm, but also contain peaks at Sp.; = 1.5 ppm and 13.9 ppm in
addition to a shoulder on the main peak at about 7.4 ppm and a broad unresolved peak

underlying all the peaks, centered at about 6.5 ppm. The dominant peak at dy.; = 4.8 ppm
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arises from aqueous fluid inclusions [49] whereas that at 1.5 ppm has been assigned to
hydroxyl groups at defect sites in calcite [S0]. The peak at dy.; = 7.4 ppm is characteristic of
bicarbonate defects within the calcite structure [51] and the broad underlying peak, which is
not evident at the scaling used for Fig. 2.4, likely arises from rigidly bound structural water
[50]. The peak at &1 = 13.9 ppm peak occurs in all the Grotta di Ernesto and synthetic
samples and is consistent with assignment to acidic protons in monetite [52]. This result
supports the assignment of the >'P NMR peaks to this phase. Sample CL23 does not give a
'H NMR peak at 13.9 ppm, in agreement with the absence of peaks for monetite in the *'P
spectra of this sample.

These 'H NMR spectra also provide further evidence for the absence of
hydroxylapatite in the speleothem samples. Hydroxylapatite gives a narrow 'H NMR peak at
Ou.1 = 0.2 ppm [52], but a peak near this position was not observed for any of the natural
samples (Fig. 2.4). Although the main *'P NMR peak for the Grotta di Ernesto samples
occurs near the chemical shift for hydroxylapatite, the absence of a 'H NMR peak at
Su.1 = 0.2 ppm for these samples provides strong evidence against assignment to this phase,
especially considering that a "H NMR peak for the less abundant monetite is observed. The
synthetic calcite/phosphate coprecipitate does show a peak at &y =0.2 ppm (Fig. 2.4).
However, this peak was also observed in the '"H MAS NMR spectra of calcite precipitated by
the same method and seeds but in the absence of phosphate [51], and in samples prepared in
D,O [53], suggesting that it arises from an impurity in the calcite seed crystals.

These observations indicate that the principal P species in the Grotta di Ernesto and
synthetic samples, corresponding to the peak at dp3; =2.9 ppm, does not arise from
hydroxylapatite. =~ However, assignment to a crystalline phosphate inclusion, possibly
originating as a surface precipitate, remains the most likely explanation for this NMR signal.
Although we cannot completely rule out the possibility of a second type of phosphate
environment in calcite at this time, assignment of the peak at dp3; =2.9 ppm to a calcite
defect is very unlikely considering the small width of this peak (0.7 ppm FWHM), which
reflects a very uniform bonding environment for phosphate as expected for a crystalline
phase. This peak is narrower than those for many crystalline phosphates [42-44, 46, 47].
Phosphate defects in calcite are expected to exhibit a range of local structural environments

for accommodating the size and charge difference between carbonate and phosphate groups,
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giving a distribution of *'P chemical shifts such as that observed for the peak near
Op-31 = 3.5 ppm for all samples. The width of this peak (3-4 ppm, FWHM) spans the range of
3P chemical shifts for Ca-orthophosphates and is similar to that observed for amorphous
calcium phosphate [54]. If a second, well-ordered type of phosphate environment could
occur in calcite, it should be present in all samples. However, the peak at dp.3; = 2.9 ppm is
completely absent in the spectra for the CL23 sample, but would have been detected even if
it represented a small fraction of the P.

The low signal intensity observed in the *'P NMR spectra from the Grotte de
Clamouse sample (CL23) indicates that this sample has the lowest P-content of the samples
studied, consistent with the P concentrations measured for other samples from this locality
(ca. 20 ppm [34]). The *'P NMR spectra of CL23 contain only the broad peak near
dp-31 = 3.5 ppm (Figs. 2.1 and 2.3) and indicate that P is present only as individual phosphate
ions incorporated into the calcite. Comparison of the absolute intensity of this peak to the
corresponding resonance from the Grotta di Ernesto samples indicates that the concentration
of P represented by this peak is comparable among all the samples. The lack of resonances
from crystalline phases in the CL23 sample suggests that there is a P threshold for formation
of surface precipitates, and, conversely, a limit for phosphate coprecipitation into the calcite
structure.

With the information from the present study we can begin to understand the
underlying mechanisms that control the incorporation of P in speleothems. Our results
indicate that some P occurs in speleothems as individual phosphate ions in calcite defects as
suggested by Huang et al. [4]. This appears to be the only incorporation mechanism for the
P-poor, defect-poor Grotte de Clamouse calcite. At higher P concentrations, phosphate
defects in calcite also occur, but most of the P is incorporated as crystalline phosphate phases.
At similar P concentrations, other factors such as crystal morphology, P speciation in the
parent waters, and crystal growth rate might contribute to the differences observed in these
samples. For example, differences in P distribution between the Grotta di Ernesto and
synthetic samples, which have similar total P concentrations, might be related to the faster
growth rate for the lab-grown crystals.

Even though there appears to be a limit for phosphate incorporation in the calcite

structure, our study suggests that P remains a good indicator of environmental changes,
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provided the system is well-characterized. The residence time of water in the aquifer above
the Grotta di Ernesto, which has been reported to be <1 week during major infiltration events
[4], allows some P to be flushed before it can be mineralized in the soil. The periods
between infiltration events are likely too long to prevent mineralization of P in soils. Since
we observe the formation of precipitates over the course of a few hours in the seeded growth
experiments and that adsorption of phosphate on the calcite surface has been reported to
occur on the order of a few minutes [16] it is likely these same processes may form surface
precipitates in the span of a few days after a major infiltration event in a natural setting. In
the time between infiltration events these surfaces would then be exposed to solutions with
lower P concentrations and calcite precipitation would continue, enclosing any surface
precipitates. These processes would then repeat over a given season giving a band
concentrated in P with respect to the surrounding calcite matrix. The large spot size for
SIMS and ELA-ICPMS (10-25 um) relative to typical surface precipitate size (e.g., 3 nm
height reported in ref. [55]) and scanning geometry relative to the calcite growth surfaces
will only give the average concentration for the area being scanned and not the concentration
represented by crystalline surface precipitates and thus will likely prevent analyzed P
concentrations from exceeding ca. 100 - 200 ppm.

The results of the present study have potentially wide ranging implications for the
distribution of P in other low-temperature geochemical settings dominated by carbonates.
Interactions of dissolved inorganic phosphate with the surface of calcite and corresponding
incorporation mechanisms similar to those we observe in the synthetic and speleothem
samples can be expected to occur also in soils and sediments, affecting the distribution and
cycling of P in these environments. Incorporation of phosphate in calcite as crystalline
inclusions is likely to reduce P mobility in sediments during recrystallization and delay
formation of the thermodynamically stable apatite phases. Current models cannot predict
surface precipitation and, indeed, distinguishing whether phosphate removal from solution
occurs by sorption, coprecipitation, or formation of a surface precipitate is a difficult problem
[56]. Clearly, standard treatments for trace element incorporation, such as linear distribution
coefficients, are insufficient to describe the phosphate distribution we observe in the
speleothem and synthetic samples, especially at higher P concentration. Further analytical

and experimental work is needed to identify the main phosphate inclusion we observe in the
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calcite speleothems, to determine whether similar P distributions occur in carbonate minerals
from other low-temperature environments, and how this distribution depends on the
precipitation conditions and growth rate. However, our results show that solid-state *'P
NMR spectroscopy can be used to determine in situ the distribution of P in carbonate

minerals at the concentrations found in nature.

6. Conclusions

Our results indicate that calcite speleothems can contain phosphate in several forms,
including phosphate defects in calcite and several types of coexisting crystalline phosphate
inclusions. The presence of crystalline inclusions indicates that the ability of calcite
speleothems to record P flushing events is not limited by the solubility of phosphate ions in
the calcite structure. Calcite crystal growth appears capable of effectively encasing surface
precipitates that form during periods of high P flux, forming inclusions. The results for the
CL23 sample, however, indicate that these precipitates do not form in all cases and that their
formation is likely related to periods of higher P influx. The phosphate/calcite
coprecipitation experiment indicates that it is possible to reproduce in chemically simple
systems the essential P environments present in the speleothems, suggesting that the
formation of the included phases does not depend on other cations or anions present at trace

concentration.
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9. Figures and Captions
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Figure 2.1. 3!P single-pulse (SP) MAS NMR spectra of speleothem and synthetic samples

studied. Spectra were collected at a spin rate of 5 kHz and a pulse delay of 2 s for (from

bottom to top) 42386, 127221, 42272, 42029, and 45580 acquisitions. Asterisks denote

spinning sidebands
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Figure 2.2. a) P SP MAS NMR spectrum of calcite speleothem ER78L acquired under
quantitative conditions, corresponding to 472 acquisitions at a relaxation delay of 500 s. b)
The spectral profile from a least-squares fit to the experimental data. c¢) The individual
curves for the least-squares fit shown in b), corresponding to the principal phosphate
environments:  phosphate in calcite (dp3; =3.2 ppm, 3.6 ppm FWHM), unidentified
crystalline inclusion (0p.3; = 3.0 ppm, 0.6 ppm FWHM), and monetite (0p.3; =-1 ppm, 1.1
ppm FWHM).
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Figure 2.3. S'P{'"H}CP/MAS NMR spectra of speleothem and synthetic samples studied

(See text for description). Spectra were collected at a spin rate of 5 kHz and 1 s relaxation
delay, with contact time of 5 ms for CL23 and 2 ms for ER67a, ER77.3L, ER78L and
synthetic calcite/phosphate coprecipitate. Spectra represent (from bottom to top) 165112,
139094, 155135, 100000, and 100000 acquisitions. Asterisks denote spinning sidebands.
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Figure 2.4. 'H MAS NMR spectra of calcite speleothems and synthetic calcite/phosphate

coprecipitate. Insets shown at expanded vertical scale to show the regions 16 to 12 ppm and 2
to -3 ppm. Each spectrum was collected with a relaxation delay of 10 s for 6 000 to 9 000

aquisitions.
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1. Abstract

Recent development of paleoproxies based on the P/Ca ratio in deep sea corals has
illustrated the necessity for accurate geochemical models of P incorporation in aragonite
based on reliable speciation data. Here we use single and double-resonance solid-state
nuclear magnetic spectroscopy (NMR) to investigate the P speciation of these coral
aragonites. These results indicate that the majority P is present as P contained as defects in
the aragonite structure plus minor hydroxylapatite. Quantification of the amount of
hydroxylapatite also reveals that its presence is not related to external environmental factors
and can occur in differing abundances within the same corallite sample. Since few models
are able to describe how crystalline phases can incorporate into carbonates careful

examination is needed to select for samples which contain only P defects.
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3. Introduction

Recently, it has been proposed that P/Ca ratios in the aragonite skeleton of deep-sea
corals record the concentration of ambient dissolved inorganic phosphate (DIP), which
combined with U-series chronology could prove to be a useful paleo-nutrient proxy [1-3].
The amount of bioavailable phosphate in the photic zone of the surface ocean serves as a
limit to primary productivity in many ocean basins. Since export of biomass to deep-waters
may act to drawdown atmospheric CO;[1, 3], knowledge of past oceanic P concentrations is
important as can allow estimation of the contribution of the “biological pump” to the levels
of atmospheric CO,. Montagna et al. [1] noted that laser ablation inductively coupled plasma
mass spectrometry (LA-ICPMS)-derived P/Ca ratios for aragonite septa from a variety of
Desmophyllum dianthus coral samples were linearly related to the P concentration of the
waters from which they were collected. This correlation was used to reconstruct paleo-
nutrient data from a ~11 190 yr old sample. Unlike other trace elements used as paleo-
environmental proxies, such as Ba, Sr and Cd, P cannot substitute simply into the aragonite
crystal structure and its form in the coral aragonite is unknown. The P speciation can be
reasonably expected to influence the relationship between DIP concentration and aragonite
P/Ca.

Geochemical models of trace element incorporation into calcite and aragonite
typically rely on incompatible incorporation of the trace element into defect sites in the
carbonate crystal lattice [4-6]. P coprecipitation, sorption, and desorption studies at low P
solution concentrations (<100 mM) and near neutral pH suggest that phosphate incorporation
can be modeled by the sorption and incompatible incorporation of protonated phosphate
groups [7-9]. It has also been shown in certain cases calcium phosphate surface precipitates
can form at these low P concentrations which are subsequently encapsulated by continued
crystal growth [10]. Few models account for the formation of P-rich precipitates, and models
that could potentially explain this behavior based on either epitaxial crystal growth [11] or
surface encapsulation [12, 13] have yet to be fully explored. Therefore, it appears in order to
model the interactions of P in solution with calcite or aragonite it is necessary that phosphate
incorporate as an incompatible structural constituent.

Using nuclear magnetic resonance (NMR) spectroscopy we show here that the

majority of phosphorus in coral skeletal material occurs as phosphate defects in aragonite,
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but that some corals also contain crystalline hydroxylapatite. The occurrence and quantity of
hydroxylapatite inclusions in the skeletal aragonite does not appear to correlate simply with
any environmental factors. It is not understood how apatite inclusions are incorporated into
skeletal aragonite so selecting samples containing P only as phosphate defects is likely to

improve proxy relationship.

4. Materials and Methods

Subsamples of coral skeleton were selected from modern and subfossil corals with no
evidences for any visible Fe-Mn-rich crust, checked under a binocular microscope and using
thin sections under plane and cross-polarized light. No major visible alterations (e.g.
diagenetic alteration or bioerosions) were evident.

The sampling methods were different according to the various coral species:
Desmophyllum dianthus and Flabellum sp.: pieces of septum were carefully removed from
the S1 septa, the largest septa, by a diamond tipped saw attached to a dentist drill. Other
subsamples were cut from the thecal wall and all the small fragments of septa attached to the
theca were mechanically abraded away using the same saw. This allowed us to obtain
samples representative of the thecal margin only.

Lophelia pertusa: pieces of the thecal wall were obtained cutting single corallites
transversally. The part corresponding to the intersection between the wall and the septa
(inside edge of the theca) was abraded and septa were completely removed.

Madrepora oculata: a piece of the coral was collected cutting a corallite transversally. This
coral portion contains both the thecal wall and the septa (“whole coral” reported in the text).
Porites sp.: a small rectangular parallelepiped of coral was removed from a 7 mm slab
previously obtained by cutting a coral core along the axis of growth. The subsample was
taken at a distance of 12 cm from the top of the coral core in order to avoid the remnants of
coral tissue.

Aragonite/phosphate coprecipitation was undertaken using a seeded constant addition
method adapted from Zhong and Mucci [14] and described in Reeder et al [15]. The seeds
were synthesized by pumping two solutions of 0.2 M CaCl, and 0.2 M Na,COs using a
syringe pump at a rate of 300 pl/min into a constantly stirring initial solution containing 7

mM CaCl,, 7 mM NaHCOs3, and 50 mM MgCl, which was being bubbled with air. Each
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solution contained 0.1 M NaCl, as background electrolyte. The aragonite seeds were
analyzed by SEM for to determine the average dimensions and morphology of the crystallites
produced and reveal on average blocky crystals 3 pm wide by 4 to 10 um long grouped into
40 to 50 pum sized ball shaped clusters. For phosphate coprecipitation, the same procedure
was used except 0.1 g of aragonite seed material was added to initial growth solution, the
concentrations of reactants in the syringes were 0.1M and NaHPO4 was added to the CO;™
syringe such that the phosphate concentration ranged from 50 to 100 uM. A 0.1 M
NaH"CO; solution replaced the Na,CO; syringe to synthesize the *C-enriched sample.
Periodically, solution was drawn from the growth solution to analyze total carbonate and
reactive phosphate concentrations. At the end of 4 to 5 hrs of reaction time the solid was
collected, filtered, dried for 2 hrs in a 60° C oven. Powder X-ray diffractions patterns of the
samples indicate that in all cases aragonite dominated the final samples with some samples
exhibiting only minor calcite impurities.

