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Correction of secondary X-ray fluorescence near grain boundaries in electron microprobe

analysis: Application to thermobarometry of spinel lherzolites
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ABSTRACT

A correction procedure 13 propozed to account for the effect of secondary X-ray fluorescence
near grain boundarnes in elactron microprobe analy=is. The procedure 1= based on the Monte Carlo
simulation method, whach 13 usad fo caleulate the X-rayv spectrum ematted by the muneral couple
(1.e., the muneral of mtarest with the naighbonne muinerzl). The contnbution of secondary fluores-
cence from the naizhbornnes muneral, wihich appears m the smulated spectnum m a natural way, 15
then zubtracted from the measurad k-ratio and thersafter comventional matrix comrections are ap-
phed. The Monte Carlo simulation algorithm used 13 largely based on the general-purposs simu-
lation package PENELOPE. In order to assess the rehability of this code, simulated “apparent”™
element profiles are compared with electron microprobe measurements found 1n the hterature, m
which the affect of secondary fluorescence was characterized and the reliability of the different
assumphons underlying the proposed procedure 1= discussed

Finally, the procedure 15 usad to zssess data from the olvine-clinopyroxens thermobarometar
a spinel lherzolite xanolith. The application of the secondary fluorescence correction laads to: (1)
higher systematic pressure eshmations than those obtamed from uneorrectad daftz, wath lower imecer-
tamties; and (2) a befter asTeament between the clivine-clmopiroxene temperature estimations and
those estimated uzing the two-pyroxene thermometer. Estimated P-T condifions indicate a
decomypressional path with a sheht decrease m temperatore from core to erystal nm. However, if the
affect of secondary flucrescence 1= not taken mfo account, an apparent heahine event 1= observed.

I¥NTRODUCTION

Electron mucroprobe analyzis (EMPA) 1z 2 rehizble, non-
destructive technique for the quanfitative anahsis of rock-form-
mg munerals (zee e.g., Reed 1993). The techmique 1z based on
the meazsurement of charactenstc X-ray mtansities emrtted by
the elements that make up the mmeral when 1t 1z bombarded
with a focuzed electron beam. For sach element, the rato of
the X-ray mtensity emutted from an unknowm to that enufted
from a standard of known compozmition, measured under the
zame analytical conditions 15, fo a first approxamation. propor-
tional to the rafic of elemental concentrations. A more accurata
value of the concentration 15 obtamed by corracting for the dif-
ferences m electron and photon transport between the mnknown
raneral and the standard, using the so-called “matrx correc-
tion” procedures.

hiztnx correcton procedures usually assume that the ana-
byzed sample rezion from which X-rays are emifted has a ho-
mogensos composiion. The volume of this resion can be
astimated by caleulating the effactrre penstration ranse of 1n-
cident elactrons. For ke electron beams, this range 1= tpi-
cally of the order of several micrometers, depending on the
material and the analytical condifions. Accordmsly, EMPA 1=
adequate for anabyzine homogensous nuneral grains that have
a diameter larger than zeveral micrometers. However, the ranze
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of charactenstic X-rays and Bramsstrahlung that are generated
by incident alactroms, 1= typically one to two orders-of-magm-
tude greater, namely saveral tens or hundreds of mucrometers.
Consaquently, although the electron beam mmpacts quite a diz-
tance from the grain boumdary, X-ravs may reach a neighbor-
g phase and mduce further iome=ations (1f the photon enersy
15 larser than the binding energy of the considerad atomc shell)
cauzing the emmssion of charactenistic X-rays, and this process
1= usually referrad to as secondary fluorescence (SF). As ma-
frix comrections assume chemucal homogenerty, the contnibu-
tion of SF comme from the adjacent mineral wall not be taken
mnto account and wall lead to an erronecus concentrahion. For-
tunataly, this affect 12 senerally small and 1t can be disresarded.
However, in certam situations, SF coming from a neighbonne
phase should be taken mto considerstion carefully. One such
situation 1= the analvsis for 2 muinor or trace element m a
muneral that coexists with another mineral contanmg the
elament of interast. In thiz caze, aven if we analyvze the min-
eral relatively far from the boundary, SF may affect the ra-
sults not only qualitatrvely but also quanttatively. Examples
of interest 1n geclogy mnclude the analysis for Th in chrommte
in contact wath ilmemte (AMaazkant and Kaper 1991), Cam

olrvine close to chinopyroxene (Dalton and Lane 1596), or
T1 1n gammet closzs to rutile or ilmemita inclusions (Feanstra
and Eng1 1998).

