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: ENERGY DISPERSIVE X-RAY FLUORESCENCE SPECTROMETRY
FOR DETERMINATION OF TWENTY-SIX TRACE
AND TWO MAJOR ELEMENTS IN GEOCHEMICAL SPECIMENS

Robert D. Giauque,* Roberta B. Garrett,Aand Lilly Y. Goda

‘Energy and Environment Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

July 1976

BRIEF
The concentrations of twenty-eight elementé in pulverized geochemical
~specimens are determined within twenty minutes. Accuracies of 5% or better
‘are typically‘obtained. The intensity of the CompEon scattered excitation
radiation serves as an internal standard and is uéed to ascertain corrections
requiféd to compensate for matrix absorption effects. Calibration is

achieved using geochemical reference standards.

*denotes corresponding author
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ENERGY DISPERSIVE X-RAY FLUORESCENCE SPECTROMETRY
FOR DETERMINATION OF TWENTY-SIX TRACE
AND TWO MAJOR ELEMENTS IN GEOCHEMICAL SPECIMENS
Robert D. Giauque, Roberta B. Garrett, and Lilly Y. Goda
Energy and‘Environment Division
Lawrence Berkeley Laboratory
University of California
‘Berkeley, California 94720
ABSTRACT
A method f@fﬁanaly?ing geochemical specimens by energy dispersive
x-ray fluorescence is described. 1In our method we make use of the fact that
at any given x-ray energy between adjacent major element absorption edges,
both the reciprocal of the specimen mass. absorption coefficient and the
spectral backgfound intensity vary linearly with the intensity of the
- Compton scattered excitation radiation. Hence, Compton scattered excitation
radiation serves a dual role: (1) as an internal standard and (2) as a
measure of spectral background intensity. Several pure compounds, for
which the x-ray cross sections vary over a wide range, are used to develop
individual x-ray line spectral background curves. Standardization is

achieved utilizing geochemical reference standards. Accuracies typically

obtained are 5% or better using twenty minute analysis periods.
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INTRODUCTION
In the field'of'geochemisfry, a technique which pefmits rapid and

accurate multielement analysis with ‘a minimum of cost ahd.sample preﬁura_
tion effort is oftén desired. - In this paper we demonstrate that x;ray
induced'gnergy dispersive x-ray fluorescencé,analysis (XRFA) easily lends
itself fo thé determination of twenty-six trace and two major elements

in geochemicai specimens. Approximately 2 gm of powdered specimen pressed
:into a cylinder-is pseq.for’analysis.. Accuracies of 5% or better arc
typically thaiﬁed using twénty minute analysis péfiods.

The XRFA technique requires the excitation and detection of char-
acteristic K or L x-ray 1ines of the individual elehenfs within the specimen
fhat are to be determined. For very thin specimeps, £~ray line intensities,
counts/sec,-vary linearly with elemental concentration. Howeve;, for thick
specimens, x-ray line intensitieé are not usually linear with concentration
because of matrix absorption and enhancement effects. Some of the methods
which have been used to minimize and compensa;e for matrix absorption aﬁd
enhancement effects are discussed elsewhere in the literature (1-2).

Reynolds (3-4) has shown that the Cohpton scattered excitation
radiation peak intensity and the mass absorption coefficient are inversely
related for infinitelf thick specimens. Both Reynolds (3) and Feather
and Willis (5) have used this fact to compehséte for matrix absorpt lon
effects for the determination of the eleménts_Ni (Z=28) through 7y (2=40)
in geochemical specimens. In éach case wavelength dispersive XRFA was the
technique used.

| In this paper we demonstrate that the approach used by both Reynolds

(3) and Feather and Willis (5) is applicable to energy dispersive XRFA and
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can easily be extended to include the determination of the elements Ti

(72=22) through Fe (Z=26) and Pd (Z=46) through Ba (Z=56).