The *'P single pulse magic angle spinning (SP/MAS) NMR and *'P{'H} cross
polarization (CP) MAS NMR spectra were collected on a 400 MHz Varian Inova
spectrometer at operating frequencies of 161.8 and 399.8 MHz for *'P and 'H, respectively.
Samples were contained in 7.5 mm (0.d.) SizsNy4 rotors and spun at 5 kHz. The probe and rotor
assemblies yielded no detectable *'P NMR signal after several days of acquisition. However,
standard ZrO, based rotor sleeves can give *'P signal in the orthophosphate region. The 'H
SP/MAS NMR and 'H{*'P} rotational echo double resonance (REDOR) spectra were
obtained using a Chemagnetics probe assembly configured for 4 mm (o.d.) rotors and
modified to yield very low 'H background signal. *'P{'H} Heteronuclear Correlation
(HetCor) spectra were obtained using a probe configured for 3.2 mm (o0.d.) rotors and
collected as a total of 100 hypercomplex points in ¢/ with a 10 ps increment corresponding to
a 100 kHz spectral window in #/. A Carr-Purcell-Meiboom-Gill (CPMGQG) type acquisition
was implemented to shorten the length of the HetCor experiment. "’F{*'P} REDOR, *'P{"*C}
SP/REDOR, and 'H— *'P{"*C} CP/REDOR spectra were collected on a 500 MHz Varian
Infinity Plus spectrometer at operating frequencies of 125.7, 202.3, 470.2, and 499.8 MHz
for °C, *'P, "F and 'H respectively. "’F{*'P} REDOR spectra were collected using a
Varian/Chemagnetics T3-type probe configured for 3.2 mm (o0.d.) rotors and to give a very
low "°F background. "“P{"*C} SP and 'H — *'P{°C} CP/REDOR spectra were collected
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using Varian HXY probe configured for 4 mm (o.d) rotors. The *'P MAS NMR spectra are
referenced with respect to 85% phosphoric acid using hydroxylapatite as a secondary
reference set to 2.65 ppm. The 'H MAS NMR spectra are referenced with respect to
tetramethylsilane using hydroxylapatite as a secondary reference set to 0.2 ppm. '°F spectra

were referenced with respect to CCL:F (CeFg = 142. ppm).

5. Results and Discussion

We obtained solid-state *'P NMR spectra for a variety of aragonitic azooxanthellate
and zooxanthellate coral samples having P contents ranging from 17 to 319 ppm (Fig. 3.1;
Table 3.1), including septa and thecal wall portions as well as whole coral samples. The
3P{'H} cross-polarization magic-angle spinning (CP/MAS) and *'P single-pulse (SP) MAS
spectra of a Desmophyllum dianthus septum (DD LM99-124) are presented in Figure 3.2 and
illustrate the typical spectral profile observed for most samples. These spectra can be
described by a sum of two Gaussian peaks centered at >'P chemical shifts (8p) of 2.7 and 4.0
ppm which have full-widths at half maximum (fwhm) of 1.7 and 6.4 ppm, respectively.
These peaks are easily separated in *'P{'H} CP/MAS spectra obtained with different contact
times owing to their distinct CP kinetics. The peak at dp = 2.7 ppm (Fig. 3.2a) is dominant at
long contact times due to a long relaxation time of associated 'H (T1p,a> 10 ms) compared to
that at 8p = 4.0 ppm (Tipn= 1 ms). Based on its narrow width, CP behavior and chemical
shift, we assign the peak at dp = 2.7 ppm to crystalline apatite[ 16-18]. The broad peak at op =
4.0 ppm dominates at short contact times (Fig. 3.2¢) because of its much faster 'H — *'P CP
rate (Tpy = 0.4 ms). This behavior indicates a close association with rigid 'H. The two peaks
fit to the CP/MAS spectra also describe the quantitative SP spectra, indicating that they
represent the P distribution in the sample. With few exceptions the spectra of the other deep
sea corals are similar, differing only in the total P content and proportion of apatite.

A broad peak near op = 4 ppm that is similar in both chemical shift and width to the
broad peak observed for the coral samples dominates >'P NMR spectra of synthetic aragonite
precipitated from solutions containing 1 - 3 uM DIP (Fig. 3.1g-h). The samples range in P
concentration from 125 to 700 ppm but their NMR spectra showed no significant differences.
The *'P CP/MAS spectra of the aragonite/phosphate coprecipitates also contain small narrow

peaks at 0p = 11.4 and 8.4 ppm that are not present in the spectra of coralline aragonite nor in
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quantitative >'P SP/MAS spectra (Fig. 3.1h), suggesting they arise from minor protonated
phosphate species possibly in unidentified crystalline phases. No peak for apatite was
observed for any synthetic sample. The similarity of the broad peak near dp = 4 ppm in
spectra of coral aragonite to that from synthetic aragonite/phosphate coprecipitates suggests
that most of the P present in corals occurs as inorganic phosphate.

This interpretation is supported by 'H NMR spectra of the H associated with P, which
are consistent with hydrogen phosphate and molecular water. The *'P-detected 'H spectra
were obtained by two-dimensional *'P{'"H} HetCor methods. The 'H spectrum for a sample
containing no P as apatite (DD G16505 S) shows a narrow peak at oy = 5.5 ppm that is
underlain by a broad peak at 7.5 ppm (8.2 ppm fwhm) with a broad spinning sideband pattern
(Fig. 3.3). Neither of these peaks occurs in the range expected for aliphatic H in
organophosphates [19] but are consistent with molecular water and weakly H-bonded
hydrogen phosphate. Furthermore, the inorganic aragonite/phosphate coprecipitate yielded a
very similar *'P-detected 'H spectrum (Fig. 3.3b) containing essentially the same peaks in the
same positions (a narrow peak at 6.1 ppm and a broader peak at 8.4 ppm).

The *'P and 'H NMR data are fully consistent with the presence of P mainly as
inorganic phosphate in the aragonite structure or as amorphous calcium phosphates since the
latter yield similar spectra. [19, 20] A test for the presence of phosphate as defects in the
aragonite structure is provided by *'P{"*C} REDOR NMR experiments on a C-enriched
synthetic aragonite/phosphate coprecipitate (Fig. 3.3). This experiment consists of two
spectra, a control spectrum (Sp; Fig. 3.4a,c) containing signal from all *'P in the sample and a
REDOR spectrum (S; Fig. 3.4b,d) in which a reduction in signal intensity relative to Sy
occurs for *'P species near >C. Simulations of the REDOR experiment indicate that no
significant effect is expected for P located farther than 5 A from ">C. The results at 6.7 ms
REDOR dephasing period show a large REDOR fraction [(Sy-S)/Sy] of 0.7 for the peak near
Op = 4 ppm. This value is somewhat lower than SPINEVOLUTION [21] simulated REDOR
fractions corresponding to P located 3.2 A from 6 C (Fig. 3.5), 0.90 at 6.7 ms. This difference
is likely due to a combination of pulse imperfections, incomplete excitation of the sample
contained at the ends of the rotor, and a disrupted structure near the defect leading to fewer

adjacent C or C-P distances larger than the C-C distances of aragonite. Similar results were
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obtained with both SP and CP excitation of *'P and taken overall these data indicate that the
P corresponding to the broad peak near 4 ppm arises from phosphate in the carbonate phase.
Additional 'H{*'P} and "F{*'P} REDOR NMR experiments were used to determine
the origin of the crystalline apatite inclusions that occur in some natural specimens.
Fluorapatite is a significant sink for phosphate in marine sediments [22] whereas biogenic
apatite is composed primarily of carbonate-substituted hydroxylapatite [20]. The ’F NMR
spectrum for the Flabellum sp. theca sample i1s complex with multiple peaks, none of which
can be assigned nor correspond to previous data for fluorapatite. No '’F{*'P} REDOR effect
was observed for any "°F peak, further indicating that the apatite is not fluorapatite (Fig. 3.6).
The 'H{*'P} REDOR data (Fig. 3.7) were obtained for a Desmophyllum dianthus theca wall
sample (DD CHILE Coral A). The control spectrum contains large peaks at oy = 4.8 and 1.5
ppm that do not decrease in the REDOR spectrum and which correspond well to water
molecules and OH in the calcium carbonate phase [23]. A very small peak is observed at oy
= 0.2 ppm that is similar in chemical shift to that for hydroxylapatite,[24] which is absent
from the REDOR spectrum, indicating proximity to P. These observations are consistent with
observation of the narrow peak in *'P{'H} CP spectra and its assignment to hydroxylapatite.
Hydroxylapatite can also contain significant amounts of F, however, the hydroxyl peak
would be expected to occur at a more positive chemical shift of about 1.2 to 1.4 ppm [24].
Since acquisition of quantitative *'P NMR spectra are extremely time-consuming, and
impractical at P contents less than about 200 ppm, we developed a relationship between
relative intensities in >'P SP/MAS and *'P{'H} CP/MAS spectra as a means to estimate the
proportion of hydroxylapatite. Ideally the abundances of the two peaks at 2.6 and 3.8 ppm
would be derived through the careful integration of *'P single-pulse (SP) MAS NMR spectra.
However, the low abundance of P in the samples and the long experimental pulse delays
(100s of seconds) need for quantitative results required at times almost 4 days of continuous
spectrometer time. Conversely, a >'P{'H} CP/MAS NMR spectrum takes nearly half the time
to collect with the same signal to noise of the SP. The results of a CP/MAS experiment are
not quantitative without significant experimentation and analysis of CP kinetics [25].
Therefore a method for deriving the relative percentages of apatite in the aragonic coral
skeletons was developed through a similar correlation as proposed in Mason et al. [10]. The

relative intensities for *'P SP/MAS and *'P{'H} CP/MAS spectra of a sample which
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contained a higher relative amount of P in the aragonite (Desmophyllum dianthus septa
sample; DD LM99 124) were compared used to develop a correlation between the
normalized intensities of subsequent CP/MAS NMR spectra collected under the same
conditions.

Combining these results with absolute P-contents from LA-ICPMS data on the same
sample the amount of hydroxylapatite can be obtained (Table 3.1). The result is a wide range
of hydroxylapatite contents appearing unrelated to environmental factors such as depth and
dissolved inorganic phosphate. Nor do the concentrations of hydroxylapatite do not correlate
with absolute P concentration of the skeletal aragonite. Moreover, there seems to be no clear
correlation between the apatite content and the preservation state of the corals (i.e. alive or
fossil). For example, DD G16505 TW contains only 17.27 ppm P but 31% of which occurs in
hydroxylapatite.

Two other samples we examined have P distributions that differ from those of the
other deep-sea coral species. Spectra of a Madrepora oculata sample (MO CORAL2 75)
contain a broad peak near dp = 4 ppm plus a narrow peak at -0.6 ppm (1.1 ppm fwhm) (Fig.
3.11). The peak at -0.6 ppm could arise from a crystalline inorganic phosphate phase[10, 17,
18], or phosphate esters which have been reported in this range,[26] but usually give broader
peaks. The origin of this peak was not investigated further, but its presence illustrates that
other P-containing components could be present in coralline aragonite. The Porites sp. (PO
FR2004) sample also yields spectra containing a broad peak near 4 ppm (Fig. 3.1j) but also
an additional peak at 6p = 22.5 ppm (3.0 ppm fwhm), that is consistent with the presence of
phosphonates [14-16] These two specimens are both whole corallite specimens and the
possibility exists that the samples include areas containing remnant cellular material from
either the coral polyp or endolithic algae, although phosphonates are also known to be
adsorbed strongly to calcite surface [27] and could be occluded during crystal growth.

A robust relationship between P content of coral aragonite and DIP suitable for use as
a paleo-proxy would seem possible only if P occurs as phosphate defects in the aragonite
structure. Simple trace element partitioning models developed for inorganic carbonates have
been applied to coralline systems[4, 5, 28], because the coral polyp precipitates aragonite
extra-cellularly between the polyp and older skeletal aragonite from seawater that is brought

in through the vacuoles and supersaturated through transport of Ca>” and H' [6]. At least
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three processes could lead to P incorporation in coralline aragonite, including encapsulation
of surface precipitates, occlusion of organic matter, and coprecipitation of dissolved
inorganic phosphate as defects in the aragonite. Of these, only in the latter could it be
expected that equilibrium is established between surface sorbed phosphate and the aqueous
phase as required for a linear partition coefficient[29, 30]. Standard methodology used for
paleo-proxy development such as LA-ICPMS and x-ray adsorption spectroscopy (XAS)
cannot yet provide the molecular-scale spatial relationships between P and carbonate
necessary to test whether P incorporates as inorganic defects. Although based on a limited
number of samples, our results strongly suggest that coprecipitation of phosphate is the
dominant origin of P in most deep-water corals, and support the use of P content as a proxy.
However, many deep-sea corals also contain significant amounts of apatite that could cause
systematic error, but which is easily detected using the methods described here. Taking into
account the non-carbonatic contaminations by carefully selecting the coral portion to be
analysed it will be eventually possible to obtain a more robust P/Ca vs. DIP calibration,

useful for paleo-nutrient reconstructions.
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Tables

Table 3.1. Coral samples studied by *'P NMR, including the location, depth, and dissolved inorganic phosphate concentration of
waters in which sample grew at the time of collection. Percentage of the total P contained in apatite (% Pa,,) was estimated by NMR

(Supplemental information). All corals were live at the time of collection unless otherwise indicated.

Name Genus Portion location depth (m) DIP [P]in solid | %Pap | [Plap
(uM) (ppm) (ppm)
DD LM99-124 Desmophyllum Septa Tyrrhenian Sea 377-411 1.8-2.0 119.2£59.72 | 35(5) | 41.7
(fossil)
DD CHILE Desmophyllum Theca Chilean Fjords 30 1.78+0.36 No Data 41(7) | N/A
CoralA
DD G16505 S Desmophyllum Septa Western Pacific 406 1.26+0.18 | 202.02+55.53 0 0
DD G16505 TW | Desmophyllum Theca Western Pacific 406 1.26+0.18 | 17.27+4.99 | 31(5) | 5.4
F MAD S Flabellum Septa Madagascar 800-1000 | 1.99-2.35 | 86.65+21.14 0 0
F MAD TW Flabellum Theca Madagascar 800-1000 | 1.99-2.35 | 54.67+11.27 | 34(5) | 18.6
DD CHILE S Desmophyllum Septa Chilean Fjords 30 1.78+0.36 | 318.73+£78.61 | 8.3(9) | 26.5
DD CHILE TW Desmophyllum Theca Chilean Fjords 30 1.78+0.36 35+£7.6 0 0
LP CORAL2 75 Lophelia Theca Ionian Sea 828-818 | 0.26+0.01 32+12 153) | 4.8
LP COBAS 109 Lophelia Theca Baleares Islands 366 No Data | 106.04+18.93 0 0
(fossil)
MO CORAL2 75 Madrepora | ThecaWhole Ionian Sea 828-818 | 0.26+0.01 No Data 0 N/A
coral
PO FR2004 Porites Whole coral Fitsroy Reef 5 0.12-0.15 35.7¢11.4 0 0
(Great Barrier
Reef)
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Figures and Captions
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Figure 3.1. 3'P NMR spectra for coral aragonite and aragonite/phosphate coprecipitate

samples. a-f) *'P{'H} CP/MAS NMR spectra of coral septa and thecal wall aragonite a)
septa and b) thecal wall of Desmophyllum dianthus (DD CHILE) ¢) septa and d) thecal wall
of Flabellum sp. (F MAD) e) live collected (LP CORAL2 75) and f) fossil (LP COBAS 109)
samples of Lophelia pertusa thecal wall g) *'P{'"H} CP/MAS and h) *'P SP/MAS spectra of

aragonite/phosphate coprecipitate containing 650 ppm P. i-j) *'P{'"H} CP/MAS spectra of
whole coral samples Madrepora oculata (MO CORAL?2 75) and Porites sp. (PO FR2004),

respectively. All spectra obtained using a spinning rate of 5 kHz, 2 ms CP contact time, and 2

s pulse delay except g) 2 ms CP contact time, 2 s pulse delay and a spinning rate of 3 kHz,

and h) 10 kHz spinning rate and 120 s pulse delay. Asterisks mark the location of spinning

sidebands.
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Figure 3.2. 3P MAS NMR spectra collected of Desmophyllum dianthus coral septa (DD
LM99 124) from the Tyrrhenian Sea. a-¢) *'P{'H} CP/MAS NMR spectra collected at a 3

kHz spinning rate and 2 s pulse delay for 4672 acquisitions using contact times of a) 10 ms,
b) 1 ms, and ¢) 0.2 ms. d) *'P SP/MAS NMR spectrum obtained with a 5 kHz spinning rate
and 120 s pulse delay for 819 acquisitions. €) Components of the least squares fit to the

spectrum shown in d), vertically offset for clarity.
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Figure 3.3. p-detected 'H MAS/NMR obtained from summed projections of 2-d *'P{'H}

CPMG HetCor data for a) synthetic and b) Desmophyllum coral sample DD G16505 S.

