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Electron Energy Loss Spectroscopy (EELS)
Application to Mineral Formation

2715 (Kiho Yang) - ZZ=(Jinwook Kim)’

AM )t 272 28 83}

(Department of Earth System Sciences, Yonsei University, Seoul, Korea)

Q0 HE BEe| P2 ol B0} gl Ao 4B HABA o] Beh@d 20| AR A
Fatol Zoh ol FEFH WAUZEL W] AL AYEE H ARAAS o8
e 2AY 240 Brhulsteh RabdA@An A AHsolglE AAIUA £4EF AHEEL)S
ol g3l YA A W BHG EERUOE YEFE T2 ) B FUOE AP K-=ER
cl=e) B4l A% Fo) YISy B0k A UL JY A Bohol A8 ANA
£ 4 A%E 24 FEAS 3 ATE Solsh Atk mebd B =Ee Ageu £AF
Fo) BAPy 2 B4R ANFe BHow

ABSTRACT : The oxidation states of structural Fe in clay minerals often reflect the paleo-redox
conditions of the depositional environments. It is inevitable to utilize the high resolution of
transmission electron microscopy (TEM) to investigate the mechanism of mineral transformation at
nano-scale. The applications of TEM- electron energy loss spectroscopy (EELS) for quantification of
Fe(Ill)/ 2 Fe from the K-nontronite formation associated with structural Fe(IlT) reduction in nontronite
under deep subseafloor environment were demonstrated. In particular, quantification of the changes in
Fe-oxidation state at nanoscale is essential to understand the mechanisms of minerals formation. The
procedure of EELS acquisition, quantitative determination of Fe-oxidation states, and advantages of
EELS techniques were discussed.
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ected Area Electron Diffraction), &3t 24 #4
(EDS : Energy Dispersive Spectrometer)©.2 U
wele] BAL PR RA B8 A7e 2
FHE 3UTHChoi, 2013). HZol= 38txA &
Aol QJoix] FAAAAN Ao B2 B o
A &4 Bf By ‘%ﬁ(EELS, electron energy loss

spectroscopy)©| HHS}E I 9lom, o]F o]&3}
of BN AA A} oA &4 BEE

o] &3t Holgse| 4ol AF A H(bonding
environment)E 3St=H FHA AREE L Q)

(Garvie and Craven, 1994; Colella et al., 2005;
van Aken et al., 1998; Calvert et al., 2005,
Schmid and Mader, 2006; Daulton and Little,
2006). 1 tiFEe AY ATE AFR FE
(engineered materials) okl o] 2HA
on, AA &4 Feol dF £4 vind H
of oA THZhang et al., 2010, Garvie et
al., 2008, Calvert et al., 2008; Kim and Dong,
2011; Yang et al., 2016). ZA} o|U=] &4 23
S o] 83t AgH A 3lg(Fe’/2Fe) SHHL
HENEE FHAARARA olnA] #E WY
st 318 B4 RS e AHS 7RIt
AeHom AA FEollA AFH 545 Ak &
A2 52 38Kwet chemistry) &4, F2n}9-of
3 (Mossbauer  spectroscopy), F= URO|IE
SF(EPMA) 4 275 o] &3t FE9| s3tafE
(stoichiometry)¥} 3} & (charge balance) A4

2131

=
g 7] HHe 1 Ell S (spatial resolution)
oA SAE Holw, dUiAZ v H(fine-grained)
33 o] & A(spatial heterogeneity)=
- Rl e I e =
o] ot ¥
o] &3k AA} oyA A %
AEFH 559 Jslr SAHANA 52 F
359 o]Ag 7FxIthvan Aken and Liebscher,
2002; van Aken et al., 1998; Garvie and Buseck,
1998; Kim and Dong, 2011; Yang and Kim
2012; Yang et al., 2016). &3+ H3ll'sS FH4}
An7de] &3 Z7)(probe size)oll &J3lA AR o]
HH, FAFEZAHAEATZ(STEM, scanning trans-
mission electron microscope)ll4 0.3 nm®| F37t
Hillss 7HAEE AAFE gt vt 2AY
o] EXo] 7}58}cHGarvie and Buseck, 1998). &
AFolAE AR o] &4 E4 B4 g
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Fig. 1. The EELS spectrum including the zero-loss
(elastic) peak, low-loss excitation (~50 eV), and
core-loss ionization (160-800 eV). The zero-loss
peak was used to determine the sample thickness
(Data from Kim and Dong, 2011).
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=
EELS AHEH

