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A newly developed microprobe-based methodology (the Flank Method) for Fe**/=Fe quantification has
been successfully applied to some natural garnets from the North Qilian eclogites by JEOL JXA-8100
microprobe at Peking University. The results demonstrated an obvious discrepancy in comparison with
the outcomes by conventional stoichiometric calculations. This methodology allows to measure the
Fe**/=Fe ratio and perform elemental analyses simultaneously in the same condition. Accurate in-situ
measurement of Fe* content in garnet may bring certain impact on the garnet-based P-T estimation.
According to the compositional zonation displayed in the studied eclogitic garnets from North Qilian, a
prograde metamorphic PT path from 19.5 kbar, 520 °C to 22 kbar, 600 °C was reconstructed. More inter-
estingly, the measured Fe3*/ZFe ratios in garnets decreasing from core to rim may probably imply that
the oxygen fugacity (fO,) declines with the depth of the subduction zone.

© 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Garnet is an important Fe-bearing mineral in metamorphic
rocks. Its compositional zonation that may reveal important geo-
logical information (e.g. P-T conditions, oxygen fugacity etc.)
[1,2]. The ferric iron content in garnet is commonly estimated by
indirect methods, such as stoichiometric recalculation from micro-
probe elemental analyses. However, due to inherent analytical pre-
cision, the arising uncertainty of Fe>*/>~Fe determination in garnet
will lead to further questions about the related P-T estimation and
redox-state evaluation [3-7]. A recently developed microprobe-
based (in-situ) methodology termed as the Flank Method [8] has
been successfully applied to natural garnets for Fe*>*/>Fe determi-
nation with very satisfied outcomes [9]. It is a hybrid method mea-
suring both the iron’s LB/La intensity ratios and peak shifts that
thus has “dramatically” enhanced the analytical sensitivity, partic-
ularly comparing to the early attempts [10-12]. In comparison
with other direct analytical methods, such as Mdssbauer spec-
troscopy, XANES (X-ray absorption near edge structure) and XAFS
(X-ray absorption fine structure) with synchrotron or XPS (X-ray
photoelectron spectroscopy) techniques, the microprobe analysis
is a non-destructive method, which allows in-situ measurement
of Fe>*/=Fe ratios on a micrometer scale without additional sample
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preparation, and provides simultaneous analyses of major (and
trace) element chemistry on the same spot in the same condition.
These very advantages of this methodology offer the possibility to
perform in-situ accurate determination of ferric and ferrous iron
contents in garnet (and other minerals), which is of particular
importance in the P-T calculation by using Fe-Mg exchange
geothermobarometry or (bulk) phase equilibria modeling. Also,
the oxidation state of iron in garnet plays a key role in the evalua-
tion of the redox state and oxygen fugacity of garnet-bearing rocks
from subduction zones and cratonic lithosphere [13,14].

In this study, we succeeded in applying this methodology on the
JEOL JXA-8100 microprobe at Peking University to several natural
garnets from the North Qilian eclogites, which are typical high-
pressure low-temperature metamorphic rocks in oceanic-type
subduction zone [15]. By re-evaluating the ferrous content in gar-
nets using direct flank method microprobe analyses, we re-
estimated the possible impact on the metamorphic PT path of
North Qilian eclogites and proposed a likely associated oxygen-
activity change pattern during subduction process.