DISCUSSION OF METHOD

Background of Method. Andermann and Kemp.(6) were the first to show thét

scattered x-rays could be used as an internal standard in XRFA. Reynolds
(3) and, more rccently, Feather and Willis (5) haVe uéed the-intecsity of
the Compton scattered excitacion radiation.to correct fof matrix absorption
effects in analysis of trace amounts of the elements Ni (Z=28)- through Zr
(Z¥40) in geochemical specimens; In their metﬁod, advantage is taken of
the fact that the intcnsity'of the Compton scatcered radiation varies
linearly with the.reciprocél of the mass absorption coefficient between
.adjacent major element absorpticn edges. Since Fe is typically the highest
atomic number major constituent present in geochemical specimens, individual
specimen mass absorbtion”coefficient curves vary smoothly over energies
greater than 7.1 keV, the Fe K absorption edge eneréy. These invectigatorg
have also shown that the intensity of the spectral Background, for each of
the element characteristic X-ray lines within this range, varies linearly
with the intensity of the Comptcn scattered excitation radiation. They-‘
used infinitely thick pure:materials, for which-the X-ray mass absofptionv
coefficient varied over a wide range, to relafe spectral background to
Comptcn scattered -radiation intensity. Using this procedure; individualj'
clement spectral backgrohnd curves were estab]isﬁed. Hence, thc Compcon
scattered excitation radiation serves.;lndual role: (1) as an internal
standard to compensate for'matrix absorption effects and (2) as a measure
of the intensities of the spectral background for individual elements to

be determined.
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Reynolds (4) has also reported using a series of simultaneous equa-
tions to calculate mass absorption coefficients for some of the elements,
Ti (Z=22) through Fe (Z=26), which have x-ray lines of energies less than

7.1 keV, the Fe K absorption edge. However, in his analytical approach,

matrix enhancement effects are neglected.

General Téchnique for Obtaining X-ray Spectra. Figure 1 is a sphehat]c of

our XRFA syétem. Radiation provided by an x-ray tube is uséd to excite
characteristic x=rays from eiements within the specimen. These x-rays
along wifh scattered excitation radiatién afe simultanéously measured by
the detector. Since detection system count rate limitations, generally
around 10,000 counts/séc, are often easily attained, near monochromatic’
excitation radiatiqn is frequently utilized to»achieve high peak to back-—

ground ratios for x-rays excited from a given range of elements.

Preparation of Specimen. Specimens initially should be pulverized until

the particle diameters are smaller-than one-fifth thé effective penetration
depth for the méasured x-ray energy to minimize the possibility of mineralog-
ical effects (7). For many geochemical specimens this corresponds to a size
of.lb—SO miérons when énalyzing for elements down to Ti (Z=22). Approximately
2 gm of powder is pressed at a pressure of 8,000 psi into a 1ucitevcyl1ndcr,
2.5 cm 0.D., 1.27 cm I.D., and 1.3 cm high, as shown in Figure 2. The

specimen is contained by Scotch tape (No. 302) on the bottom. .

Equipment and Characteristics. A guard-ring detector with pulsed light'

feedback electronics and a 512 channel pulse height analyzer were used for

the analytical determinations. The total resolution of the system, TWHM,
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was 225 eV at 6.4 keV (Fe Ka x-ray energy) at 5,000 counts/sec using an

']8 psec pulse peaking time. Excitapion was provided by a Mo transmission
x-ray tube with a combined anode plus window thickﬁess of 0.010 cm. The
x-ray tube was operated at 42 kV with fegﬁlated currents varying from 100-
300 pA when aﬁalyéing for the elements Ti-Zr. For the determinatioﬁ of th¢
elements Pd-Ba,vthe x—tay tube was operated at 48 kV and a 0.010 c¢m Mo filter
was inserted externally to the x-ray tube. Using tbis procedure spectral
backgrounds were reduced substantially' compared to individual x—ray iine
intensities, since the éxciting.Brémstfahlung radiation was shif£ed to higher
energies with a maximum intensity at 38 keV.

