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Appendix 1. Phase Characterization
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Figure S1: Powder X-ray diffraction patterns (a) of the cajtibe reference phases and (b) of the series e€iFe
oxyhydroxides. The small lines in panel a indidhie peak positions of the reference JCPDS patfegoethite (PDF #

01-081-0464) and grimaldiite (PDF # 01-072-1208spectively. The smoothed patterns of the serieFesCr-
oxyhydroxides are shown in Figure 1.



Appendix 2. Shell-fitting model

Parameterization of the multiple scattering paths

The MS paths within the central CGy@ctahedra may significantly contribute to thekGr
edge EXAFS signal in the R-range 2-4 A (Boyanowlet 2004). For their parameterization we
slightly modified a recently described method fbe tparameterization of the MS paths in Fe-
oxyhydroxides (Voegelin et al., 2010). The MS paitlithin an undistorted Cr§octahedron (d(Cr-
0)=2A) up to a length of 4 A were simulated witEFF by using the potentials calculated from the
Cr-goethite cluster (this allowed using the sarfeaid E for both calculations). The lengths of the
multiple scattering paths were defined relative the (fitted) Cr-O distance. Assuming an
uncorrelated atom displacement (Hudson et al., 1886 DWPs for the multiple scattering paths
were set as follows (DWP_O is the fitted O-shell BV
Triangular paths: DWP_MS = DWP_O
Collinear 3-leg-paths: DWP_MS = 2*DWP_O
4-leg-paths involving 2 different neighboring ato®WP_MS = 2*DWP_O
4-leg-paths involving 1 neighboring atom only: PWMS = 4*DWP_O.
Figure S2 shows the sum of the MS paths of thediedt fit to the Cr8 EXAFS (cf. Table 1) as an
example. The amplitude of the MS paths is compar#éblthe one of the signal in the R-range

3-35A.
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Figure S2: Imaginary part of the Fourier transformed sumhef MS paths within the Cg®ctahedron. The imaginary
part of the Fourier transformed Cr8 is shown famparison.

Exchange correlation potential for the atomic background

The computation of the theoretical EXAFS standdrds, phase and amplitude functions)
involves the determination of the fine structurd #me atomic background. For both calculations an
exchange correlation potential needs to be spdciBy default FEFF uses the Hedin-Lundqvist
exchange correlation potential for the computatdrthe fine structure (ixc-index) in both, the
XANES and EXAFS part. For the determination of #temic background (ixcO-index) the use of
the Hedin-Lundqvist potential is recommended fog B8XAFS part, whereas the ground state
potential is recommended for the XANES part. Skitdl-of the first shell (R: 1-2 A) by using
theoretical standards calculated with the defaettirgs (ixc0=0, i.e., Hedin-Lundqvist for the
atomic background) deviated from the data mainlyhi@ R-range 1.5-2 A (Fourier transformed
EXAFS; Figure S3a). This misfit could be reducedusyng theoretical standards calculated with
the ground-state potential for the atomic backgdofixc0=2). The fits are shown in Figure S3a and
the corresponding fit parameters are summariz&dble S1. The use of the ground state potential
(for the atomic background) resulted in a larggedi DWF and a larger fittedySin comparison to
the Hedin-Lundgvist potential. Figure S3b shows ¢benputed Cr-O single scattering paths for

both theoretical calculations. Using the groundestaotential for the calculation of the atomic



background results in a reduced amplitude at Ideealues k < 7 A), whereas the amplitude at
higherk values is hardly affected. The results of theldfitsl of the Cr-O shell indicate that the
Cr-O single scattering path calculated with ixc@&e2m to provide a better fit to the experimental
data (Table S1). The reason for the improvemerduisently not clear. However, we obtained
similar results for CK-edge EXAFS spectra measured at three differentliees (SuperXAS,
DUBBLE, HASYLAB A1) and for different settings ohé AUTOBK algorithm, such that artifacts

related to experimental noise and to the backgrautraction procedure can be excluded.
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Figure S3: (a) Fourier transformed EXAFS of Cr8 and sheliisult using theoretical Cr-O path calculated vligh
Hedin-Lundqvist (HL) and the ground state (GS) ptit#, respectively, for the atomic background. HYAFS of the
Cr-0O single-scattering path simulated with FEFFhwi. and GS potential for the atomic background. Ibath signals
the same parameter set was used (S02=1, E0=0 &, ARDWP_0=0.005 A.



Table S1: Results from EXAFS shell-fits of the first (Cr-@hell (R-range: 1-2 A) in Cr8 by using FEFF simetht
path and amplitude functions calculated with theliHd_undqvist (HL) potential and the ground sta&S] potential
for the atomic background. Note: the fit parametkifer from the ones in Table 1, since the R-radiffers and since
no constraints were applied. Digits in parenthasésestimated uncertainties.