2. Flank method analyses

The principle for the microprobe Fe3*/~Fe quantification is
based on the soft FeL X-ray emission shift phenomenon: there is
a distinct peak shift of FeLo and FeLp spectra lines to lower ener-
gies with increasing Fe**, as well as a noticeable change in the
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intensity (counts) ratio with the iron’s oxidation state (Fig. 1a,b).
The flank method considers both peak shifts and relative intensi-
ties (peak area) effects: it measures the intensity ratio of iron’s
peak flanks (cpsLB/cpsLa) - those flank positions of both FeLo
and FeLB emission lines, where the spectra differences of Fe?*-
and Fe**-bearing samples (such as almandine and andradite) are
most pronounced [8,16] (Fig. 1a-b, FeLa*, FeLB*). The flank method
measurement positions are mainly determined by the absorption
spectra, which are defined by two factors: (1) accelerating voltage
(electron penetration depth) and (2) total Fe concentration in the
sample. Hofer and Brey [9] have experimentally determined the
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optimal accelerating voltage at 15 kV that happens to be consistent
with the condition in conventional microprobe elemental analyses.
The total Fe abundance has a significant impact on the iron’s LB/Lot
ratio due to self-absorption effect, which commonly requires rele-
vant corrections (ZAF, PRZ etc.); while the LB/La ratio is mainly
governed by the (linear) absorption effect caused by Fe?* [8,9],
thus, it can be utilized to quantify the Fe**/>Fe in the sample.
For garnets, the LB/La-Fe?* dependency changes with both Fe**
and XFe variations that can be expressed by multiple linear regres-
sion function (see Eq. (3), Figs. 11 and 13 in [9]). As a result, with
accurate XFe determination, exact Fe?" content (in garnet) can be
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Fig. 1. (a-b) The spectra of FeL X-ray emission lines of Fe?*-bearing garnet (standard almandine Alm_oxy from McGuire et al. [18], in blue), Fe**-bearing garnet (standard
andradite-skiagite from Woodland and Ross [19], in red), and their difference spectrum (And.-Alm., in green), obtained by two TAP-spectrometers of (a) CH2 and (b) CH3 of
JEOL JXA-8100 microprobe (15 kV, 80 nA) at Peking University; the flank method measuring positions (FeLo” and FeLp’) are defined where the differences are most
pronounced. (c—f) The measured Fe**/ZFe ratios results of standard garnets by flank method (this work, error bars 1¢ = 0.01-0.02), in comparison with their Méssbauer data

(from relevant literatures [20-22], error bars 16 = 0.01).
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acquired by measuring the iron’s LB/La ratio and using standard
garnets of known Fe®*/>Fe ratios for calibration (an Excel spread-
sheet is available for this).

In this study, the flank method analyses were carried out on the
JEOL JXA-8100 microprobe equipped with four wavelength disper-
sive spectrometers (WDS) at Peking University. There are two TAP
diffraction crystals were installed on two separate spectrometers
(CH2, CH3) of our JXA-8100 microprobe that can be used for FeL
emission line measurement. Comparatively the TAP crystal in spec-
trometer CH2 demonstrated a better resolution (Fig. 1a-b) and was
furtherly used in the flank method analysis, while the spectrome-
ter CH3 was assigned for Na, Al, Si, Mg analyses. First and foremost,
routine elemental (quantitative) analyses for garnets should be
performed beforehand to ensure that proper standards were
selected correctly, and then perform the flank method measure-
ment. The routine microprobe analyses for oxides were after Li
etal. [17] in the condition of 15 kV, 10 nA and SPI 53 mineral stan-
dards (U.S.) were utilized.

The high precision of flank method analysis is principally
defined by the accuracy of the spectrometer position and its repro-
ducibility, especially for the JEOL series microprobe with motor-
driven spectrometers. A sophisticated spectrometer calibration
procedure was conceived by Hofer and Brey [9], via peak search
for the sharp iron’s 9th order Ko (FeKa9th) peak position; it should
be carried out in advance for each working session (in this work,
24 h was recommended). To enhance the statistical precision,
accumulation analyses (5 x 5 grid, 2 pm step, total 25 spots for 1
group of effective analyses) were utilized in this work, which
indeed had reduced the relative error in Fe**/ZFe determination
to 10 = £0.01 (N < 100); however, this approach resulted in a long
analytical time for 1 effective outcome to approximate 130 min
(5 min for each spot), that only a few effective analyses could be
accomplished in one work session.