The contribution of SF can be mmimmzad by uzing L-lmes
mstead of K-lmes m the quanttatree procedure (Poochoun 1996).
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However, measurement and quantification using L-lmes 15 dif-
ficult and may lead to larzer uncertainties. Besides, for some
alements such as Ca, the use of the L-lme 1= not a realistic al-
tarnatre. Several methods havve been propozad for comecting
SF near phase boundanss (zee Dalton and Lane 1956 and raf-
arences therain). For example Bastin et al. (1983) developed a
mumeancal method to correct for 8F effects m metal couples
that can be mcorporated mto a matnx comrechion procedure.
Mhklebust and Newbury (1994) used the MMonte Carlo (MC)
simulation of elactron transport m metal couples to predict SF
mduced at phass boundanes. These mmmencal corrachions wers
applied mamly to single-element matenals and, moreover, SF
mduced by the contmuum was approximatad by very cruds
methods or even neglacted.

In this work, a new comrechon method 13 proposzed fo ac-
count for the effact of SF near phass boundanes. The method
15 based on the simulahon of the full X-ray spectnm emufted
by the muneral couple, using the MC simulation method. The
MC alzonthm usad 15 the one developad by Acosta et al. (1598),
whach 15 based on a modified version of the general-purposs
simulation package PEMELOPE (Baro et al. 1993). Thi= code
allows the smmlation of coupled elactron-photon transport
complex matenal structures conzisting of homoeensous regions
of arbitrary composihon, limited by quadnc surfaces. Becanse
both electron and photon transport 15 considered, the contnibu-
tion of SF appears m the X-ray spectrum 1 a natural way and
alzo mcludes the contmnm contnbution. In this work, miner-
alz zre aszumed to be separated by a planar interface; however
PENELOPE allows the simulation of other secmetries, such
as inclmed or curved boumdanes (Llowvet et al. 20000, To assess
the rehahlity of this MC algorthm, simulated element pro-
files are compared with the ENMPA measurements of Dalton
and Lane (1996). Those measurements consisted of apparent
Ca profiles, which are the result of the affact of SF near gram
boundanes, obtained from muneral couples of olrne of -
creazing Fe content with diopside, and from San Carlos olie-
me with minerals of increasms Ca content. As an application,
we address the problem of anabzing Ca m olrane close to
chinopyroxene 1n spinel lherzolites for purposes of
thermobarometry. Indeed, clivine can contamn a large amount
of Fe and thus emittad FeE o X-rays can be abzorbed 1n coex-
1zting clmopiroxene by Ca atoms, with the result of the anns-
sion of secondary CaKo X-rays. This contnbution 13 not
neghigble, as the Ca confent mn olrane 13 typically below 1
wi%e. Using conventional EMPA cormrechion procedures, the Ca
content m olrne was always found to depend on the distance
of the elactron beam pomnt of 1mpact from the olivine bor-
der: the closar the point, the higher the Ca concentration
{Adams and Bizhop 1986; Jurewicz and Watson 1988; Kalher
and Brey 1990; Dalton and Lane 1996). To avoid such con-
taminzation prudently, the latter authors recommendead that
olivine cryvstals should be phyzically separated, mountad on
a Ca-free matrnix, and analvzed separately. The aim of the
present study 1= to provide an altermative method 1n an at-
ternpt to avold the physical separation of crvstals, which 1=
always tedious and sometimes difficult, e.g , when the phaze
of inferest encloses the contaminant mineral az an inclusion

(cf., Feenstra and Engz1 1998).

AMONTE CARLO SIMULATION OF SECONDARY X-RAY
FLUORESCENCE

The penefration and slowing dowm of a particle {electron or
photon) 1n matter 1= the result of a sequance of mteractions m
which the parficle 15 deflacted and loses enerzy. Due to the
random nature of these mterachons, the AMonte Carle (MC)
method 15 particularly well susted for the memencal simulation
of particle trajectones within the matenal mednmm. Each fra-
jectory 15 viewed 2z 2 sequence of free flishts that end with a
seattering event where the particle chanzes 1tz direchon, loses
enersy, and may generate secondary parficles. The trajectory
fimzhes when the particle 15 stopped m the matenal or escapes
from 1t. Quantities of interest are cbtained by averasing overa
sraat munber of simulated trajectones. The usefulness of MC
sirmmlation stems from its abality to mcorporate realistic phosi-
cal interation models for the seattaning mechamizms, and to keep
track of the evoluhon of all particles (zecondary electrons, Auser
electrons, charactenstic X-rays, Bremastrahlung photons) gen-
erated by primary electrons and ther descendents.

