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1} ntreduetion 1. Introduction to REE-phosphate (Monazite & Xenotime)

dafing 2. Electron microprobe U-Th-Pbiyq dating tfechnique

&) Anaifica settings 3. Analytical considerations
= Monazite and Xenotime identification
= Characterization: element mapping - Choice of spectrometer

- Background acquisition
= Challenges for quantitative analysis - Peak interference correction
. . - Beam damage
Applications - efc.

= Archean aluminous quartzite (Montana)
= Upper Granite Gorge (Grand Canyon, Arizona)

= Challenge: Young monazite with low actinide content

What are monazite & xenotime?

= Monazite = light rare-earth element (REE) phosphate (monoclinic structure).

1) Introduction

» Xenotfime = Heavy REE-phosphate + Y (tetragonal structure).
= Common substitutions:

= REE substitution light REE3* < heavy REE3*

= Cheralite substitution 2 REE3* & Ca?* + (U, Th)4* “‘

= Huttonite/Coffinite subst. REE3* + PS5+ <& Si4+ + (U,Th)4 il
Monazite-(Ce) i ) .
pegmatite = Gasperite/Chernovite subst. Pst & Ass

= Sulfate substitution REE3* + P5+ <& M2+ + S6+ (M=Ca,Sr...)

Monazite in |
biotite schist Th-zoning
Photo Smith in monazite

College (MA) (Athabasca Granulite

Terrane, Canada)
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U and Th decay series sy

1) Introduction

Al U-Th-Pibioia dating

)] Analyftical settings

cations

Half-life
~4.4688 Ga Half-life

Half-life

—s ~0.7038 Ga

Electron Microprobe U-Th-Pbq dating

= Assumption: no “common” Pb (2%Pb) Pbiota= 2%Pb + 207Pb (from 238U, 235())
included when mineral grows: +208Pp (from 22Th)

» Most REE-phosphate < 2-3 ppm 204Pb. + 204pp (“common” Pb)

= Might also be valid for uraninite (UO,),
thorite (ThSiO4), and other (U,Th)-
bearing minerals.
Monazite ~ Th-richer.
Xenotime ~ U-richer.
Low grade Mnz/Xnt ~ actinide-poor.

l§] Intfroduction

2) U-Th-Pbrotal dating

] Analyftical settings

EIAppjcations

) Applieation 1
wo major approaches to calculate §
an U-Th-Pbyeta age:

= = 8400

= From multiple compositionally £ * Applicatien 2 o
heterogeneous domains and of o0
(assumed) identical age = CHIME or m
CHemical Th-U-Pbotal ISsOChron = o
MEfhod. iﬁ

= Average of several analyses from a e

compositionally homogeneous
domain = “single domain” method.
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U-Th-Pb;.iq age equations - Single domain

= Age calculated assuming the measured Pb comes only from decay of U and Th.

i}] Infroduction

2) Ui o i) = “Single domain” means that one compositionally homogeneous domain in a grain is
analyzed, and an age is calculated by averaging ~5 to 8 analyses.

= Parslow et al. (1985), Bowles (1990): First age obtained in uraninite & monazite based
on total Pb, Th, U measurement, followed by Montel et al. (1994, 1996):

= 208pp from 232Th

08Py from 238y Pb = [%(elm*t - 1)] *208

E——

= 207Pb from 235U

» 24Py = common lead ~ 2-3 ppm ; +l£0_9928(e/1233*t a 1)- %206

Assumed to be 0 (zero)
= U, Th, and Pbin

ppm or wi-% +l J 0.0072(6A235*t -1)|*207
235 ]

= t = time (in years)

» XX = decay constant +204Pb ~0

Story of the technigue: see Montel et al. (2018), Chemical Geology 484

L]
U-Th-Pb;oiq age equations - CHIME
" = Suzuki & Adachi (1991): PbO
X .
2) U-Th-Pbrorar dating Comem vs. ThO, Of varous 0.20 4
monazite compositions; the i
el seffings slope is function of the age T: | RT-87: f_;'
- y = D.0203x - 0.0 14
) 0.8 Age: 398 Ma J'jr
cations (isotope age: /
L B4 Ma) S
& p12:
- £ | o PR-88:
Analysed domains MUST be /" /y=omarx-00107
of the same (assumed) age 3 008 Age: 288 Ma
otherwise = age mixture & (wotope age
meaningless age! 207 Mx)
0.04 -
Calculation of ThOy* = ThO, + .
equivalent ThO, from UOy: u-mﬂ 2 4 6 B 10 12 14
* U02*Wrho2 * N -
ThO; = ThO, + (=) > Tho,* (wt-%)
7?3541 137 8gred? 0 . . ; . .
(— - 1) For U-rich minerals (xenotime, uraninite, + zircon...),
13888 use UOy* = UO, + equivalent UO; from ThO».
Story of the technigue: see Montel et al. (2018), Chemical Geology 484




Analytical considerations

= Focus on the single-domain technique (Montel et al.). Nonetheless, all analytical
considerations presented here are valid for the CHIME, too!