AA; oA &4 £33 2AHS 7" At
8] oS A W3S wf s HigA 4
inelastic scattering) FAE2] YA &S =
Ao s vhg o] da 24 9 38 AF
BE 9 Hehe AEE A& otk A; o
UAl &4 &% 29 EHY 7P 7182 HEHl=
Fig. 13} Zom, A<&4(low loss excitation) §S
3 314 FH(Core loss ionization) -2 FA|
o AEA FH0~50 eV AUA] &4 FE)S
94 I F(zero-loss peak)2t ZEk2~E(plasmon
peak) 0.2 FAE O] itk P& I L
(elastic scattering)®ll |3+ AHE YUEhHH, AlE
o] FAo tig AR ¥k ofe} AA; oA &
A g 2HEY quR] 49 VEHoEA F
83HA AMEETE 50 eV ode oA &4 F3t
< 1A YY(core-loss region)ol2kaL 3, 714
B AAZE AAZEe] ve A (inelastic) e Mg
o o3t ARE 7HAI Stk 1A FHoAE
0] 23} oA (ionization edge)”} UEFHH, o]= o
U] &2 of|z] &8} F-ZELNES, energy-loss near
-edge structure)®} AE oA £ wA F=



AR LG BAEE o187 F

ool A A A5 293 124

U1365 ATEN

Fig. 2. Bright-field TEM micrographs of the clay fraction (< 1 pm) for sediment/basalt interface at the sites
U1365 and U1369 showing (a) K bearing Fe-rich smectite (U1365, 70.16 mbsf) with Al/Si = 0.17, K/Si =
0.08, and Fe/Si = 0.52; and (b) K bearing Fe-rich smectite (U1369, 15.52 mbsf) with Al/Si = 0.36, K/Si =
0.06, and Fe/Si = 0.32 (Data from Yang et al., 2016).

(EXELFS, extended energy-loss fine structure)=
T/ o] Stk o] &3} oA oyA] &4 Ao
o] FE AR PARS] A 4o 7hsdt
i, oA &4 oA 2 FZ(ELNES)IA = 2
Grzol it ARl dARd oA &4 wA
TZ(EXELFS)olA= 5§78 A} 79 dA9] vl <
S ARE L F Ak o)9t o] AR ofuA £
A 5 2HERS o §3te] AR BAo] 7}
ST B ATelE 2EA Fejold Uehts
o] 238} oAE o]&sl, AA B W 559 A
FA el 345 AP

EELS =4 A

AR} YA =4 Bg ~HEHS o] &3] A
55 AT BAES FYE o, 83 AL o
U] E3l'5olH(energy resolution), ¥4 1=
9 WEEX(FWHM, full-width-at-half-maximum)&
Rleh= WHo =M Eadxdn| ] oquyA] &
e SAHTTE gubdo s HA HAR dAE
(FEG, field emission gun)= AMSsl= F33Ad
n7gol| A AUA] £35S 1.0~15 eV < Y
EhYjH, ©H417](monochromator)7} 2= o0& F
2lo] BERAdv A= 0.1 eV ol3ke] ulS-
2 YA s 7RIt 2 dFdAE 1.0
eV oA Ralse FRAzAENA A~"HES
Ad FE EA ARgSTh =3, AlHe 7
7V AR A &4 B 29 EY EMA F4
g AT =, AA; oy &4 E3F E40014]
- FoE vedLkt AzE AEsteE, Jity
o=F Aol gF&TE Ao fElsith wEbA,

ZHH w]A AE7](Ultramicrotome), & 0] H
(FIB, focused ion beam), ©]< & (ion-milling) &
o] W& o]gste] AHes HUE gl vEEofok
8, B OF 70 nm oJstell A EAE XY

EELS AHEHo| g5

B AFolA AL oA &4 3 ~2HEHS
Sh7]1 2982 A7-U(KBSI, Korea Basic Science
Institute) A|-2AIE]] AX|=oIle 74 300
kve] TECNAI G* F30 ST FE-TEM (FEI Com-
pany, USA)°ll 42011+ Tridiem Gatan Imaging
Filter (GIF) A2} ouz] &4 £ B47|2 SA =
Atk 2HEH] g5 212, FHZ(convergence
angle, @) = 0.5 mrad, $°%Z(collection angle,
£) = 20 mrad, YA} ZE]7l(entrance aperture) =
2.0 mm, A F4Henergy dispersion) = 0.1
eV/channel (0.1 eV/channel X 1024 pixels =
102.49] field of view), °lUA E3)5(energy
resolution) = 1.0 evVolH, 2~HEHS] IF&5 A7t
(acquisition time) 5%2 3Pt =E A}
iz &4 B33 ~HERS] 58 FAEHRA
AV Z(STEM) EEoM 3Yakiet. 244t ol
2 £4 % 2HERY 52 v 22 A
2 g3t

