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INTRODUCTION	

Mészaros	et	al	(2016)	 Lanari	et	al	(2018)	

Why	do	we	need	local	bulk	es.mates?	

Ø  HeterogeneiRes	

What	approaches	have	been	used?	

Manual	vs	Standardized	maps	

Density-corrected	 Uncorrected	
Average	spot		
analyses	à		
no	zoning	



INTRODUCTION	

Heterogenei.es	

Lanari	et	al.	(2018)	

“Metamorphic	rocks	showing	heterogeneiAes	and	complex	textures	are	more	the	rule	than	the	excepAon”	
	

ImplicaRons	for	petrology?	



THERMODYNAMIC	EQUILIBRIUM	

Lanari	&	Engi	(2017)	

Gibbs	free	energy	
minimizaRon	

Pressure	
Temperature	

Bulk	rock	composiRon	
aH2O,	fO2,	etc…	

Stable	mineral	assemblage	
Mineral	modes	
Mineral	composiRons	



THERMODYNAMIC	EQUILIBRIUM	

Ø  Stable	assemblage	at	500°C	and	4	kbar:	

Ø  Stable	assemblage	at	550°C	and	6	kbar:	

Global		
equilibrium		

No	informaRon	about	
the	previous	stage(s)	is	

preserved		

Path		
independent	

(Un)fortunately	in	nature,	metamorphic	
rocks	do	not	always	reach	global	

equilibrium!	

à  Disequilibrium	features	
à  Porphyroblast	growth	

Bulk	rock	effects	

Lanari	&	Engi	(2017)	



LOCAL	EQUILIBRIUM:	WHY	DO	WE	NEED	LOCAL	BULK	ROCK?	

Lanari	&	Engi	(2017)	

How	to	define	an	appropriate	
equilibraRon	volume	to	be	modeled?		

•  Local	 equilibrium	 (or	mosaic	 equilibrium):	
Since	chemical	heterogeneity	in	a	sample	is	
primarily	 evident	 in	 solid	 soluRons,	 local	
equilibria	 address	 only	 those	 situaRons	
where	 the	 minerals	 (or	 individual	 zones	
thereof)	are	chemically	uniform		

	

What	is	the	relevant	bulk	rock	composiRon?	
	
	

•  The	 reac.ve	 bulk	 composi.on	 (effecRve	
bulk	 composiRon)	 is	 the	 composiRon	 of	
the	equilibraRon	volume	at	a	specific	stage	



DOMANIAL	ROCKS	

LANARI	AND	RIEL	(IN	PREP.)	



QUANTITATIVE	MAPPING	OF	THE	LOCAL	BULK	COMPOSITION	AS	A	BASIS	FOR	MODELING	

Ø  Local	bulk	composi.on	from	quan.ta.ve	composi.onal	maps	
	

•  Oxide	weight	percentage	maps	
•  SelecRon	of	a	domain	
•  ExtracRon	of	the	local	bulk	composiRon		
•  We	can	use	this	composiRon	as	input	in	the	forward	

equilibrium	models	and	compare	the	result	with	the	models	

Lanari	&	Engi	(2017)	

Burn	(2016)	

Ø  Sensi.vity	test:	Uncertainty	es.ma.on	
	

•  Monte-Carlo	simulaRon	
•  100	permutaRons		
•  Displacement	of	each		
corner	of	±10	pixels	

Minor	variaRon	in	the	
composiRon	



QUANTITATIVE	MAPPING	OF	THE	LOCAL	BULK	COMPOSITION	AS	A	BASIS	FOR	MODELING	

Poten.al	ar.facts	affec.ng	the	local	bulk	composi.on	es.mates	

Ø  Geometric	effects	
Ø  Chemical	equilibrium	and	the	arbitrary	

choice	of	domains	

Lanari	&	Engi	(2017)	



Lanari	&	Engi	(2017)	

Ø  Geometric	effects	
	

•  SecRoning	a	3D	texture	of	zoned	crystals	à	
surface	fracRons	cannot	be	correlated	with	
their	volume	fracRons		
	 	Equatorial	cut	–	overesRmates	core’s	 		
	contribuRon	
	 	Not	equatorial	–	the	composiRon	will	 		
	not	be	representaRve	

	
How	to	minimize	the	effects?	
•  For	a	map	containing	many	grains,	such	

geometric	effects	are	parRally	compensated	by	
stochasRc	sampling	of	different	secRons	

•  Using	a	single	crystal	that	is	cut	near	the	center	
(diagnosRc	element	such	as	Mn)	and	apply	the	
spherical	correcRon.	