STEP BY STEP...

= Thin section preparation: fine polishing, carbon coating (> 20 nm) OR (preferred) dual
aluminum (15-20 nm) + carbon* (5-10 nm) coating.

dentification of accessory phases: Full thin section element mapping by WDS.
Element mapping of individual grains: ~10-20 grains, identify homogeneous domains.
Quantification of the element maps.

Optional: Ultra-high resolution element mapping fo obtain an age map (>10-12 hours per grain).
Complete quantitative analysis with special care on U, Th, Pb measurement.

Data interpretation.

* Carbon overcoating helps preventing oxidation of Al

Full thin-section element mapping

= WDS stage mapping of Ce/La La (Mnz), Y La (Xnt), Ca/P Ka (Ap), Zr La (Zrn) + one major
element + BSE image. Overlay all element maps and highlight the accessory phases.

= |dentify 10-20 grains of interest (structural considerations, shape of grains, location with
regards to other minerals, heterogeneities at sample level, etc.)

= Conditions: 15 keV, >200 nA, 20-30 um step & beam size, ~20-30 msec per step, T 4-5 h.

W3-79-1 (Ca Ku)

©Mnz ®Xnt ®Zicon K3-78-9 (Mg Ku)

@ Xt
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Single-grain element mapping

= WDS beam mapping of U M, Th Ma, Y La, Ca Ka, Si Ka to reveal major compositional
zoning and to identify homogeneous domains.

i}] Introduction

= To ease comparison, treat each group of element maps similarly (same intensity level,
brightness, and contrast adjustments).

= Conditions for monazite mapping: 15 keV, >200 nA, beam mapping, 0.5 um step size,
focused beam (~0.7 um w/ LaBy), 20-30 msec dwell fime, = ~5-10 min per grain.

Single-grain element mapping - auanmiranve

= Element maps of U, Th, Y, Ca and Si are quantified to ease comparison of grains within
a sample and between samples, and to obtain an approximate actinide content.

i}] Infroduction

= Quantification run through Calclmage (ProbeSoftware, Inc.):

= Full ZAF or ¢(pz) matrix correction on each pixel;

= |nterference correction (Th My on U Mp); “se=
= _

= Background correction from a standard- o gy
calibrated bkg curve using the Mean I

Atomic Number (MAN) background - .. e
correction (Donovan & Tingle, 1996). 5 o MAN background
T curve for Ce La
y =" gy - Lk - 18 - L L i

Basic principle: Bkg intensity of a specific element is =
proportional to the average atomic number (Z-bar). g+ BT Ui WU (o TS Bk E Bt - 518

v

Ll L s 1 P il 12 - et w—

A W |1 i g Lt M| et | =
WY e TF(Ame e ve

. . . L] 3
Bo.c'kground curve is obtained by measuring a N i e -
specific element in 5 or more standards of different : = : .“ E".: ik
H o~ | - [
average atomic number (Z-bar). & T, P
| TR [ -
T BN e et |1t -
Standard used must be free of that element, and without any peak T TH Jin e ¢ — ]
Wi e | e —— g [ra—

interference at the X-ray line position.
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Single-grain element mapping - auanniranive

= Element maps of U, Th, Y, Ca and Si are quantified to ease comparison of grains within
a sample and between samples, and to obtain an approximate actinide content.

i}] Introduction

= Quantification run through Calclmage (ProbeSoftware, Inc.):
3) Analytical settings . . .
= Full ZAF or ¢(pz) maftrix correction on each pixel;
= |nterference correction (Th My on U MB);

= Background correction obtained from a standard-calibrated bkg curve using the Mean
Atomic Number (MAN) background correction (Donovan & Tingle, 1996).

For accurate quantification, ALL elements must be measured. BUT... We only have U,
Th, Y, Ca, and Si maps, and we are missing the major elements (P, REE).

Accuracy test considering various assumptions:
= Treat maps with only the acquired element (no constrained element);
» Gd- or Ce-rich monazite with fixed P,Os content (30 wi%) and Gd,O; or Ce,O3 by difference;
= Ce-rich monazite with lower P,Os content (25 wi%);

= Average monazite composition: 30 wi% P20s, 13% La,03, 3% ProOs, 11% Nd,O3, Ce,O3 by
difference.

Single-grain element mapping - auanniranive

pi U-Th-Pip dating Sio YZOB UG CHD Tho

2

3) Analytical settings Background -
correction; v
Interference
correction (here
Th My on U MB).

