THE

UN IVERS [TY University of Rhode Island

OF RHODE ISLAND DigitalCommons@URI

Graduate School of Oceanography Faculty

Publications Graduate School of Oceanography

2018

Determination of Fe3*/ZFe of XANES basaltic glass standards by
Mossbauer spectroscopy and its application to the oxidation
state of iron in MORB

Hongluo L. Zhang
Elizabeth Cottrell
Peat A. Solheid

Katherine A. Kelley
University of Rhode Island, kelley@uri.edu

Marc M. Hirschmann

Follow this and additional works at: https://digitalcommons.uri.edu/gsofacpubs

Citation/Publisher Attribution
Zhang, H. L., Cottrell, E., Solheid, P. A., Kelley, K. A., & Hirschmann, M. M. (2018). Determination of

Fe3*/5Fe of XANES basaltic glass standards by Mdssbauer spectroscopy and its application to the
oxidation state of iron in MORB. Chemical Geology, 479, 166-175. https://doi.org/10.1016/
j.chemgeo0.2018.01.006

Available at: https://doi.org/10.1016/j.chemgeo.2018.01.006

This Article is brought to you by the University of Rhode Island. It has been accepted for inclusion in Graduate
School of Oceanography Faculty Publications by an authorized administrator of DigitalCommons@URI. For more
information, please contact digitalcommons-group@uri.edu. For permission to reuse copyrighted content, contact
the author directly.


http://ww2.uri.edu/
http://ww2.uri.edu/
https://digitalcommons.uri.edu/
https://digitalcommons.uri.edu/gsofacpubs
https://digitalcommons.uri.edu/gsofacpubs
https://digitalcommons.uri.edu/gso
https://digitalcommons.uri.edu/gsofacpubs?utm_source=digitalcommons.uri.edu%2Fgsofacpubs%2F772&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1016/j.chemgeo.2018.01.006
mailto:digitalcommons-group@uri.edu

Determination of Fe*/ZFe of XANES basaltic glass standards by Mossbauer
spectroscopy and its application to the oxidation state of iron in MORB

Creative Commons License

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0
License.

This article is available at DigitalCommons@URI: https://digitalcommons.uri.edu/gsofacpubs/772


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://digitalcommons.uri.edu/gsofacpubs/772

Chemical Geology 479 (2018) 166-175

Contents lists available at ScienceDirect CHEMICAL

GEOLOGY

ISOTOPE GEOSCIENCE

Chemical Geology

o)

journal homepage: www.elsevier.com/locate/chemgeo

Determination of Fe> * /XFe of XANES basaltic glass standards by Méssbauer | M)

Check for

spectroscopy and its application to the oxidation state of iron in MORB s

Hongluo L. Zhang™*, Elizabeth Cottrell, Peat A. Solheid®, Katherine A. Kelleyd,
Marc M. Hirschmann®

2 CAS Key Laboratory of Crust-Mantle Materials and Environments, School of Earth and Space Sciences, University of Science and Technology of China, Hefei 230026,
China

® National Museum of Natural History, Smithsonian Institution, Washington, DC 20560, USA

© Institute for Rock Magnetism, University of Minnesota, Minneapolis, MN 55455, USA

4 Graduate School of Oceanography, University of Rhode Island, Narragansett, RI 02882, USA

© Department of Earth Sciences, University of Minnesota, Minneapolis, MN 55455, USA

ARTICLE INFO ABSTRACT

To improve the accuracy of X-ray absorption near-edge structure (XANES) calibrations for the Fe® * /ZFe ratio in
basaltic glasses, we reevaluated the Fe® * /ZFe ratios of glasses used as standards by Cottrell et al. (2009), and
MORP ) available to the community (NMNH catalog #117393). Here we take into account the effect of recoilless fraction
ReBCTuess fraction on the apparent Fe®* /ZFe ratio measured from room temperature Mossbauer spectra in that original study.
)F(;N E/ SEFe Recoilless fractions were determined from Mossbauer spectra collected from 40 to 320 K for one basaltic glass,
Oxygen fugacity AII 25, and from spectra acquired at 10 K for the 13 basaltic glass standards from the study of Cottrell et al.

(2009). The recoilless fractions, f, of Fe>* and Fe®* in glass AIl_25 were calculated from variable-temperature
Mossbauer spectra by a relative method (RM), based on the temperature dependence of the absorption area
ratios of Fe®>* and Fe? * paramagnetic doublets. The resulting correction factor applicable to room temperature
determinations (Ca93, the ratio of recoilless fractions for Fe> ™ and Fe? ") is 1.125 + 0.068 (20). Comparison of
the spectra at 10 K for the 13 basaltic glasses with those from 293 K suggests Ca93 equal to 1.105 = 0.015 (20).
Although the 10 K estimate is more precise, the relative method determination is believed to be more accurate,
as it does not depend on the assumption that recoilless fractions are equal at 10 K. Applying the effects of
recoilless fraction to the relationship between Mossbauer-determined Fe®*/SFe ratios and revised average
XANES pre-edge centroids for the 13 standard glasses allows regression of a new calibration of the relationship
between the Fe XANES pre-edge centroid energy and the Fe®* /ZFe ratio of silicate glass. We also update the
calibration of Zhang et al. (2016) for andesites and present a more general calibration for mafic glasses including
both basaltic and andesitic compositions. Recalculation of Fe®*/SFe ratios for the mid-ocean ridge basalt
(MORB) glasses analyzed previously by XANES by Cottrell and Kelley (2011) results in an average Fe>* /sFe
ratio for MORB of 0.143 + 0.008 (10), taking into account only analytical precision, and 0.14 + 0.01(10),
taking into account uncertainty on the value of C,g3. This revised average is lower than the average of
0.16 + 0.01 given by Cottrell and Kelley (2011). The revised average oxygen fugacity for MORB based on the
database of Cottrell and Kelley (2011) is — 0.18 % 0.16 log units less than the quartz-fayalite-magnetite buffer of
Frost (1991) at 100 kPa (AQFM = —0.18 = 0.16).

Keywords:
Maossbauer spectroscopy

1. Introduction

Analyses of the Fe® * /Fe ratio of mafic glasses provide essential
information on the redox state of the mantle (Christie et al., 1986;
Carmichael, 1991; McCammon and Kopylova, 2004; Bézos and Humler,
2005; Kelley and Cottrell, 2009; Cottrell and Kelley, 2011), and on
redox changes associated with crustal differentiation (Kelley and
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Cottrell, 2012; Brounce et al., 2014; Grocke et al., 2016) and with
magmatic degassing (Crabtree and Lange, 2012; Kelley and Cottrell,
2012; de Moor et al., 2013; Moussallam et al., 2014, 2016; Waters and
Lange, 2016). Owing to the availability and refinement of X-ray ab-
sorption near-edge structure (XANES) analyses to achieve high preci-
sion and spatial resolution (Berry et al., 2003; Wilke et al., 2005;
Cottrell et al., 2009; Dyar et al., 2016; Fiege et al., 2017), studies of
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Fe* /Fe ratios in natural glasses have proliferated in recent years.
The widespread adoption of XANES for Fe®* /SFe ratio determinations
of natural glasses makes it essential that attention be paid to the ac-
curacy of this relatively new technique. Because quantitative XANES
analysis of Fe oxidation state derives from calibration against in-
dependently-known standards, this in turn requires careful attention to
the accuracy of methods used in the characterization of standard re-
ference materials.