The distances between the x-ray tube anode.and the specimen, and
between the specimen and the detector were approximately 6 and 2.5 cm,
respectively. The’angles'formed by.the exciting‘énd the detected'emergent
fadiations with the specimen surface were both néar 45°. The total spécimen
.volume that is in direct line with both the excitation and detection radia-
tion beams is shown-in Figure 1. For analysis, the spectral data acquired
were recorded on magnetic tape. Computations were made using a Contro]_Dutn

6600 computér. Our program requires less than 50 K of core space.

CALIBRATION METHOD

Spectrum Background. The background under each of the x-ray lines that

’

are used for anélysis is referred to as the spectral baquround. Curves,
which relaée the intensity of the spectral background to the intensity of
the Compton scattered excitation ra&iation, were established for x-ray lines
from each of the elements to be determined using five powdered materials,

MgO, A1203, NaSCN, KHZPOA’ and S. These were chosen since they have mass
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absorption coeffiéients which cover the range of most geochemical specimens.
Additionally, in most cases, they Qere free of measurable impurities. Fig-
ure 3 shows the spectral background curve established for nickel. This
curve illustrates the felationship between the intensity of the Compton
scattered excitation radiation, the reciprocal of the mass absorptionvcneffi-
cient of the specimen for Ni Ko x-rays, and the intensity of the spcctral
backg;ound. Similér background curves were established for each of the
eléménts determinedﬂ The background chan obtained from each material

were all normalized to the same couﬁting period and x¥ray tube current.

(In qrder to minimize the possibility of a minor base line or gain shift,
backgrounds were determined using essentially constant data acquisition
rates by Varying‘thg x-ray tube current.)

" The intensity of the spectral baquround at the intercept which
corresponds to zero Compton scattered excitatién radiation intensity.is
referred to as the residual background and, most likely, is due to system
scattering (e.g., scattering from aif and the Scotch tape window). [t is
thought that the nonzero intercept for l/uvis related to the residual
backgfound. The portion of the specfral background which is above the
rgsidual'background is the true.backgroundvas described by Feather and
Willis (5). It is this portion of the speétral background which is linearly
related to both the‘iﬁtensity Qf the Compton scattergd excitation radlation
aﬁd the reciprocal of the mass absorption cdefficient. Thus, for analysis,
individual spéctral bétkgroﬁhds.may be ascertained directly from the
intensity of the Compton scattered excitation radiation. Thiﬁ radiation
should be in an energy range that is frec from any signilicant contribution

by specimen element x-rays.
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For the elements Ti-Zr, linear curves whiéh relate the inténsity of
the spectral background to the intensity of the Compton scattered Mo Ka
radiation were established. For the elements Pd-Ba, spectral background
intensities were linearly related to Bremstrahlung scattered radiation
(between 26 and 30 keV) intensity. (This energy range of Bfemstrahlung
scattered radiation contained a minor'fraction of coherent scatfered
radiation. In the geometry employed for analysis, between 1.5 and 2.0 keV
is lost by the Compton scattefing process in the energy range of Bremstrah-
lung used. COnseqﬁently, the energy range utilized minimized the contribu-

tion of coherent scattered radiation.)

Overlapping X-ray Background. Our analysis program uses a fixed number of

channels for each element to be determined. Peak overlaps were initially
established from thin deposits of each element, which were pfepared by
nebulization of solutions of individual elements onto Nﬁc]epore polycar-
_bonate filters, or by dusting the element or. appropriate compound onto tape.
" Since x-ray mass ébsorption coefficient values increase with
decreasing x-ray energy, thick specimens have characteristic x-ray Line
ratios (e.g., KB/Kd) whichrdeviate from the ratios ascertained using thin
deposits of each element. These deviations were caiculated, as they take
on values equal to the ratios of the reciprocal of tbe mass absorption
coefficients for the individual x-ray lines. Mass abéorption coefficient
curves have been calculated for each of the six‘geochemicai reference specimens
that were used for standardization. Figure 4 iliustrates three of these
curves. Mass ubsorption coefficient data reported by McMaster ot al. (8)

and major element concentration data reported by Flanagan (9) and Perlman and
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Asaro (10) wéré used for the calculations. For the different matrices,
calculated reciprocal mass absorption coefficient_ratios for characteristic
x-ray lines (e.g., kB/Ka) from any one element were found to be constant to
within tO.SZ}