UMB CaKa ThMa

\ Si0, wt% Y,0,wt%  UO,CaOwt%  ThO,wt%

1 20 05 10 1 2 30 5 10 15
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Single-grain element mapping - auanmiranve

Y203 wi% maps

i}] Introduction

Ce by difference
+30 wi% P,0, +28 wik P,0, Average Minz  Gd by diff. #1a - Interm.  [S58 #2 - (Th,U)-poor

Mo als
2 8 I #ib - Therich I #3 - U-rich

¥,0, with
10
05 o
1a
1a
00 b

Tho, UO, Y,0, Cad Si0,
R me#ta 814 1.05 0.32 211 0.30
| me#1b14.59 0.31 0.10 249 1.36
mé #2 6.53 0.27 0.74 1.38 0.46
mé#3 6.08 1.66 0.39 1.78 0.19

i}] Infroduction

#1a- interm, [0 #2 - (Th,U}-poor
b 1 * 0 #1b-Therich [0 #3 - U-rich

s # Ti'll‘}, HD, ?PGJ Cal .H‘JD',
S P gt mé#fs 814 1.05 032 211 0.30
> B ::: Avg Mnz —— mo #1b14.89 0.31 0.10 249 1.36
No spec. els. mEN2 653 027 O.74 1.38 0.46
Ce-Mnz — me#3 508 1.86 0.39 1.78 0.19

Gd-Mnz—

Erratum: This figure is wrong in the Book of Tutorials and Abstracts...
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i}] Introduction

Preparation of U-Th-Pb + REE-analysis setup

= Trace element analysis: low Pb content (and sometimes also low U, low Th).
= High current analysis (>100-200 nA).

= Optimum acceleration voltage for optimum spatial resolution (15 keV, ~1 um diameter sphere;
submicron analysis possible at 6-10 keV), optimized X-ray production, and minimum beam
damage effect.

= Long counting time (> 5-10 min on peak) for high-precision (>1%) analysis.

= Choice of spectrometer: Maximize count rate & peak-to-background ratio for high sensitivity:
normal or large area monochromator, H-type spectrometer, P-10 or Xe-sealed detector, efc.

= Measure major elements first to prevent beam damage effect.
= Combined EDS-WDS analysis for major elements (e.g., in Mnz: P £ major REEs [2]).

» Alfernative option (not discussed here): combined analysis with (1) low and (2) high beam
current analysis for major and minor/trace elements (e.g., 20 nA, and then 200 nA).

= Very important considerations...
= Background correction (as peak-to-background ratio approaches one);
= Potential beam damage (Al-coating is preferred);
= Peak interference(s) (especially on U and Pb, but also on REE!).

i}] Infroduction

Choice of spectrometer

= Superiority of large (L) or very large (VL) | PET Pb Mj |

R = 1¥
yields excellent Em

count rate but 10

3 | 1
monochromator: higher count rate (2-3x for L, N h [ |
4-6x for VL) and excellent spectral resolution. § '. 'ql H-typl‘-l 1 iy l
[ ] hd 4 I ¥
¥ L n.z--l,"'l":h. i 1 i
= H-type & B2 T gt i ].M,fl-' 1
spectrometer s [ 1} Wt i BT L
(lF())Omm Rowland) 23 'g VL-type pa® LY \:'“H'

poorer spectral T~ e~z s |
resolution. Spectrometer position [mm]
Met peak [c Peak-to-background ratio
+ype iype [L-type L-type H-type Vi-type| Stype JStype [L-type Letype H-type Vi-type
¥erwy bV | ArLP o Xo _Ar HP Xo ArHP| ArLP  Xo | X ArHP __ Xa ArH
Ph Ma B14 B85 1412 1451 239.3 266.4] e 1249 1857 248 1161 Ll
Th M an T25 1516 =|7a = 8531 159 21 15T = 783
U Mp 13 Ea3 1664 I35 Za0.4 36,0 L | 11.4 a0z 831 830 Ti.5 56,7}
Lala 465 - m2| m2 =7 N8| - W1 | 1378 1066 7R3 |
Ndla 529 - @ @I o We - M2 18T 02 757
Tola 637 - B3 WMT 43 28 - M3 @2 630 484
Dyla &4l - O 1841 81 W2 - B4 T2 615 422
Holp 7.5 = w10 ms sl - M| w7 ns w7
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Background acquisition

» Complex spectrum especially around Pb M-lines with multiple potential peak &
background interferences.

i}] Introduction

dating
= Analysis of background-only on first analysis point, and then peak-only analysis to
minimize beam damage effect (abnormal increase of background intensity).

= Precise and accurate background correction is extremely important for trace element
acquisition = Mulfipoint background acquisition.

(&)
zif:'m poms, Pb Ma | ) ™M-sy Mp
I | sLa Moacyr| L Th bt
it il | rlaon | Bumet : il i
; | Bkg . . | 4.0k, i Bkg | ! I,r S
E I\. L BHG .I : <5 Ko : Ld4-5 1 [ Th  adge
=, | L1-2 j ‘ i ‘A | i Bkg ks
2 | L*i’w‘ ll J | BKg B FURE SR T
= . il i : | i :
Bosl ™ Wil AL\ mia [ a0} o | | e
g i i ‘ﬁq,{’: A ll L4 ) eghars LR i
E b - Luqllp 1 R ™ H, | KKE™ 1 ThMzHn o "I‘Il ﬂi
LIHII] Luﬁcﬂ Th Yoy T Uy I - ey L
0.2 : i I ‘:_ = _I.;‘" i .IJ 2.0 i i L i Thmfm ¥ b ...-
150 160 170 180 1ﬂ'5 11IJ 114 118 122
Spectrometer position [PET; mm] « ot visible heve (Ne-counter)

Flat Earth!