Particularly important constraints on redox of the mantle and crust
derive from the Fe®*/IFe ratios of mid-ocean ridge basalt (MORB)
glasses, which define the oxidation state of the primitive oceanic crust
and are related directly to the oxygen fugacity (fO5) of the sub-oceanic
mantle (Carmichael and Ghiorso, 1986; Christie et al., 1986; Ballhaus,
1993; Bézos and Humler, 2005; Frost and McCammon, 2008; Cottrell
and Kelley, 2011). From wet chemical analyses, Christie et al. (1986)
found a mean value of 0.07 = 0.03 (10) for a global suite of 87 MORB
glasses, whereas 105 MORB glass analyses by Bézos and Humler (2005)
produced an average of 0.12 = 0.02 (10). In contrast, XANES analyses
of 103 MORB glasses, calibrated via Mossbauer spectroscopy, have a yet
greater average value, 0.16 = 0.01 (10) (Cottrell and Kelley, 2011).
These distinct ratios convert to more than an order of magnitude dif-
ference in the estimated oxygen fugacity, fO,, of primitive MORB
magmas and their source, which in turn amounts to significant differ-
ences in the expected depth extent of carbonate-induced melting and
metal precipitation in the mantle (Stagno and Frost, 2010; Stagno et al.,
2013) and in reconstructed mantle temperatures through determination
of FeO*-MgO systematics (Herzberg and Asimow, 2015; Putirka, 2016).

Possible causes for differences in average MORB glass Fe® " /SFe
ratios determined by wet chemistry (Christie et al., 1986; Bézos and
Humler, 2005) and XANES (Cottrell and Kelley, 2011) include in-
corporation of olivine microphenocrysts in bulk wet chemical aliquots,
the interference of additional redox couples during wet chemical dis-
solution, or systematic differences between the room temperature
Mossbauer-based XANES calibration and wet-chemistry (Cottrell and
Kelley, 2011). XANES determinations, although highly precise, depend
on standardization against materials of known Fe® * /ZFe ratio, and so
are only as accurate as the methods used for calibration.

In many cases, the Fe®*/ZFe ratios of XANES standards have been
independently determined by Mossbauer spectroscopy (Berry et al.,
2003; Wilke et al., 2005; Cottrell et al., 2009; Zhang et al., 2016;
Alderman et al., 2017). Accurate determination of Fe®* /SFe ratios in
silicate glasses by Mossbauer spectroscopy is the subject of a long-
standing controversy, in part owing to debate as to the influence of
recoilless fraction on the area ratios of room temperature (RT) Moss-
bauer absorption doublets associated with paramagnetic Fe?* and
Fe®* insilicate glasses (Mysen et al., 1985; Dyar et al., 1987; Lange and
Carmichael, 1989; Ottonello et al., 2001; Righter et al., 2013; Zhang
et al., 2015). Recoilless fraction (f) for each kind of iron species, which
is the ratio of y-ray reacted iron ions and total iron ions, therefore, it is
mainly controlled by the lattice dynamics in the samples. Both theo-
retical considerations of bond strengths (Chen and Yang, 2007) and
abundant evidence from minerals (Leider and Pipkorn, 1968; Seifert
and Olesch, 1977; Chambaere et al., 1984; De Grave et al., 1984; De
Grave et al.,, 1985; Vandenberghe et al., 1986; Bowen et al., 1989;
Ellwood et al., 1989; Persoons, 1990; De Grave and Van Alboom, 1991;
de Bakker, 1994; Fei et al., 1994; McCammon et al., 1995; Van Alboom
and De Grave, 1996; De Grave et al., 1998; McCammon, 1998;
Eeckhout et al., 1999; Eeckhout et al., 2000; Eeckhout and De Grave,
2003; Dyar et al., 2008; Dyar et al., 2012; Dyar et al., 2013) demon-
strate that RT Mossbauer analyses are likely to overestimate Fe> * /ZFe
ratios of Fe-bearing silicates unless a correction for recoilless fraction is
applied. This concept is illustrated in Fig. 1, which shows a compilation
of published room-temperature recoilless fractions (f93 300) of Fe®*
and Fe?* from silicate and oxide minerals. To minimize the effect from
large collection of a single phase, we use the averaged fsg93_300 from
literature for the same phase, and all values have been listed in Table S1
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Fig. 1. Values of Mossbauer recoilless fraction for Fe**, f(Fe®*),95.300, and Fe?*, f
(Fe? *)203-300, in silicate and oxide minerals at room temperature compiled from pre-
viously published studies. To minimize the bias from large dataset of single phase, we use
the average number for each phase and the values have been listed in Table S1. Because
bond strengths for Fe®>* are generally stronger than for Fe?*, values of Mossbauer f
(Fe® *)p03.300 are mostly greater than f(Fe®* )03 300, such that room temperature
Moéssbauer analyses of materials with both Fe®> ™ and Fe? * will tend to overestimate the
3+ unless the effects of recoilless fraction are quantified. The ratio of the
mean values of f(Fe3 *)293-300 and f(Fe2 *)293-300, Which can be taken as the approximate
value of Cyo3 typical for silicate and oxide minerals, is 1.16 + 0.10.

fraction of Fe

(Leider and Pipkorn, 1968; Seifert and Olesch, 1977; Chambaere et al.,
1984; De Grave et al., 1984; De Grave et al., 1985; Vandenberghe et al.,
1986; Bowen et al., 1989; Ellwood et al., 1989; Persoons, 1990; De
Grave and Van Alboom, 1991; de Bakker, 1994; Fei et al., 1994;
McCammon et al., 1995; Van Alboom and De Grave, 1996; De Grave
et al., 1998; McCammon, 1998; Eeckhout et al., 1999; Eeckhout et al.,
2000; Eeckhout and De Grave, 2003; Dyar et al., 2008; Dyar et al.,
2012; Dyar et al., 2013).The larger values of f,o3 for Fe** compared to
Fe®* require a greater magnitude of Mdssbauer absorption per atom of
absorber. However, the influence of recoilless fraction on the Fe® ¥ /SFe
ratios of silicate glasses is comparatively subtle, in part because glasses
produce broadened line shapes that degrade analytical precision. As
reviewed by Zhang et al. (2015), characterization efforts have not al-
ways produced statistically resolvable effects, though Mysen (2006)
resolved fges +/fre2 + from 1.04 to 1.20 for aluminosilicate glasses from
Mossbauer measurements made at 77 and 298 K. At the time of pub-
lication, Cottrell et al. (2009) had only room-temperature Mossbauer
spectra available with which to calibrate their now widely-applied
XANES calibration for basaltic glasses. If a recoilless fraction for such
glasses can be resolved, then Fe®*/SFe ratios determined by XANES
with this calibration, including the values for MORB presented by
Cottrell and Kelley (2011), would shift to lower values.

Recently, Zhang et al. (2015) made a detailed analysis of low tem-
perature Mossbauer spectra of an andesitic glass, and were able to re-
solve recoilless fraction effects that exceed the analytical limit of de-
tection. In this contribution, we update that calibration and conduct a
similar investigation for glass of basaltic composition.

2. Méssbauer spectra collection

Cryogenic (10 K) Mossbauer spectra of basaltic glasses from Cottrell
et al. (2009) were collected using constant acceleration transmission
mode with a nominal 50 mCi *’Co source at Geophysical Laboratory,
Carnegie Institution of Washington. A pure Fe foil calibrant at room
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temperature (293 K) was applied. Room temperature Mossbauer
spectra on these glasses were also collected with the same protocols, as
reported in Cottrell et al. (2009).