Additional minor corrections were made to these ratios to compcnéate
for the absorption by the.Scotch tape window. = These correctioﬁs were c¢stab-
lished by making trénsmissién measuremenﬁé uéing the Scotch tape as an
absorber for the excitation and fluorescent radiations.. Absolute calibratlon
for ovérlap of L with K x—ray.lines (e.g., Ba L X-Tays with:Ti, VvV, Cr, and

Mn K x-rays) was determined using nebulized standard solution . deposits (11).

Standardization. Elements with Characteristic X-rays of Energies Greater

thaﬁ 7.1 keV. Typically; Fe is the highest atomic number major constituent
element present in geochemical specimens. Mass absorption coefficient curves
are linear over energy ranges greater than 7.1 keV, the Fe K absorption
edge energy, as illustrated in Figure 4. Aé ﬁreviously shown in Figure 3,
the intensity of the true background is directly‘proportional to the reciproca]
.of the mass absorption coefficient. Thus, element concentration 1s linearly
related to the ratio of the spectral peak intensity to the true background.
Calibration for the analysis of the elements Ni; Cu, Zn, Ga, As, Rb,
Sr, Y, Zr, Ba, and Pb was accomplished using five USGS geochemical reference
standards, AGV~1, BCR-1, DTS-1, PCC-1, and G-2 (9) and Standard Pottery
(iO). Linear calibration curves, sbme of which are illustrated in Figurc 5,
were established. The determination of the true background is the key to

the method used to compensate for matrix absorption effects.
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Calibration for Cd, Sn, Sb, and Cs was achieved using avmuitielement
synthetic glass standard, VS-N (12). Using the response of the x-ray system
to the analysis of nearby elements, calibration fdr Ge, Se, Br, Pd, Ag, 1In,

Te, and I was accomplished by interpolation.

Standardization. Elements with Characteristic X-rays of Energies Less than.

7.1 qu. As illﬁstrated in Figure 4, there is an abrupt change in the total
mass absorption coefficient . curves for the geochemical reférence specimens
at 7.1 keV, the Fé'K abSorption edge, as Fe is a\major constituent. lHence,
Qsing the spectrum background proce&ure previously described, true background
intensity,deﬁermined for each of the elements with characteristic x-rays of
energies less than 7.1 keV, is directly proportional to tﬁe reciprocal of
apparent total mass absorption coefficient, Moo The value of Uapp ddcs‘
not reflect the drop in the curve at 7.1 keV aﬁd may be obtained from the
curve-—extrapolated to energies less than 7.1 keV. The difference between
the true value of py and the value.ofiuapp is equal to the weight fraction of
Fe present, multiplied by the difference betweenvu and uapp for pure Fe at
the specific energy.

Linear curves, which relate Values_of/uapp with the ratio of the
totai (true + residual) to the true spectrum background, were established
for each of the elementg Ti, vV, Cr, Mn, and Fe. Values for “app were calcu-
lated for each of the geochemical reference standardsiusing major element
concentration and total mass absorption coefficient data feported in the
literéture (8-10). The ratio of the total to the true spectruﬁ background
for Ti, VvV, Cr, Mn, and Fe were detérmined experimentally for gach of the

standards. Figure 6 illustrates the linear curve established for Fe Ka
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x-rays which relates the ratio of the total to the true spectrum background
to .
Happ

'For analysis, the initial weight fraction results determined for Fe

-were adjusted by iteration ten times using Equation 1.

u - Apu-W, . .
w, = (-2 L) w (1)
i u. o ~
app ‘
where
u is the apparent total mass absorption coefficilent at the

app

Fe Ka x-ray energy.
Wi, wj, and Wo aré the new, present, and initial weigh£ fractions,
respectively. -
Ay is the difference between the extrapoléted and the

true cross section for pure Fe atvthe Fe Ka x-ray energy.
In effect, initial weight fraction values determined for Fe, which are uncor-
rectéd for the drop in the mass abéorption curve at 7.1 keV, are corrected
by ;teration during which the ratio of the true u to uapp is calculated.