Standard garnets with known Fe3*/ZFe values (Méssbauer data
by other researchers) of Alm_oxy [18], andradite-skiagite [19],
FRA1 (32.26 wt% =Fe, 0.62 wt% Fe3*) [20], Damknolle (15.18 wt%
>Fe, 0.77 wt% Fe3*), Mir1 (8.60 wt% XFe, 0.42 wt% Fe3"), Mir2
(10.04 wt% XFe, 0.39 wt% Fe**), Mir13 (10.66 wt% XFe, 0.53 wtm
% Fe3*), Mir23 (8.31 wt% XFe, 0.46 wt% Fe3*) [21] and UA5 (6.49
wt% ZFe, 0.82 wt% Fe>*), UA10 (6.23 wt% SFe, 0.42 wt% Fe>*) [22]
were used for the analytical condition examination and further cal-
ibration of measured samples. Four (or more) standard garnets
were analyzed firstly, and then the unknown samples. Detailed
descriptions of spectrometer calibration and flank method mea-
surement procedures are summarized in Appendix 1.

3. Results

The studied samples were collected from the Baijingsi cross-
section, about 30-40 km to the east of Qilian Town; they are all
epidote-eclogite type, and include (A) massive (sample Q05-1)
and (B) foliated ones (samples 2Q19-3 and 08BSY-38) due to their
field appearance (see in [23]). Their detailed studies of petrology,
mineralogy and metamorphic P-T conditions have been well
described in the literatures [15,23,24].

The garnets from both massive and foliated eclogite samples are
mostly of ideal idiomorphic crystals with considerable sizes (~2-5
mm) (Fig. 2). The garnets from the massive sample (Q05-1) usually
contain a few mineral inclusions as rutile, epidote, calcite, quartz,
plagioclase and iron sulphide (FeSy) (Fig. 2a, b); while the garnets
from the foliated samples (2Q19-3 and 08BSY-38) often contain
numerous inclusions of quartz, rutile, epidote and casually iron
oxide (FeOy), displaying certain orientations (foliations) as the
matrix minerals (see in [23]) (Fig. 2c, d).

In the flank method measurement, the standard garnets were
firstly analyzed; they all yielded consistent results with their

) Q05-1-G 1]

Fig. 2. The BSE images and relevant EDS elemental mapping results of the studied garnets from North Qilian massive (a-b: sample Q05-1, garnets G1 and G2) and foliated (c-
d: sample 2Q19-3, garnets G1 and G2) eclogites (inclusion minerals Rt - rutile, Cal - calcite, FeSx - iron sulphide, FeOx - iron oxide, Qz - quartz and Ep - epidote). The flank
method microprobe analyses results of Ca, Mg, Mn, Fe?*, Fe>* contents (in p.f.u.) and Fe**/=Fe ratios (error bar 1¢) from core to rim (1 - 2—3 — 4 — 5) are presented aside.
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Fig. 3. Phase equilibria modelling results (NKCFMASHO) of the massive eclogite sample Q05-1 from North Qilian: (a) pseudosection with inferred P-T paths (M1 — M2 in this
work, P1 and P2 from Wei et al. [24]) based on the compositions of garnets G1 and G2; (b-c) the P-T vectors inferred from the compositions of garnet G1 and G2, which were
estimated by charge-balance method (grey circles, dotted lines with arrow) and flank method measurement (filled circles, solid lines with arrow) separately.

Mossbauer data in general (Fig. 1c-d). It ensured our measure-
ment’s accuracy and allowed further analyses on the eclogitic sam-
ples. In results, the studied garnets from North Qilian eclogites all
yielded certain Fe>* abundance in a range of 1.00-2.00 wt% (Fe,05)
(Table S1). Although, in the alternative charge-balance method
recalculation (O=12), the Fe3* was barely calculated therein
(Fe* in p.f.u. = 0.00-0.04 or Fe,03 0.0-0.5 wt%) (Table S1). All ana-
lyzed garnets from North Qilian eclogites displayed a clear pro-
grade zonation as being previously reported [23,24]: decrease of
Ca and Mn with increase of Mg from core to rim. The directly mea-
sured Fe** (Fe3*/<Fe) component also displayed a gentle decline
zonation in general (Fig. 2).