Both were collected at 2 ms contact time and 10 kHz spinning rate. Asterisks mark the

location of spinning sidebands.
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Figure 3.4. Sp{13C} REDOR NMR spectral sets for *C-enriched aragonite coprecipitated

with phosphate collected at a 6 kHz spinning rate and 6.7 ms dephasing period. SP: Standard
SP/REDOR, CP: CP/REDOR with 2 ms *'P{'"H} CP preparation. a, d) Echo control spectra
(Sy) b, ¢) *'P{*C} REDOR spectra (S). Diamonds denote background signal from rotor and

asterisks mark the location of spinning sidebands.
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Figure 3.5. SPINEVOLUTION Simulated *'P{*C} REDOR curve for a *'P surrounded by 6

BC at a distance of 3.2 A. Dashed line occurs at the dephasing period where experimental

data is reported.
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Figure 3.6. "F{'P} REDOR NMR spectra collected for the Flabellum sp. theca sample (F

MAD S) collected at a spinning rate of 25 kHz, a 100 s pulse delay, and 1.28 ms dephasing
period for 1488 acquisitions. Top: "°F Spin-echo control spectrum (S)) Bottom: "F{*'P}
REDOR spectrum (S). Asterisks mark the location of spinning sidebands
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Figure 3.7. 'H{*'P} REDOR NMR spectra for a Desmophyllum dianthus (DD CHILE

CoralA) sample collected at a spinning rate of 15 kHz, pulse delay of 2 s, and dephasing
period of 4.4 ms for 62 928 aquisitions. Spectra are shown at 5 times vertical exaggeration
and truncated. a) 'H{>'P} Spin-echo control spectrum (Sy) b) 'H{*'P} REDOR spectrum (S).
Dotted line illustrates the position of the peak at 0.2 ppm in the Spin-echo control spectrum.

Inset: Expanded view Spin-echo control spectra over the range of 4 to -2 ppm.
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1. Abstract

Solid-State Nuclear Magnetic Resonance (NMR) techniques, combined with Fourier
Transform Infrared (FT-IR) spectroscopy, were used to study synthetic AB-type carbonate
hydroxylapatite (CHAp). *C{'H} double resonance experiments indicate that the two
carbonate environments represented by the peaks at 6c.;3 = 169.8 and 170.8 ppm are
associated with three H environments with one environment represented by a peak centered
about dy.; = 0.0 ppm and two additional peaks located at 1.3 and 5.5 ppm. The peaks about
Op-1 = 0.0 ppm correspond to hydroxyl environments within the channels of the CHAp,
whereas these at 1.3 and 5.5 exhibit spectral characteristics consistent with bicarbonate ions
that donate moderate to weak hydrogen bonds. The carbonate-associated H appears to
represent only a small fraction of H environments present. The broad range of H-bonding
environments indicated by NMR likely prevents easy detection of protonated carbonate by
FT-IR spectroscopy. Possible methods by which bicarbonate incorporation can be
accommodated by the apatite structure are discussed. The Na/carbonate ratio and *Na NMR
spectroscopy indicate that Na plays an important role in the carbonate incorporation in these

materials.
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2. Introduction

Carbonate-containing hydroxylapatite (CHap) has been the subject of numerous
studies spanning a broad range of disciplines. This material is of interest to the medical and
dental fields because the inorganic component of teeth and bones is best described by
nanometer sized particles of hydroxylapatite containing significant concentrations of
carbonate impurity (~ 8 wt%).[1] CHAp has also been studied with relevance to the fields of
both material sciences and geochemistry due to the changes in reactivity and solubility of
hydroxylapatite when carbonate is present as a trace anion.[2] Bone apatite is commonly
used in permeable reactive barriers and has been shown to effectively sequester heavy metal
cations and radionuclides.[3, 4] It is, therefore, important to understand how carbonate is
incorporated in apatite and what accommodations must be made in order for it to successfully
integrate within the apatite structure.

Previous studies have shown that two principal modes of carbonate substitution can
exist within the apatite structure. The first substitution mechanism (A-site substitution)
involves the replacement of channel site hydroxyl ions with carbonate. The second
mechanism (B-site substitution) corresponds to the carbonate replacing a phosphate group.[2,
5] While pure phases containing only A-type substitution or B-type substitution have been
successfully synthesized,[6, 7] CHAp can also be produced which contains substitution in
both the A and B sites denoted as AB-type CHAp[8, 9]. While all CHAp phases have been
synthesized in aqueous systems[1, 5, 7, 10], many studies produce CHAp under high-
temperature, high pressure conditions in order to produce crystals suitable for X-ray and
neutron diffraction studies.[6, 9, 11-13] Recently, Fleet and Liu[9], suggested that in sodium-
bearing AB-type CHAp the A and B carbonate substitutions were coupled through
substitutions in neighboring A and B sites. They noted that structural refinements gave O---O
distances between O in the A-type carbonate group and O in phosphate tetrahedron that were
too short which they interpreted to indicated B-type substitution in the neighboring POj site.

The A and B-type carbonate substitutions in CHAp can be distinguished by Fourier
Transform Infrared (FT-IR) spectroscopy. These substitutions give a distinct splitting in the
v3 carbonate mode where A and B-type yield distinct peaks at 880 and 875 cm’
respectively.[5, 11, 13] Additionally, differences in the v, region from 1545 to 1410 cm™

have been also used to differentiate these substitution sites.[11] Recently, however, Fleet and
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Liu[9] have indicated that the presence of sodium significantly changes the shape of the v,
region in AB-type CHAp compared to that of sodium-free AB-type CHAp.

Solid-State Nuclear Magnetic Resonance (NMR) has also been employed in these
systems to show the difference between the A and B sites in the apatites.[7, 12] Beshah et
al[7] studied the system using >C{'H} Cross Polarization Magic Angle Spinning (CP/MAS)
NMR and showed that A-type CHAp gives a well-defined, narrow peak at about d¢.j3 =
166.5 ppm, B-type CHAp gives a broad, asymmetric peak centered at about 170.2 ppm, and
AB-type CHAp produces a complex lineshape containing a peak at 168.2 ppm in addition to
the two peaks at the same position for A and B-type CHAp. Using dipolar suppression
techniques and heat treatment, the complex lineshape observed in the AB-type CHAp was
attributed to be the result of combination of A-type, B-type and a disordered carbonate
species in contact with water adsorbed onto the surface.

In this study we have prepared synthetic samples of AB-type carbonate
hydroxylapatites (CHAp) under aqueous conditions (90° C) and have characterized the
substitutions using Fourier transform infrared (FT-IR) spectroscopy, Raman Spectroscopy,
and a variety of one- and two-dimensional solid-state Nuclear Magnetic Resonance (NMR)
spectroscopic techniques. These data indicate that two carbonate sites exist within the CHAp
which are coupled to distinct H environments. We also provide evidence for the
incorporation of hydrogen carbonate species into the CHAp structure. These results show

that H as well as Na play a role in accommodating carbonate in the apatite structure.

3. Experimental Section

3.1. Sample Synthesis

A series of samples of AB-type CHAp were synthesized using a method adapted from
Nelson and Featherstone[5] (Table 4.1). An initial CHAp (AK-2) was precipitated from
aqueous solution by adding 40 ml of a solution containing 0.189 M of ammonium hydrogen
phosphate and 0.588 M sodium bicarbonate at a rate of 0.55 ml/min to 40 ml of a
continuously stirred 0.212 M calcium nitrate solution under a nitrogen atmosphere at 90° C.
The pH of the reaction was maintained between 8.5 and 9.5 by periodic manual additions of

small amounts of 10 N NaOH. The precipitate was collected, centrifuged, rinsed in deionized
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water, and dried in an oven at 100° C for 14 hrs. A portion of this sample was then placed in
a PTFE-lined hydrothermal vessel with a solution containing 1M sodium bicarbonate and
heated 200° C under autogenous pressure for two days in an attempt to increase the
crystallinity of the sample (AK-2H). This same method was used to prepare a partially
dueterated sample (AK-2HD) from the AK-2H sample where the sodium bicarbonate
solution in the hydrothermal vessel was prepared in 98% D;O.

Additional samples of aqueous precipitated (AK-4) and hydrothermally treated (AK-
5H) CHAp were prepared following the same methods as above but using solutions
containing *C-enriched sodium bicarbonate. AK-4 was vacuumed filtered, washed with
acetone and allowed to dry in a 100° C oven for 30 min. AK-5H was collected, centrifuged,
washed with DI water and allowed to dry in a dessicator at room temperature for 18 hrs.
While collection methods differed for these samples no major differences were observed in

the XRD patterns of these samples from those which were otherwise prepared.

3.2. Analytical Methods

Elemental analysis for Na, Ca, and P were done using a Beckman Spectraspan SSUU
Direct Current Plasma Emission Spectrometer on portions of the AK-4 and AK-5H samples
dissolved in a 23 mM HCI solution. Standards were prepared to mimic the compositions of
the sample solutions to minimize matrix effects in the analysis. Carbonate content of the
samples was estimated from correlations between Raman spectral features and carbonate
content developed by Krajewski.[14]

X-ray powder diffraction (XRD) patterns were collected using a Scintag PADX
powder X-ray diffractometer to verify the phase purity of all the synthetic samples and in all
cases a single phase CHAp was produced. Fourier Transform infrared (FT-IR) spectra were
collected over a range of 650 to 4000 cm™ for the samples on a Nicolet 670 FT-IR
spectrometer in adsorption mode. Samples were ground in an agate mortar with
spectroscopic grade KBr in an approximate 1:10 ratio of sample to KBr and spectra were
collected for 128 scans at a resolution 1 cm™. Raman spectra were collected over a range of
200 to 3900 cm™ on an InPhotonics RS-2000 Raman Spectrometer at a resolution of 1 cm™.

Most NMR spectra were collected on a 400 MHz Varian Inova spectrometer at

operating frequencies of 399.76 MHz, 161.82 MHz, and 100.57 MHz for 'H, *'P and "°C
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respectively. 'H Single Pulse magic angle spinning (SP/MAS) NMR spectra were collected
at a spinning rate of 15 kHz on a Chemagnetics probe configured for 4 mm (o0.d.) rotors and
modified to yield a very low 'H background signal which is insignificant compared to signal
from the samples and was not subtracted from the spectra. 3'p{'H} 2-dimensional (2-d)
Heteronuclear Correlation (HetCor) and “C{'H} 2-d HetCor spectra were acquired with a
Varian/Chemagnetics 3.2 mm T3 probe assembly at a 10 kHz spinning rate. For the “C{'H}
HetCor we acquired a total of 64 hypercomplex points in #1 with a 100 ps increment,
corresponding to a 10 kHz F1 spectral window, at contact times from 0.5 to 10.0 ms using a
linear ramp of the 'H field to optimize signal intensity. For the *'P{'H} HetCor spectra a total
of 128 hypercomplex points in ¢1 were collected with a 20 ps increment, corresponding to a
50 kHz F1 spectral window. All HetCor NMR data were processed with standard linear
prediction methods to complete the signal in 1. 'H spectra were referenced to
tetramethylsilane (TMS) by setting the hydroxyl resonance in a standard reagent grade
hydroxylapatite to 8., = 0.2 ppm.[15] *'P spectra were referenced with respect to 85%
H3;PO4 using the same hydroxylapatite as an external reference at op.3; = 2.65 ppm (shift
measured previously with respect to an 85% H3PO, solution). *C spectra were referenced
with respect to TMS using adamantane as an external reference at d¢.13 = 38.6 ppm.[16] The
'H dimension in the *C{'H} HetCor were referenced with a *'P{'H} HetCor spectrum of
hydroxylapatite using the same F1 acquisition parameters.

Na SP/MAS NMR, *Na{*'P} REDOR, and “C{'P} CP/REDOR spectra were
collected on a 500 MHz Varian Infinity Plus Spectrometer at operating frequencies of 499.78
MHz, 202.32 MHz, 132.17 MHz and 125.69 MHz for 'H, *'P, **Na, and "*C respectively.
»Na SP MAS NMR spectra were collected using a 1 ps pulse at a spinning rate of 18 kHz.
Na{’'P} REDOR spectra were collected at a spinning rate of 10 kHz using selective spin-
echo pulses for *Na (m = 15 ps) and 8 ps re-coupling pulses for *'P. The 'H— “C{*'P}
CP/REDOR spectra were collected at a spinning rate of 5 kHz, and using n-pulses of 12 us
on both the >C and *'P channels and a 5 ms “C{'H} CP preparation. Na SP/MAS and
multiple quantum (MQ) MAS NMR spectra were collected on the 400 MHz spectrometer at
105.74 MHz and a spinning rate of 15 kHz. For the Na MQMAS spectra 2.9 ps excitation
and 1.1 ps pulses were used (v; = 125 kHz) followed by a selective 15 ps (v; = 16 kHz) z-

filtering pulse collecting a total of 128 hypercomplex points in £/ with a 20 ps increment.!'”
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81 2Na MQ MAS NMR data were processed using standard shearing methods.[18] In all

cases ~°Na spectra were referenced with respect to an aqueous 1M NaCl solution.

4. Results

4.1. Sample Composition

The chemical compositions of the C-enriched AK-4 and AK-5H samples are similar
to those which have been measured previously for sodium bearing CHAp which has been
shown to be reasonable analogues for human dental enamel.[9] These results give Na
contents of 2.7 and 1.6 wt% and Ca:P molar ratios of 1.67 and 1.76 for AK-4 and AK-5H
respectively. Carbonate contents of the CHAp samples were estimated by the method
proposed by Krajewski et al.[14] based on a correlation of the intensity ratio between the
Raman active v; PO4 peak at 962 cm’! and the v; CO; peak at 1072 cm’! and elemental
analyses for carbonate content. Using this correlation we obtained values of approximately 5
wt%, and 7 wt% carbonate for the AK-4 and AK-5H, samples respectively. These values for
AK-4 and AK-5H place the carbonate content of these samples within this range of natural
biogenic apatites, such as bone apatite and dental enamel, which contain 3.5 to 8 wt%
carbonate.[1, 19] The molar ratios of Na:carbonate in these samples (1.4 and 0.6 for AK-4

and AK-5H respectively) suggest Na is important to the carbonate substitution mechanisms.

4.2. Vibrational Spectroscopy

The results for the vibrational spectroscopy for the samples AK-4, AK-5H, AK-2H
and AK-2HD are summarized in Table 4.1.[20] The Raman spectra taken of the sample
(Figure SI-1, Supporting Information) contain only a few peaks. Peaks are observed in all
samples at 1086, 1050, 962, 608, 590, and 432 cm” which correspond to PO4 modes.[5, 14]
A single peak at, 1072 cm™, was identified for CO; which corresponds to the v; mode.[14]
Hydroxyl modes were observed for the AK-2HD sample, for which a shifted OD peak was
observed at 2636 cm.

The FT-IR spectra (Fig. 4.1) exhibit peaks characteristic of those previously
described for carbonate groups present in the apatite structure.[5, 6, 8] In the spectra for

AK-2H distinct peaks can be observed at 879 and 872 cm’! for the CO; v, modes for the A
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and B carbonate sites respectively (Fig. 4.1b). Additionally, peaks are observed between
1500 and 1300 cm™ which agree well with those reported previously for the v3 modes of CO;
in carbonated apatite. These same peaks are also apparent in the spectra of the AK-4 and AK-
5H samples but are shifted to lower wavenumber with respect to those for AK-2H due to the
C enrichment. While a distinct doublet is not observed in the CO; v, region of the AK-4
sample an asymmetric peak is observed with its two components corresponding to the
positions of the doublet. We also observe in the AK-2H sample CO; combination bands at
2520 and 2476 for v;+v; and at 2926 cm’! for 2v3.[21] These same bands occur in the Be-
enriched samples but are subsequently shifted towards lower wavenumbers.