Additional Mossbauer spectra of one of these glasses, AII_25,
quenched from a 100 kPa gas mixing furnace at 2.47 log units above the
quartz-fayalite-magnetite (QFM) buffer, as reported in Cottrell et al.
(2009), were collected at the Institute for Rock Magnetism, University
of Minnesota. Data were collected at 40-320 K using a constant accel-
eration Mossbauer spectrometer [Web Research (currently SeeCo)]
equipped with a Janis Nitrogen shielded helium dewar, using a ”Co/Rh
source and calibrated against a pure Fe foil at room temperature
(293 K). Data collection procedures were the same as described in
Zhang et al. (2015). Sample mounts consisted of a compressed powder
pellet of approximately circular shape and a diameter of 12.7 mm,
made from powdered AII 25 glass evenly mixed with cellulose in a 1:1
ratio. The absorber thickness was adjusted for an absorber density of
~8 mg/cm? Fe.

3. Results

All Mossbauer spectra on sample AII_25 and glasses analyzed at 10 K
were fitted with a 2D distribution Extended Voigt based fitting (xVBF)
method with the RECOIL software package (Lagarec and Rancourt,
1997). There is no resolvable evidence of sextets in any spectra, and so
at all temperatures paramagnetic Fe? * and Fe*>* dominate the Fe ions
in the glass. Spectra were fit using the process described in Zhang et al.
(2015). Nominal (uncorrected) Fe® ¥ /3Fe ratios were calculated from
the ratio of absorption areas of Fe*>* doublets relative to the whole
resonant absorption area. The chi-squared goodness-of-fit statistic (y2)
is < 3 for all fits.

To ensure consistency between the fitting methods applied in this
work and those of Cottrell et al. (2009), Mossbauer spectra collected for
basaltic glasses at room temperature (293 K) by Cottrell et al. (2009)
and originally fit using the method of Alberto et al. (1996) were also
refit with the RECOIL software package (Lagarec and Rancourt, 1997)
with the same procedure described above and in Zhang et al. (2015).
The methods of Alberto et al. (1996) and xVBF both fit the hyperfine
parameters and those hyperfine parameters then generate the absorp-
tion envelope. Because these two methods are based on the Gaussian
distribution of Lorentzian line shapes, a single doublet can accom-
modate asymmetry in the envelope. We list new fit parameters in Table
S2 and show an example of a RT xVBF fit in Fig. S1. The resulting Fe* */
YFe ratios, uncorrected for recoilless fraction effects, are consistent with
the results from Cottrell et al. (2009) (Fig. S2).

Cryogenic (10 K) Mdssbauer spectra of basaltic glasses have more
broadened line-shapes than spectra from the same samples collected at
room temperature, as has been observed previously (Dyar et al., 2012;
Zhang et al., 2015). Spectra consisted of two quadrupole doublets, one
each originating from paramagnetic ferric iron and ferrous iron, and
these were fit following the procedure of Zhang et al. (2015). Cryogenic
Mossbauer spectra were collected at 4 mm/s scale, which causes a short
base line on the high velocity side (Fig. S1). Leaving the hyperfine
parameters unconstrained during fitting, three spectra (LW_-20, All_-15
and All_-05) yielded Fe® ™ /SFe ratios inconsistent with those derived
from the RT Mdssbauer spectra on the same samples. Moreover, the
Lorentzian Half Width at Half Maximum (HWHM) in these un-
constrained fits was < 0.1 mm/s, which is lower than expected and
reached the minimum limit allowed within the RECOIL software
package. Unconstrained fits of the RT spectra of reduced glasses con-
sistently yielded CS ~ 0.6. Guided by this, we fixed CS near ~0.6 mm/s
when fitting the cryogenic spectra. In this fitting scenario, the Lor-
entzian HWHM were > 0.1 mm/s (as expected), x2 values are < 3, and
the Fe® * /ZFe ratios were consistent with those found at RT. We show
example spectra with constrained and unconstrained fits in Fig. S1 and
list the resulting Mossbauer parameters in Table S3.

The absorption areas of Mossbauer doublets produced by Fe* * and
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Fig. 2. Comparison of Fe>*/Fe?* ratios determined for standard basaltic glasses by
Méssbauer spectroscopy at room temperature (293 K, RT) and 10 K. If the Fe®*/Fe?*
ratio determined at 10 K is taken to be the accurate value unaffected by effects of re-
coilless fraction, then C,o3 (Eq. (1)) is the mean ratio of the determined Fe®*/Fe?*,
which is resolved through a weighted least squares regression using 20 weights for both
room temperature and 10 K determinations and a Levenberg-Marquart algorithm. The
resulting linear relationship (y = ax) has a slope of 1.105 + 0.015 and an r* of 0.997. To
maintain internal consistency, the Fe* * /SFe ratios resulting from re-determination of the
RT Mossbauer fits listed in Table S2 are employed. The error bars reflect precision (2 o)
though for some data, the error bars are smaller than the symbol size.

Fe?™ in an analyte (AA(Fe®")s, AA(Fe® ");) are related to the abun-
dances of the ions (N(Fe® ™), N(Fe? ™)) and the recoilless fraction (fr) of
each ion, according to

AA(Fe)r  _ N(Fed)

AA(Fe?); " N(Fe?)

@

where Cr, the correction factor, equals f(Fe3+)T/f(Fe2+)T, and the T
subscripts highlight quantities that are temperature-dependent. The
fractions of ferric and ferrous iron in materials are commonly con-
sidered in terms of the Fe® * /SFe ratio, rather than the Fe® * /Fe? * ratio
as given in Eq. (1). Given an accurate value of the correction factor at
room temperature, Caos, the true Fe®*/SFe ratio in the sample (de-
noted in equations below as y) is related to the apparent Fe> * /SFe ratio
measured by uncorrected Mdssbauer spectra collected at room tem-
perature (y293) by

Fe3+
XFe

_ Y293
[1203 + Cao3(1 = y593)]

Y @
Comparison of the 10 K and room temperature Mdssbauer spectra of
these glasses based on Eq. (1), suggests a correction factor, C293/C0, of
1.105 = 0.015 (20) (Fig. 2). Because recoilless fractions are not exactly
unity even at 10 K, owing to the possibility of zero point effects on bond
strengths (Chen and Yang, 2007), this correction represents a minimum
value. We further examined the temperature dependence of recoilless
fraction with a detailed study of Mdssbauer spectra of glass AIl_25 at
40-320 K.

With increasing temperature for glass AIl_25, the relative area under
the Fe? * doublet diminishes compared to that of Fe> * (Table S4), and
the normalized area ratios decrease for both Fe>* and Fe? * (Fig. 3), as
is also observed for andesitic glasses (Zhang et al., 2015). As the actual
Fe**/(Fe** + Fe®**) ratio of each sample, which is N(Fe*)/[N
(Fe? ™) + N(Fe® )], is the same in all cases, this temperature depen-
dence is best understood as a relative change in recoilless fractions for
Fe** and Fe?™. This verifies that the uncorrected RT Mdssbauer
spectrum for AIIl_25 overestimates the true Fe® ¥ /Fe ratio. The tem-
perature dependence to the absorption areas (AA) attributed to each ion
can be approximated by a Debye function
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background has been removed, AA(T), divided by the absorption area of these doublets at
a reference temperature, AA(T,), which in this case is taken as Ty at 50 K. Dashed curves
are calculated normalized AA(T,), where T, equals 50 K, from recoilless fractions cal-
culated at different Debye temperatures.
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exp{ kBGDI:(eD) ./0l eX —1

(B 47 e

(De Grave et al., 1985; Chen and Yang, 2007; Zhang et al., 2015), where
f is recoilless fraction, 0p is the Mossbauer Debye temperature and the
sole adjustable parameter in the equation, kg is the Boltzmann constant,
ER is the recoil energy, which in turn is given by Ez = Egz/ZMcz, in
which E, is the energy of the y-rays (14.412 keV to excite >Fe), M is the
mass of the absorber (*’Fe = 56.935 amu), and c is the velocity of light
(c = 299,792,458 m/s).