Flatness is a matter of scale...

i}] Infroduction

il

So why would you assume your
X-ray background is linear?

6/9/19
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Background acquisition - Multipoint Background

= Multipoint background acquisition allows to...

i}] Introduction

» Accurately constrain the background curvature;
= Minimize the risk of background interference (bkg can be removed during post-processing).

el e e

|

3 .
E- |1‘:
- T S - : . : ; i :
o § T H Learn more about the
s L _fnu__“M:u_"_;‘.r”__r{_‘ b w — multipoint background
eaiorbesiniboarobeibiiocohmeon ot iatlioisbinuiod technique in Allaz et al. (2019)
Spectrometer Position Microscopy & Microanalysis

Background acquisition - Multipoint Background
] Introduction — Technique leidcﬂ‘ed by... 185
= Blank fest correction; - 144 Elk Mtn (1.39-1.41 Ga) [l
» Comparison of EPMA %
monazite age with isotopic g 1.2
ages in multiple age 2 Burnet (1.09 Ga) @
consistency standards. 8 1.0+
1
i” oE Moacyr &
Moacyr (506 MA) g R ] MOM3
MOM3 (482 Ma) ® 3
5 04 RI-87 M
o PR-88 Il
E a2
RT-87 (394 Ma) -sm= ‘/i/
0B AIpiTne Mnz (18 I\/T\O) - ’ S
'\'.\ 1 o2 04 e o8 1o 12 14
Total U-Th-Pb age by EMP [Ga]
o W= PR-88 (297 Ma) Blue: 298Pb/%2Th age Learn more about the
Red: 207pb/2%pp age mgl’rlpo'lnf background
v v v . . . technique in Allaz et al. (2019)
03 04 05 Microscopy & Microanalysis
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Beam damage

= High beam current + focused beam + long counting time = high electron dose!

l§] Intfroduction

prorar dating =» Beam damage almost unavoidable.

= P must be analyzed first, along with major elements. Solution = EDS!
P analyzed by EDS + test in progress for major REE (Ce, La, Nd, Sm).

3) Analytical settings

cations

» Beam damage effect on elements analysed later not fully evaluated...

200 nA, focused beam Time [min] Time [min] Time [min]
0 2 4 @6 a8 10 0 2 4 8 8 10 o 2 4 68 8 10
@ 1 L L L 'l L 'l L i 'l @ 1 1 1 1 1 L L L L L @ L ' 'l L L 'l i 1 L L
| 4 | 2 ot
o x‘w X
+2% : +2% L WP, i
= “F e 5 v $+ 1 +%e
i
e ms-.ﬂ.‘— o%eft and Lt a
E - #0 “ B (Al+C)-coating 1 5
5 Ccoaling ®%
2%~ & Cela re | 2% 0% Background M
3 % Th Ma ‘, 4 Al-coating C-coating
+ = PbMa b 13 Dhba 1
O bl I 5 Y e
0 40 80 120 160 40 80 120 160 40 a0 120 160

11rna-integ‘atad electron dose [pA. s.’um“]

Beam damage - u, th, and Pb analyses
R rocueton = MUST analyze U, Th, and Pb first to enable time dependent intensity correction (TDI)
i — = beam damage effect is compensated for in these elements.
= Background-only analysis on a separate point within a homogeneous domain
2 Ameliiliec] sEiiiings = minimizes risk of increasing background intensity due to beam damage.
o Spec ZLPET (15 eV, 200 0, Oum) Spec 3 LPET {15 keV, 200 nA, Oum) Time [min]
A e B
;. &) e
E 5 et .
E g +40,| O o + 4+t
L3 ; . +
,E a ESE - Sk ' . + o
= L s and Lt m
ey OO COOT'”Q T A i e e " .
Elsgasd Time (sec) Elapasd Tiens [sac) 1 +a
0% =
Element u Th Pb Age
[Mal :
Wt% no TDI  0.086% 10.59% 1.15% 2241 —2% ——
Wt% w/ DI 0.084% 10.45% 1.13% 2226 0 40 80 120 160
Dl comection  -1.7% 3% 2.0% -0.7% [HA.s/pm?]

12



Peak interference correction -rb and u

= Age accuracy strongly depends on Pb-measurement (most of the time) and U or Th
(sometimes) = accurate peak interference correction must be applied.

i}] Introduction

= Use Donovan et al. (1993) peak interference correction routine in Probe for EPMA: peak
interference correction included within the ZAF correction (double-iteration).