1) SHstele B4 AE AR . FAEAERA
Cu-grid §lol &2 Je WEoA ddte #F A
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Fig. 3. EELS spectra of Fe L, for the K-bearing Fe-rich smectite (nontronite) at the basalt/sediment interface
showing (a) distinct peaks separation at 708 and 721 eV, and (b) the plotted integral ratio of Fe L3/L2 on the
universal curve as a function of Ferric iron concentration and Fe L3/L2 (Data from Yang et al., 2016).

i(site U1365 70.16 mbsf, meters below seafloor,
site U1369 15.52 mbsf)(Fig. 2). K-nontronite %
EFEo gk AlF BEE Yang e al. (2016) Al
&) ATl ZleHAJTk. IHlE TEM BAoFS
oju|x| ¢} FYF HEF=|A Y E EDS 2%
Efo EAS Fote, B Ao AE T 9
HEZEL Fed] Tl 1, K& Fiatal e
K-=EZUo|EQS It thFig. 2). °l¢ &
o] K& st A= 54 5IAY A5H
AZ e =EZYo|BEoA= AT = gl
om AL ARG A s HAZo AT
o] Atk meEtA K-=EZUo|EVl WE
T 3 BT FEHo= 3 3AHS 7 A
o7 diEr]o] K-=EZUC|EdA T2 | A
sk S WYt Yang er al., 2016).
2) EELS 23 EY 35 : K-=EZYO|E HE
BEAA Fe-Lys o3 oA A} oz &4
B3 ~HERS 531tk Fe-L olAE= 700-
730 eVollAl UERATHFig. 3). Fe-L ol#|2] 4%
(signal)= A} oH =] &4 B33 2~ E oA )
73 #k(background)©] AAH GOz, B ATolA
+ power law HIZ Ft AA FrE H 83T
g AES fst Fx WS AAdMF o,
Fe-Ly A9 o] &3} A1 & 7719] 30 eVE Al
sl 283l hvan Aken et al., 1998)(Fig. 3. a).
vl #k AlA 4 282 Gatan Digital Mircograph
s/w ver. 1.8 A3t
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Akstrol] e Fe-Lol|A| 9 o qA] &4 o)A &
W FZ(ELNES)9| W3S o]&3sto, Feo =3
Hol e o 4kl S0 tigk Aot Alsto]
= o] ko, Fe-Ly3ollA1¢] #MA M (white line)
ZRH(LI/L2)E AFA A Aslr SAH AHEH
YATHTaft and Krivanek, 1982; Leapman et al.,
1982). HIZole Y 2AYS 2 39 vlg o}
o AHA ko] wkg- 2go = Qg A ksl W
stof FHA 029 Wo] A A Lkst WSt
£ AR oA &4 3 2HEQE o] &35t A
2 =Ho] MgyPd vl JOW(Kim and Dong,
2011), FEHH G AleiA HH=oA K-=ERZHo]
EQ FAA Fx U Ho| st HslE HAt
ux &4 EF ~HEH| FeL A2 L3/L2
o] HARE o]gst AFH Ao IPHUTH
(Yang et al., 2016). A&} oA &4 233 29
EYS o] &3 FEo] 2FH e Hof AFH
Ak ARk offiol e AR ZIPEHIATH

1) vl A& gk AlAH(background signal removal) :
FAFAAARA R H(STEM) =0l E53 Fe-lss
AR} AR &4 B3 2 EHoA w7 A& gk
< A|ASI, oA 2lE(edge signal)THe E53ith
(Fig. 3. a).