In the ke'V rance. the poszible mteractions of alectrons with
matter are elastic interactions, 1mmelastic collisions, and
Bremsstrahlune ermszzion. Elashe mferactions change the di-
rection of the electron. Inelastic mteractions are those inwhich
the target 1z brought to an excited state, 1.8, a part of the
electron’s kimetic energy 15 taken up by the atomc electrons.
Inalzstic interachions with relatrvely large energy transfar mor-
mally canze the 1omzation of the target atom. Excited 10ns re-
lax to their ground state by muzration of the mifial vacancy to
outer electron shells, which proceads through emuzzion of pn-
mary -rays or Auser electronz with charactenstic energies.
Ermizzion of Bremsstrahlung takes place when the electron 13
dacelerated within the electrostatic field of the target atom.

Emitted photons (either az charactenstic X-rays or
Bremsstrahlung) can further mtaract with the target w12 photo-
electnic absorption, Compton scattering, and Fayleigh scatter-
mmgz. In the case of photoslactne abscrption, the photon 15
abaorbed and an atomie elactron 1= ejacted from the target atom.
The resulhnge 10n relaxes by magration of the vacancy to outer
electrons shells, with the emussion of (zacondary) flucrescent
X-rave or Auger electrons.

To caleulate the 8F contnbution, we have smmlated X-ray
spactra usme the MC simulation program of Acosta et al. (1598
This program calls a modified version of the PENELOPE sub-
routine package (Baro et al. 1992} and provides the X-ray spec-
trum for a gziven fake-off angle. PENELOPE 1z a
zeneral-purpose simmlation packaze that zenerates electron-
photon showers m homogeneous media of arbrtrary composi-
fion, for 2 wide enersy ranze, from about 1 ke up to about 1
GeV. The mteraction models implemented m FEMELOPE are
baszad on the mest rehable mformation avalable. They com-
bine results from first-principles caleulations (this is the caze,
for example, for electron elashe scattering or photon Compton
seattering), serm-emparical models (n electron melastic scat-
termmg), and mformation from evaluated databazss. The scat-
taring muodels 1mplemented 1n the code, together with the
simulzation algorthm, have been described m detail elsewhere
(Baro et al. 1995; Sempan et al. 1997). PENELOPE alzo m-
chudes a package for simulation of complex geometries con-
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sisting of homozeneous bodies limated by quadnic surfaces. The
complete code system (FORTEAN source files and database)
1= available from the NEA' data bank

VALIDATION OF THE MONTE CARLO SIMULATION
ALGORITHM

The rehiability of MC simulation largely depends on the
accuracy of the underlymg scattennez model adopted to describe
the mterachions of electronz and photons with matter. There-
fore, 1t 15 1mportant to assess the adequacy of a MC code to the
parficular apphication of interast.

Fecently, 1t was shown that the MC algonthm of Acosta at
al. {1998) correctly reproduces “apparant”™ kratio profiles mn
selected metal couples near phaze boundanes (Valovirta et al.
2001). For example, Figure 1 illustrates simmlated and mea-
sured k-rafic profiles for an Fa-Cu couple az a fimction of the
distance from the electron beam to the interface. The Fe k-ratio
m Cu {nght side of Fiz. 1) 1= cansed by fluorescence from the
contiumum and the charactenistic Cu X-rays absorbed inthe Fe
region, whereas the apparent Cu k-ratic 1n Fe results from fluc-
rescence from the Fe confimmm 1 Cu. The agreement between
sirmlation results and measuraments 1= fully satisfactory:

To assess firther the accuracy of the MC algonthm uzed m
thas work, the ENMPA measurements of Dalton and Lane (1996)
were simmlated. These mezsurements consist of “apparent™ Ca
profilss m olmine, as a fimction of the distance from the pomt
of 1mpact of the alectron beam to the boundary, from couples
consisting of olrvine gramns (having an mereasms Fe content)
with diopside, and couples of San Carlos clrvme with mimerals