= Major interferences on Pb Ma.:

= Th M¢;

= Y Ly,3: WARNING, peak shift (50 * 105 sinf in monazite compared to xenotime [YPO,]);
® La La (II): Usually small (PHA in differential mode) but important when La-content is high.

For xenotime, prefer Pb MB to avoid strong interference from Y Ly, 3 on Pb Ma.

= Major interferences on U MB:
= Th My: most important correction;
= Sm LB,,15 (I1): often minor and insignificant;
= K Ka: not present in Mnz or Xnt, but secondary fluorescence effect potentially important;

= Problem of absorption edges from Th in Th-rich grains (background problem...).

Peak interference correction - ree

L
Mo Lo In" Bu

it xf |

i}] Infroduction

Intensity (cps/nA)

1

80 100 120 140 160 180 200
Spectrometer position (mm)

6/9/19

13



6/9/19

Peak interference correction - reg, example Gd

= Many interferences on REE!!! Some element X-ray lines cannot be found “interference-

free"”, example with Gd...
Better for Mnz Better for Xnt

- Gd
3) Analytical settings Gd Lo SUIfOb|e for Lo Ho Gd

Lo
xenotime, not for L"J)H | i

l§] Intfroduction

Al U-Th-Pibioia dating

monazite due to %
strong interference [
with Ce Ly & La Lyzs [l
i

Gd LB: suitable for
monazite (lower
count rate), not for
xenotfime due to 000 -
strong interference
From Ho La..

Gd Lﬁz,]sl less
interferences (Tm - v n
La, Tb LB), but ~30% i G AL o

intensity of La... s 120 125 130 s 1o s
Spectrometer pasition (mm)

[ ] L]
All major peak interferences...
Bl introduction Approximate interference % (no matrix correction), using tlomaent . % Interl. corr.
average & max values for Mnz/Xnt composition (from literature).  |gmement xial |inerterance cpaina] 02 Mex  Xnt
P U-h-Pibiors dating slamant | Approx. % interl. corr. Laka LF [maLl 0.18] 0.2% 06% 08% 28%
T PSR o Mez Mex  Xot  Xat Cola LF o sgnfcant Rlndsence
3) Analytical settings . s . ||H|.=| LF |CalLp DAS) 1.7% 16% DA% 1.9%
W Lt 'I'l.'F'liH.ﬂ. 4600 0.X% B.I% rodafs for La Ly 036l 0.5% 1.0% A
Srla  TAP |Si K+ s 298] O4% @0 Scn ot LiF
SiKa  TAP |Md La il 0.62] 13% 33% i ™ LF | Lo 060] -orn  or 1.0% TN
AkLa  TAP | Tu Mt T.B5) <ark e A% BA%N LiF 056] 1.3% 23% am  dm
Dt Mkn SET] 0O.F% 2% 27.5% TR D0[FN.0% 141% Preder Ewla
|Sm My 1.70] 04% 21% 08% 29% Dylu  LF Mo signficant nledomnce
Th Ma  PET No = nledemnce LF |To Ll 12308 5% 14.8% 1.8% 3%
. CaMa _ PET No & inladammee GdLE LF |Hola 126.50] 8.1% 14.8% Profor Gd La
Approximate % TR o sgnficant nisrdamnce |8m Ly, p33) 02% 0% o
interference u PET |K Ku T40] Varable Mromscence) TmLa LF [SmLy 20030) 198% S43% 25% B.T%
correction: Th ki 2100 T.7% 418% 0.5% i10% Dy L 173 23% 13.0% 1% 2.0%
%, _ |smipys®  0a7] 0% 2% o em G Ll 1p 065) 20% 81% 05% 1.3%|
Ointerference ~ KK PET [Ny a4.10] Warrbie Froesconce) Yola LIF [Tolfaw DES| O.7% 20% o am
I{}Lte,.f/cfm,.f (;Enk LI E B10] Wasahle fuormscence) O L oBa] 2% 123% 1.1% 18%
W*CA_ Ca K 058 Vaveble fuomsconcs) 5""-‘5 050) 5.3% IR o 0
std/ “std unk PbMa  PET|Y Lrs 0.51] 24% 12.0% Prefer Pb Mp Holp LF [¥blLan o41] 0% 14% O4% 10%
Mg 022[ 37% 1TA% 03% 6.0% Dy Lt vs 024 03% 25% 0% 06%)|
La Lu i) ood] 1% 3 -am e
PHa  PET[¥LD o28] <o -om  am om For rancla o
For renofime only .
[Pesip PET[Ce Lo ) Mt datermined fnsignficant i ¥t
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(]
Example of an analytical setup (Mnz & Xnt)
Infroduction Peak Peak| Rocommandesd Time [u] Bkg Major and minor peak
Srand As SP| EL L X | e 10%aind) standard Peak_pig® Type | interferonces (see Tabls 7)
Th-Plho dating rarely present | 51"y (o 7ap | eo70  2ammo VPO, W0 - MAN|SCLD i
in significant P8 ta TAP | PAT?  28708|  Stvatimie 180 - MAN|SiKf + satelin peaks
e <affing quantities 1] 88 ke TAP| TII0 27538 Microchng 180 - MAAN [Md Lo (1)
| 1 |as~ ko 7AP | 10538 37630| Aspyrie. Gads | 180 - mMan|TH M Dy Ma: Smiby
2| Th  Ma L-PET| 13244  47300| CaTh(PO,), ThO, | 550 50" MPB |-
ppfcations U, Th, and Pb 2| ca Ka LPET| 10750 38305 Apate 80 - MAN|-
analysed first & on | | 2| & ka LPET| 17208  B1460] Sulfais orsubde | 80 AN |-
dedicated 3 U Mp L-PET| 119.04 42470 uo, 600 50" MPB |K Ka; Th My; Sm LB (1)
spectrometers. || 2] & ks veer| 106 30615|  Kiewsoar | 100 - MaN|U My Tmia Ok Ca Ka
4| Pb Ma L-PET| 169.24 60445 Pyromomhite | 700 50" MPB |Y Lyzs Th MZ; La La (1) {2
K not present in Mnz, but | | 5 |1*™ L= LLE]mEI8 - 88205 oo R RaaN o o 31
; q 5| ce Lo LAF|17m12  s381s CoPO, 3 - MAN|- 3
interferes with U (secondary
ﬂ 5| M Lo LAF | 16482 58964 HIPOy 3 - MAN|CelpLalpy (3
uorescence problem)
5| P Lp LLF| 15708 58100 PrPO, M - Man|- [T}
5| 8m Lp LUF|13m87  4oem SmPd, 3 - MAN|TbLa i3
5| T La LLF| 13781 AR0TS TeFO, 60 = MAN|EmLp
Eu 3
Complete set of REE : E; :ﬂ t:: :3:: ::1: POy x mlmtu (4]
. o REE P oyeo, : g
analysis (can bg simplified, o | Pt ) |emie e EPO, 0 - MmAN|mLp
e.g., by removing some 6| Gd Lp LiF|12832 45830 GAPOy B0 = MAN |HoLa SmiLR; (4]
HREE when analysing Mnz) | | 5 | 7m* La L4F | 1298 42645 TmPO, B0 - MAN|STLy DyLp;GdLfgs (5]
5| ¥ Lo L4F | 11813 41475 YhPO, B0 -  MAN|Tb L Dy L Smiy
5| Wo* Lp LLFE| 11440  40BSS HoPOy, 80 - MAN|YDLanOyLfse
5| Lu* La LLF| 11262 40220 LuPQ, L14] = MAN|HoL8se: D¥ LBz Evly
P analysed by EDS -| P  Ka EDS 2.01 keV CePO, 300 - EDS|YLp [13]