Poten.al	ar.facts	affec.ng	the	local	bulk	composi.on	es.mates	

QUANTITATIVE	MAPPING	OF	THE	LOCAL	BULK	COMPOSITION	AS	A	BASIS	FOR	MODELING	



QUANTITATIVE	MAPPING	OF	THE	LOCAL	BULK	COMPOSITION	AS	A	BASIS	FOR	MODELING	

Effects	of	the	domain	selec.on	on	forward	models	and	P-T	predic.ons	

Lanari	&	Engi	(2017)	

If	a	domain	is	assumed	to	be	in	chemical	equilibrium	
at	given	P–T	condiRons,	any	smaller	

subdomain	should	yield	a	similar	P–T	esRmate.	



QUANTITATIVE	MAPPING	OF	THE	LOCAL	BULK	COMPOSITION	AS	A	BASIS	FOR	MODELING	AND	OTHERS…	

SiO2: 54.28 wt% 
Al2O3: 4.85 wt% 
FeO: 8.40 wt% 
MgO: 11.53 wt% 
CaO:19.21 wt% 
Na2O:1.11wt% 

SiO2: 50.54 wt% 
Al2O3: 1536 wt% 
FeO: 9.45 wt% 
MgO: 8.00 wt% 
CaO:9.91 wt% 
Na2O:3.55 wt% 

Tedeschi	et	al.	(2017)	

Reconstruc.on	of	primary	composi.on	from	pseudomorphic	reac.ons	



QUANTITATIVE	MAPPING	OF	THE	LOCAL	BULK	COMPOSITION	AS	A	BASIS	FOR	MODELING	AND	OTHERS…	

Reconstruc.on	of	primary	composi.on	from	pseudomorphic	reac.ons	

SymplecRte	composiRon:																													apfu	
Si(2)Al(0.21)Mg(0.63)Fe(0.22)Ca(0.76)Na(0.08)	
Omphacite	in	model:	
Si(2)Al(0.20)Mg(0.62)Fe(0.18)Ca(0.80)Na(0.20)	

C
ou

pl
ed

 R
ea

ct
io

n 
Tedeschi	et	al.	(2017)	



QUANTITATIVE	MAPPING	OF	THE	LOCAL	BULK	COMPOSITION	AS	A	BASIS	FOR	MODELING	AND	OTHERS…	

Mass	transfer	evalua.on	and	balance	–	Altera.on	front	

Centrella	et	al.	(2015)	



QUESTIONS	/	DISCUSSION	
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HOW	TO	EXTRACT	LOCAL	BULK	COMPOSITIONS?	

…aPer	standardizing	

Ø  Procedure	to	export	local	bulk	composi.ons:	

1)  Merge	the	mineral	maps,	i.e.	generate	a	merged	map		

2)  Select	the	area	of	interest	and	clear	the	other	pixels	

3)  Generate	a	density	map	

4)  Correct	for	density	effects,	i.e.	generate	a	density-corrected	map	(*DCM)	

5)  Export	the	local	composiRon	



MERGE	FUNCTION	

Chlorite	(SiO2)	Phengite	(SiO2)	

Merged	map	

How	does	it	work?	

+	

•  Maps	should	be	
selected	only	once	

•  Check	the	sum	of	
oxides	!!	



MERGE	FUNCTION	

Grt+Amp+Cpx+Pl+Rt+Qz+Ilm	

•  Maps	should	be	
selected	only	once	

•  Check	the	sum	of	
oxides	!!	

•  Maps	should	be	

selected	only	once	

•  Check	the	sum	of	
oxides	!!	



MERGE	FUNCTION	

•  Maps	should	be	
selected	only	once	

•  Check	the	sum	of	
oxides	!!	

•  Maps	should	be	
selected	only	once	

•  Check	the	sum	of	

oxides	!!	



MERGE	FUNCTION	



MERGE	FUNCTION	

Ø  Effect	of	the	BRC	correc.on	

10	vol%	
40	vol%	
50	vol%	

08	vol%	
37	vol%	
55	vol%	



MERGE	FUNCTION	

Ø  Effect	of	the	BRC	correc.on	



DENSITY	CORRECTION	

Principles	



DENSITY	CORRECTION	

Principles	



SELECTION	AREA	FUNCTION	

Delete	pixels	inside	

Grt+Amp+Cpx+Pl+Rt+Qz+Ilm	 Merged	map	



DENSITY	CORRECTION	

Why	is	density	correc.on	important?	