Analysis of the recoilless fraction in this manner is termed the re-
lative method (Chen and Yang, 2007; Zhang et al., 2015). Additionally,
center shifts (CS) increase with decreasing temperature, consistent with
the contributions of the second-order Doppler shift (Fig. S3), and this in
turn can be related to differences in Mossbauer Debye temperatures of
Fe3* and Fe? ', and therefore to differences in recoilless fraction (De
Grave et al., 1985). As discussed by Zhang et al. (2015), the relative
method is preferred because it is more direct and less reliant on the
applicability of Debye theory, which does not account for possible
contributions from anharmonicity that may be particularly important
for glasses.

As described by Zhang et al. (2015), Mdssbauer Debye temperatures
can be determined by direct measurement of the temperature-depen-
dent relative areas of the Mossbauer doublets (Eq. (2)), calculated by
normalizing to measurements at a reference temperature (Tp). In
theory, one should be able to use any temperature step as Ty and get the
same answer. However, using a single T, has the effect of exaggerating
the weight of the uncertainty of Mdssbauer spectra collected at the
selected reference temperature relative to uncertainties on spectra
collected at the other temperatures used to refine 6p,. To avoid this bias,
we calculated 0p repeatedly using the data collected from 40 to 320 K
by selecting every measurement temperature as T, and resolving 6p
over the temperature range. We then calculate an averaged 6y con-
sidering uncertainties from each 6p determination. The individual va-
lues of 6y, for Fe?* and Fe® * for the basalts are listed in Table 1 and the

AA(T) _ f(T) _
AAT)  f(T)

3
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Table 1
Debye T, 61, and correction number, Cr, (at 293 K) calculated from normalized area ratios
(A(T)/A(Ty)) as a function of temperature for basalt glass AIl_25.

To® c’ or (Fe*™) Or (Fe*™)
40 1.019(49) 312(18) 305(2)
50 1.120(38) 330(15) 289(2)
60 1.209(43) 360(20) 283(1)
80 1.129(38) 337(16) 291(2)
100 1.206(58) 358(28) 283(2)
120 1.101(38) 337(16) 299(2)
140 1.114(23) 337(10) 295(1)
160 1.116(24) 335(10) 293(1)
180 1.118(20) 336(8) 293(1)
200 1.110(24) 326(9) 289(1)
220 1.190(33) 351(14) 284(2)
240 1.147(37) 343(16) 290(2)
260 1.069(38) 319(14) 294(1)
280 1.055(36) 315(13) 296(3)
300 1.077(40) 334(17) 304(3)
320 1.229(31) 386(18) 291(2)
Average 1.125(68) 339(24) 292(7)

Note: the uncertainty notation is such that, for example, 1.019(49) is equivalent to
1.019 = 0.049. Uncertainties are given as 20 standard deviations. The average value is
calculated as the weighted mean of determinations at individual temperatures.

2 To: temperature in K.

®C = f(Fe® *)/f(Fe* ).

average Mossbauer Debye temperatures for AIl 25 are 339 = 24 K and
292 + 7K, in 20 for Fe** and Fe®*, respectively. From these de-
terminations of Mossbauer Debye temperatures, recoilless fractions can
be calculated as a function of temperature (Chen and Yang, 2007;
Zhang et al., 2015). At each Ty, the values of Co93 in Eq. (1), calculated
with 6, are listed in Table 1 and the average value is 1.125 *+ 0.068,
in 20. This value agrees well with the estimate (Co93 = 1.105 * 0.015)
derived from comparison of 10 K and 293 K analyses of the suite of
basaltic glasses with a range of Fe>* /Fe** ratios (Fig. 2). The agree-
ment of these two independent approaches supports the accuracy of the
derived C,93 values. In the following calculations, we adopt the
1.125 + 0.068 value for application to basaltic glasses because, as de-
scribed earlier, it is likely to be more accurate.

Zhang et al. (2015) calculated C,q3 for two andesitic glasses, one
quenched at ambient pressure (VF3) and one quenched from high
pressure (M544), using just one reference temperature. Therefore, we
have recalculated the Mossbauer Debye temperatures and Cog3 for these
glasses in Zhang et al. (2017) and provide here an updated andesite-
specific XANES calibration in supplement Fig. S4 that we discuss in
Section 4.1. The resulting average 6, for Fe** and Fe?™ are
334 £+ 25K and 273 + 16K, in 20, respectively for VF3 and
361 + 29K and 303 * 21K, in 20, respectively for M544; and the
values of Cy93 are 1.200 * 0.111, in 20 for VF3 and 1.138 *+ 0.088, in
20 for M544. These values are slightly lower, but within uncertainty, of
those calculated from the relative method by Zhang et al. (2015)
(1.256 + 0.0153 and 1.151 *+ 0.118, for VF3 and M544, respectively)
using a single reference temperature instead of the calculated average
from a range of reference temperatures, as calculated here.

4. Revised calibration for Fe® * /ZFe from XANES pre-edge
centroids

4.1. Basalt and andesite

The correction factor, Co93, calculated here for basalt
(1.125 + 0.068), allows recalculation of the Fe® * /=Fe ratios of the 13
basaltic glasses employed as standards by Cottrell et al. (2009). The
resulting revised Fe® * /SFe ratios for these basalts are given in Table 2.
The revised Fe® * /SFe ratios of these standards, in turn, allow recali-
bration of the relationship between the XANES pre-edge centroid
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Table 2
Updated drift corrected centroid energies and Fe®*/SFe for standard basaltic glasses,
using averaged data collected at NSLS over 8 years.

Sample name  Cottrell et al. (2009)  n®  This work Fe®*/zFe”

LW_-20 7112.112(0.003) 48 7112.112(0.010) 0.079(0.006)
AIl_-15 7112.144(0.010) 30 7112.147(0.026) 0.084(0.005)
LW_-10 7112.156(0.002) 45 7112.154(0.024) 0.117(0.005)
AIL-05 7112.217(0.011) 33 7112.219(0.010) 0.125(0.004)
AIlLO 7112.279(0.006) 33 7112.275(0.010) 0.133(0.004)
LW_0 7112.299(0.002) 24 7112.300(0.010) 0.147(0.003)
AIL 05 7112.355(0.011) 39 7112.361(0.011) 0.176(0.004)
LW_10 7112.439(0.002) 48 7112.434(0.013) 0.214(0.004)
AIL 15 7112.511(0.009) 39 7112.520(0.013) 0.226(0.004)
LW_20 7112.611(0.008) 39 7112.608(0.020) 0.279(0.005)
AIl 25 7112.740(0.009) 30 7112.742(0.014) 0.329(0.005)
AIl_35 7112.937(0.014) 30 7112.962(0.027) 0.455(0.004)
AII 45 7113.163(0.019) 33 7113.184(0.025) 0.583(0.005)

Note: all uncertainties here are 1o standard deviations (10).