Applicaﬁon 1: Archean aluminous quarizite (MT, USA)

jroduetion = “Simple” case of old samples with “a lot” of Pb (> 7000 ppm).
dating = One sample analyzed so far (preliminary data).
= Quantitative element maps.

K] Analyffical settings

= First attempt at combined EDS-WDS analysis including some REE.
4) Applications

Applicqiion 2: Upper Granite Gorge (Grand Canyon, AZ)

Complexly zoned monazite, multiple ages, yet still a high Pb-amount (> 1000 ppm).
= Relationship between major minerals & monazite growth.
= Sensitivity of the method: can distinguish ages better than +1% of the age.

Applicaﬁon 3: Detrital and low-grade monazite (upstate NY)

= Deftrital monazite in sandstone (provenance study).

= |ow-grade metamorphic or hydrothermal overgrowth, very low Pb content (~100 ppm).
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i}] Infroduction

dating

K)] Analyffical settings

4) Applications

Applicaﬁon 1: Archean aluminous quarizite (MT, USA)

» Quantified element
maps.

= Monazite-poor
sample.

= Recognize similar
compositional
domains between
grains (e.g., U-rich rim,
Y-rich and U-poor
core, etc.).

At least two major
events identified:

» U-poor core: 2.42 Ga
= maximum
deposition time age.

» U-richrim: 1.72-1.73
Ga = Big Sky orogeny,
metamorphism.