DWP

Model Atom N R (A) 7% So’ Eo

(eV)

HL O 6 1.99(1) 0.005(1) 0.77(13) 3(2) 1.00 736
GS O 6 1.99(1) 0.006(1) 0.95(11) 2(2) 05 338

R®%) ¥

The choice of the exchange potential for the compart of the atomic background did not affect
the trend observed in the shell-fitting resultswesn Cr8 and Cr71. Using theoretical standards
computed with the default settings (ixc0=0), the-shell model (F1) gave the smallgst value in

the case of Cr8, whereas for Cr71 the models F2 Bd(including double-corner-sharing
octahedra) gave the smallesf value (Table S2). These results were in full agegnwith the
results presented in Table 2. Still, for Cr71 #h&of the two-shell model (F2) is only twice as small
as they.,? of the one-shell model (Table S2). This decreask ndit pass the significance test
introduced in the main text. Thus, when using tagcal standards computed with the default
settings the two-shell model can not be rated soiptr the one-shell model based on the EXAFS

analysis.



Table S2: Selected results from shell fits of Cr8 and Crithwuhe five fit models. In the FEFF calculatioretHedin-
Lundqvist exchange potential was used for the atdrackground. In the last column thévalues are given relative to
the ones of the corresponding fits using theorksiandards calculated with the ground state piatigiorr the atomic
background function (cf. Table 2). Fixed paramefersll fits: E;=1.5 eV; $°=0.81.

Sample Mod. N N, Ns DE’XE;”? '3(\)&\’2?3 Nyor (Ee@ relR 13 rezi' HL/GS

Cr8 F1 3.1 0 0.012 - 3 350  1.00 67 1.0 1.7
F2 34 2 0.013  0.030 5 290 0.83 88 1.3 1.7
F3 3.1 0 2 0.012  0.034 5 325 0.93 99 15 1.7
Fa4 33 05 2 0.012  0.024 7 285 081 211 32 Tup
F5 2 up’ 2 0.010 0.031 7 289 083 214 3.2 Tup

Cr71 F1 1.5 0 0 0.008 - 3 766 1.00 235 1.0 1.2
F2 1.4 2 0.007 0.017 5 297 039 145 06 2.6
F3 1.5 0 2 0.007  0.020 5 620 081 302 1.3 1.2
F4 30 18 2 0.011 0.015 7 1.73 023 206 0.9 4.8
FS 2.6 1 2 0.010 0.021 7 328 043 391 17 1.9

Ssingle corner-sharing distance (starting value)4'dnphysical solutions (<0); fits with unphysicalsixbns were
excluded from the comparison.

Notes: N3, N, N3 = degeneracies of the first (R~3 A), second (R43.and third (R~3.5 or 4 A) metal shell,
respectively. N, = the number of parameters varied during théof/P;, DWP,, and DWR = DWP of the first,
second, and third metal shell, respectively.



Cr and Fe as metal backscatterers

Table S3: Selected results from shell fits of Cr8 and Crithuhe five fit models. For the FEFF calculatioitioe
theoretical standards a goethite cluster was usedich all Fe were replaced by Cr atoms. In tise dalumn the,?
values are given relative to the ones of the cpmeding fits using theoretical standards calculétenh a goethite
clusteg which contained only Fe atoms (exceptherdentral Cr atom; cf. Table 2). Fixed parameiarall fits: E;=1.5
eV; $=0.95.

Sample  Mod. N N, N3 DEIXE)”Z D(\AVZ% Nyar (E;)) rekR ¢4 rezi. CrlFe

Cr8 F1 2.6 0 0.012 - 3 273 1.00 52 1.0 1.3
F2 2.9 0 2 0.013  0.027 5 1.69  0.62 51 1.0 1.0
F3 2.7 0 2 0.012 0.033 5 244  0.89 74 14 12
Fa4 23 07 2 0.011  0.022 7 157 058 117 22 Tup
F5 1.4 up 2 0.008  up 7 143 052 106 2.0 lp

Cr71 F1 1.4 0 0.007 - 3 494 100 152 1.0 08
F2 1.2 2 0.006 0.019 5 152  0.31 74 05 13
F3 1.4 2 0.007  0.022 5 390 079 191 13 07
F4 25 14 2 0.010 0.017 7 045  0.09 53 04 1.2
FS 21 0.6 3 0.009 0.022 7 172 035 205 14 1.0

Ssingle corner-sharing distance (starting value)4'dnphysical solutions (<0); fits with unphysicalsixbns were
excluded from the comparison.

Notes: N3, N, N3 = degeneracies of the first (R~3 A), second (R43.and third (R~3.5 or 4 A) metal shell,
respectively. N, = the number of parameters varied during thédWP;, DWP, and DWR = DWP of the first, second
and third metal shell, respectively.



Appendix 3. Fourier transformed EXAFS
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Figure S4: Magnified view of the imaginary part of the Fourteansformed Fe-Cr-oxyhydroxide EXAFS spectra.