2 n is number of analyses used to construct average.

b Fe®*/3Fe ratios are determined by Mossbauer spectroscopy from Cottrell et al.
(2009), corrected for recoilless fraction effects using Ca93 = 1.125, as described in text,
with the uncertainties reflecting only the statistics of the fits to the spectra.

position and the Fe®*/ZFe ratio. We use the same method for de-
termining drift-corrected pre-edge centroid positions described in
Cottrell et al. (2009), but with updated measurements of the centroids
for the standards that reflect improved statistics from > 8 years of re-
peated measurements of these glasses at beamline X26A of National
Synchrotron Light Source (NSLS). Revised centroid energies for each
are given in Table 2.

Combining the revised Fe® * /Fe ratios and pre-edge centroids for
the 13 basalt standards allows regression of a modified XANES cali-
bration curve that can be applied to determine Fe®*/$Fe ratios in
unknown basaltic glasses (Fig. 4). We applied a weighted least-squares,
second-order polynomial fit to the reference glasses, taking into account
the uncertainties in precision of the XANES and Mossbauer data in
Table 2. The new calibration is applicable for basalts with Fe®*/sFe
ratios between 0.08 and 0.6, has a R? of 0.996, and is given by

Fe3+

= —— =a; + &x + azx?
VT gpe THTHRIT®

@
where x is the drift-corrected centroid energy minus 7112.22 eV,
a; = 0.011, a, = 0.354, and a3 = 0.125 (Table 3 and Table S5).

The quantitative uncertainties for calculating Fe> * /SFe ratios from
the XANES calibration depicted in Fig. 4 depend on the relevant com-
parison. For comparison of Fe® * /£Fe ratios determined by XANES, the
precision of the analyses depends only on the instrumental uncertainty
associated with the centroid determination, o,. The uncertainty in
Fe®* /XFe ratio that arises from o, is here termed o,;, which is given by

oy = (@ + 2a3x)%0%. (5)

Comparison of Fe* * /ZFe ratios determined by XANES to Fe® * /SFe
ratios determined by Mdéssbauer spectroscopy requires consideration of
the uncertainties associated with the coefficients (a;, a,, and az) to the
quadratic function given in Eq. (4), determined by the least squares
methods described above, in addition to instrumental uncertainties of
the XANES determinations. We term this uncertainty oy,. Importantly,
the coefficients resulting from the least squares fit have covariances as
well as variances, and are described by the variance-covariance matrix
(Bevington and Robinson, 2003)

2 2
Oala2 %la3
2
%2

2
%a1
2
Oa2a3
2
Oa3

cov = UazZal
2 2
Oa3a1  a3a2

(6)

The numerical values of the elements of cov are given in Table S5,
and oy, is given by
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Fig. 4. Updated XANES calibration curve for determining Fe®*/XFe ratios of basaltic
glasses following Cottrell et al. (2009). The updated centroid energy values and Fe® * /3Fe
ratios determined by Mossbauer spectroscopy and corrected for the effects of recoilless
fraction are from Table 2, labeled as solid red circles. The solid curve is the weighted
second-order polynomial fit result with dashed lines showing the 95% confidence band.
The error bars are 1 o standard deviation as listed in Table 2; in the x-axis direction, the
error bars are smaller than the symbols. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 3
Regression coefficients from weighted least-square fits and R? of those fits.

u a, a as R?
Basaltic 7112.22 0.11956 0.35377 0.12450 0.996
Andesitic 7113.25 0.64116 0.77511 0.26251 0.992
Mafic 7112.22 0.11560 0.24066 0.28538 0.991

Note: uncertainties are listed in Table S4.
y = a; + ay(x — p) + as(x — p)? where y refers Fe® */IFe ratio and x refers centroid
from pre-edge XANES spectra. = as number of analyses used to construct average.

Oy = XTcov X + crjl,

(7)
where X is the vector
1
x
x? ®

Finally, for comparison of XANES-determined values of Fe> " /ZFe
ratios to Fe® ¥ /ZFe ratios determined by independent methods such as
wet chemistry, we must also consider the contributions to uncertainty
arising from the statistically imperfect resolution of the value of the
recoilless fraction ratio, Co93. These are systematic uncertainties, in that
adopting different values of Cy93 would result in shifts of all the cali-
bration points in Fig. 4 to greater or lesser values of Fe® * /SFe ratios,
and incorporation of this effect is an evaluation of the accuracy (rather
than simply the precision) of the Fe®*/ZFe ratio determined by the
XANES calibration. This accuracy uncertainty is termed oys and from
propagation of uncertainty through Eq. (2) is given by

[ 2 2
2 2
Oy3 = \/( ) gy + ( ) OCs03

As Eq. (9) is derived from Eq. (2), the values of y and o that are
strictly applicable are for the apparent Fe® * /SFe ratio determined from
room temperature Mossbauer analyses, y»93. But because such values of
y correlate strongly with other values, such as those determined by
temperature-corrected Mossbauer analysis or XANES, Eq. (9) can be
used to incorporate the accuracy uncertainty deriving from imperfectly
constrained values of Cyo3 for other determinations of Fe® * /ZFe ratio

Cao3
[+ Cos(1 = )]

yo-1
b+ Cos(1 = )]

©)
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for which precision is characterized.

The same procedures can be applied to a revised calibration of
Mossbauer-determined Fe®*/SFe ratios for the 19 andesitic glasses
analyzed by Zhang et al. (2016), using the applicable correction factor,
Cog3, of 1.200 + 0.111 (Table S7 in Zhang et al., 2017). For these, the
fit parameters to Eq. (4) are a; = 0.641, a, = 0.775, and a3 = 0.263,
where x is the drift-corrected centroid energy minus 7113.25 eV
(Table 3 and Table S5). This fit has a R® of 0.992 and is applicable for
values of Fe** /SFe between 0.08 and 0.80. Uncertainties can be cal-
culated from the covariance matrix (Eq. (6)) given in Table S5. The
resulting relationship between Fe®*/Fe and XANES centroids is
shown in Fig. S4.

The statistics cited above indicate how well the regressions recover
the Mossbauer-determined Fe®*/ZFe ratios of the calibration glass
standards, but do not necessarily predict the uncertainties that can be
attached to newly analyzed unknowns. Some insight for such predictive
capacity can be attained from cross-validation methods. Because the
data sets used to train the model are small (npusac = 13 and
Nandesite = 19), we use the leave-one-out cross-validation method (Arlot
and Celisse, 2010) to run this test. The resulting root mean square
uncertainties for the predicted Fe®*/SFe ratios of unknowns de-
termined from the basaltic and andesitic calibrations are, respectively,
+0.01 (10) and +0.02 (10).