Application 1: Archean aluminous quartzite (MT, USA)
AT
jroduetion = Complete analysis of U, Th, Pb, P, REE, Si, Ca...
o (without S, As, Sr). e v
artir ‘“g v
= Data comparison: (a) shared background (= e
gl Analyiical seffings multipoint bkg applied to multiple X-ray lines), -
(b) MAN correction, (c) EDS (major REE only). Jom,  Shama
4) Applications " ¥
= Best results with shared backgrounds (less [Py S
negative values), very similar MAN results.
Bumal  Moacyr AADT-34B —
Age i standaed | m8 @18 m7T cors  ml #3 _m7 rim_m2 all e
(F Tl Bl i1 W L) L =2 U
EDS 1 Wy T L | e Mo T [ty Bmama
%‘ 35%  24% | 32w 0%  3e%  2ex  asw ) Wes
A S FE ] Mo ns T FoT] mar 1)
‘3 % e =7 = T F. 1] = Fo =i | —
ol |8 on [ e 26 s
v &8 et | 1M an aw ) ] [T 1 |« [t Sems
> £ (21 a3 a3 t @ 18 g ar m e
[2d Oy 4. 7% T.0% | 200% OfK I58% 118% 21% uns
(=] T [ P (3] Ui g 5] L E.] nl,  Beaewd
; g EDS 1] L1 ) [ k) L1 ) [ 1] P Br oy
e L a B S h o -
% EDE i 3 an 28 an L] s b ’.T‘
o, 1855 1ri% | -18.7% B2% 55K A5% e . M, WS
Ry o
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Application 1: Analysis of REE by EDS vs. WDS

= Same analysis point, difference between EDS results vs. WDS results.

i}] Infroduction

dafing = Ce and La are mostly within £5%, Nd and less abundant elements more problematic...
40%

K)] Analyffical settings

3

4) Applications

VDS measurements

]
0
a8
£ oonle e - B
g sm,0, Nd.0,
g -30%
g 5%
5 40% | ¥
0 5 10 15 20 25 30 35

Oxide wt-%

Application 1: Analysis of REE by EDS vs. WDS

= Additional comparison in monazite reference standard (*): WDS data from JEOL-8200
electron microprobe, SEM-EDS data from JEOL-6390 SEM using the a Thermo UliraDry
30mm? EDS detector (standard-based analysis).

i}] Infroduction

dating

K)] Analyffical settings

» All elements in monazite = within £10% for elements as low as 2-3 wt-%, problem after...

4) Applications E 100%
g ED%L‘( La0,
g Ce,0
B0% :PT:O:
®  40% hag,
Sm,0,

§ 20% s PO,

A AR TR Y TR LT T S W A L e EL S R ] TR Y0
T 0% ————— ey} 25% L
A A T R, L, S, PR e AL il A
B =20% ¥ Sl
- . GI:’z':l':l
5 -40% + DTED:
8 -60% =¥,
£ ket vo,
E £0% o PBO
& -100% b

] 5 10 15 20 25 30 35
Oxide wi-%

(*] Moacyr, Burnet, PR-88, RT-87, Diamantina, Bananeira

6/9/19
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Applicaﬁon 2: Upper Granite Gorge (Grand Canyon, Al)

= Samples from high-amphibolite to granulite facies.

i}] Infroduction

dafing » Example of key-relationship between major rock-forming minerals and age / monazite
compositional domains.

4) Applications

1672002

1.73:0.02

Applicaﬁon 2: Upper Granite Gorge (Grand Canyon, Al)

= One sample shows a clearly distinct growth pattern between core & rim.

i}] Infroduction

= Clear growth of xenofime after garnet resorption (based on structure observation).

2 W3-79-1 (Ca Ku)
o 1.68+0.02

4) Applications
.1.7140.02

ma 20 pm &
; _—
h 172:0.01
o L Y

mm ®Zm @Xnt OMnz

6/9/19
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, = Distinct composition for monazite included in gamet. Al
record an old age 1.73 to 1.71 Ga = prograde stage.

= Matrix monazite ~1.69 Ga = peak of metamorphism.

» Clearrefrograde event identified in several samples, and
correlated with xenotime growth (garnet resorption).

» “Enigmatic” age from ~1.55 to 1.42 Ga (late overgrowth or
partial resetting?).

w

~ Mnz in matrix

ast
I Core "-rich
Cone Y-poor
1 Rim intermediate
Rim Yerich Rim Y-poor
M T M e TR
R e N R e I

i}] Infroduction

= Monazite (and xenotime) mostly dated in

medium- to high-grade metamorphic or
magmatic samples.

dating
K)] Analyffical settings

» REE-phosphate stable at low T, BUT... (U,Th)-poor.

4) Applications

PT-stability (Spear & Pyle, 2010)
Occurrence of low- L5 TR
grade REE-

phosphate in

claystone, marl,
metacherts and

sandstone:
Burnotte et al., 1989;
Cabella et al., 2001;
Evans et al., 2002;
Storm & Spear, 2002;
Rasmussen & Muhling, 2007;
Rasmussen et al., 2007;
Mahan et al., 2010.

Low grade
REE-phosphate!

6/9/19
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Applicaﬁon 3: Young monazite, low (U,Th) content

Potsdam Formation: quartzite deposited unconformobly around 510 490 Ma on
Grenvillian basement of Adirondack massif
(1.0 to 1.2 Ga). (Fisher 1977; Landing et al., 2009)

i}] Infroduction

otal dating
)] Analyftical settings
¥ "X A4?l‘ " “'.\'-.