Ø  Convert	sample	area	in	weight	frac.on	

	The	weight-per-pixel	 of	 FeO	 and	MgO	 in	 pyroxene	 is	 higher	 in	
the	DCM	because	the	density	contribuRon	of	pyroxene	to	the	average	
density	of	the	domain	is	high	(~110	%).	The	weight-per-pixel	of	Al2O3	
in	 plagioclase	 is	 lower	 in	 the	 density	 corrected	 map	 because	
plagioclase	has	a	lower	relaRve	density	(~85	%).	
	

		

Lanari	et	al.	(2018)	modified	from	Mészaros	et	al.	
(2016)	

Lanari	et	al	(2018)	modified	from	Mészaros	et	al	(2016)	



DENSITY	CORRECTION	ON	XMAPTOOLS	

Generate	a	density	map	



DENSITY	CORRECTION	ON	XMAPTOOLS	

1-Duplicate	the	merged	map		

Ø  Density-correc.on	&	local	bulk	
composi.on	

1-Duplicate	the	merged	map		

2-Clear	the	pixels	that	are	in	the	quartz	vein	



DENSITY	CORRECTION	ON	XMAPTOOLS	

Calculate	a	density-corrected	map	

Ø  Density-correc.on	&	local	bulk	composi.on	

DCM	

Chl(1.04);	Ph(1);	Qz(0.93);	Ab(0.91)		
No-DCM	

	Si	map	



EXTRACTING	LOCAL	BULK	COMPOSITION	FUNCTION	
Ø  Density-correc.on	&	local	bulk	composi.on	

Export	the	local	bulk	composiRons	from	the	two	maps	and	compare	the	results	



QUESTIONS	/	DISCUSSION	



LET’S	PRACTICE	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Ø  Open	exis.ng	project:	EXAMPLE-2-AlpsBurn2016	(aaa.mat)	

Ø  Phases?	
Ø  ComposiRonal	variability?	
	Domains	
	Mineral	zoning		



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Ø  Open	exis.ng	project:	EXAMPLE-2-AlpsBurn2016	(aaa.mat)	

XRAY	WORKSPACE	QUANTI	WORKSPACE	

Dwell	Rme:	70	ms	
Size:	1024	×	1024	pixels		
Pixel	size:	10	μm	

One	step	further…	APer	standardizing		



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Merge	Func.on		

Generate	 a	Merged_map	 using	 the	 standardized	maps	 of	 quartz,	 albite,	 phengite,	 epidote,	 K-
feldspar	and	acRnolite	(no	BRC)	

•  Maps	should	be	
selected	only	once	

•  Check	the	sum	of	

oxides	!!	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Duplicate,	Rename	and	delete	func.ons	

Duplicate	the	Merged_Map	(keep	it	as	backup)	

Rename	one	Merged_Map	file	as	Bulk_1	(for	the	upper	domain)	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Density-correc.on	

In	the	file	ClassificaAon.txt,	add	the	density	values	of	each	phases	

•  THERIAK-DOMINO	
•  Webmineral	

AcRnolite	–	2959	
Albite	–	2638	
Epidote	–	3461	
K-feldspar	–	2550	
Phengite	–	2837	
Quartz	–	2698	
		



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Density-correc.on	

Generate	a	density	map	*DCM_Bulk_1		

A	

B	

C	

REMEMBER	SELECTING	THE	
RIGHT	MASK	FILE	ON	XRAY	

WORKSPACE!	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Density-correc.on	

Compute	a	density-corrected	oxide	map	

This	map	should	only	be	used	to	export	
local	bulk	composiRons	because	each	
pixel	is	mulRplied	by	
	
	
The	sum	is	not	anymore	100	wt-%.	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Density-correc.on	

Export	the	local	bulk-rock	*DCM_Bulk_1	

A	 B	

C	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Local	bulk:	2a	–	Export	Local	Composi.on	area	func.on	

Select	CaO	map	and	idenRfy	the	upper	epidote-rich	domain		

Duplicate	the	Merged_map	and	rename	it	as	Upper_domain	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Select	an	area	in	this	domain	with	Select	and	area	&	delete	pixels	outside	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Generate	a	density-corrected	oxide	map	

Compute	a	density-corrected	oxide	map	of	the	upper	domain	(rename	it	as	Upper_domain)	