In response to NMR data that indicate the presence of weakly hydrogen bonded
bicarbonate groups (see below), we dueterated the AK-2H sample (AK-2HD) but saw no
significant shifting in the CO; regions. However, small peaks at 2928 and 2850 cm™ that
occur in the region which are usually assigned to COs 2v3[21] can be observed to disappear
with dueteration (Fig. 4.1C). However, these peaks are also not apparent in spectra of the
BC-enriched samples AK-4 and AK-5H. This result may indicate the presence of protonated

carbonate in these samples, however, the vibrational spectra are inconclusive in this respect.

4.3. 3C NMR
The “C SP/MAS NMR spectrum of sample AK-5H shows a relatively broad,

asymmetric peak (Fig. 4.2a) centered near dc.;3 = 170 ppm. This spectrum appears similar to
that observed previously for a B-type carbonated apatite where an asymmetric peak at 170.2
ppm was observed.[7] This same study also reported a peak at 166.5 ppm from A-type
substitution in their AB-type CHAp which is not observed in the present samples. Variable
CP/MAS contact time experiments show systematic changes in shape of the peak at 170 ppm
that suggests the presence of at least two resonances. At long contact times (Fig. 4.2b) the
peak exhibits a shape similar to that of the SP spectrum, but in spectra collected at short
contact times a second peak is clearly evident (Fig. 4.2¢). The variation in peak shape with
contact time can be described by intensity changes of two components corresponding to a
sharp peak at 170.8 ppm (1.3 ppm full width at half-maximum; FWHM) and a broader
asymmetric resonance at 168.9 ppm (Fig. 4.2d). The shape of the broad peak does not vary

significantly with contact time and was represented, for purposes of spectral integration, by a
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sum of two Gaussian curves at constant intensity ratio. We also observe similar peak shapes
in '"H— "C{'P} CP/REDOR spectra taken of the AK-5H sample (Fig. 4.SI-2, Supporting
Information). Nearly identical lineshapes were observed in the control (Sy), REDOR () and
REDOR difference spectra (Sy-S) which indicates a similar close association of all the BC to
3'P. This result shows that all the *C species must be contained in the CHAp and that the
distinct °C resonances cannot be distinguished easily based on proximity to P using this
method. The *C chemical shift anisotropy (CSA) for spectra collected at contact times of 0.5
ms and 15 ms, obtained by fitting the integrated intensities of the spinning sidebands[22]
were very similar with spans (Q) of 91.0 and 89.9 ppm and skews (k) of 0.42 and 0.51
respectively.

The CP dynamics of the intensity build up was analyzed by fitting variable contact
time “C{'H}CP/MAS spectra to the same components (Fig. 4.2d) allowing only the
intensities to vary. The experimental conditions unmodulated, continuous wave (CW)
polarization transfer and a spinning rate of 3.0 kHz were chosen to correspond to previous
study of carbonate groups[23] and allow us to directly relate the results obtained to those of
previous studies on weakly coupled *C/'H systems.[23, 24] These results indicate that two
separate 'H spin reservoirs contribute intensity to the each of the ">C resonances represented
by the peaks at 169.8 and 170.8 ppm. Each "*C peak exhibits bi-exponential CP intensity
buildup with a small apparent fraction (13 - 34%) of the intensity increasing quickly with
contact time (Tjs values of 0.8 and 0.7 ms) and the remainder exhibits a slower rate defined
by Tis values of 4.7 and 6.5 ms for the peaks at 169.8 and 170.8 ppm respectively. These data
did not allow T, u value to be determined because the intensities continued to increase for all
contact times. We independently measured the 'H Ty, by introducing a delay before the
contact pulse to allow the 'H to evolve under the spin locking pulse. At constant contact time
the C{'H} CP/MAS intensity decays according to a bi-exponential function. This result
indicates the presence of at least two proton spin reservoirs associated with the °C with a
subset of spins characterized by a short Ty, of 1.8 ms (32%) while the majority relax more

slowly with a value of Tip =33 ms.
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4.4. HetCor NMR
BC{'H} 2-dimensional HetCor NMR spectra were acquired for the AK-5H sample at

a variety of contact times to examine the relationship between the H and carbonate groups in
this system. A typical spectrum is shown in Figure 4.3 as a contour plot. The individual
summed 'H projections contain three individual peaks where a peak is centered about dy.; =
0.0 ppm and two additional peaks which occur at 1.3 ppm, and 5.5 ppm, the latter of which is
broad and asymmetrical with a tail extending to 11 ppm. The peaks at 1.3 and 5.5 ppm are
prominent in the 'H summed projections collected at short contact time, whereas the peaks
centered about 0.0 ppm grow in to become the dominant peak in the spectra at long contact
times (Fig. 4.4a). The contour plot also shows clearly the presence of two °C resonances at
d¢c-13 = 170.8 and 169.8, that were inferred from the CP/MAS spectra at variable contact time.
The summed "C projections (Fig. 4.4b) show similar changes in peak shape with increase of
contact time as those collected for the variable contact time “C{'H}CP/MAS experiment
(Fig. 4.2).

The HetCor spectra indicate that the resolved carbonate environments are
distinguished by association with different 'H environments and that the H environments are
strongly related to carbonate substitution. At short contact times the carbonate resonance at
dc-13 = 169.8 ppm is most strongly correlated to peaks at dy.;= -0.1 and 5.5 ppm (Fig. 4.5a).
The peak at d¢.;3 = 170.8 ppm appears to shows a correlation with the dy.; = 5.5 ppm peak
that appears weak due to the width of this peak whereas a more apparent stronger
correlations for this site are observed with the proton resonances at 6y = 0.07 and 1.3 ppm
due to their narrow lineshape (Fig. 4.5b). The CP dynamics for each *C/'H cross peak was
determined by fitting the 'H slices (F1) taken at the respective °C isotropic chemical shift to
a sum of Gaussian curves (Table 4.2). The fitted relative intensities were scaled to total
integrated intensities obtained from *C{'H} CP/MAS variable contact time spectra acquired
under the same conditions (Fig. 4.6). Corresponding Tcy and Ty, i values were determined by
fitting the intensities to a classical biexponential CP buildup curve.[25] The
"H(5.5)/"*C(169.8) cross-peak exhibits a quick intensity buildup characterized by a Ty value
of 0.8 ms and decay with an apparent T, value of 12 ms. The peaks at 1.3 and -0.1 ppm
exhibit slower intensity buildups with Tcy values of 2.7 and 4.3 ms respectively. This result

indicates that the 'H species represented by the peak at 5.5 ppm are more closely associated
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with this carbonate site than those at 1.3 and -0.1 ppm. The CP dynamics for the carbonate
site at d¢c.;3 = 170.8 ppm are characterized by Tcy values of 0.8, 0.7 and 3.6 ms for the sites at
Op-.1= 5.5, 1.3 and 0.07 ppm respectively. This result suggests strong coupling between this
carbonate site to the peaks at 5.5 and 1.3 ppm and a weak correlation to that at 0.07 ppm.
Although the 'H peak at 5.5 ppm does not appear prominent in the spectra, its intensity is
significant at short contact times due to its large width. However, comparison of the contour
plot (Fig. 4.3) and fitted ">C spectral components (Fig. 4.2d) suggests it is likely that much of
the apparent 'H(5.5)/"*C(170.6) cross-peak intensity corresponds to overlap with the '*C peak
at 168.9 ppm.

Additional *C{'H} HetCor spectra were collected at a contact time of 10 ms with a
mixing time introduced between 'H excitation and the 'H— "*C polarization transfer. This
experiment indicated whether the short apparent 'H T, values observed for the various 'H
sites by HetCor contain a contribution from "H-'H spin diffusion to an abundant 'H reservoir
at long contact times. We observe that as the mixing time increases from 20 to 40 ms the
peaks at 1.3 and those centered about 0.0 ppm remain at a constant intensity while that at 5.5
ppm gradually decays at a rate consistent with the apparent value of Ty, y= 12 ms measured
for this peak. This result indicates that the short apparent T;,u for the peak at 5.5 ppm
appears results from spin diffusion to a bulk 'H reservoir. However, the peak at 1.3 ppm
appears to represent a distinct 'H reservoir that relaxes to thermal equilibrium before spin
diffusion to the other peaks, giving a distinct T, . These results are consistent with the
observations from the T,y measurements obtained from the 13C{lH}CP/MAS spectra where
a bi-exponential decay was observed although absolute values from HetCor are larger
probably due to faster spinning rate.

3'p{'H} HetCor NMR spectra were also taken of the AK-5H sample to examine
whether the proton environments observed in the “C{'H} HetCor NMR spectra are also
occur near phosphate in the apatite (Fig. 4.SI-2, Supporting Information). The *'P projections
show only a single peak at 8p.3; =2.8 ppm. The 'H projection shows peaks at ;. =0.2 ppm,
1.3 ppm, and 5.5 ppm, similar to those observed in the *C{'H} HetCor NMR spectra. In this
case, however, the peaks at 1.3 and 5.5 ppm are much weaker and that at 1.3 ppm appears not
as a distinct peak but rather as a weak shoulder on the dominant 0.2 ppm peak. The 'H peak
at 5.5 ppm is somewhat sharper than the >C{'H} HetCor, suggesting that the 5.5 ppm cross
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peak might contain a contribution from HPO4 groups,[26] but the data are inconclusive.
These results indicate an association between the 'H peaks at 1.3 and 5.5 ppm and the

phosphate groups, and show that these H occur in the apatite structure.

4.5.'TH MAS NMR

'H SP/MAS NMR spectra show a complex set of peaks for the °C enriched CHAp
samples (Fig. 4.7). These spectra are dominated by three peaks at chemical shifts of oy =
0.2, 1.3, and 5.2 ppm. An additional set of sharp peaks occur in the spectrum for AK-4 near
2.3 ppm which contribute less than 2% of the total intensity and do not occur in HetCor
spectra taken of this sample (not shown) and are, therefore, due to unknown impurities or
surface sites. Also a broad component centered at about 11.6 ppm occurs in this spectrum
which is similar to that observed for HPO,4 groups in nanocrystalline hydroxylapatite[26] but
their identity in this sample is uncertain.

Comparison of the spectra for AK-4 and AK-5H show that the hydrothermal
treatment has an effect on the proton environments present in the samples. The collection
methods also differed between these two samples and could explain the differences 'H
spectra but what would be expected to change would be the amount of adsorbed water
observed. However, the spectrum of the AK-5H exhibits decreased linewidths in comparison
to that for AK-4 with the major peak at 5.2 ppm decreasing from FWHM of 1.8 ppm to a
FWHM of 1.1 ppm. The set of peaks near 2.3 ppm and the broad peak at 11.6 ppm are not
present in the spectrum of the AK-5H sample. There is, however, an additional sharp peak at
4.8 ppm (0.1 ppm FWHM) which given its position and narrow linewidth is likely the result
of fluid phase water either as inclusions or adsorbed on the surface. Although the chemical
shift region of 2 to -1 ppm in the spectrum of AK-5H contains several overlapping peaks, the
HetCor data (described above) contain only the resonances at 1.3 ppm and those located
about 0 ppm. It is likely these additional peaks are either not resolved in the 'H slices of the
HetCor spectra, possibly due to rapid motion, or are the result of impurity phases.
Comparison of the 'H spectra obtained from the *C and *'P HetCor data with these direct-
observe spectra shows that the CHAp contains many H environments that are not directly

associated with the apatite structure or are mobile on the NMR timescale. These H are likely
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to be bonded to oxygen and are likely to contribute to the OH-stretch region of the

vibrational spectra.

4.6. 2Na NMR

Since replacement of Ca®" in the structure by Na* has been proposed as a method for
charge balancing carbonate substitutions in CHAp[S, 9] and chemical analysis showed
significant Na content, we studied the AK-5H sample with Na NMR techniques. The *Na
SP/MAS spectra are similar at both 9.4 and 11.7 T field strengths and show a broad,
asymmetric peak (Fig. 4.8a). Na{*'P} REDOR spectra were taken over a variety of
dephasing periods to investigate the connectivity between Na and P in the sample. Although
this technique can be used as a method for determining P - Na distances[27] in this instance
we used it only as a spectral editing technique. We observed similar peak shapes for the >*Na
control spectrum (Sy; Fig. 4.8b), the »Na{*'P} REDOR spectrum (S; Fig. 4.8c) and the
REDOR difference spectrum (Sy-S; Fig. 4.8d). The REDOR fraction (/-S/Sp) under these
conditions reaches unity at 4 ms dephasing time indicating that all of the Na in the sample is
associated with P and therefore contained in the CHAp and not a separate phase. Comparison
of the **Na SP (Fig. 4.8a) and *’Na spin echo spectra (Sy, Fig. 4.8b) shows the presence of a
narrow component in the former that does not appear in the spin echo data, probably due to a
short T,. However, “Na MQ/MAS spectra (Fig. 4.SI-4, Supporting Information) do not
resolve distinct *Na resonances and instead show 2-dimensional peak shapes consistent with
distributions in both chemical shift and quadrupolar coupling. This result indicates that the
Na is disordered in the CHAp with a distribution of orientations and bond distances. The SP
data at both 11.7 T and 9.4 T can be fit with a sum of quadrupolar MAS lineshapes
corresponding to a distribution of electric field gradients[28] that approximates a Gaussian
distribution of quadrupolar coupling constants with an average of 1.2 MHz and a width of
2.6 MHz (FWHM); truncated near Cq = 0, at an average isotropic chemical shift of On,.23 = -
3.9 ppm.
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5. Discussion

5.1. 'H Peak Assignments of carbonate-associated H

Our results from the 'H SP/MAS and the HetCor spectra indicate that the carbonate
groups are associated with several distinct H species. While the position of the peak at 0.2
ppm observed in the "H SP/MAS and the *'P{'H} HetCor is in good agreement with those
previously observed by 'H SP/MAS for hydroxyl groups in hydroxylapatite,[15] close
examination of the HetCor data show that the hydroxyl resonance is slightly shifted to 0.07
and -0.1 ppm in slices taken at d¢c.;3= 170.8 and 169.8 ppm respectively. The intensity of
these peaks increases slowly with contact time in all the >C{'H} HetCor slices indicating
that this proton environment is well removed from the carbonate carbon. The long Tcy values
(3 to 4 ms) are consistent with long H-C distances and are comparable to the Tpy values
observed for pure HAp.[26] Considering that for HAp a 'H chemical shift 0.2 ppm to
correspond to a d(O--O) = 3.44 A[29] these peaks at 0.07 and -0.1 ppm suggest somewhat
longer O--O distances near the carbonate substitution.[30] We therefore assign these peaks to
hydroxyl groups at positions that are perturbed and slightly from the normal hydroxyl
position by the insertion of carbonate.

