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Presenta+on	Outline	
• What	is	“Reac+ve	Transport	Modeling”?	
• Can	we	trust	these	models?		

• Model	verifica+on	through	an	interna1onal	
benchmarking	exercise	-	code	intercomparison	

• Case	studies	-	Applica+ons	of	RTM	in	tailings:	
•  Long-term	evolu1on	of	ARD	release	from	mine	tailings	
•  Effect	of	reac1vity	and	permeability	distribu1on	on	ARD	
release	from	tailings		

•  Carbon	sequestra1on	in	ultra-mafic	mine	waste		
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What	is	Reac+ve	Transport	Modeling?	
Book	(in	press):		

Advances	in	Mine	Waste	
Characterisa+on,	Engineering	
and	Management:	A	
sustainable	approach	towards	
mine	closure	and	rehabilita+on	
Editors:	Anita	Parbhakar-Fox,	MaMhew	
Lindsay	and	Michael	Moncur	
•  Will	include	a	Chapter	on	

RTM	and	applica+on	in	
mining	

	



What	is	Reac+ve	Transport	Modeling	
good	for?	
• Helps	to	build	conceptual	models	and	evaluate	
conceptual	models	in	a	quan+ta+ve	fashion	

•  Explore	“what-if”	scenarios	
• Bracket	expected	behavior	
• Allows	for	comparison	of	different	environmental	
management	op+ons		

• Data	interpreta+on	tool	
•  In	order	to	develop	predic1ve	capabili1es:	Model	needs	
to	be	calibrated	and	constrained	by	lab/field	data.	Can	
be	TRICKY!	



Available	Reac+ve	Transport	Models	

• PHREEQC	in	RT	mode	
• Geochemist’s	Workbench	
• But	also	many	others:	

•  MIN3P	
•  HYTEC	
•  TOUGH-React	
•  CrunchFlow	
•  Flotran	
•  HP1	

Important	Capability		
for	Simula+on	of		
ARD	genera+on:	
	
Flow	and	transport	in	
the	unsatured	zone		



Can	we	trust	these	models?		
•  Trust	comes	from	verifica1on	and	valida1on	
• Model	verifica+on	

•  Check	that	the	governing	equa1ons	are	solved	correctly	
•  Completed	using	interna1onal	benchmarking	exercise	
through	code	intercomparison	

• Model	valida+on	
•  Comparison	between	field/observa1onal	data	and	
model	output	(match	with	real	data)	

•  Beware	of	non-uniqueness!	



Models	compared	in	study:		
CrunchFlow,	Flotran,	HP1,	
MIN3P	





Case	Study	1:		
Nickel	Rim,	Sudbury	

Photo:	Canadian	Mining	Journal	



	Acid	Mine	Drainage	
Genera+on				.and	A\enua+on	
•  Field	site:	Nickel	Rim	Mine	Tailings,	Sudbury,	
Ontario	

• Controlling	Processes:	
•  O2	ingress	by	gaseous	diffusion	
•  Sulfide	mineral	oxida+on	in	unsaturated	zone	
•  pH-buffering	due	to	the	dissolu1on	of	carbonate	and	
aluminosilicate	minerals	

•  Secondary	mineral	precipita+on	and	re-dissolu+on	



Nickel	Rim	-	Fe	and	SO4	
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Nickel	Rim	
	
Par+al	gas	
pressures:	
O2	and	CO2	
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Nickel	Rim	-	Cu	and	Ni	

Ni - field

Cu - simulated
Cu - field
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Poten+al	for	Long	Term	AMD-
Genera+on	
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	Lessons	learned	–	Case	Study	1	
• RT	models	are	well	capable	of	“history	matching”	
data,	issue	of	non-uniqueness	remains	

• Concentra+on	breakthough	below	the	water	table	
illustrates	very	clearly	that	unsaturated	por+on	of	
the	tailings	are	nearly	“burnt	out”.	A	statement	
that	could	be	made	with	confidence.	

• Remedial	measures	to	limit	O2	ingress	would	have	
been	ineffec+ve.	“The	train	has	lec	the	sta+on.”	