Compare	 the	 densiRes	 from	 the	
Merged_map	and	 the	Upper_domain	

in	the	Matlab	window	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Select	Export	local	composiAon	area	and	select	a	smaller	area	(do	not	select	the	edges)	

Elem.	 Mean	 Std	
Al2O3	 13.91	 0.02	
CaO	 1.11	 0.01	
FeO	 1.34	 0.00	
K2O	 3.13	 0.01	
MgO	 0.93	 0.00	
MnO	 0.05	 0.00	
Na2O	 3.66	 0.01	
SiO2	 74.02	 0.03	
TiO2	 0.06	 0.00	

SUM	 98.2038	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Compare	bulk	rock	obtained	from	the	Merged_map	and	the	Upper_domain	map		

		 Bulk	 Upper_domain	
Elem.	 		 Mean	 Std	
Al2O3	 13.24	 13.91	 0.02	
CaO	 0.81	 1.11	 0.01	
FeO	 1.23	 1.34	 0.00	
K2O	 3.09	 3.13	 0.01	
MgO	 0.94	 0.93	 0.00	
MnO	 0.05	 0.05	 0.00	
Na2O	 3.36	 3.66	 0.01	
SiO2	 75.42	 74.02	 0.03	
TiO2	 0.06	 0.06	 0.00	
		 		

SUM	 98.20	 98.20	 		

In	this	case	domain	selecRon	do	not	interfere	significantly	in	the	bulk	determinaRon!!		
		



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

A	 B	

C	

Save	as	lower_domainA	

Elem.	 Mean	 Std	
Al2O3	 12.17	 0.05	
CaO	 0.26	 0.01	
FeO	 1.02	 0.01	
K2O	 3.25	 0.03	
MgO	 0.94	 0.01	
MnO	 0.044	 0.00	
Na2O	 2.66	 0.03	
SiO2	 77.89	 0.07	
TiO2	 0.067	 0.00	

SUM	 98.1613	

Duplicate	 the	 Merged_map,	 generate	 a	 density-corrected	 *DCM-

Bulk_1	map	and	Export	local	composiAon	area	of	the	lower	domain	

Remember:	The	use	of	the	general	*DCM-Bulk_1	map	is	only	possible	because	the	
density	of	the	rock	did	not	change	considerably	when	calculaRng	separate	domains!		



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Lower	domain	B	–	Select	an	area	and	delete	pixels	outside	func.on	

Select	Select	an	area	and	delete	pixels	outside	funcRon			

Now,	let’s	try	with	a	appropriate	approach:	

Duplicate	the	Merged_map	and	rename	it	as	Lower_domain_B	

Generate	and	Compute	a	density-corrected	oxide	map	of	the	upper	domain	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

A	 B	

Save	as	Lower_domainB	Select	Export	local	composiAon	map	

Al2O3	 12.14	
CaO	 0.26	
FeO	 1.03	
K2O	 3.26	
MgO	 0.95	
MnO	 0.04	
Na2O	 2.65	
SiO2	 77.86	
TiO2	 0.07	

SUM	 98.25	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Ø  Effect	of	the	domain	selec.on	

		 Bulk	 Upper_domain	 Lower_domainA	 Lower_domainB	

Elem.	 		 Mean	 Std	 Mean	 Std	 		

Al2O3	 13.24	 13.91	 0.02	 12.17	 0.05	 12.14	

CaO	 0.81	 1.11	 0.01	 0.26	 0.01	 0.26	

FeO	 1.23	 1.34	 0.00	 1.02	 0.01	 1.03	

K2O	 3.09	 3.13	 0.01	 3.25	 0.03	 3.26	

MgO	 0.94	 0.93	 0.00	 0.94	 0.01	 0.95	

MnO	 0.05	 0.05	 0.00	 0.044	 0	 0.04	

Na2O	 3.36	 3.66	 0.01	 2.66	 0.03	 2.65	

SiO2	 75.42	 74.02	 0.03	 77.89	 0.07	 77.86	

TiO2	 0.06	 0.06	 0.00	 0.067	 0	 0.07	

		 		 		 		     		

SUM	 98.20	 98.20	 		 98.1613	   98.25	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Export	Local	Composi.on	variable	size	rectangle	

Select	Export	local	composiAon	variable	size	rectangle		



EXERCISE	3	-	GLACIER	RAFRAY	(ALPS)	

Select	a	point	by	
the	end	of	the	
epidote-poor	

domain	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Export	Local	Composi.on	variable	size	rectangle	