The cross-peak at .1 = 1.3 ppm exhibits a very rapid intensity buildup in the HetCor
slices taken at d¢.j3 = 170.8 ppm corresponding to a Tcy value (0.7 ms) that is similar to that
observed for the initial 'H— ">C polarization transfer for bicarbonate defects in calcite.[23]
Such short Tcy requires C-H distances (ca. 2 A) that are too short to be accounted for by
hydroxyl groups hydrogen bonded to carbonate, especially considering that this 'H chemical
shift indicates a weak H-bonding environment [d(O--O) = 3.0 A].[30] For comparison
chemical shifts reported for strongly hydrogen bonded bicarbonate are much higher for
phases such as nahcolite (NaHCOs3; 6.1 = 14.1 ppm) and trona [NazH(CO3)2(H20)2; 01 =
18.6 ppm], which have a d(O--O) of 2.55 and 2.37 A respectively.[23] Therefore, we
interpret the combination of short Ty values (0.7 ms) and small 'H chemical shift to indicate
H directly bonded to carbonate ion that is a weak hydrogen bond donor, and not an OH group
in close association with a carbonate group. These results indicate significant contribution of
bicarbonate to the peak at 170.8 ppm such that it accounts for about 24% of the polarization
transfer from CP kinetics (Table 4.2).
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Previous studies have noted distinct differences of *C chemical shift and chemical
shift anisotropy (CSA) between alkali bicarbonates and their carbonate containing
counterparts[31] (e.g, KHCOj: d¢.13,is0 = 159.9 ppm, Q = 97 ppm « = -0.46; K2,CO3: d¢-13. iso
=169.3, Q = 82 ppm k = 0.61). In these compounds bicarbonate groups accept and donate
strong hydrogen bonds. In contrast, bicarbonate defects in calcite, which are moderate
hydrogen bond donor, exhibit °C chemical shift and CSA that are nearly indistinguishable
from that of the deprotonated carbonate groups (HCOs: 6¢.13,is0 = 168.7 ppm, Q = 84 ppm, «
=0.55: CO3: 8¢.13. 150 = 168.7 ppm, Q = 76 ppm, « = 0.95).[23] The CSA patterns in *C{'H}
CP/MAS NMR at short contact time (Q = 91.0 ppm, k = 0.43) match well those observed for
bicarbonate in calcite.[23] Therefore, it appears that >C chemical shift parameters are
insufficient to identify the difference between carbonate and bicarbonate in weakly hydrogen
bonded systems.

The peak at 1.3 ppm also appears to contribute about 22% of the intensity to the "*C
cross-peak at 169.8 ppm (Table 4.2). However, this peak is not well resolved in the 'H slices
taken at 169.8 ppm and its intensity was obtained from fits in which the peak width and
position were fixed to those derived for the "H(1.3)/"*C(170.8) cross-peak. It is possible,
therefore, that the intensity of this peak in the 'H slices at 169.8 ppm is just the tail of the
peak at 0.07 ppm however, the much different T,y values indicates distinct H species. While
the 'H(1.3)/°C(169.8) cross-peak exhibits a longer Tcy value than that of the
"H(1.3)/"*C(170.8) cross-peak (2.7 and 0.7 ms respectively) the Tip,u values (18 ms) are the
same within uncertainty suggesting that these cross-peaks correspond to the same H
environment which is near both types of carbonate, but further removed from the carbonate
at d¢c.13 = 169.8 ppm and closer to that at 170.8 ppm. However, another possibility consistent
with these observations is a channel hydroxyl with a weak hydrogen bond to the A-type
channel carbonate. 'H NMR peaks near this chemical shift have been reported for
fluorhydroxylapatites[15] and it might be expected that the carbonate could be positioned
closer to one of the adjacent OH groups in the channel to give a weak donor-acceptor
geometry.

The peak at dp.; = 5.5 ppm exhibits a quick buildup of CP intensity in both the
HetCor slices taken at 6c.;3 = 170.8 and 169.8 ppm. However, the resolution in the Bc

dimension is poor and the contour plots suggest that these H environments are associated
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primarily with the peak at 169.8 ppm. This assignment is consistent with the considerable
overlap of the peaks at 170.8 and 169.8 ppm (Fig. 4.2d), the larger width of the latter and the
very similar CP kinetics fit to the 170.8 and 169.8 ppm slices. The "H(5.5)/"*C(169.8) cross-
peak also exhibits a short Ty, similar to that observed for bicarbonate defects in calcite,[23]
indicative of a short C-H distance. Although the 'H chemical shift of this cross-peak
corresponds well to that observed for water contained in apatite[26] assignment of the short
observed Tcy value to carbonate-water interaction would require a very short hydrogen bond
distance and consequently a much more positive 'H chemical shift value. We also observe
that this peak decays when a mixing time is introduced in the HetCor experiment indicating
that spin diffusion to the main 'H reservoir near 0 ppm accounts for some of the apparent
intensity loss at long contact times. We therefore assign the 'H(5.5)/"*C(169.8) cross-peak to
A-type bicarbonate groups in the channel sites that donate moderate hydrogen bonds,
possibly to adjacent hydroxyl in the channels. The broad asymmetric lineshape in the 'H-
dimension with intensity tailing out to about 11 ppm corresponds to a wide range of
hydrogen bond lengths with d(O-+O) values ranging from about 2.88 to 2.66 A.[30]
Therefore, in the FT-IR spectra the corresponding OH stretch can be expected to give a broad,
ill defined peak spanning 2982 to 3399 cm™ [32] which would be difficult to observe.

5.2. A Type Substitution

Our NMR evidence for the presence of bicarbonate groups in CHAp implies defect
structures in addition to those suggested previously. In the case of A-type (channel)
carbonate the method for substitution that has been commonly reported is the removal of two
hydroxyl groups for the inclusion of a single carbonate group.[8, 11]

[*CO;* =20H7]
Peroos et al.[33] studied this substitution method in CHAp using molecular dynamics
simulations and found that the most stable configuration of this A-type carbonate defect
occurred with the carbonate ion located midway between the two hydroxyl positions. The
calculated minimum energy configuration for this defect leads to a long hydrogen bond
interaction between the carbonate oxygens and the channel hydroxyl with a d(O---O) distance
of 2.75 A. This distance corresponds well to the d(O---O) distance range of 2.66 to 2.88 A
derived for the bicarbonate carbonate group represented by the broad peak at dy.; = 5.5 ppm
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but its strong coupling to C indicates bonding to the carbonate group. The inclusion of
bicarbonate, however, invokes a charge imbalance that must be accommodated. This charge
imbalance could be compensated through the coupling of the A-type substitution with a
corresponding Na " defect:

[Na" +“HCO; = Ca*" + 20H7].

The large molar Na/carbonate ratio found for our samples supports such a coupled
substitution. One possible advantage of bicarbonate groups is that this configuration would
allow the hydroxyl ordering within the channels to be preserved without significant
perturbations of the hydroxyl ions in the channel sites. Weak interaction of a non-protonated
carbonate oxygen with a hydroxyl could explain the cross peak at dy.; = 1.3 ppm in CHAp
which corresponds well to that observed for a hydroxyl group in fluor-hydroxylapatites[15].
However, this chemical shift would correspond to an O-O distance longer than the 2.75 A

from the computation models.

5.3. AB Type Substitution

Previous studies have suggested that a coupled substitution is not only possible but in
cases required for the incorporation of carbonate into both the A and B site in type AB
CHAp.[9, 33] Computational models[33] suggest that a substitution for the AB-type defect
can be accommodated by the removal of a channel hydroxyl and the movement of a channel
hydroxyl to a position next to the B-type carbonate group.

[2CO5* =PO4” +*OHT]
It was found that this configuration gives the most energetically favorable defect of all A,
B and AB-type substitution methods studied. However, this arrangement requires not
only a close proximity of the B-hydroxyl to the carbonate group [d(O---O) = 2.24 to 2.77
A], but also a crowding of the A-type carbonate due to the substitution for one channel
hydroxyl instead of two. We find no evidence for a hydroxyl with such short hydrogen
bond lengths; all H with large chemical shift appears to correspond to bicarbonate groups.
Astala and Stott[34] suggest that the B-type carbonate is best accommodated through a
Ca vacancy and a corresponding HPO, substitution. While we do see potential evidence
for HPO,4 groups the model proposed for this substitution would require short hydrogen

bond distances to the carbonate oxygen and again a correspondingly large positive 'H
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chemical shift. Fleet and Liu[9] suggest that a coupled AB-type substitution could be
accomplished through an additional substitution of a Na* for Ca®". However, they do not
propose a specific charge balance mechanism. Based on this information we can propose

an additional substitution which incorporates bicarbonate into the B-site through a
coupling with an A-site substitution and Na:

[Na"+BHCO; + *CO;* = Ca*" + PO4” + OHT]

This substitution method would eliminate the need for an additional hydroxyl group to be
incorporated with the B-type substitution. The replacement of two hydroxyl groups in the
channels for one carbonate group would allow for less steric hindrance of the A-type
substitution but would require a second Na“ for charge-balance. If the bicarbonate ion is
oriented with respect to the channel similar to that proposed by Fleet and Liu[9] with its
plane lying more or less parallel to one of the far faces of the phosphate ion the smallest
d(O--0O) distance for the bicarbonate ion to the closest oxygen of the non-protonated
carbonate group would be about 3.05 A. This geometry is in good agreement with the
d(O--0) value 3.04 A estimated from the chemical shift of the 'H cross-peak at 1.3 ppm.
Observation of similar Tipu values (18ms) for both the 'H(1.3)/"*C(170.8) and the
"H(1.3)/°C(169.8) cross-peaks is consistent with a contribution from a single H environment
associated with both carbonate environments as expected for such a coupled substitution. In
this case, the short Tcy of the "H(1.3)/">C(170.8) cross-peak indicates protonation of the B-

type carbonate.
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8. Tables

Table 4.1. Comparison of major IR and Raman peak positions in cm™. Raman spectra were

not collected for the AK-2H sample.

Assignment AK-2H AK-2HD AK-4 AK-5H Ref.
IR IR Raman | IR | Raman IR Raman
OH Stretch 3571 | 3571 3572 3571 [1]
H,O Stretch 3376 | 3376 3329 3376 [2]
2C0Oj; 2v5? 2926 | 2926 [2]
Uncertain 2928
BCo; 2vs 2838
OD Stretch
Uncertain 2850
2C0O; vitvs 2520 | 2634 | 2636 [2]
BCo; vit vs 2476 2464 2471
2434
D,0 Stretch 2495
PO, vi+ Vs 2133 | 2138 2137 2135 [3]
2075 | 2075 2075 2075 [3]
1996 | 1998 1993 1997 [3]
2C0O; v; 1466 | 1468 [1]
1418 | 1418
BCo; vs 1419 1414
1379 1376
Uncertain 1200
PO4 V3 1090 | 1091 1093 | 1086 | 1092 | 1072 | [1,4]
CO; v 1086 1072 1050 | [4]
PO4 v3 1041 | 1043 | 1072 | 1040 | 1050 | 1044 | 962 | [1,4]
PO, v, 962 962 | 1050 | 961 | 962 962 [1,4]
2C0;5 v, 879 879 | 962 | 874 874 [1]
872 872
BCos v, 848 852
846
PO4 vy 608 608 608 [4]
590 590 590 | [4]
PO4v, 432 432 432 [4]

[1] Nelson and Featherstone (1982) [2] Genge et al (1995) [3] Joris and Amberg (1971) [4]
Krajewski (2005)
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Table 4.2. CP kinetic values obtained for the 'H HetCor cross peaks. T, values reported

are apparent values. *value fixed to obtain suitable fit.

Oc.13 OH-1 Ip (%) Tcu (ms) Tipn (I?S)
-0.1 0.42(1) 4.3(1) >100

169.8 1.3 0.22(3) 2.7(3) 18(2)
5.5 0.31(2) 0.8(2) 17(1)
0.07 0.53(1) 4.3(1) >100"

170.8 1.3 0.24(1) 0.7(1) 18(1)
55 0.23(3) 0.8(3) 12(2)
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9. Figures and Captions
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Figure 4.1. IR spectra of CAp samples from top to bottom: AK-2HD, AK-2H, AK-5H, and

AK-4. A. Full IR spectra from 4000 to 650 cm™. B. Expanded view of COj3 v, region from
900 to 800 cm™. C Expanded view of the CO; 2vs3 region from 2700 to 3000 cm’'. Dashed
lines correspond to the positions of the peaks at 2928 and 2850 cm™ present in the spectrum

taken of the sample AK-2H sample.
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Figure 4.2. BC NMR spectra of CHAp sample AK-5H. a) °C SP/MAS; 120 s relaxation

delay, 32 acquisitions. b) "C{'H} CP/MAS; 5 ms contact time, 2 s relaxation delay, 4160
acquisitions. ¢) “C{'H} CP/MAS; 0.15 ms contact time, 2 s relaxation delay, 4160
acquisitions. d) Spectral fit to ¢) corresponding to peaks at 170.8 and an asymmetric peak at

169.8 ppm. All spectra were collected at a spinning rate of 3.0 kHz.
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Figure 4.3. 2-dimensional BC{'H} HetCor spectrum of AK-5H collected at a contact time of

3 ms and a spinning rate of 10 kHz. Spectra at top and side are summed projections over the
centerband intensity
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Figure 4.4. BC{'H} HetCor NMR spectra of sample AK-5H. A) Indirectly detected 'H
spectra summed over the °C centerband. B) °C spectra summed over the 'H dimension
collected at a variety of contact times. A total of 128 hypercomplex increments in t1 were
collected at a spinning rate of 10 kHz and a pulse delay of 1 s. Spectra are scaled to reflect

absolute intensities.
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Figure 4.5. 'H Traces (F1) from 2-dimensional °C{'H} HetCor spectra of AK-5H taken at

the indicated contact times, corresponding to the cross sections at the main "*C peak positions
in F1 at a) 0c.;3 = 170.8 ppm, and b) 169.8 ppm. Spectra are scaled to reflect absolute

intensity per scan.
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Figure 4.6. Variation in the cross-peak intensity of the BC{'H}HetCor NMR spectra taken

of sample AK-5H for 'H slices taken at A) 8;3.c = 170.8 ppm and B) 169.8ppm Symbols
represent the integrated intensity for the 'H sites at 8.y = 0.07 and -0.1 ppm (m), 1.3 ppm (A)

and 5.5 ppm (). Lines represent a least-squares fit to classical CP dynamics.[25]
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Figure 4.7. 'H SP/MAS NMR spectra of CHAp samples a) AK-4 and b) AK-5H. Inset:

Expanded view of the centerband region (11 to -3 ppm) of each spectrum. Each spectrum
was collected with a 1 s relaxation delay at a spinning rate of 15 kHz for 128 and 512

acquisitions respectively. Asterisks denote spinning sidebands.
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Figure 4.8. *Na NMR spectra of sample AK-5H a) *Na SP MAS NMR spectrum collected

at a spinning rate of 18 kHz and pulse delay of 0.5 s. b-d) Na{*'P} REDOR spectra set
collected at 7 rotor-cycle echo delay using a spinning rate of 10 kHz and a pulse delay of 0.5
s. b) *Na Echo control spectrum, Sy. ¢) Na{*'P} REDOR spectrum, S. d) Difference
Spectrum, S)-S. Spectra are scaled to reflect the absolute intensities. Asterisks denote

spinning sidebands.
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10. Supporting Information

Table SI-4.1. CP kinetic values obtained for the "H HetCor cross peaks. Tipuvalues

reported are apparent values. *value fixed to obtain valid fit.

Oc.13 OH-1 Iy (%) Tcu (ms) Tipn (M)
0.1 0.42(1) 4.3(1) >100

169.8 1.3 0.22(3) 2.7(3) 18(2)
5.5 0.31(2) 0.8(2) 17(1)
0.07 0.53(1) 4.3(1) >100"

170.8 1.3 0.24(1) 0.7(1) 18(1)
55 0.23(3) 0.8(3) 12(2)
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Figure SI-4.1. Raman Spectra of CHAp samples from top to bottom: AK2HD, AK-5H, and
AK4.
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Figure SI-4.2. 'H— BC{*'P} CP/REDOR spectra set collected at 10 rotor-cycle echo delay

using a spinning rate of 5 kHz and a pulse delay of 2's. a) ?C CP/echo control spectrum, ;.
d) *C{*'P} CP/REDOR spectrum, S. d) Difference Spectrum, Sy-S. Spectra ¢-d are scaled to

reflect the absolute intensities.
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Figure SI-4.3. 2-dimensional 3'p{'H} HetCor spectrum of AK-5H sample at a contact time

of 7 ms and a spinning rate of 10 kHz. Spectra at top and side are summed projections. Top

trace is shown at 10 times vertical scaling.
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Figure SI-4.4. 2-dimensional “Na MQMAS spectrum of AK-5H sample at a spinning rate
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isotropic dimension. Spectra at top and side are summed projections.
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V. Solid-State NMR and IR spectroscopic investigation of the role of structural
water and F in carbonate-rich fluorapatite

Reproduced with permission from American Mineralogist
Harris E. Mason?", Francis M. McCubbin', Alexander Smirnov?, Brian L. Phillips'?, .
Solid-State NMR and IR spectroscopic investigation of the role of structural water and F in
carbonate-rich fluorapatite, Am. Mineral. 94(2009) 507-516, doi: 10.2138/am.2009.3095

'Department of Geosciences, State University of New York, Stony Brook, NY 11794-2100
2Center for Environmental Molecular Science, State University of New York, Stony Brook, NY
11794-2100
3Geophysical Laboratory, Carnegie Institution for Science, 5251 Broad Branch Rd. NW, Washington,
DC 20015; current address: Department of Geosciences, State University of New York, Stony Brook,
NY 11794-2100

1. Abstract

We have studied the substitutions in a natural well-crystallized carbonate-containing
apatite (Ca,F) (var. staffelite) using infra-red (IR) and solid-state nuclear magnetic resonance
(NMR) spectroscopic techniques. Our results show the presence of both A and B-type
carbonate plus a large amount of structural water (0.44 pfu). This sample also contains 0.21
per formula unit excess F, but only weak C-F dipolar coupling is observed indicating that a
tetrahedral COsF>" complex does not occur. "’F NMR results indicate the presence of a
second F environment in the apatite structure at a concentration similar to that of B-type

carbonate but which does not differ from channel F in terms of coupling to *'P or 'H.