For the elements Ti-Mn, the values ascertained for wo were adjusted .
once using Equation 1. For these calculations the determined welght fraction.
of Fe, correéted for matrix absorption effects, was used for wj. The valﬁe
assigned for Ay was the difference beﬁween the extrapolaﬁed and .the true
cross section for pure Fe at the Ka x-ray energy of the individual element.
The'apparent total mass absdrption céefficient for the Ko x-ray of Intcrest
is “app‘ |

Additional first order corrections were made for the clements Ti-Mn

to compensate for matrix enhancement by the Fe K x-rays. The cross section
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of the geochemical specimens for the exciting MorK radiation was

a magnitude less than tﬁat_for the Fe K x-rays. Hence, the intensity of
.the Fe K radiation was treated as being essentially constant across the
spcecimen depth from thch Ti-Mn K %—rays wefe measured. Utilizing phyéidul
data feported in the literature (8, 13-14), corrections for matrix cnhance-

ment by Fe K x-rays were made using Equation 2.

. oW, 1
S e . app Fe - i Ka
where
! W:.L and W£ are the weight fraction of element i corrected f[or
. matrix absorption and‘fof matrix absorption‘plus
enhancement, respectively.
uapp is the apparent total mass absorptidn coefficient of
| the specimen at energy‘iKa.
er is the weight fraction of Fe corrected for matrix
absorption.
\ T is the photoelectric mass absorption coeffic{ent of
ele@ent i for Fe Ka x-rays.
' mi is the K fluorescence yield for element i.
fi is the fraction of Ka to total K x~rays emitted frdm
element 1i.
Ap is the difference between the extrébolated and the
true Fe cross section at energy i Kot
Tre Ko and Ii are the spectral Ko line intensities deterﬁined féf

Fe and element i.
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R is a constant which accounts for enhancement by both
Fe Ka‘and KB x-rays and also corrects for the differ-
ence in their cross sections.
Fér the elements Ti-Cr, R has a value 6f 1.10. For Mn, R has a value of‘
0.10 since only Fe KB x-rays will‘éaUSe enhancement effects.
Inveffect, the fractionvof fhe total mass absorption coefficient
contributed by ;he photoelectric.cross secﬁion for element 1 at the Fe Ka
x-ray energy is approximated ana expressed by the ferm within the_ﬁaren-

is the fraction of x-rays

theses in Equation 2. - The product of wif

absorbed by element.i which give rise to the emission of Ka x-rays. Mul-
tiplying the term within the parentheses by the product of mi.fl;IFc Ka
yields a first approximation of the total detected Ka x;rays of element 1
that are produced as a result of enhancement by Fe Ka x-rays. The term

R corrects for enhancement by both Fe Ka and KB x-rays, and also corrects

for the difference in the cross sections for these two X-ray energies.

RESULTS

To illustrate the capability of the method,.four French geochemical
reference standards were analyzed using thg.previously described equipment.
Each of the standards was prepared in quintuplicate. Corrections for any
slight deviation in the x-ray tube output ér the excitation radiation-
specimen—-detector geowetry were established daily using a 227 ug/cﬁz thin-
film copper standard. Such deviatioﬁs couid have a small effect upon.tho
residual backgrouna fraction.of the total spectrum background ascertained
for the individual spectrai lines. Concentrations were calculated using

Equation 3.
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i
ppm, = Thkg . : slopei (3)
i ' .