4.2. General calibration for mafic glasses

The revised Fe®* /ZFe ratio calculations for basaltic and andesitic
glasses also allow presentation of a more general XANES calibration for
mafic glasses when compositions are intermediate between basalt and
andesite and/or when the available calibration glasses are not an exact
match to the unknowns. Dauphas et al. (2014) and Zhang et al. (2016)
previously showed that the XANES Fe pre-edge centroids of basaltic and
andesitic glasses have similar correspondences to their Fe® * /X Fe ratios.
Going further, Dyar et al. (2016) highlighted the versatility of applying
a single universal calibration to silicate glasses from basalt to rhyolite in
cases where 3.6% (1 o) absolute precision on the Fe® * /TFe ratio is

7113.5 T T T T T T T T
4
< 7113.0F -
3
>
2
o
c
w
=
E
£
8 71125+ @ 13 basaltic glasses standards
A 6 basaltic glasses from Kress
and Carmichael (1991)
€ 19 andesitic glasses standards
-~ Basalt calibration
%,‘ —— mafic calibrarion
7112.0 ] 1 ] 1 1 1 1 1
00 0.1 02 03 04 0.5 0.6 0.7 0.8 09
Fe*'/3Fe

Fig. 5. XANES calibration curve for determining Fe®* /SFe ratios of mafic glasses with
SiO, ranging from 45 wt% to 57 wt%. Updated centroid energy values and corrected
Fe® */3Fe ratios for basaltic (solid red circles) and andesitic (solid purple diamonds)
glasses analyzed originally by Cottrell et al. (2009) and Zhang et al. (2016) corrected
Fe® * /3Fe ratios are described in the text and given in Table 2 and Table S5, respectively.
For 3 andesitic glasses analyzed by Zhang et al. (2016) both at NSLS and APS facilities,
centroids and uncertainties are averages. XANES centroids are given in Cottrell and Kelley
(2011) for 6 basaltic glasses (empty black triangles) analyzed by wet chemistry by Kress
and Carmichael (1991). The heavy, solid blue line is the weighted second-order poly-
nomial fit with blue dashed lines showing the 95% confidence band. For reference, the
gray dotted and dashed lines show the basaltic XANES calibration curve and 95% con-
fidence band given by Eq. (4) and shown in Fig. 4. Error bars have the same format as in
Fig. 4. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Chemical Geology 479 (2018) 166-175

acceptable. Here, we develop a function that may be applied to mafic
glasses (basalt through andesite) using the 13 basaltic glass standards
from Cottrell et al. (2009) and the 19 andesitic glasses from Zhang et al.
(2016), corrected for recoilless fraction based on the results of this work
and of Zhang et al. (2017), in addition to 6 iron-rich synthetic basaltic
glasses analyzed for Fe®*/IFe ratio by wet chemistry (Kress and
Carmichael, 1991) and by XANES (Cottrell and Kelley, 2011). Together,
these glasses range in SiO, from 45 to 57 wt% SiO». The qualitatively
distinct nature of uncertainties in Mossbauer and wet chemical analyses
makes Monte Carlo simulation the optimum method for evaluating the
best fit curve and its attendant propagated confidence interval, as de-
tailed in the caption to Fig. 5. The resulting best fit with R? = 0.991 is
described by Eq. (4) with the coefficients a; = 0.1156, a, = 0.2407,
and a3 = 0.2854 (Table 3 and Table S5) and is illustrated in Fig. 5.
Uncertainties for oy, for this polynomial are described by Eq. (8), with
coefficients of the covariance matrix given in Table S5. Note that there
is no need to evaluate oy3 in this case because the uncertainties in the
values of the recoilless fraction are already factored into the Monte
Carlo simulation. The expected uncertainty in Fe>*/ZFe ratio of an
analyzed unknown using the mafic glass calibration, estimated with the
leave-one-out cross validation method described above, is = 0.02 (10).

5. Discussion
5.1. Méssbauer recoilless fraction ratio in mafic glasses

The improved and recommended recoilless fraction ratios at room
temperature, Cog3, for basaltic and andesitic glasses are 1.125 + 0.068
and 1.200 * 0.111, respectively. Although these are similar within
uncertainty, a larger value for andesitic than for basaltic glass could
indicate that the difference in Fe* *—0 and Fe? " —0 bond strengths in
the andesitic glass is greater than that for basaltic glass. The recoilless
fractions of Fe® * and Fe? " found for mafic glasses are comparable to
those expected based on measurements of f,93 in minerals (Leider and
Pipkorn, 1968; Seifert and Olesch, 1977; Chambaere et al., 1984; De
Grave et al., 1984; De Grave et al., 1985; Vandenberghe et al., 1986;
Bowen et al., 1989; Ellwood et al., 1989; Persoons, 1990; De Grave and
Van Alboom, 1991; de Bakker, 1994; Fei et al., 1994; McCammon et al.,
1995; Van Alboom and De Grave, 1996; De Grave et al., 1998;
McCammon, 1998; Eeckhout et al., 1999; Eeckhout et al., 2000;
Eeckhout and De Grave, 2003; Dyar et al., 2008; Dyar et al., 2012; Dyar
et al., 2013) (Fig. 1) and glasses (Ottonello et al., 2001; Mysen and
Dubinsky, 2004; Mysen, 2006).

5.2. Accuracy of basalt glass Fe®> * /SFe ratios determined by Mossbauer
spectroscopy

Berry et al. (2015, 2017) suggested that the Fe® * /XFe ratios de-
termined for MORB by Cottrell and Kelley (2011) are greater than wet-
chemical determinations by Christie et al. (1986) and Bézos and Humler
(2005) owing to inappropriate interpretation of the Mossbauer spectra
of the 13 glasses used as standards by Cottrell et al. (2009). The basis
for this assertion is an alternate interpretation of an asymmetry, a
“shoulder,” on the low-velocity side of the high-velocity component of
the Mossbauer absorption doublet in glasses equilibrated at oxygen
fugacities below QFM. A feature found in the spectra of tektites with
similar hyperfine parameters (CS near 0.6 mm/s and QS near 1 mm/s)
was called “D2” by Rossano et al. (1999). Following Rossano et al.
(1999), Berry et al. (2015, 2017) argued that “D2” must derive from
Fe? ™ because it occurs in highly reduced glasses, and conjectured that
it could also be present in the Mossbauer spectra of the more oxidized
glasses used for XANES calibration by Cottrell et al. (2009), thereby
biasing the latter's calibration to higher Fe® * /SFe ratios.

Features similar to “D2”, but with somewhat distinct hyperfine
features, have been identified in reduced glasses by Virgo and Mysen
(1985) (at 77 K) and by Borisov and McCammon (2010). Cottrell et al.
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Fig. 6. Survey of room temperature and 10 K Mossbauer hyperfine parameters for
paramagnetic Fe> * and Fe® * from glasses and minerals. Parameters for glasses, shown as
black circles (Fe® ™) and red squares (Fe? *), come from Mysen et al. (1985); Jayasuriya
et al. (2004); Rossano et al. (2008); Borisov and McCammon (2010); Zhang et al. (2016),
and shown as diamonds (Fe® ) and squares (Fe? *) for Cottrell et al. (2009) with room
temperature (dark gray symbols) and 10 K (empty symbols) Mdssbauer hyperfine para-
meters given in Table S2 and Table S3 of this study, respectively. Black boxes outline
fields for minerals with Fe?* and Fe®* in different coordination states, after Dyar et al.
(2006). The small “D2” feature evident in the three most reduced glasses from Cottrell
et al. (2009) (C09) and Rossano et al. (1999) (R99) has parameters similar to Fe®>* in
glasses and not greatly different for Fe®* in minerals, but is distinct from the expression
of Fe?>* in glasses or minerals (blue diamonds). The feature observed in reduced glasses
by Borisov and McCammon (2010) (BM10; a blue diamond) has a greater Center Shift and
its origin may not be the same as the “D2” feature. Dyar et al. (2006) also include a large
field for Fe? *-Fe** electron delocalization that plots close to the “D2” parameters.
However, the dimensions of this field are not well constrained by observations and we are
aware of no charge-delocalization features with room temperature hyperfine parameters
similar to “D2”. For example, for ilvaite, Fe>*—Fe® * charge delocalization has
CS = 0.8-0.9 and QS = 1.6-1.9 (Dyar et al., 2006). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

(2009) discussed this feature and considered it to be possibly owing to
Fe® T but, like Borisov and McCammon (2010), argued that it was not a
statistically resolvable feature. Here we offer further analysis of this
feature. In the following paragraphs, we show that (1) this feature (CS
near 0.6 mm/s and QS near 1 mm/s) is most consistent with ferric iron,
(2) the CS of ferric iron shifts to lower values as Fe2 * /SFe ratio in-
creases (Virgo and Mysen, 1985; Dingwell and Virgo, 1987; Jayasuriya
et al., 2004; Mysen, 2006; Zhang et al., 2016), and (3) attempts to re-
tain a doublet with the hyperfine parameters of “D2” when fitting
spectra of more oxidized glasses results in no statistical improvement or
difference in the quality of the fit.