To calculate the P-T conditions, we carried out phase equilibria
modeling for the massive eclogite sample Q05-1 by Theriak-
Domino software with dataset file tcdb55 (adopted from the Ther-
mocalc database tcds55.txt by Holland and Powell [25]). Relevant
mineral solution models in the dataset were the same as those in
Li et al. [17]. The NKCFMASHO model system was considered for
the modeling and the bulk composition used for modeling was
from Cao et al. [23]. The obtained pseudosection (Fig. 3a) was quite
similar to the one in the previous report [24]. The compositions of
garnets, obtained by both direct flank method analyses and indi-
rect charge-balance recalculation, were all plotted in the pseudo-
section that yielded different P-T vectors (Fig. 3b-c, G1 and G2).
Using the flank method results, we reconstructed a more accurate
prograde P-T path from 19.5 kbar, 520 °C (prograde stage M1) to
22 kbar, 600 °C (peak stage M2). As a result, it seems that when
the ferric iron content in garnet is not very high, for instance, 1-
2 wt% Fe;03, the P-T calculation error caused by different ways of
Fe3* estimation may somehow be in a tolerable range (AP < 2 kbar,
AT < 10 °C), otherwise, significant error could occur [3]. Neverthe-
less, we still recommend to perform preliminary analyses on the
ferric iron content in garnet in advance for a better and reliable
P-T estimation.

Apart from the correct Fe>* determination, the zonation pattern
of measured Fe3* (Fe®*/ZFe ratio) in garnets could be significantly
informative for the relationship between the inferred prograde P-T
path and a possible change of the oxidation-redox state during
oceanic subduction, if considering the Fe>* component as an oxi-
dized agent. Most of the results showed that, the oxidized agent
Fe3* in garnet seemed to decrease from core to rim, i.e. along the
prograde metamorphic PT path; that is to say, it could suggest a
likely oxidation decline during metamorphism in the oceanic sub-
duction zone. However, there are also other essential factors such
as pressure, temperature, and probably bulk rock composition

need to be taken into account, when it comes to the discussion
of redox state of lithospheric rocks [13]; thus, further comprehen-
sive and complex investigations are still required. Meanwhile the
fluid activity may furthermore yield an oxidation or reduction
environment (at least very locally) at certain tectono-
metamorphic stage. Examples can refer to the formation of barite
and sulphide in Dabie-Sulu UHP eclogite (continental subduction)
[26], or the occurrence of graphite and hydrocarbon-fluid in Wes-
tern Tianshan UHP belt (oceanic subduction) [27], where relevant
fluid involvements were accounted for the (local) redox-state
change. In this work, iron sulphide (FeS,, sample QO05-1-G1,
Fig. 2a) and iron oxide (FeO,, sample 2Q19-3-G1, Fig. 2¢) inclusions
in the analyzed garnets were noticed that may help to explain the
observed zonal curves.

4. Conclusions

The microprobe-based flank method measurement is a conve-
nient and accurate analytical approach for Fe**/=Fe quantification
in garnet, comparing to other alternative techniques of destructive
nature. In this work, we have demonstrated the unreliability of
conventional stoichiometric calculation for Fe** determination in
garnet widely used in geosciences, which could subsequently affect
a correct P-T estimation based on garnet’s composition. More
importantly, this in-situ methodology can be applied in the discus-
sion on the redox state of garnet-bearing lithospheric rocks by
measuring Fe>*. In principle, the flank method is also potentially
applicable to other important Fe-bearing minerals (such as
clinopyroxene, see Vasilyev [22]) for in-situ ferric iron measure-
ment, once appropriate standard(s) will be available.
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Appendix 1

Summary of flank method measurement procedure on JEOL
JXA-8100 microprobe is modified after Hofer and Brey [9]. All men-
tioned Excel spreadsheets are available from the authors for free.

Appendix 1A. Spectrometer calibration

(1A-1) Utilize the TAP spectrometer(s) to measure the defined
cpsLB/cpsLa ratio in flank method; adjust the target detector slit
to its smallest available value for the best resolution (300 pm for
JXA-8100).