2) EELS ©lA] 2l&e] A5f3Knormalization) :
AFH A At S4 ol o Wil Bu
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Hojglon, E Ao Fe(ll)o] HlE(Fe’'/x
Fe)a}, Z& @AZN|(L3/L2)Y AHAAZS Yehd
EF JAS H83te B4E 7185 tHvan Aken
et al., 1998)(Fig. 3. b). F2JalloF & A2 A} o
UA &4 £33 29EHLS Uiy AL H|
Al BoE SAsSH HER, 54 799 T
zZko|l7h FAARQ HAt oA &4 Bg ~HEH
9] Z}%(continuum signal) #}o]l& ;T = Stk
weba A A ARskr Algtel A= o] power
law 5 ZEst] wiA kol AAR AlzoA,
continuum 41% #h& F7HH 0 R A|AsH, o]
3} ol x| A& WA w3 Az FHvks ALt
#=zZ H3HE 71F £ 1.0 eV, F 2 eV energy
window)3ted, A5 FA A3 normalized)
% EELS °IA] 45 e 9A dch Astd A
7 ollyA] &4 3% ol AE ge A7) flske
A, Double-Arctangent 375 2851912 ™, Gatan
Digital Micrograph s/w ver. 1.8914 Z3J3}5 T}
(van Aken et al., 1998).

3) Fe(Ill) %54 (standard curve) A& : A+f
stEl AR} oA &4 £33 2HE- A Fe-L;
9} Fe-L, WA A(white line) o9 2 W25
AFste] L3/L2 #h& T-ot3ithFig. 3. a M &
Q). A4t HAHHE van Aken et al. (1998)9]
Fe(Ill) EFA(standard curve)dl] 283t 3&
T2 U Ho| AFA Asrs AT U B
Ao A site U1365 70.16 mbsfe] K-=EZU9]
E= L3/12 = 4.38°]H, °|& T34 of ~47%
o] Fe(lll) AFA 2 AelrE Aldsilom, site
U1369 15.52 mbsf®] K-=EZUo]Eof|A& L3/L2
= 1.88, & ~4%9] Fe(lll) A#2 A A3l+2 A
2FSFATHFig. 3). 8% A2, Fe(lll) EFIAE
A-gate] AFA A 48l A4S 8171 94, van
Aken et al. (1998)9] EZIMol o] g3l1 =
FAHAAER G- AR oldA] & 23 Al 2=H
A AHgo] 7Hs Al gRlsky] flske] ojn| A 4ks)
TE 41 Y ARE o] &3 S| FHtE ook
gt B Ao ME 100% Fe(lINE T4 =] Q)
= @A (hematite) & 4s}3E 52 $H8HEA
(wet chemistry) 'H< o] 83lodx] H AkslrE
41 = AE o FHH =EEU|E(bio-
reduced nontronite, NAu-1)3E3ES AFE3IHC

W, op] A3 G ASEsE A AUlA £ B
2 Falold] 24E A8t dAele, EE 2
HE B EIARAZAA oA 4 8% A

2Hof| A8 7153 g1sH tMitsunobu et al.,
2012; Koo et al., 2014; Yang et al., 2016).
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FE AR AY A sl SAHE 3] 4
3 o2 24 W EE 28] B39, EPMA,
F2 B vlwste, Ax; quyA &4 £
HEHS o] &3 AL 52 I E3l-5(spatial
resolution)< 7HA& o] Aok T4HA T34
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AAARA-AA; 2] &4 233 Al2=5lelA 0.3
nm®] 3 BeleS TP oEM v 2AY0] %
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o Ade 7tk B3 FE Asd tig T
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o] Z73o] 7Fsd Aol Aok &3 wAEH F
E 79 Whg 283} 22 sub-micron T919] AT
A& Ago] H F e mA EAHot HE
A Sl (monochromator) 2|9} =21 HAAA](Cs,
Cc corrector)’} F-2H8 ot E3pA 2 v 74- 2}
A & 33 Alzgleo] Bgo] sojval e
o, old] W& HA oA &4 £33 ~FEH
U= E3ls 3t wallsol A o oA
Ae FAlolth webA FE At oA &4 &

3 EAHe A8% FE W 559 B 4
s SAPHE OS Ausld Z2og odEH,
UOE F= A7 oA B EFe] 2 AR
7]tk
AL A
o] =RL 2016H%E UFAE AfPog =t
A3 5de] APE Hol i AT

REFERENCES

Calvert, C. C., Brown, A., and Brydson, R. (2005)
Determination of the local chemistry of iron in in-
organic and organic materials. J. Electron Spec.
Relat. Phenom, 143, 173-187.

Calvert, C. C., Gutzmer, J., Banks, D. A., and
Rainforth, W. M. (2008) EELS characterisation and



W15 - A%

valence determination of Mn minerals from the
Kalahari manganese field in South Africa. In
Journal of Physics: Conference Series (Vol. 126,
No. 1, p. 012045). IOP Publishing.