-where
Ii is the spectral;x—ray.intensity'from element 1i.
tbkgi is the true background intensity determined for.element i.
slopei is'the-sloﬁe of the staqdard-curve for element 1i.’
The results are shown in Tables I-1V. Totalvanalysis time for each specimen
was twenty_ﬁinqtes. AThe_erpors~listedrafe twp standard deviations. For the
elements which were determined to be below our detectioﬁ 1imits,’three
.standard deviatiohs for counting statistics are reported. The neutron
activation values listed were determined by F. Asaroland co-workers at
this laboratory. The reported'values are from the literature (15,16).
Proposed values are listed in parentheses.. As shown, fhe values ascertained
are in good agreement with NAA and reéults reported in the literature.
Typically, accuracies of 5% or better are obtained.
Figures 7 and 8 show the spectta obtained on Granite GA. Spectral
background for thé elements with K x-rays in the range of73l to 32 keV
(Cs, Ba) contain a‘fraction of coherent scattered excitation radiation,
which causes larger errors in the determination of these elements. ‘These
errors could esséntially be éliminated and ﬁuch higher x-ray line/spectral
backgrouﬁdhintensity'ratios realized for these éleﬁents by operating the
X-ray fube at approximately 60 kV and inserting a thicker external Mo filter.
Doing so would shift the scattered radiation to higher energies. /However,

our excitation system is limited fo a maximum vdltage of 50 kvV.
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Using 100 mg speéimens pressed iﬁtq 0.32 cm I.D. cylinders, we have
calibrated the system and determined the concentrations of eiements with
characteristic x-rayslof energies less than 16 keV. To do so required
highly collimafed excitation and detection radiation beams. Sensitivities
realiééd were approxiﬁately a factor of 2 less than those attained with
2 gm speciﬁens. Although the results obtained were dependent’ upon the
dehsify of the prepared spééimens, typicaliy‘accuracies of 16%.0r better

were achieved. -
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Table I. Analysis of Granite GA-
X-ray Neutron
Fluorescence Activation Reported
Ti 0.226%+.014 0.174%%.042 - 0.2287%
\ <160ppm —= 36ppm-
Cr <51ppm 7.4ppmt2.6 (10) ppm
Mn 712ppm+33 631ppmtl6 “665ppm
Fe 1.94%+.08 1.95%+.06 1.987
Ni <8ppm <26ppm. Tppm
Cu 20ppm*8 T Tappm
Zn 72ppm*79’ 76ppm+8 75ppm
Ga 15ppm+2 — 16ppm
Ge <2ppm — ~(1.5)ppm
As <3ppm <4ppm ——
Se <3ppm _ —
Br <3ppm -— =
Pb 32ppm+2 — -
Rb 180ppm=*2 175ppm+12 175ppm
Sr 313ppmt4 — 305ppm
Y 21ppmt2 — (18)ppm
Zr 123ppm=l11l — 140ppm -
Pd <5ppm — " —
Ag <Sppm’ — -
Cd <4ppm -_—
In <5ppm — —
Sn <6ppm —_— (4)ppm
Sb <7ppm <0.20ppm —
Te <9ppm — —
I <1lippm — —
Cs 19ppm+15 6.6ppmt0.4 (5)ppm
Ba 840ppm+37 816ﬁpm136 850ppm
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Table II. Analysis of Basalt BR
X-ray Neutron
Fluorescence Activation Reported
Ti 1.57%+.04 1.647%%.05 1.577
v’  175ppm+86 -  240ppm
“Cr 310ppmtsé4 - 379ppm+10 420ppm
Mn 1587ppm+36 1521ppm+36 1600ppm
Fe 9.13%+.09 9.10%+.22 9.01%
Ni 232ppm*12 281ppmtsl 270ppm
_Cu BQppmtll ’ — 70ppm
Zn 151ppmt12 171ppm+16 160ppm
Ga 17ppm+3 —_ (20) ppm
Ge <3ppm — -
As <3ppm 5.5ppm+3.2 -
ée <3ppm -~
Br <3ppm —
Pb 6ppmt4 = (16)ppm
Rb 43ppm+2 36p§mi25 45ppm
Sr 1326ppm+9 - 1350ppm
Y 35ppm+2 — (27)ppm
Zr 259ppm+25 - 240ppm
Pd <7ppm —
Ag <6ppm — -
Cd <6ppm — o
In <6ppm - e
Sn <7ppm — (8)ppm
Sb <8ppm 0.28ppmt.26 -
Te <11ppm —- -
1 <l4ppm —
Cs <30ppm 0.65ppmt .50 -
Ba 1288ppm+84 1095ppmt50