Rossano et al. (1999), analyzing tektites by wet chemistry, de-
termined that 5-9% of iron in the tektites was ferric. Rossano et al.
(1999) asserted, however, that because tektites are “known to be highly
reduced”, the absorption doublet, “D2” (CS ~0.6, QS ~1.0) must be
attributable to a second ferrous site. Critically, however, the hyperfine
features of “D2” are not close to any features known to be associated
with Fe*>* in minerals or glasses, but are similar to those attributable to
Fe>* (Burns, 1994). Fig. 6 compares the hyperfine parameters of “D2”
evident from the glasses of Rossano et al. (1999), Cottrell et al. (2009),
this study, and a survey of Fe> * and Fe®* in glasses with those of Fe? *
and Fe** in a variety of coordination states in minerals from the
compilation of Dyar et al. (2006). “D2” hyperfine parameters are close
to those typical of Fe®* and highly dissimilar to those of Fe** in sili-
cate glasses and minerals. This comparison indicates that the “D2”
feature arises from Fe®*.

Fig. 6 reveals a broad range of mean CS values for Fe” ™ in glasses
measured in this study and reported in the literature. It is well estab-
lished that the center shift of ferric iron varies with composition and
oxidation state, typically decreasing as Fe> * /ZFe ratio increases (Virgo
and Mysen, 1985; Dingwell and Virgo, 1987; Jayasuriya et al., 2004;

3+
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Mysen, 2006; Zhang et al., 2016), consistent with a change in the
structural role of ferric iron (Kress and Carmichael, 1988). While Fe*+
in every glass has a distribution of oxygen coordination numbers, in
relatively reduced glasses in this and other studies, the most probable
value of the CS of ferric iron is relatively high and similar to the hy-
perfine parameters of Rossano's “D2” (e.g. LW_-10, Fig. S5a). In more
oxidized glasses, the most probable CS of ferric iron is lower (e.g. Table
S2, AIL_25, Fig. S2a). Our attempt to retain a third doublet with hy-
perfine parameters akin to “D2” (AII 25, Fig. S5b) resulted in a fit
statistically indistinguishable from one without inclusion of the “D2”
doublet within >99% confidence (F-test statistic = 1.0000, p-
value = 0.9999, degrees of freedom = 255). Inclusion of a second
ferrous doublet is thus not justified by the statistics of the fits.

With respect to the intercalibration of XANES and Mdssbauer de-
terminations of Fe® * /SFe ratios, we emphasize that, like Cottrell et al.
(2009), we do not include glasses equilibrated below QFM-2.5. This
stems from a structural interference that inhibits our ability to resolve
changes in the pre-edge centroid for glasses with Fe®*/ZFe ra-
tios < ~0.08 (Cottrell and Kelley, 2011). Thus, for the purpose of ca-
librating XANES, our fits of Mdssbauer spectra taken on glasses equi-
librated below QFM-2.5 is of little consequence because, as shown
above, it does not impact our fits of glasses equilibrated above QFM-2.5.

5.3. Comparison to thermodynamic models

Because the 13 basaltic glasses used as standards in this study were
quenched from 1350 °C and 100 kPa at known fO, (Cottrell et al.,
2009), the Fe®*/SFe ratios inferred from XANES centroids can be
compared to those predicted from the thermodynamic models of Kress
and Carmichael (1991) (their Eq. (7)) and Jayasuriya et al. (2004)
(their Eq. (14)). Because the Kress and Carmichael (1991) model was
calibrated from glasses analyzed by micro-colorimetry, this comparison
tests the agreement between the XANES calibration and wet chemical
determinations of Fe * /SFe ratio. Cottrell et al. (2009) found that their
XANES calibration, based on uncorrected RT Mossbauer spectra, re-
sulted in Fe®*/ZFe ratios slightly greater than those calculated from
the Kress and Carmichael (1991) model, with an average offset in
Fe* /ZFe ratio of 0.017. Cottrell and Kelley (2011) applied micro-
colorimetry, the same wet chemical method used to calibrate the model
of Kress and Carmichael (1991), to some of their experimental glasses
and concluded that the RT Mossbauer-based XANES calibration of
Cottrell et al. (2009) might overestimate the ferric iron content of ba-
salts by about 1% (absolute).

We find that the agreement improves between Fe®*/SFe ratios
calculated from XANES in this study (Eq. (4)) and Fe®* /SFe ratios
calculated from the thermodynamic model of Kress and Carmichael
(1991) when treating the basaltic standards as unknowns. The com-
parative regression yields a slope of 1.000 and an average difference of
0.004 (Fig. 7). The improved agreement between the revised XANES
calibration and the wet-chemically-derived model of Kress and
Carmichael (1991) aids confidence in the accuracy of this study's
XANES calibration.

The thermodynamic model of Jayasuriya et al. (2004) addresses the
lack of any term in Sack et al. (1980) (a predecessor to Kress and
Carmichael (1991)) that describes Fe? *—Fe®* interactions. Jayasuriya
et al. (2004) compare their theoretical model to RT Mossbauer spec-
troscopic measurements of anorthite-diopside eutectic glasses con-
taining 1 wt% Fe,O3. The spectroscopic approach postulates many
different Fe?* environments modeled by multiple symmetric Lor-
entzian doublets with equal widths. While thermodynamically sa-
tisfying, the Jayasuriya et al. (2004) model predicts the Fe®* /=Fe ra-
tios measured in this study less accurately, given the basalt glass
compositions and experimental furnace conditions. Regression of the
Fe® * /3Fe ratios predicted by Jayasuriya et al. (2004) against measured
Fe® * /XFe ratios from Cottrell et al. (2009) and this work yields a slope
of 0.872 and 0.780, respectively, and an average difference of 0.045
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Fig. 7. Comparison of Fe®*/3Fe ratios in the 13 standard glasses from Cottrell et al.
(2009) determined by Mdssbauer-based XANES relative to ratios predicted by the ther-
modynamic model of a) Kress and Carmichael (1991) and b) Jayasuriya et al. (2004)
based on melt composition, temperature and fO, from which the glasses were quenched.
The Kress and Carmichael (1991) model is calibrated from micro-colorimetric wet che-
mical determinations of Fe® * /3 Fe ratios. The Jayasuriya et al. (2004) model is calibrated
from room temperature Méssbauer determinations of Fe® * /SFe ratios. The dashed black
line shows 1:1 correspondence. The solid red circles and the empty blue squares are
Fe® * /3Fe ratios calculated from the XANES calibrations of Cottrell et al. (2009) and Eq.
(4) in this work, respectively. The red dotted and blue sold lines are linear regressions
incorporating uncertainties in Fe> * /ZFe ratios from the XANES calibrations, a) resulting
in the relations C09 = 1% KC91 + 0.014, R? = 0.995 and EQ4 = 1 % KC91-0.005,
R? = 0.995, respectively, and b) resulting in the relations C09 = 0.872 x JO4 + 0.045,
R? = 0.986 and EQ4 = 0.780 % JO4 + 0.041, R® = 0.849, respectively, where C09, and
EQ4 are, respectively, the Fe® * /5 Fe ratios from the XANES calibrations of Cottrell et al.
(2009) and Eq. (4) of this work, and KC91 and J04 are the Fe® * /SFe ratios predicted by
Kress and Carmichael (1991) and Jayasuriya et al. (2004), respectively. All the calculated
Fe® * /3Fe ratios are listed in Table S6. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

and 0.041, respectively (Fig. 7).
5.4. Revised estimates of MORB glass Fe® * /ZFe ratios