	



Case	Study	2:	Fault	
Lake	Tailings,	

Falconbridge,	ON		
	
	

	

Approximate Location of 
Former Kettle Lake 

Fault Lake 
Tailings Area 

•  5.7	M	tonnes	
tailings	deposited	
1964-1978	

•  Up	to	50	wt	%	
sulfide	minerals	

•  Determine	poten1al	
long-term	impacts	
to	groundwater	and	
downstream	
receptors	

Romano	et	al,	ICARD	(2006)	



2D	Simula1on	Domain	
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•  High	S	tailings	over	low	S	tailings	
•  Thick	unsaturated	zone	
•  Tailings:	

•  Mostly	above	water	table,	but	not	all	
•  Higher	carbonate	content	than	aquifer	
•  Lower	hydraulic	conduc1vity	than	aquifer	

Romano	et	al,	ICARD	(2006)	



Steady	State	Flow	Field		
Short	Sec1on	
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Romano	et	al,	ICARD	(2006)	



Mineral	Volume	Frac1ons		
Short	Sec1on	
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Short Section - No Cover - T = 1000 years
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Aqueous	Concentra1ons		
Key	Components	–	Short	Sec1on		

Downgradient 
 Kettle Lakes 
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Lessons	learned	–	Case	Study	2	
•  Simula1on	results	suggest	forma1on	of	tailings	
plume	characterized	by	sub-neutral	pH,	elevated	Fe,	
SO4		

•  An	example	for	predic1ve	modeling	
•  There	are	uncertain1es	regarding	non-uniqueness,	long	
term	evolu1on,	use	in	a	suppor1ve	fashion	

•  Some	not	so	obvious	results,	which	provide	
addi1onal	informa1on,	food	for	thought:	

•  ARD	is	preferen1ally	generated	in	periphery	of	
impoundment,	where	tailings	are	thin	

•  Hydraulic	exclusion	of	pH-buffer	capacity	in	saturated	
por1on	of	tailings	

• An	excellent	example	of	interac1ons	between	flow,	
transport	and	geochemical	reac1ons		



Case	Study	3:	CO2	Sequestra+on	
in	Ultramafic	Mine	Tailings	



Conceptual	model	

Stolberg,	D.	J..	Rehabilita1on	Studies	on	Tailings	
Storage	Facili1es	in	an	Arid	Hypersaline	Region.	
Division	of	Civil	Engineering,	School	of	Engineering,	
The	University	of	Queensland,	Brisbane,	Australia,	
2005	.	

Bea	et	al.,	2012	



Modeling	
results	of	
mineralogical	
evolu1on	
• Model	capable	of	
capturing	
mineralogical	
evolu1on,	BUT:	

• Results	suggest	that	
gas	diffusion	alone	is	
insufficient	in	
supplying	CO2	

Bea	et	al.,	2012	



Modeling	results	of	cumula1ve	
CO2	trapping	in	Mt.	Keith	tailings	

Bea	et	al.,	2012	

• CO2	trapped	over	20	year	1me	period:	
•  Dg	=	1.65	x	10-5	m2	s-1:	17	kg	m−2	
•  Dg	=	6.0	x	10-5	m2	s-1:	31	kg	m−2	(more	in-line	with	observa1ons)	



Lessons	Leaned	–	Case	Study	3	
•  Although	the	model	is	already	complex,	the	simula1ons	
suggest	that	addi1onal	processes	that	were	not	
considered	in	the	simula1ons	may	lead	to	enhanced	
ingress	of	CO2.	

•  These	processes	may	include:		
•  temperature	dependence	of	diffusion	coefficients	
•  gas	advec1on	due	to	barometric	pressure	fluctua1ons	
•  advec1ve	CO2	displacement	in	the	gas	phase	due	to	
displacement	by	ingressing	precipita1on	water	

•  wind	effects	
•  Some1mes	we	learn	most,	if	the	model	does	not	fit	the	
data	



Now	what?	
• Reac1ve	transport	models	for	simula1ng	processes	
in	mine	tailings	are	available	

•  These	models	have	been	verified	
• We	could	use	them	to	support	inves1ga1ons	of	
ARD	genera1on,	aMenua1on	within	mine	tailings	
and	aquifers	

• We	could	also	use	them	to	simulate	neutral	
drainage,	CO2	sequestra1on,	CO2	release,	etc	…		
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Nickel	Rim	-	pH,	Ca	and	Mg	
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Solid	Phase	Cu,	Ni	and	S	 Data	from	Johnson	et	al.,	2000	
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