Appendix 4. High-energy-resolution spectra

From selected samples we collected high-energyuesio fluorescence-detected (HERFD)
XANES spectra, in which the deep core state lifetlmoadening is effectively suppressed. In these
spectra individual XANES features are highlighted ¢he determination of their energy position is
facilitated. For the purpose of our study the HERfDa are required to confirm the number and
energy position of the features in the negativeolsécderivative spectra of the conventional
XANES spectra. This is particularly useful for ceag® which the detection of peaks in the negative
second derivative spectra of the conventional spdst not unambiguous. Figure S5 shows the
HERFD XANES spectra of the two crystalline referermompounds and of Cr8 and Cr71, along
with the corresponding negative second derivatpecsa. Fluorescence-detected XAS spectra of
samples highly concentrated in the analyte mayffeetad by the over-absorption effect (Manceau
et al., 2002). Qualitative comparisons with thewaortional (transmission) spectra suggested that
this effect was small for the grimaldiite sampldjile it was much stronger for Cr71. Because of
the large correction required for Cr71, the ped&naities in the corrected Cr71 spectrum may still
be affected by the over-absorption effect (the otfflen the peak positions is expected to be
negligible). The negative second derivatives of HBERXANES spectra of the two crystalline
oxyhydroxides (Figure S5) were overall in closeeagnent with the ones of the conventional
spectra. The features in the whiteline regionsheftivo weakly crystalline samples, i.e., Cr8 and
Cr71, on the other hand, were much better resdlvéide negative second derivative spectra of the
HERFD XANES data. For Cr8 the existence of a smaksak at 6004 eV and a more intense one at
6008.8 eV was confirmed. For Cr71 the negative s@cderivative of the HERFD XANES
spectrum clearly confirmed the existence of a seéqoeak at about 6010 eV, besides the more
intense one at 6006 eV. The second peak was nptrégsolved in the negative second derivative of

the conventional spectrum (Figure 4).
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Figure S5: HERFD XANES spectra of Cr-Goe, Grim, Cr8, and Caldng with the corresponding negative second
derivative spectra. The negative second derivaipetra of Cr-Goe and Grim are multiplied by 2, kglas the ones of
Cr8 and Cr71 are multiplied by 4. The inset shows@m into the pre-edge region.
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Appendix 5. Additional XANES simulation

To approximate the spectrum of a Cr octahedroroanded by more than two edge-sharing
octahedra at the same metal-metal distance we BiEFR&k-simulation by using the SCF-potentials
calculated for the Cr-goethite cluster and atompui coordinates derived form the crystal structure
of grimaldiite (in which the Cr octahedra share exigvith six neighboring Cr octahedra). This
simulation is only an approximation, since the potds were calculated for a different cluster and
because the Cr-O distances within the E£oCtahedra in the crystallographic data of grimeddi
(Christensen et al., 1977) are fully coherent,(it@ structural disorder), which does likely not
reflect the real situation (cf. EXAFS results). pes these limitations the XANES spectra
simulated by using a 6.5 A-radius-cluster reproduttee main-characteristics of the experimental
spectrum of grimaldiite except for the small splithe whiteline at about 6010 eV (data not shown).
However, the spectra needed to be shifted by -le&five to the simulated Cr-goethite spectra.

Figure S6 shows that successively including momgeesharing octahedra resulted in an
increased intensity of the peak at 6008 eV andhefshoulder at 6000 eV. The difference between
spectrum s2 and s3 showed that the simulated spaernot only influenced by the number of the
octahedra, but also by the symmetry of the cluskespite a slight shift in the energy positionhad t
peak at 6009 eV in spectrum s2 compared to s3n#ie pattern (broad shoulder at 6004 eV and an

intense peak at about 6009 eV) is obtained for blotsters.
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Figure S6: FEFF simulated XANES spectra for different clustelerived from the crystal structure of grimaldiite
(using the SCF-potentials calculated for Cr-goehifThe simulated spectrum (a) and the correspgndagative
second derivate spectra are shown (b). The clusteed for the calculation are shown on the rightals arrows
indicate the position of the octahedron with theaber Cr atom. Spectrum sl1: edge-sharing clusten the Cr-
goethite structure (cf. s1 in Figure 5) for compani (the structure is similar to s3). The theoadtgpectra obtained
from the grimaldiite cluster are shifted by -1 edfative to the spectra obtained from Cr-goethite.

Figure S7: Enlarged view of the clusters used for the sinihadf the XANES spectra shown in Figure 5. Arrows
indicate the position of the central octahedrontaiming the Cr absorber atom in simulations s1-s4.
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Appendix 6. Second derivative spectra

Taking the negative second derivative of a sigha powerful tool for determining the number and
position of the peaks in this signal. Figure S8vehthe first and second derivatives of a Gaussian.
The negative second derivative contains negatile Isibes. If the side lobes of two peaks overlap,
they may form a spurious secondary maximum (wheh fo counterpart in the original signal). If
two peaks of equal intensity are located very claseach other, interferences involving the side
lobe may cause a shift in the intensity and theitipos of the peaks in the negative second

derivative (Figure S9).
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Figure S8: Gaussian, its first derivative and its secondwdgiire. Arbitrary units were used for both axes.
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Figure S9: Sum of two Gaussians located close to each otbeat@d at 200 and 225, respectively). Two cases are
considered: two Gaussians of equal height (red)thadeight of the second Gaussian is half as agythe height of

the first (blue). The sum signal, the first and tlegative second derivatives are shown. Arbitrarysuwere used for
both axes.
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