This function does not save any file with 
the composition of the successive 

domains	



SAMPLING	FUNCTIONS	

a)  Line	 -	 diagram	 pixel	 posiRon	 against	 chemical	
composiRon	

b)  Area	 -	 average	 composiRon	 of	 the	 pixels	
contained	in	a	region	

c)  Integrated	 lines	 -	 composiRon	 variaRons	
integrated	perpendicular	to	a	reference	transect.	
Plots	the	average	values	of	the	transects	parallel	
to	the	reference	transect	defining	a	rectangle	

d)  	Scanning	window	-	composiRon	variaRons	using	
a	moving	average	window	

•  Can	be	used	in	all	the	workspace	on	the	
displayed	map	

Determines	chemical	composiRon	in	terms	
of	counts	per	pixel	in	the	Xray	workspace	
and	chemical	composiRon	in	oxide	(wt%)	
in	the	Quan.	workspace	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Sampling	func.on	

Select	Epidote	and	FeO	maps	

Select	Line	mode	

Select	 an	 area	 of	 interest	
and	 draw	 a	 line	 to	 see	 the	
variability	of	composiRon	of	
epidote.	Save	 the	 results	 in	
a n 	 e x t e r n a l 	 fi l e	
(epidote12.txt)	…	/Maskfiles	

…	/Exported-Sampling	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Sampling	func.on	-	Line	 epidote12	

Epidote12_
single	grain	

To	be	conRnued	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	
Sampling	func.on	-	Area	

Select	Albite	and	Na2O	maps	

Ref	 Value	 StdDev	 N	 StdErr	
1	 10.9427	 1.17	 273	 0.0708	

Select	a	domain	within	an	albite	crystal	

A	 B	

D	

C	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	
Sampling	func.on	–	Integrated	lines	

Select	the	*DCM-Bulk_1	and	Al2O3	maps	
A	

Select	a	transect	and	its	extent	(3	points)	

B	

C	

D	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	
Sampling	func.on	–	Integrated	lines	

Average	Al2O3		
bulk	rock		

Epidote	à	outlier	



QUESTIONS	/	DISCUSSION	





SAMPLING	FUNCTIONS	

Ø  Line:	

Select	an	area	of	interest	and	draw	a	line	to	see	the	variability	of	composiRon	of	
chlorite.	Save	the	results	in	an	external	file	(AB.txt)	

…	/Maskfiles	
…	/Exported-Sampling	

Mg	(counts)	
in	chlorite	

0 20 40 60 80 100 120 140
1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

How	to	improve	the	
characterizaRon	of	this	
transect?	



SAMPLING	FUNCTION	

Ø  Integrated	lines		

Select	 the	 same	 transect	 and	 proceed	 to	 a	 new	 sampling	 using	 the	 funcRon	
integrated	lines.	Use	the	display	mode	[1]	Mean	+	All	and			
The	sampling	mode	integrated	line	is	efficient	to	highlight	gradients	of	
composiRon	(mulR-phases	system,	if	we	use	density-corrected	maps)	



SAMPLING	FUNCTIONS	

Press	sampling:	area	mode	and	select	an	area	in	quartz	(map:	Si)		

Ø  Area	



SAMPLING	FUNCTIONS	

The	 sampling	 modes	 line	 and	 area	 can	
be	 used	 to	 quanRfy	 the	 analyRcal	 error	
on	different	elements	

Ø  Area	



SAMPLING	FUNCTIONS	

Ø  Scanning	window		 Select	 a	 transect	 and	 proceed	 to	 a	 new	 sampling	 using	 the	 funcRon	
sliding	window.	Use	the	display	mode	[1]	Mean	+	All	and			



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

Local	bulk:	3	–	Export	Local	Composi.on	area	func.on	

Select	CaO	map	again		

Select	Export	local	composiAon	area		

Back	to	the	first	approach:	Export	local	composiRon	area	funcRon!!!	



EXERCISE	2	-	GLACIER	RAFRAY	(ALPS)	

A	
B	

C	
6	–	Save	as	Bulk_3	

Elem.	 Mean	 Std	
Al2O3	 13.8839	 0.014988	
CaO	 1.0622	 0.006082	
FeO	 1.3326	 0.004516	
K2O	 3.1247	 0.010576	
MgO	 0.93796	 0.002627	
MnO	 0.052195	 0.000134	
Na2O	 3.6489	 0.011151	
SiO2	 74.1231	 0.028845	
TiO2	 0.062918	 0.000195	

SUM	 98.2284	