2. Keywords
Apatite (Ca,F), IR spectroscopy, NMR spectroscopy
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3. Introduction

Phosphorite deposits account for less than 10% of the total budget of oceanic
phosphorus deposition, but they represent a significant source of economically viable
phosphorus due to phosphate contents commonly exceeding 9 wt.% as PO,> (up to 27 wt.%)
[1]. Although there are many means by which phosphorite deposits form, they share a
common primary mineralogy, carbonate-rich apatite (Ca,F) (CFAp). Despite CFAp being
ubiquitous among phosphorite deposits, little is known about the crystal chemical
relationships governing the incorporation of the carbonate ion. Carbonate contents of CFAp
from phosphorite deposits can range up to but typically do not exceed 6 wt.% as COs> [2].
Adding to its complexity, CFAp commonly contains an excess of fluorine (> 1.0 per
structural formula unit [pfu]) that positively correlates with carbonate content [3, 4] in many
but not all samples [5]. Because the apatite structure is very adaptive and many cationic and
anionic substitutions can occur [6], the crystal chemical relationships governing carbonate
incorporation into CFAp are likely complex. However, the species that accompany carbonate
and their relative abundances have been suggested as key indicators for determining the
petrogenetic history of the phosphorite [2]. Therefore, knowledge of the substitutions that
accompany carbonate in apatite is necessary for full understanding of the process of
phosphorite deposition and diagenesis.

Two primary sites for carbonate incorporation have been identified in the apatite
structure [7, 8]. The carbonate ion can replace a channel anion (A-type substitution) with its
plane parallel to the c-axis. Alternatively, carbonate can occupy a phosphate site (B-type
substitution) by aligning its plane at 30 to 40 degree angle to the c-axis [9]. A- and B-type
substitutions can exist independent of one another, or they can occur simultaneously as an
AB-type substitution. These substitutions yield structural and charge imbalances which must
be accommodated. For example, AB-type substitutions in apatite (Ca,OH) can be coupled in
adjacent channel and phosphate sites through the incorporation of Na and hydrogen
carbonate [10-12]. In apatite (Ca,F), the carbonate substitution is not well understood and has
spurred debate over the role of fluorine. It is recognized that B-type carbonate content
correlates with the amount of excess F in natural CFAp samples. This observation was
extended to a proposed B-type substitution of a tetrahedral CO3F”" complex that replaces
phosphate (e.g. [3, 13]). Regnier et al [14] suggested that the COsF> complex could not

115



occur in CFAp based on comparisons of solid-state '*C nuclear magnetic resonance (NMR)
spectra of natural and synthetic CFAp to calculated NMR lineshapes for CO; with F at
differing distances. The calculated static lineshape for a tetrahedral COsF>" complex would
differ significantly from that of a planer CO; molecule. However, Nathan [15] commented
that the samples studied by Regnier et al [14] lacked excess F and, therefore, were not
expected to contain CO;F™". Little direct evidence has been found to support the existence of
a tetrahedral COs;F”" complex, but it persists as a proposed substitution method in the
literature (e.g., [6]). An additional B-type substitution mechanism was recently suggested by
Nokhrin et al [16] based on electron paramagnetic resonance spectroscopy indicating charge
balance was achieved in CFAp by the presence of vacancies in neighboring Ca, O, and F
sites. Using NMR spectroscopy several recent studied have reported the occurrence of H-
bearing species such as hydrogen phosphate, structural water, and bicarbonate can all
substitute into the apatite structure [12, 17, 18]and it is possible that such species could also
balance carbonate substitution in CFAp.

In this study we have analyzed a well-crystalline sample of CFAp (var. staffelite)
from Staffel, Germany. There are no clear distinctions chemically or structurally between
the staffelite and francolite varieties of apatite (Ca,F), but since the composition of CFAp
varies widely (McArthur, 1985) we use the varietal term throughout to distinguish the
specimens studied here. We have applied electron microprobe analysis (EMPA), Fourier
Transform Infrared Spectroscopy (FTIR) and a variety of single, and double resonance solid-
state NMR spectroscopic methods to determine the substitutions that accompany carbonate
substitution in staffelite These results indicate that H has an integral role in the incorporation
of carbonate into the apatite (Ca,F) structure through a coupling with molecular water. A
second F environment is also clearly observed in NMR spectra indicating that it is related to

carbonate substitution in F-rich apatite.
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4. Methods

4.1 Samples and Synthesis

The natural CFAp sample analyzed in this study is a well-crystalline carbonate-rich
apatite (Ca,F) (var. staffelite) from a phosphorite deposit in Staffel, Germany. This sample
occurs as massive groups of apatite grains that appear to be annealed at grain boundaries (Fig.
5.1A,B). Individual grains within the massive groups are subhedral to anhedral and are
typically ~100 um in their longest dimension with typical aspect ratios of ~ 2:1; however the
apatite grains decreased in size to <10 pm at the interface between the massive grains and the
host material. The apatite had some impurity phases within, including hematite and phengite,
although these impurities were not common. The apatite grains commonly contained small
fluid inclusions, which were avoided during micro-FTIR analysis. Published carbonate
contents for samples from this locality range from 4 to 7 wt% CO3 [19-21].

A carbonate-bearing apatite (sCFAp) was synthesized following a method first
developed for synthesis of carbonate-bearing apatite (Ca,0OH) by Nelson and Featherstone [7]
and later adapted and described by Mason et al. [12]. Briefly, a solution containing 0.2 M
(NH4)3PO4, 0.06 M NaHCO3, and 0.06M NaF was titrated into a solution containing 0.2 M
Ca(NOs); at a constant rate of 0.55 ml/min. The pH of the resulting solution was maintained
between 8.5 and 9.0 by periodic manual additions of 10 N NaOH. The solid was then
collected, centrifuged, rinsed twice in D.I. water, and transferred to a PTFE-lined
hydrothermal vessel containing 0.5 M NaHCOs, and 1.0 M NaF and heated at 220 °C for a
period of two days where the sample was allowed to recrystallize under autogenous pressure.
The product was again collected and rinsed twice with D.I. water and characterized using X-

ray powder diffraction to determine phase purity.

4.2. Analytical Methods

Powder X-ray diffraction (XRD) patterns of the samples were collected using Cu Ka
radiation over the range of 20° to 80° 26 using a 0.02° step scan on a Scintag PADX powder
X-ray diffractometer. The XRD patterns were indexed, and unit cell parameters derived using
the program UnitCell [22]. Fourier Transform infrared (FTIR) spectra were collected over a

range of 670 to 4000 cm™ on a Nicolet 670 FTIR spectrometer in adsorption mode. Samples
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were ground in an agate mortar with spectroscopic grade KBr in an approximate 1:300 ratio
of sample to KBr and spectra were collected for 128 scans at a resolution 1 cm™. An
attenuated total reflectance (ATR) FTIR spectrum was also collected from 360 to 7400 cm™
on a Thermo Fisher Nicolet 6700 FTIR spectrometer equipped with a SmartOrbit ATR
accessory with a Type Ila diamond ATR element.

Infrared spectroscopic measurements were also conducted at room-temperature in
transmittance mode on a Thermo Nicolet Nexus 670 FTIR spectrometer attached to a
Thermo Nicolet Continuum IR microscope located in the Department of Earth and Planetary
Sciences at the American Museum of Natural History. Both the spectrometer and the IR
objective were purged with dry nitrogen gas at a rate of 15 I/min. Transmittance IR spectra
were collected from a doubly polished wafer of the staffelite sample over the mid-IR (1400-
4000 cm™) to near-IR regions (3700-7500 cm™) using a KBr beam splitter, MCT/A detector,
and globar source. Approximately 400 scans were performed for each IR spectrum acquired
at a resolution of 4 cm™ . The wafer was measured in 8 spots with a spot size of ~50 um®. All
spots were first assessed optically to ensure the absence of impurity phases and fluid
inclusions.

Thermogravimetric (TG) analyses were conducted using a Netzch STA 449 C Jupiter
thermo-microbalance. 9.8 mg of powdered sample was loaded into an alumina crucible and
heated at a rate of 20 °C/min. The analyses ramped from room temperature to 250 °C and
cooled twice before collecting the full TG curve out to 1400 °C to ensure surface adsorbed
water and fluid inclusions were removed prior to the full analysis. A background of the
empty crucible was also collected following the same procedure prior to collection of the
staffelite TG curve which was subtracted from the final data.

Electron Probe Microanalyses (EPMA) of the staffelite was performed at the
Geophysical Laboratory of the Carnegie Institution for Science in Washington DC using a
JEOL JXA-8800L microprobe equipped with five wavelength dispersive spectrometers and a
liquid N»-cooled Sapphire Si(Li) EDS detector (EDAX). An accelerating voltage of 15 kV
and a nominal beam current of 20 nA were used for all analyses. A basaltic glass (Basalt-812)
was used as a standard for magnesium and sodium. Durango-apatite was used as a standard
for calcium, phosphorus, and fluorine. Because anisotropic diffusion of fluorine can occur

during EPMA analyses down the c-axis of apatite ([23], care was taken to standardize along
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the a-axis of the Durango apatite; counts/s’ were also monitored to ensure that count
“acceleration” did not occur during standardization (after[24]). Analyses were conducted
using a defocused beam with spot sizes of ~20 pm’. Because identification of the
crystallographic axes was not possible for the staffelite apatite, the fluorine numbers
presented in Table 5.1 should be considered upper limits.

'H, *'P, and "C NMR spectra were collected on a 400 MHz Varian Inova
spectrometer at operating frequencies of 399.76, 161.83, and 100.57 MHz, respectively. The
'H Single Pulse magic angle spinning (SP/MAS) NMR spectra were collected at a spinning
rate of 15 kHz on a Chemagnetics probe configured for 4 mm (o.d.) rotors and modified to
yield a very low 'H background signal; this background is insignificant compared to signal
from the samples and was not subtracted from the spectrum. °C SP and “C{'H} Cross-
polarization (CP) MAS spectra were acquired with a Varian/Chemagnetics probe configured
for 7.5 mm (o0.d.) rotors. For *'P{'"H} 2-dimensional (2-d) Heteronuclear Correlation (HetCor)
spectra, a total of 50 hypercomplex points in ¢t1 were collected with a 10 ps increment,
corresponding to a 100 kHz F1 spectral window, using a 10 kHz spinning rate and a
Varian/Chemagnetics 3.2 mm T3 probe assembly. The 'H spectra were referenced to
tetramethylsilane (TMS) by setting the hydroxyl resonance in reagent grade apatite (Ca,OH)
to 8y = 0.2 ppm [25]. "°C spectra were referenced to TMS using adamantane as an external
reference set to 8¢ = 38.6 ppm [26]. The 'H dimension in the *'P{'H} HetCor were
referenced to *'P{'H} HetCor spectrum of apatite (Ca,0OH) obtained using the same F1
acquisition and processing parameters.

YF SP/MAS, “F{?'P} REDOR, *'P{"’F} HetCor and “C{’F} CP/MAS NMR
spectra were collected on a 500 MHz Infinity Plus spectrometer at operating frequencies of
125.70, 202.32, and 47021 MHz for C, *'P, and "F respectively using a
Varian/Chemagnetics probe configured for 3.2 mm (0.d.) rotors and to give a very low "°F
background. "’F{*'P} REDOR spectra were collected at a variety of dephasing periods using
spinning rates of 20 and 25 kHz and spin-echo pulses for °F (m = 12 ps) and 12 ps re-
coupling pulses for *'P. For *'P{'’F} HetCor spectra a total of 100 hypercomplex points in ¢/
were collected at a 10 ps increment, corresponding to a 100 kHz spectral window in F1 at a
spinning rate of 13 kHz. >C{'’F} CP/MAS spectra were collected at a spinning rate of 10

kHz using a variable a amplitude linear ramp to optimize signal intensity. ’F{'H} REDOR
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NMR spectra were collected at the Keck NMR Center for Structural Biology in Stony Brook
University using a 4mm H/F/X probe on a Bruker Advance 600 MHz spectrometer operating
at frequencies of 600.13 and 564.63 MHz for 'H and '°F respectively. '°F spectra were
referenced with respect to dp= 0 for CFCl; or 142 ppm for C¢Fe.

5. Results

5.1. XRD

X-ray powder diffraction patterns taken of both the staffelite and sCFAp samples
indicate that pure apatite phases are present in both samples with no major impurity phases
(Fig. 5.2). Additionally, both patterns can be indexed to the space group P63/m with unit cell
parameters of a = 9.35493(41) A, ¢ = 6.88659(39) A and a = 9.36715(41) A, ¢ = 6.88289(39)
A for the staffelite and sCFAp samples respectively. These values indicate a contraction of
the a-axis with respect to pure apatite (Ca,F) with carbonate substitution similar to that

reported previously for apatite (Ca,OH) (eg. [27, 28]).

5.2. Elemental Analysis
The EPMA results of the staffelite are summarized in Table 5.1. Before EPMA

analysis, the staffelite sample was inspected by electron dispersive spectroscopy (EDS) in
order to identify which elements should be included in the analytical setup. This was
executed to ensure that the low sums obtained could be attributed only to the presence of C-
and H-species (and some matrix effects), which could not be detected by EDS. Mg and Na
were the only minor structural constituents detected, and they represent a very minor
structural component (Na + Mg < 0.05 pfu). The paucity of Na in the staffelite indicates that
unlike carbonate-rich apatite (Ca,OH), Na does not play an important role in the carbonate
incorporation of this sample (cf. Fleet and Liu, 2007a; Mason et al., 2008). All of the
analyses from Table 5.1 have F-contents in excess of 1 pfu (> ~3.79 wt.% F), however this

may be an artifact of the analytical technique [23].
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5.3. Vibrational Spectroscopy

The powder FTIR spectrum (Fig. 5.3) of the staffelite contains peaks characteristic of
carbonate-bearing apatite [7, 8, 12, 29]. Compared with more-studied carbonate-rich apatite
(Ca,0OH), some difference the CO; modes are observed that can be attributed to the influence
of F. No significant difference in the positions of the B-type COs v, peaks from CHAp are
observed, however, there are changes in the A-type v, region where a slight down-frequency
shift of the A-type COs v, peak from 872 cm™! to 865 cm™ is observed. In the COs; viregion
peaks are observed at 1451 cm™ and 1426 cm™ for staffelite, very similar to those observed
for carbonate-rich apatite (Ca,OH). These results agree well with previous studies that
indicated a shift to lower wavenumbers of the COj; v, peaks with increasing F-content while
no significant changes are observed for other modes [14, 30-33]. The ATR spectrum of this
sample (not shown) exhibits the same features observed in the powder FTIR spectrum, but
since it was collected from over a greater frequency range it was possible to measure the
intensity of the CO3; mode at 565 cm™ from which an estimate for the total CO; content of
4.6 wt% was obtained using the method of Krajewski et al., [27].