'OECD Muclear Enersy Azsency Data Bank. Le Seme Saint-
Germain, 12. Boulevard des Iles, 92130 Issy-les-MhMoulneaim:,
France (E-mail: neafnea fr).
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Ficvee 1. Apparent Cu and Fe F-ratio profiles from secondary
fhaorascence for an Fe-Cu couple vs. distance to interface The Fa &-
ratip in Cu {right-hand side of the fizure) is caused by fluorescence from
the contimmm and the CaKe X-ray: absorbed in the Fe resion, whils
th= apparent Cu &-rzfie in Fe results from fluorescence from the Fa
cantimzum in Cu Solid lines represent resalts of MMomte Carlo sinmlations.
Filled circles ars measurements from YValovirta et al. (205 1).

with an mecreazmg Ca contant. To calculate each theorehical
spectrum, we simulated 300 00 primary electron tracks. Keala-
trre uncertamties of the simulated Ca profiles ranee from 8
13%. Figure 2 compares simulated and experimental apparent
Caprofiles n olrine (Fo,, ., Fo,, -, Fo.,, and Fo, ) couples wath
diop=ide. and 1 San Carles chivine (Fao,, -} with bytowmte and
caleite. We can see that SF increazes az analvzss arataken closer
to the boundary. In all the analyzed casss, the expermmental
data of Dalton and Lane (1996) were found to azree sahisfacto-
nb- with our MC simulations.

SECONDARY FLUORESCENCE CORRECTION

The secondary fluorsscence correchion 15 performed 1m sav-
eral steps. In the first step, we analyze the muneral under con-
sideration and the contamunant muneral wath the electron
microprobe. The muneral compeositions fimmish the mput data
file of the srmilation program, which 15 mun 1n batch mede to
obtam X-rav spectra for electron beams impacting alons 2 line
parpendicular to the interface, from the interface up fo 2 dis-
tance 100 mucrometars away. In the simulations. we assume
that mmerals are separated by a planar interface. We also as-
surne that the element of mterest 1= not present m the muneral
under elactron bombardermnent. This approximation 1= plausible
for trace elements as they do not substanhialb- modify the stoppime
power of the mineral; however, this assumphon makes our proce-
dure unsmtabls for the correction of other major elements.

Te zvoud backsround subtraction of simmlated spectra,
Bremsstrahlune photons are not countad when escaping from
the surface, unless they have mteractad m the mediom. There-
fore, althoush the generation and transport of Bremsstrahlune
photons 15 simmlated, X-rav emassion spectra consist only of
H-ray peaks, and extracting their intensities 1s strarghtforward.
When sach simulzhon 15 complete, we store the kratio of the
element of mterast and the diztance of the electron beam to the
boundary 1n 2 separate file. Linear mterpolation 15 then usad to
calculate the k-ratio at the distance actually measured b ERPA,
winch 15 estimated from the measurad profile along a line croszine
the mterface. The mterpolated k-ratio 15 then subtracted from the
meazured Fratio and matrx corrections are applied. In the simu-
lzhons of Ca krabos m olrvme done m thes study, the relatre
stahistical uncertambies ranee typically from 3-20%% (2o leval)

APPLICATION TO THERMOBAROMETRY OF SPINEL
LHERZOLITES

In an attempt to validate further the 5F correchion close to
phaszs boundaries, we have analvzed olrvine crystals mm contact
with chnopyroxene to sstimate the P-T path of an ultramafic
xanolith entrained b the mafic alkzline pyroclasts of the Canat
d" Adn volecano (Girona, Catalomia, NE Spamn). The uncertainty
and deviation of correctad and uncorrected results are compared
and the affact on the geclozical lnstory 12 assessed.

Catalan mafic alkalime volcamism 1= Neogene-Quatemary
i age and 15 characterized by the extrusion of bazamites, lou-
cite basamtss, and alkali basalts, wath munor trachytes (Toumon
1968; Araria ot al. 1983; Lopez Emz and Eodnguer Badiola
1985; Cebna ot al. 2000). Thiz volcanmizm has been related to
middle-late Alpine extensionzl fractures (Arana et al. 1983;
Mart: et al. 1992), as 15 the cazs 1n the cenfral-western Eurc-