4) Applications N

Pofsddm.. =
# Formation=="" "
.. Monazite

Bosns conglornero’re

Metamorphic# ' :
basement: 74

i}] Infroduction

1-Plpiotal dating

K)] Analyftical settings

4) Applications

Th Ma

Detrital
core

Overgrowth rim(s) |
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i}] Infroduction

Similar to zircon, monazite

P U-Th-Pbioiar dating

can be used for provenance
study (e.g., Hietpas et al. 2010)

)] Analyftical settings

Detrital cores

@EC-1a APC-20 @ WNR-
AEC3 #PCE  EHWNR3
BELMw-n

4) Applications

1.2
s @

H Hawkeye granite
¢

A AR
ald ** ]
.

Late granite dykes
.

(1) Shawinigan orogeny
(@) Ottawan orogeny

08

Authigenic rims

22 ¢ EC1a APC2A
€7 AEC3 *PCE
| ® WNR-1
©1M-12  EBWNR3
1.8.1 O WFR-14
o 3
ety
— s A
F14- _ g
. &% —ely : :‘
351.0' ‘. » 04‘”&’ ;m;‘
' At e S
0.6 S T e
; * ©» '
L 3 = A
0.2 : : ; ;
200 300 400 500 600
Age [Ma]

Applica’rion 3: Young monazite, low (U,Th) content

l§] Introduction
P U-Th-Pbioiar dating

)] Analyftical settings

4) Applications

Applica’rion 3: Young monazite, low

(U.,Th) content

Detrital Mnz
Deposition
(diagenesis)
Salinic orogeny?

Neo-Acadian
orogeny?
Alleghenian
orogeny?

2c error

Average chemistry La 0149 | 0192 0168 0217  0.171
of some key Ce 0.386 0.442 0.438 0.440 0.437
elements (a.p.f.u.) Nd 0.185 0.208 0.229 0.197 0.229
sm 0.041 0.048 0.057 0.048 0.057
LREE 79.6 95.9 95.8 9.6 9.8
Component % | HREE+Y 10.0 0.8 1.0 1.0 0.9
Chr+Thr 105 33 3.2 2.4 2.3

More info: Allaz et al. (2013)
American Mineralogist 98
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Applicaﬁon 3: Young monazite, low (U,Th) content

» Fach homogeneous domain =

i}] Infroduction

, - < o
dotne one Gaussian probability curve 29, MONAZITE & ;2;2
» Curves cumulated for each area:
)] Analyttical settings .é‘ — EC§LM (n=16)
® EC+LM = North H
4) Applications » PC+WER = East % ===+ PC+WFR (n=20)
-~
= WNR = South (borehole) :-1%_ === WNR (n=9) 4
/ 2 {
XENOTIME = ;
2% = | /f\
£ E a |
=1 : o Y
§ ;2 0% T 'l' “l ™ T T
Sqo | 100 200 300 400
2 —LM-12 (n=5) Age [Ma]
§ EC-3 (n=3)
D: Deposition fime, diagenesis
g see, PC-2A & T: Taconic orogeny
o PC-6 (n=16) s: Salinic orogeny
0%+ ' s S R v ey Ac: Acadian orogeny
100 200 300 400 500 600 nAc: Neo-Acadian orogeny
Age [Ma) Al: Alleghenian orogeny More info: Allaz et al. (2013)

American Mineralogist 98

Conclusions

= Electron microprobe dating of monazite and xenotime offers...

= High spatial resolution;

Excellent age accuracy and precision (better than 1% for old / actinide-rich samples);

Limitations arise for too-young monazite (<50-200 Ma) and when actinide-content is low;

= Complete composition of the monazite to help with data interpretation;

In situ technique = can relate the growth of a monazite domain to other minerals.
= Need to pay attention to...
= Background correction (multipoint background acquisition);
= Peak interferences;
= Problem of beam damage; (Al+C)-coating is preferred.
= Element maps can be quantified, even without mapping for all major elements.

= Combined EDS-WDS is the future: analyse major elements on EDS and reserve the power
of WDS for the minor/trace elements, or for elements with strong peak overlaps.

During the EMAS week, Moacyr gained ~55 ppq of Pb = Sometimes it's good to age, it makes the analysis easier!

6/9/19

22



ER |IIO)

QMA 2019

MAS Topical Conference
Quantitative Microanalysis

June 24-27,2019

University of Minnesota, MN

\\ https://the-mas.org/events/topical-conferences/qma-2019/

MAXS

Microanalysis Society

Learn from the experts

* User group meetings

* Tutorials on quantitative EPMA
and SEM microanalysis

* WDS & EDS

* Quantitative microanalysis using
combined WDS and EDS

* Quantitative mapping

» Correction algorithms

» FE-EPMA and FE-SEM
microanalysis, low energy X-ray

* Quality control for microanalysis

* Standard reference materials

* Practical microanalysis for novice

* Problem solving &
experts discussion

* Laboratory
demonstrations
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