(1A-2) Execute peak search for iron’s 9th order Ko (FeKo9th)
peak position (feg) on pure Fe metal standard at 25 kV, 80nA; set
the analytical condition of the assigned TAP-spectrometer to Inte-
gral mode (Int.) with optimal PHA (SCA) parameters (probe diam-
eter 0-1 pm, step 10-15 pm, dwell 1500-2000 ms, PHA gain 32).

(1A-3) Define the FeKa9th peak position in current work ses-
sion (fey) using either (a) serial analysis or (b) PeakFitH program
(it can be obtained from the authors for free). The purpose is to
obtain the shift value (0, external calibration value) in relation to
the theoretical FeKa9th peak position (189.417 mm), which can
be utilized to adjust the spectrometer for flank method measure-
ment. The procedure is to carry out at least 3 repetitions at 6 spec-
trometer positions (N) of symmetrical distances (fe; and fe;)
around the measured FeKo9th peak maxima (fep); the recom-
mended 6 measuring positions is 52 pum window value (N, = N;
+52, N3=N, +52, ..., N5=Ns+52) and 14 pm shift (fe; = feg —
14, fez = feo + 14)

(1A-4) Transfer the obtained results from above (peak intensi-
ties/counts, probe current values) into an Excel spreadsheet: plot
the 3 values of fe,/fe, (current-normalized ratio) vs. spectrometer
positions to calculate the corresponding regression line and the
spectrometer shift (A) for fe,/fe; in current work session; use this
spectrometer shift value to calibrate the FeKa9th peak position
(fex = feg + A), then we will have the shift value as an external cal-
ibration 0 = 189.417 — fe,.

(1A-5) Using the external calibration value 6 to define the FeLa
and FeLp positions in flank method measurement. To be noted, this
value (i.e. fe;/fe,) is very specific for each spectrometer and partic-
ular JEOL microprobe during this very work session period; it
should be maintained as an internal reference and energy calibra-
tion for all flank method measurements.

Appendix 1B. Flank method measurement

(1B-1) After the spectrometer calibration, set up a new quanti-
tative analysis condition file for garnet, in which, the calibrated

TAP-spectrometer must be untouched for measuring the iron’s
cpsLB/cpsLa ratio ONLY during the whole work session.

(1B-2) Add two fake elements of As and Br to represent FeLo
and FeLp in the ready (calibrated) TAP-spectrometer analytical
condition list; and set the fake “peak” measurement positions of
As (FeLa) and Br (FeLB) from the spectrometer calibration proce-
dure. It is recommended to allow long measuring times of 200-
300s, set no background measurement (or default minimum
value), differential PHA/SCA mode, and narrow energy window to
avoid overlaps with higher-order X-ray emission lines. Example
of flank method measurement conditions for all spectrometers
(CH1-CH4, JXA-8100) is shown below (Table 1A).

(1B-3) Accumulation analyses (e.g. grid analysis) are recom-
mended to enhance the statistical precision; also, you may increase
the number of measurements to increase the counting statistics. To
avoid possible contamination artifacts, measure Br (FeLp) first and
then As (FeLa). It is recommended to carry out preliminary condi-
tional analyses without the calibrated TAP-spectrometer, to ensure
suitable standard data are selected for all elements. In this work,
we used 15 kV, 10 nA analytical condition and SPI 53 minerals
(U.S.) standards; although higher beam current of 60-200 nA is
also recommended, it requires a perfect vacuum state to maintain
such high energy more than 24 h.

(1B-4) Measure four or more standard garnets with known Fe
Y Fe values firstly, and then the unknown samples. After the mea-
surement, for routine quantitative elemental determination, run an
off-line matrix correction by deleting the two “fake” elements of As
and Br, then export the summary data of oxide wt% and atom?%
(normalized by 12-oxygen); for flank method ratio, export the
summary data of the net intensities and beam current values of
As and Br. Finally, insert these data into an Excel spreadsheet to
calculate the flank method ratios and furtherly Fe*/>~Fe quantifi-
cation. To be noted, the weather condition and room temperature
may have unpredictable influences on the measurement.

3+/

Appendix 2. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.scib.2018.01.025.
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