1050ppm
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Table ITI. Ahalysis of Diorite DR-N .
X-ray Neutron
Fluorescence Activation Reported
Ti 0.57%*.02 0.62%*.04 0.67%
\Y 168ppm+126 — 225ppm
Cr <60ppm | 31.8ppmt4.6 45ppm
Mn 1785ppm*51 1640ppm*t38 | ——
Fe 6.95%+.12 6.72%*.16 6.93%
Ni ~ <20ppm | 38ppm* 34 1é6ppm
.Cu 44ppm£6' — 52ppm
Zn 144ppm*3 » 150ppm*14 150ppm
Ga 20ppm*2 — (25) ppm
W 8lppmtll — —
As 3.7ppmt2.0 3.9ppmt2,6‘ -
Se <3ppm — -
Br <3ppm — -
Pb 55ppmt4 - (75) ppm
Rb / 70ppm*2 63ppm*t22 (75) ppm
Sr 393ppm*3 — 400ppm
Y 29ppmt3 —_— o
Zr 120ppm*tl4 — —
Pd <6ppm — —=
Ag <Sppm — -
cd ‘4ppmi3 — —
In. <6ppm — —
Sn <.6ppm — o
Sb <8ppm 0.47ppmi.26 -—
Te <10ppm —
T <13ppm — —
Cs <26ppm 6. 2ppm' 0.5
Ba

360ppm
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Table IV. Analysis

of Serpentine UB-N

,vFe

‘ X-ray Neutron
Fluorescence Activation
Ti 0.035%i.011- 0.0427%+.015
\Y <100ppm —
Cr 2359ppmt47 - 2520ppmt 60
Mn 1025ppmt 24 971ppmt20
6.14%+.06 . 5.837%+.14
Ni 1907ppm+13 211 3ppmt 146
Cu. 18ppmt4 -
Zn 84ppmt 3 107ppmt14
Ga 3.0ppmtl.1 -— |
Ge 2. 1ppmtl.3 —
As 1lppm+2 12.4ppm+1.8
Se <3ppm ' —
Br Sppm+2 —
Pb 1lppm*3 . -—
Rb <3ppm <24ppm
Sr 3ppmt2 —
Y <4ppm- —
Zr <9ppm —
Pd <5ppm -
Ag <5ppm —
Cd - <5ppm —
In <5ppm —
Sn <6ppm —
Sb <7ppm’ 0.28ppmt.24
Te <9ppm —
I <12ppm —
Cs 25ppm+15 " 11.3ppm*0.6
Ba 61lppmt21 32ppmt18

CLBL=5212
Rev.

Reported

0.07%
(1.00) ppm
2200ppn

5.967
2000ppm

. (30) ppm

(10)ppm
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FIGURE CAPTIONS -

1. Schematic of x-ray fluorescence analysis system.

2. Apparatus used té prepare geochemical specimens.

3. Spectral background curve established for nickel using five
powdered materials. All background counts are normalized to 1000 éec
count periods and an x—fay tube current of 100 pamps. (This curve also
serves to illustrate that the Compton scattered excitation radiation
intensity'is_direcply proportional to both tﬁe.true background and
the reéiﬁrocal of the.mass absorption.coefficient.)

4. Tétal mass absorption coefficient curves for reference standardé
BCR-1, AGV-1, and Staﬁdard Pottery.

5. Standard curves which illustrate the relationship between concen-
tration aﬁd the ratio'of spectral iine counts to true background.

6. Apparent mass absorption coefficientvcurve.established for Fe Ka
x—faysusingéxperimental spectrum/true background ratios and calculated
apparent total mass absorption coefficients.

7.. X-ray spectrum obtained on Granite GA fof the determination of
the elements Ti-Zr.

8. X-ray spectrum obtained on Granite GA for the determination of

the elements Pd-Ba.
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