Micro-IR measurements (Fig. 5.3) were obtained to further characterize the water
modes from the staffelite, the presence of which was suggested from the NMR data (see
below). Following the assignments of Mandeville et al. [34] we assigned three peaks, at 5168
cm™ (not shown in Fig. 5.3), 3380 cm™, and 1630 cm™ to various water modes. Those at
1630 cm™ (Fig. 5.3c.) are assigned to HOH bending modes typical for molecular H,O and
those at 5168 cm™ and 3380 cm™ is assigned to OH-stretching and HOH-bending overtones.
However, the characteristic narrow peak at 3570 cm™ typically assigned to OH contained in
the apatite channels is notably absent from this spectrum. Therefore, it appears that the
modes associated with H in this structure are dominated by the presence of molecular H,O
with little contribution from hydroxyl in the channels. Because care was taken to analyze
areas free of inclusions, these results suggest that the molecular H,O species are in the apatite
structure and not associated with impurities. This interpretation is further supported by the
'P/'H double resonance NMR results discussed in subsequent sections. We observe a strong
set of peaks at 2936 cm™ and 2887 cm™ which have previously been attributed to hydrogen
carbonate groups [12]. >C/'H NMR results discussed below suggest hydrogen carbonate is
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absent, but >'P/'H NMR experiments show the presence of hydrogen phosphate groups.

Therefore, we infer that these peaks could arise from protonated phosphate

5.4. Thermogravimetric analysis

The initial portion of the TG curve from 250 to 360 °C is flat after the initial ramped
heating indicating the complete removal of surface water and fluid inclusions. Three gradual
weight loss events are also observed for the staffelite sample (Fig. 5.4). The first is a loss of
1.6 wt% which occurs from 360 to 808 °C which likely corresponds to the loss of structural
water. This interpretation is supported by '"H NMR of this sample (see below). The second,
and largest weight loss is 3.39 wt% which corresponds to the loss of CO, from the apatite
structure and corresponds to 4.62 wt% COs. This value agrees well with that derived from
the ATR spectrum. The final weight loss corresponds to only 0.77% and appears to continue
beyond the range of the collected data. It is unclear what this loss corresponds to but NMR

data collected for similarly treated material indicate partial decomposition.

5.5.31P MAS NMR

The *'P SP/MAS NMR spectrum of the staffelite sample exhibits only a single
narrow peak at dp = 2.6 ppm (Fig. 5.5a). This result agrees with earlier studies that place the
chemical shift for apatite within the range of 2.5 to 2.8 ppm with no systematic variation with
channel anion [35, 36]. *'P{'H} CP/MAS experiments (Fig. 5.5b) produce a lineshape
consisting of three main components: a shoulder at 0.6 ppm (1.2 ppm full-width at half-
maximum; FWHM), a sharp component at 2.6 ppm (1.2 ppm FWHM), and a broad
component at 3.0 ppm (5.9 ppm FWHM). The existence of the broad component is supported
by variable contact time experiments in which an increased sharpening of the overall
lineshape with increasing contact time can be simulated by changes in the relative intensities
of a narrow and broad component. Detailed examination of the CP dynamics (intensity
variation as a function of contact time) reveals that the broad peak at 3.0 ppm and the
shoulder at 0.6 ppm exhibit short Tpy values of 0.5 and 0.9 ms respectively and decay with
Tipu values of 27 and 7 ms respectively. The peak at 2.6 ppm, however, has a Tpy value
greater than 2 ms and continues to intensify with increasing contact time beyond 20 ms,

indication a very long Ti,u. This result indicates that the peak at 2.6 ppm represents bulk
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phosphate groups far removed from H, and the peaks at 0.5 and 3.0 ppm correspond to
phosphate closely associated with H in the structure, possibly either in the form of hydrogen

phosphate or structurally bound H,O.

5.6. 'TH MAS NMR

The 'H SP/MAS spectrum of the staffelite (Fig. 5.6a) contains a broad peak at 8y =
5.6 ppm (3.6 ppm FWHM), a narrow peak at 1.6 ppm (1.6 ppm FWHM), plus a set of
spinning sidebands (SSB) centered at &y = 6.4 ppm (obtained by averaging the positions of
the n = £1, £2 SSB). The peaks at 5.6 ppm and the broad SSB pattern at 6.4 ppm correspond
to distinct H species although both chemical shifts are consistent with molecular water [37,
38]. The broad SSB pattern indicates that the water species represented by the peak at 6.4
ppm is rigid and, therefore, likely bound in the apatite. The peak at 5.6 ppm lacks significant
SSB intensity and is assigned to water contained in fluid inclusions. The chemical shift of the
narrow peak, 1.6 ppm, corresponds well to that reported previously for hydroxyl groups in
hydroxyl-rich apatite (Ca,F) [39]. Spectral integration indicates that hydroxyl account for
only 6% of the H in this sample.

'H NMR spectra of heat-treated portions of the staffelite support the assignment of
the first weight loss in the TG curve to evolution of the structural water. The 'H spectra
collected for a sample heated to 200 °C for an excess of 8 hrs (Fig. 5.7b) displays the peaks at
oy = 5.6, 6.4 and 1.6 ppm observed for untreated staffelite. A sharpening of the structural
water peaks is observed for this sample which could be due to mobilization of the H>O. This
treatment was similar to that used to achieve a flat initial baseline in the TG curve.
Comparison of spectra before and after heating is consistent with loss of only surface sorbed
water, intergranular water, and fluid inclusions over this temperature range, retaining the
structural water. A sample heated to 600 °C to correspond with the middle of the first TG
weight loss produces a spectrum (Fig. 5.7¢) in which the broad water peaks at &y = 5.6 and
6.4 ppm are decreased, but can still be observed clearly in the spinning sidebands indicating
incomplete dehydration. The peaks for hydroxyl at 1.6 ppm and hydrogen phosphate at 10
ppm remain unaltered. A small peak at 4.7 ppm is observed but likely results from water

quickly sorbed to the surface during rotor packing. Spectra of a sample heated to the end
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point of the first weight loss (800 °C; not shown) is similar but shows evidence of partial

decomposition and a shift of the hydroxyl peak suggests rearrangement of the channel.

5.7. 3P{'H} HetCor NMR

We used *'P{'H} HetCor NMR to determine which H species are associated with P in
the staffelite. In this experiment the 'H spectra are acquired indirectly through *'P
observation and correspond to H from which magnetization was transferred during CP, either
through direct 'H-""P dipolar coupling or subsequent 'H-"H spin diffusion. A representative
2-d contour map with summed projections is shown in Figure 5.8. The 'H slices and summed
projections (Fig. 5.6b-e) indicate that two principal H environments are associated with P,
represented by broad peaks at oy = 9.2 ppm (4.5 ppm FWHM) and 6.4 ppm (8.7 ppm
FWHM). The spectra also appear to contain a feature corresponding to the hydroxyls near oy
=1.6 ppm, but it is poorly resolved due to low intensity and overlap with broad peaks. The
SSB pattern corresponds only to the peak at 6.4 ppm and is characteristic of rigid water
molecules remote from other H [38]. Its occurrence in the *'P-detected spectra shows that
these water molecules are structural water in the apatite. The peak at 9.2 ppm is enhanced
relative to that at 6.4 ppm at short contact times (cf. Fig. 5.5b and 5.5¢) suggesting shorter
distances to P and is resolved in spectra of the heat treated samples (Fig. 5.7b). It is similar in
both position and width to that observed for HPO, defects in nano-crystalline apatite (Ca,OH)
([18, 40]. This chemical shift indicates a moderately strong hydrogen bond.

The *'P sum projection over the 'H centerband (Fig. 5.5¢) shows a complex lineshape
similar to that observed in variable contact time *'P{'H} CP/MAS spectra. A 3P slice taken
at oy = 9.2 ppm clearly resolves three peaks (Fig. 5.5d), including a sharp peak at dp = 5.0
ppm (1.0 ppm FWHM) and a shoulder at 0.6 ppm (0.9 ppm FWHM) in addition to the peak
at 2.7 ppm (3.7 ppm FWHM). A 'H slice taken at 8p = 0.6 ppm shows similar spectral
features as that of the 'H sum projection (Fig. 5.6¢), but the 'H slice at 8p = 5.0 ppm clearly
shows the peak at 6y = 9.2 ppm for HPO, is enhanced relative to the water peak at 6.4 ppm
(Fig. 5.6d). These data allow us to assign the *'P(5.0)/'H(9.4) cross-peak to moderately
hydrogen bonded HPO, defects in the apatite.
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5.8. YF MAS NMR

The ""F SP/MAS NMR spectrum of the staffelite (Fig. 5.9a) contains two distinct
isotropic peaks, at o = -86.6 ppm (5.3 ppm FWHM) and -99.8 ppm (4.0 ppm FWHM), each
with broad spinning sideband envelopes. The peak at -99.8 ppm is similar to those reported
previously for fluorine-containing apatite [41-43] and contains most of the spectral intensity
(87.7%). The chemical shift anisotropy (CSA) measured for the peak at -99.8 ppm, with a
span () of 83 ppm and a skew (k) of -0.9 (&;; = -45.8 ppm, &, = -124.7 ppm, and 9J33
= -128.9 ppm), is similar to that reported previously for a pure apatite (Ca, F) [41], but that
observed for the peak at -86.6 ppm is almost an exact mirror with Q = 82 ppm and « = 1.0
(011 = 022 = -59.5 ppm, and 933 = -141.5 ppm. Similar peaks are also observed for the SCFAp
sample at -86.6 and -100.5 ppm, but with narrower linewidths (1.9 and 1.3 ppm FWHM
respectively) (Fig. 5.9b) and much lower intensity for the peak at -86.8 ppm. The sCFAp
sample also exhibits peaks at -106.7 and -222.8 ppm corresponding to CaF, and NaF
impurities [44]that are present at too low an abundance to be detected by our XRD scan. Two
broader shoulders also occur at -97.0 and -99.8 ppm (6.7 and 2.5 ppm FWHM respectively),
but could not be assigned and would not be apparent in the spectra of the natural sample due

to the broad linewidths.

5.9. “F{*P} REDOR

PF{'P} REDOR NMR spectra were obtained for the staffelite sample to investigate
the connectivity between P and distinct F-sites observed in the '’F SP/MAS spectrum. This
experiment produces a '°F spin-echo spectrum (Sy) that contains signal from all '°F and a
PF{£'P} REDOR spectrum (S) where, due to the recoupling of '’F-*'P dipolar coupling, any
F peaks corresponding to '°F associated with *'P will have lower intensity. Subtraction of
these spectra produces a difference spectrum (Sy-S) containing signal only from "F in close
proximity to *'P (< 5 A). A typical ’F{*'P} REDOR spectral set is shown in Figure 5.10.
The peaks at both -86.6 and -99.8 ppm are present at similar intensity ratios in the spin-echo
control (Syp), REDOR (S) and difference spectra (5y-S) indicating that both are associated with
P. Therefore, the peak at -86.8 ppm must correspond to an additional F-environment in the

apatite and not an impurity phase.
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The REDOR dephasing curves of the two '°F peaks (Fig. 5.11) appear very similar
indicating similar P-F distances. Quantitative comparison can be made by approximating the
F are surrounded by P arranged in a trigonal plane and fitting the dephasing curve for (Sy-S)/S
< 0.60 using a second order multi-spin approximation [45]. Assuming the same P geometry
for both sites we derived F-P distances of 3.5 and 3.4 + 0.2 A for the peaks at -86.8 and -99.8
ppm respectively. These distances are in excellent agreement with the P-F distance of 3.6 A
in apatite (Ca,F) reported from XRD [46]. A similar conclusion could be drawn from *'P{'’F}
HetCor spectra (not shown) which contained cross-peaks for both '°F resonances and showed
no significant differences between the '°F sum projection collected at short contact time (0.5
ms) and those collected at a contact time of 2 ms. These data indicate that there is no

difference between these '°F peaks in terms of their coupling to P.

5.10. “F{'"H} REDOR
Hydrogen bonding can have a large effect in '°F chemical shifts, so "F{'H} REDOR

experiments were undertaken to investigate whether the peak at 6r = -86.8 ppm arises from F
engaged in hydrogen bond interactions with H. However, only minor differences in the
REDOR fraction, (S4-S)/Sy, are observed for the spectral set collected at 0.13 ms dephasing,
with the peak at -86.8 ppm showing a slightly larger REDOR effect (9 %) than the -99.8 ppm
peak (7 %). This difference decreases at longer dephasing periods and eventually the two
peaks exhibit the same REDOR fraction at long (2.8 ms) dephasing periods. If the peak at -
86.8 ppm were due to F weakly hydrogen bonded to H,O (d(OH-F) = 1.9 A) we would
expect to observe a large 'H{'°F} REDOR effect at shorter dephasing periods. Therefore, the

occurrence of the peak at -86.8 ppm cannot be explained by a closer proximity to 'H.

5.11. 3C MAS NMR

13C SP/MAS NMR spectra of the staffelite sample show two distinct peaks at 170.7
ppm (2.0 ppm fwhm) and 168.6 ppm (2 ppm fwhm) representing 76% and 24% of the
intensity respectively (Fig. 5.12a). Following previous work, we assign the 170.7 ppm peak
to B-type substitution and that at 168.6 ppm to A-type substitution [12, 47]. These

assignments agree with the IR data (see above) in which distinct peaks are observed for both
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A and B-type carbonate in the COs v, region. These "*C peaks are also present in the *C{'H}
CP/MAS NMR spectra, but that at 168.6 ppm appears to be enhanced (Fig. 5.12b). In *C{"’F}
CP/MAS NMR spectra only the peak at 170.7 ppm is apparent (Fig. 5.12c), but due to the
low signal to noise it is hard to determine if there is any contribution from the peak at 168.6
ppm.

BC{F} CP/MAS NMR spectra collected at variable contact time show that the peak
at oc = 170.7 grows with a T¢r value of 4.5 ms (Fig. 5.13) indicative of only relatively long
C-F distances. We can compare this value to the apparent Tpr (2.4 ms, from *'P{"’F} data
obtained under similar conditions) by scaling the Tpr by a ratio of the gyromagnetic ratios of
P and °C, resulting in a predicted Tcr ~ 3.9 ms for F in the channel and C near the P
position. Since the value of Tcr we observe is larger than the scaled Tpr the peak at dc =170.7
ppm must correspond to a carbonate environment with an average C-F distance somewhat
greater than 3.4 A. This result is consistent with B-type carbonate cross polarizing to channel
F. Shorter distances, such as for a COsF* tetrahedron would give much shorter T¢r values.

For comparison, isolated bicarbonate groups give apparent Tcy of ~0.7 ms [48].

6. Discussion

Combining the elemental analyses with the NMR results we derive a general

structural formula which includes the A and B-type carbonate abundances:
Cas 97Mg0.02N2g.01[(PO4)2.77(CO3)0.23][F1.120H0,01(CO3)0.05] * 0.42 (H,0)

The ratio of Ca-site to P-site cations equals the crystallographic ratio 5:3, indicating that any
substantial vacancy concentration on the Ca-site could be balanced by P-site vacancies. This
formula contains a significant amount of H,O, which NMR results clearly show as structural
water, and a channel occupancy much greater than one pfu. Carrying no formal charge, the
molecular water must serve a structural role in accommodating the defects in the apatite.
Presence of H>O in the channels would explain why we observe no significant *C{"’F} CP
signal for A-type carbonate, but an increase in relative intensity for this peak in C{'H}
CP/MAS spectra. These observations suggests that H,O surrounds the A-type carbonate
defect and effectively isolates it from the F also contained in the channels. The B-type
carbonate substitution produces an oxygen vacancy leaving the Ca underbonded and H,O

could also provide a method for structurally balancing this vacancy. If both substitution H,O
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models are adopted it would be necessary to have twice the amount of H,O as A-type
carbonate (0.08 pfu) and an equivalent amount as B-type carbonate (0.23 pfu) giving a final
H,O amount of 0.39 pfu which agrees within error with the 0.42 pfu in the structural formula.
Since the HPO4* and OH contributions are small, the role of H in staffelite is structural,
whereas in carbonate-rich apatite (Ca,OH) H largely serves to charge compensate carbonate
substitution via coupled substitution of hydrogen carbonate and Na (Mason et al, 2008).