The revised XANES calibration allows an updated estimate of the
Fe®* /ZFe ratios of natural glasses analyzed by XANES. Of particular
importance is a re-evaluation of the Fe> * /Fe ratios of mid-ocean ridge
basalts (MORB), which relate directly to the fO, conditions of the
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modern oceanic upper mantle. Applying Eq. (4) to the 103 MORB
glasses analyzed by Cottrell and Kelley (2011) (Table S7) yields an
average Fe®* /sFe ratio of 0.143 + 0.008, where the uncertainty re-
flects only XANES precision (0y;). This value is modestly smaller than
the ratio of 0.16 = 0.01 reported by Cottrell and Kelley (2011) that
arises from the uncorrected calibration of Cottrell et al. (2009). Al-
though not the topic of focus in this work, other determinations of
Fe®* /Fe ratios in basaltic glasses that have employed the Cottrell
et al. (2009) calibration will also decrease by a similar amount, based
on the revised calibration of Eq. (4).

To compare average MORB Fe® * /3 Fe ratios determined by XANES
with averages determined from wet chemistry, such as those of Christie
et al. (1986) or Bézos and Humler (2005), requires incorporation of the
effects of systematic error arising from uncertainties in the recoilless
fraction. The magnitude of this systematic uncertainty can be ap-
proximated by Eq. (9). Because the absolute values of the Fe®* /TFe
ratio in MORB are relatively low, this effect is small, raising the 1o
uncertainty from 0.008 to 0.01. Thus, including uncertainties asso-
ciated with accuracy as well as precision, the Fe® * /ZFe ratio of average
MORB determined by XANES is 0.14 = 0.01 (10).

This downward adjustment in MORB Fe®* /ZFe ratio compared to
that of Cottrell and Kelley (2011) brings the average Fe® * /ZFe ratio of
MORB measured by XANES closer to the average ratios measured by
wet chemistry of 0.12 = 0.02 (10) by Bézos and Humler (2005) and
0.07 = 0.03 (10) by Christie et al. (1986). An analysis of the standard
errors, however, reveals that the mean oxidation state of iron in MORB
found in this study, 0.143 = 0.001 (1SE, n = 103), remains sig-
nificantly higher (t-test statistic 8.56, p-value = 2.6el5) than, for ex-
ample, the mean of 0.124 + 0.002 (1SE, n = 105) determined by Bézos
and Humler (2005).

Ottonello et al. (2001) and Lange and Carmichael (1989) raised the
possibility that Mossbauer yields systematically higher Fe® * /=Fe ratios
for glasses than wet chemistry due to recoilless fraction effects. Con-
sistent with these suggestions, we show here that, with a correction for
recoilless fraction, no bias exists for the experimental calibration glasses
between our Méssbauer-derived Fe®* /EFe ratios and those predicted
from the algorithm of Kress and Carmichael (1991), which is based on
the same wet chemical technique as the Christie et al. (1986) study
(Fig. 7). Moreover, the fO, we calculate from XANES-based basalt
Fe " /ZFe ratios agrees with spinel oxybarometry performed on the
same experiments (Davis and Cottrell, in revision).

Similar to the conclusions of Cottrell and Kelley (2011), we suggest
that the apparent bias between Mossbauer (or Mossbauer-calibrated
XANES) and wet-chemistry is most evident when analyses of natural
samples are considered. Cottrell and Kelley (2011) and Bézos and
Humler (2005) discuss how incorporation of micro-phenocrysts in bulk
wet chemical analyses or the influence of additional redox couples
present in natural samples, such those owing to sulfur, could lead wet-
chemically derived Fe®*/SFe ratios of natural samples, but not syn-
thetic samples, to diverge from XANES-derived Fe®*/IFe ratios. Al-
ternatively, if the mantle is heterogeneous on a segment or basin scale,
the analyzed samples in each study may be biased towards populations
that do not have similar mean redox states. For example, the basalts
analyzed by Bézos and Humler (2005) come dominantly from the In-
dian Ocean (58 out of 105 samples), which may be more reduced than
other ocean basins (Cottrell and Kelley, 2013; Kelley and Cottrell,
2016). Discrimination among these possibilities awaits further study.

5.5. Oxygen fugacity in the MORB-source mantle

The oxygen fugacity (fO3) of primitive MORB melts and of their
source can be inferred from the Fe®*/ZFe ratios of MORB glasses
(Carmichael and Ghiorso, 1986; Ballhaus, 1993; Frost and McCammon,
2008; Cottrell and Kelley, 2011). Based on an average MORB Fe® * /SFe
ratio of 0.16 = 0.01, Cottrell and Kelley (2011) inferred a mean fO, of
0.10 *+ 0.18 log units above the QFM buffer of Frost (1991) by applying
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the Kress and Carmichael (1991) model at 1200 °C and 100 kPa. The
revised mean MORB Fe® * /SFe of 0.143 + 0.008 determined here re-
sults in conditions about 0.25 log units more reduced, with a mean
value of QFM-0.18 + 0.16.

6. Conclusions

We reevaluated the XANES calibration to determine Fe* * /ZFe ra-
tios of 13 basaltic standard glasses from Cottrell et al., 2009. These
glasses were previously analyzed by RT Mossbauer spectroscopy, and in
this paper, we took into account the effect of recoilless fraction on the
apparent Fe® * /Fe ratios measured from room temperature Mossbauer
spectra. f(Fe? ™) and f(Fe*>*) in basaltic glass were calculated from
variable-temperature Mossbauer spectra of Al 25 by a relative method
(RM), which is based on the temperature dependence of the absorption
area ratios of Fe> * and Fe®*. The correction value applicable to room
temperature determinations (C»g93) is 1.125 = 0.068 (20). Applying the
correction value to the Fe*>* /ZFe ratios resolved from RT Mossbauer
spectra and the revised average XANES pre-edge centroids for the 13
standard glasses allows regression of a new XANES basalt calibration.
The XANES calibration for andesites (Zhang et al., 2016) is also updated
and a more general XANES calibration for mafic glasses including both
basaltic and andesitic compositions is provided in this work. With the
updated basaltic XANES calibration, we have recaluculated Fe®*/sFe
ratios for the mid-ocean ridge basalt (MORB) glasses analyzed pre-
viously by XANES by Cottrell and Kelley (2011). Our results yield an
average Fe> * /SFe ratio for MORB of 0.143 + 0.008 (10) taking into
account only analytical precision, and 0.14 + 0.01(10), taking into
account uncertainty on the value of Co,93. Based on the database of
Cottrell and Kelley (2011), the revised average oxygen fugacity for
MORB is AQFM = —0.18 *+ 0.16, where the QFM buffer is calculated
based on Frost (1991) at 100 kPa.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2018.01.006.
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