Cavé, L., Al, T., Loomer, D. Cogswell, S., and
Weaver, L. (2006) A STEM/EELS method for map-
ping iron valence ratios in oxide minerals. Micron,
37(4), 301-309.

Choi, S. Y. (2013). Analysis of Scanning-Transmission
Electron Microscopy (STEM). Ceramist, 16(3),
17-26.

Colella, M., Lumpkin, G. R., Zhang, Z., Buck, E. C.,
and Smith, K. L. (2005). Determination of the ura-
nium valence state in the brannerite structure using
EELS, XPS, and EDX. Physics and chemistry of
minerals, 32(1), 52-64.

Daulton, T. L. and Little, B. J. (2006). Determination
of chromium valence over the range Cr (0)-Cr (VI)
by electron energy loss spectroscopy. Ultramicroscopy,
106(7), 561-573.

Garvie, L. A. J. and Craven, A. J. (1994). High-reso-
lution parallel electron energy-loss spectroscopy of
Mn L2, 3-edges in inorganic manganese compounds.
Physics and Chemistry of Minerals, 21(4), 191-206.

Garvie, L. A. and Buseck, P. R. (1998). Ratios of fer-
rous to ferric iron from nanometre-sized areas in
minerals. Nature, 396(6712), 667-670.

Garvie, L. A., Burt, D. M., and Buseck, P. R. (2008).
Nanometer-scale complexity, growth, and diagenesis
in desert varnish. Geology, 36(3), 215-218.

Kim, J. and Dong, H. (2011). Application of electron
energy-loss spectroscopy (EELS) and energy-filtered
transmission electron microscopy (EFTEM) to the
study of mineral transformation associated with mi-
crobial Fe-reduction of magnetite. Clays and Clay
Minerals, 59(2), 176-188.

Koo, T. H., Jang, Y. N., Kogure, T., Kim, J. H., Park,
B. C.,, Sunwoo, D., and Kim, J. W. (2014).
Structural and chemical modification of nontronite
associated with microbial Fe (III) reduction:
Indicators of “illitization”. Chemical Geology, 377,
87-95.

Leapman, R. D., Grunes, L. A., and Fejes, P. L.

(1982). Study of the L 23 edges in the 3 d tran-
sition metals and their oxides by electron-en-
ergy-loss spectroscopy with comparisons to theory.
Physical Review B, 26(2), 614.

Mitsunobu, S., Suzuki, Y., and Kim, J. W. (2012).
Analysis of Secondary Mineral Found at Basalt
sediment Interface by p-XAFS, EPMA, and TEM.
IODP 331 and 329 Joint Post-cruise Meeting. 12th-
14th November, Kona, Hawaii. Poster Presentation.

Schmid, H. K. and Mader, W. (2006). Oxidation states
of Mn and Fe in various compound oxide systems.
Micron, 37(5), 426-432.

Taft, J. and Krivanek, O. L. (1982). Site-specific va-
lence determination by EELS. Phys. Rev. Lett, 48,
560-563.

Van Aken, P. A., Liebscher, B., and Styrsa, V. J.
(1998). Quantitative determination of iron oxidation
states in minerals using Fe L 2, 3-edge electron en-
ergy-loss near-edge structure spectroscopy. Physics
and Chemistry of Minerals, 25(5), 323-327.

Van Aken, P. A, and Liebscher, B. (2002).
Quantification of ferrous/ferric ratios in minerals:
new evaluation schemes of Fe L 23 electron en-
ergy-loss near-edge spectra. Physics and Chemistry
of Minerals, 29(3), 188-200.

Yang, K. and Kim, J. W. (2012). Quantitative
Determination of Fe-oxidation State by Electron
Energy Loss Spectroscopy (EELS). Economic and
Environmental Geology, 45(2), 189-194.

Yang, K., Kim, J. W., Kogure, T., Dong, H., Baik, H.,
Hoppie, B., and Harris, R. (2016). Smectite, illite,
and early diagenesis in South Pacific Gyre subsea-
floor sediment. Applied Clay Science.

Zhang, S., Livi, K. J., Gaillot, A. C., Stone, A. T., and
Veblen, D. R. (2010). Determination of manganese
valence states in (Mn3+, Mn4+) minerals by elec-
tron energy-loss spectroscopy. American Mineralogist,
95(11-12), 1741-1746.

Received June 7, 2016, Revised June 14, 2016,
Accepted June 18, 2016, Associate Editor: Jinwook
Kim