The average structural formula indicates that the channel anion site is overfilled by
0.21 pfu. Since both the A-type carbonate and OH likely reside in the channel site there is
potentially 0.21 pfu excess F. This amount of excess F equals within experimental error the
0.23 pfu of B-type carbonate. Previous studies have noted correlations between F and
carbonate content based on weight losses from thermal decomposition of the apatite and
assuming that all CO, effluence results from B-type substitution [3, 13]. Our results would be
consistent with charge-compensation of B-type carbonate by excess F, although
spectroscopic data for more samples having different composition are needed. However, the
observed *C{'’F} CP kinetics show that F is located at a distance greater than 3.5 A from B-
type carbonate, indicating lack of direct C-F interactions and that a tetrahedral CO3F>"
complex does not occur in this staffelite.

The excess F in the staffelite appears related to the '’F NMR peak observed at -86.8
ppm, which accounts for 12% of the total integrated spectral intensity. Given the broad line
widths and large degree of peak overlap, this value corresponds approximately to the
potential excess F in this sample (18% of the total F). Consequently, this second
F-environment is likely related to B-type carbonate substitution and its appearance in the
spectra of the synthetic sample shows that it is not unique to the staffelite composition.
Despite an isotropic chemical shift and CSA that are substantially different from those for
normal channel F, this peak does not show distinct coupling to either H or P, so very little
can be said at this point about its structural environment. A similar peak was observed for a
Sb-doped apatite (Ca,F) where its occurrence was attributed to F interacting with lone pair
electrons of SbOs> substituting in the phosphate site [49]. More work on a variety of
BC-enriched carbonate-rich apatite (Ca,F) samples with varying carbonate and F contents is
needed to better understand the role of this F species in balancing B-type carbonate

substitution.
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9. Tables

Table 5.1. Microprobe analyses for the Staffelite Sample

Oxide Grainl Grain2 Grain3 Grain 4
MgO 0.14 0.11 0.12 0.13
CaO 51.91 52.15 51.82 52.15
Na,O 0.06 0.08 0.07 0.08
P,0s 36.53 36.07 36.80 37.59
OH' 0.20 0.20 0.20 0.20
F 3.75 3.94 4.03 4.17
-O=F 1.58 1.66 1.70 1.76
Cco,’ 3.39 3.39 3.39 3.39
H,0" 1.40 1.40 1.40 1.40

Total 95.83 95.69 96.13 97.38

Structural formulae based on 5 A-site cations
Mg 0.02 0.01 0.02 0.02
Ca 497 498 497 497
Na 0.01 0.01 0.01 0.01
P 2.76 2.72 2.79 2.83
A-type C 0.07 0.02 0.09 0.13
B-type C 0.24 0.28 0.21 0.17
OH 0.01 0.01 0.01 0.01
F 1.06 1.11 1.14 1.17
H,0O 0.42 0.42 0.42 0.42

"The H,O/OH ratio was calculated from single pulse 'H MAS
NMR spectra of the Staffelite sample.

*Analyzed by TGA
** While apatite structural formulae are typically calculated on
an anion basis, we normalized to 5 A-site cations because of
the likelihood of excess anions in the structure. Normalizing to
5 A-site cations assumes no structural vacancies occur in either
the Al or A2 sites.
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10. Figures and Captions

.?.-‘1|‘. s -

Figure 5.1. A)uPlane' polarized light image of a thin section of the staffelite sample along the

host material interface. B) Cross polarized light image of a thin section of the staffelite

sample.
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Figure 5.2. X-ray powder diffraction patterns for the synthetic sSCFAp (top) and natural
Staffelite (bottom) samples.

135



A B powder FT-IR
powder FT-IR
Q
o
c
(U IIII|IIII|IIII
Yol
o) ﬂ 950 900 850 800
D
2 C micro-IR
micro-IR
— T T ] T T T [ T T T T 1T T T [ T T T ] T 11
4000 3000 2000 1000 1800 1700 1600 1500

wavenumbers (cm™)

Figure 5.3. IR spectra of the natural Staffelite sample. A. Spectra obtained by (top) powder

FT-IR and (bottom) Micro-FT-IR methods B. Expanded view of the COs v3 region (powder)
C. Expanded view of the molecular H,O bending region (micro-FT-IR).
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Figure 5.4. TG Curve for the staffelite sample collected at a heating rate of 20 °C/min over

a range of 160 to 1400 °C. The three observed weight losses are marked at the onset with

dashed lines and labeled with the corresponded weight percent loss.
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Figure 5.5. 3'P NMR spectra of the staffelite sample. a) *'P SP/MAS at spinning rate of 3
kHz and a pulse delay of 120 s for 4 acquisitions; b-¢) *'P{'H} CP/MAS at a spinning rate of
3 kHz and a pulse delay of 2 s for 1344 acquisitions with contact times of b) 2 ms and ¢) 0.5
ms; d) *'P{"’F} CP/MAS NMR at a spinning rate of 13 kHz, pulse delay of 10 s, and a
contact time of 0.5 ms for 64 acquisitions. e-f) *'P{'"H} HetCor at a spinning rate of 10 kHz,
contact time of 2 ms and a pulse delay of 2 s for a total of 168 acquisitions e) *'P summed

projection over the 'H centerband. f) *'P slice taken at 8= 9.2 ppm.
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Figure 5.6. 'H NMR spectra of the staffelite sample. a) '"H SP/MAS,15 kHz spinning rate,
pulse delay, 512 acquisitions; b-e) *'P{'H} HetCor indirectly detected 'H spectra. b) Sum
projection over the *'P centerband, 2 ms contact time ¢) Slice from 2 ms spectrum taken at &p
= 0.6 ppm d) Slice from 2 ms spectrum taken at 8p = 5.0 ppm ) Sum projection over the *'P
centerband, 0.5 ms contact time. HetCor spectra were collected for a total of 64

hypercomplex increments in t1 at a spinning rate of 10 kHz and a pulse delay of 2 s.
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Figure 5.7. 'H SP/MAS NMR spectra collected at a spinning rate of 15 kHz for staffelite a)

no heat treatment, heat treated at b) 200 °C and ¢) 600 °C for ### and ### acquisitions,
respectively. Insets are vertical expansion of the n = +1 sidebands. The spectra are scaled

such that the hydroxyl peak at 1.6 ppm has the same area.
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Figure 5.8. 2-dimentional 3p{"H} HetCor spectrum of Staffelite. Spectra acquired with 2

ms contact time, 1 s pulse delay, 10 kHz spinning rate, 168 acquisitions.
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Figure 5.9. F NMR spectra of the natural Staffelite and synthetic SCHFAp samples. a) '°F

SP/MAS NMR of Staffelite sample; 200 s pulse delay, 15 kHz spinning speed, 14
acquisitions. b) '’F SP/MAS NMR of sCFAp sample; 20 s pulse delay, 13 kHz spinning

speed, 16 acquisitions, 4 indicates CaF, impurity peak. Asterisks denote spinning sidebands.
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Figure 5.10. PE{'P} REDOR spectra, set of the staffelite sample at 0.5 ms dephasing

period using a spinning rate of 20 kHz and a pulse delay of 20 s. From top to bottom: °F
Spin-echo control spectrum, Sy; PF {31P} REDOR spectrum, §; difference Spectrum, Sy-S.

Spectra are scaled by absolute intensities. Asterisks denote spinning sidebands.
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Figure 5.11. Variation of the REDOR fraction [(S¢-S)/So] with dephasing period for

staffelite for peaks at -98.6 ppm (circles; top) and -86.6 ppm (triangles; bottom) collected at
spinning rates of 20 kHz and 25 kHz. Dashed and solid lines represent least squares fits of
the data using a three spin REDOR approximation assuming trigonal planer geometry for the

-98.6 and -86.6 ppm peaks, respectively.
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Figure 5.12. C NMR spectra of staffelite (a-c) and synthetic SCFAp (d). a) °C SP/MAS;

120 s pulse delay; 543 acquisitions. b. >C{'H} CP/MAS; 5 ms contact time, 2 s pulse delay,
84812 acquisitions. ¢. “C{'’F} CP/MAS; 12 ms contact time, 20 s pulse delay, 4142
acquisitions. d. C{"’F} CP/MAS; 15 ms contact time, 20 s pulse delay, 32 acquisitions.
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Figure 5.13. Variation in intensity of BC{"F} CP/MAS spectra of staffelite with CP contact
time. The solid line represents a least squares fit of the experimental data to classical CP

kinetics.
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VL. Implications

1. Introduction

In all the systems discussed in the previous chapters, H incorporation in concert with
defect incorporation emerges as the common link. Double-resonance NMR spectroscopic
experiments are demonstrated to be critical for investigating the link between H and defects.
Chapters 2 and 3 focused on the coprecipitation of phosphate with calcium carbonate
minerals. Chapters 4 and 5 investigated the incorporation of carbonate into apatite minerals.
In each study, a range of double resonance NMR techniques were employed and identified
H-bearing species associated with these defects. The H-bearing species would otherwise be
difficult to identify using standard geochemical techniques. The following chapter explores
this common thread among these systems, discusses briefly the difficulties in using standard
geochemical methods for studying H speciation, and provides future directions in
geosciences for the use of double-resonance solid-state nuclear magnetic resonance (NMR)

spectroscopy.

2. H-bearing Species and Defect Identification

In each of the chapters, the primary defect species studied associated closely with H-
bearing species. The major differences among the P-species identified in the
phosphate/calcite (Chapter 2) and the phosphate/aragonite (Chapter 3) systems were the
differences in associated H-species. In the carbonate apatites (Chapters 4 and 5) carbonate
incorporation involved incorporation of differing H-bearing species. In all cases, a minor
amount of H was involved in these substitutions, but the importance of these H species to the
defect substitutions and to the geochemistry of these minerals is significant.

In Chapters 2 and 3 the identification of the P-species involved in the
calcite/phosphate and aragonite/phosphate systems was assisted through the identification of
corresponding H-species. In both cases, the majority P-species was phosphate incorporated
into the carbonate structure with concomitant H-bearing defects. In the coral skeletal
aragonite, the use of *'P{'H} HetCor methods identified structurally bound water and

hydroxyls, but not aliphatic H-species. This data provides the critical geochemical insight
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that the source of phosphate is not organo-phosphates produced by the coral polyp. Instead,
the phosphate must incorporate into the skeletal material through inorganic processes.

Both carbonate/phosphate systems also contained meaningful amounts of crystalline
phosphate inclusions. Identification of these inclusions involved analyses of the associated
H-species using >'P{'H} CP/MAS NMR. Some samples of speleothem calcite and coralline
aragonite produce *'P SP/MAS spectra containing a peak at or near 2.6 ppm. With this data
alone, the conclusion that this peak arises from hydroxylapatite could be easily reached.
However, when *'P{'H} CP/MAS spectra were collected this peak is absent in spectra
collected of calcite samples, but only present in those collected for aragonite samples.
Therefore, hydroxylapatite is present in the aragonite, but not in the calcite samples. Also, in
the calcite samples additional peaks arising from the hydrous calcium phosphate phase
monetite are also present. While these two systems both incorporate phosphate as defects, the
difference in crystalline phases present indicates there are key differences in the phosphate
incorporation mechanisms possibly linked to the differing roles of H.

H-bearing species also contribute substantially to the carbonate hydroxylapatite
(CHAp) and carbonate fluorapatite (CFAp) systems studied in Chapters 4 and 5, respectively.
Again examination of SP/MAS spectra proves inadequate in completely identifying not only
the carbonate species targeted, but also their associate H-species. °C SP/MAS NMR spectra
of CHAp samples indicate only that A and B-type carbonate substitutions are present but
little else can be divined. The *C{'H} CP/MAS kinetics do indicate differential association
with H-species in these samples, but are insufficient to identify the 'H. *C{'H} HetCor
spectra correctly identify peaks near dy = 1 to 0 ppm from hydroxyl groups, and a peak at oy
= 5.5 ppm. The chemical shift of this peak at 6y = 5.5 ppm indicate weak to moderate
hydrogen bonding, but the CP kinetics indicate strong coupling to "*C. Therefore, isolated
hydrogen carbonate groups in these samples were concluded to be the source of this peak.
Not only does the presence of hydrogen carbonate allow for charge and structure balance of
the carbonate substitutions, but they could significantly affect the reactivity and solubility of
these materials.

H plays a similar role balancing carbonate incorporation in CFAp, but involves
alternate H-species than are present in CHAp. No hydrogen carbonate species and little

hydroxyl in the channels were observed in the CFAp samples. Instead, the main H-species
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identified in "H SP/MAS NMR spectra is structural water. The results from *'P{'H} HetCor
indicate that this structural water is a constituent of the CHAp and not derived from an
inclusion. Since this species does not carry charge, it can only serve a structural role in this
system. It was postulated that due to the inability to observed the A-type carbonate peak in
13C{lgF} CP/MAS spectra that the structural water serves to isolate the carbonate in the
channels from F by incorporating above and below the defect. This incorporation method is
similar to the proposed incorporation of A-type hydrogen carbonate in CHAp where the H-
species relieves stresses on the channel organization induced by carbonate incorporation.

In all these systems, double resonance NMR techniques provided insight into the H-
speciation that is unobtainable using other analytical techniques. X-ray powder diffraction
(XRD) cannot be used to speciate H in these samples due to the low scattering profile of 'H.
Vibrational (Infrared (IR) and Raman) spectroscopies are sensitive to H-bending and
stretching modes, and can be used successfully to speciate H. However, in the
carbonate/phosphate systems, the P-bearing defects with which the H-bearing species are
associated are present at 70 — 200 ppm level concentrations making vibrations due to H-
species hard to ascertain from those of the carbonate mineral. The difficulty with vibrational
spectra is the same for the carbonate apatites, where multiple H-species are present in
addition to modes from phosphate groups which can easily obscure the vibrations of
bicarbonate in CHAp. In the CFAp, the issue is the inability to confirm associations of H-
species to other defect species such as carbonate or F. The ability to both speciate H and to
obtain information about defect association comes from the double-resonance NMR

experiments.

3. Future Directions

While the above studies show the advantage of double resonance NMR spectroscopy,
other systems where H plays an important role could benefit from the use of these
experiments. One of the largest potential areas of growth for NMR application is in the field
of biomineralization. The processes that organisms use to form their hard mineral parts
involve the formation and transformation of intermediate minerals to get the final mineral
part. Organisms often mediate the precipitation and transformation of minerals by careful

control of the amount of H present in the system.
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The formation of hydroxylapatite (HAp) in bones and teeth is thought to begin with
an amorphous calcium phosphate (ACP) precursor which transforms through octacalcium
phosphate (OCP) to HAp. In these steps, the phase goes from the hydrated phase ACP to the
more dehydrated HAp end product. The relative stability of the transforming phases is likely
linked to H-bearing species present. It is also possible that additional metastable or stable
calcium phosphate minerals may also form. Numerous NMR studies have been preformed on
the intermediate products and the end product HAp [1-4], but were largely focused on gross
characterization of the phases. Double resonance experiments could be used to follow the
transformation of the starting material ACP to elucidate the mechanisms of transformation.
3'p{'H} HetCor spectra of transforming ACP could track the protonation state of phosphate,
and potentially detect the formation of minor amounts of adjunct minerals.

Biomineralization is only one of many fields where the solid-state NMR
spectroscopic methods used in this dissertation can be applied. Problems with water transport
in nominally anhydrous minerals to the deep mantle may be tackled with use CP/MAS or
HetCor techniques. REDOR methods could be employed to tackle Al/Si disorder in
aluminosilicates. Also with new and better access to higher field magnets (21.1 T and above)
the potential to test models of trace metal incorporation into calcium carbonate with Mg [5],
#Ca [6], and even *’Sr [7] double resonance experiments may soon be possible. These are

only a few examples of areas in which NMR can expand within the realm of geosciences.
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