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What	were	they	thinking	about?

The	context:	the	evolution	 of	techniques
• Instrumental	 Neutron	Activation	Analysis	(Schilling	and	Winchester,	1966)
• Electron	probe	(Castaing,	1958;	Bence	and	Albee,	1968)
• Thermal	 ionization	mass	spectrometers	 (Papanastassiou and	Wasserburg 1969)

The	interior	of	the	Earth
• The	different	 types	of	basalts	and	how	they	relate	 to	each	other
• The	nature	of	the	mantle	and	its	heterogeneity
• Mid-ocean	 ridges	and	back-arcs
• Subduction	zones

Crustal	 growth
• The	nature	of	the	Moho
• Continent	assembly



1966:	First	reliable	trace	element	analyses	(Neutron	Activation)



1968:	The	coming	of	age	of	in	situ	analysis

R.	Castaing



1969:	The	first	high-precision	mass	spectrometer
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Ocean	island	arc	basalts:	a	differentiation	product	of	mid-ocean	ridge	basalts	?

‘This	 seeming	 dependence	 of	composition	 upon	 elevation	
appears	 to	argue	eloquently	 for	the	derivation	of	the	
elevated	alkali	 basalt	cones	from	a	parent	tholeiitic	
magma by	gravity	differentiation. ’

Engel	and	 Engel	(1964)
who	discovered	 the	mid-ocean	 ridge	basalts

During	much	of	the	60s,	a	deep-running	vision	of	the	mantle	as	a	chemically	
homogeneous	entity	was	shared	by	petrologists	and	geochemists

The	inter-relationships	 of	the	three	major	
magma	types,	 quartz	tholeiite,	 high-alumina	
basalt	 and	alkali	basalt	 […]	are	explained	 by	
magma	segregation	or	fractional	 crystallization	
over	specific	 depth	 ranges.



The	advent	of	mantle	heterogeneities
Frey	and	Haskin	 (1964)	 discovered	 the	
dichotomy	of	rare-earth	element	distributions	
between	mid-ocean	 ridge	and	ocean	 island	
basalts	 but	still	 thought	 that	the	MORB	source	
was	primordial.

Gast	(1968)	 demonstrated	 that	ocean	island	basalts	cannot	be	
derived	from	mid-ocean	ridge	basalts.	In	addition,	 MORBs	are	
derived	 from	a	mantle	 that	has	a	long	history	of	magma	
extraction.	He	founded	 the	modern	 vision	 of	 the	mantle.



Mantle	heterogeneities	were	isolated	for	billions	of	years

Tatsumoto (1966)

Tatz’ visionary assessment: ‘the isotopic composition of lead in 
oceanic tholeiite suggests that the upper mantle source region 
of the tholeiite was differentiated from an original mantle 
material more than 1 billion years ago and that the upper 
mantle is not homogeneous at the present time,’

Hart	(1970)



Mantle	heterogeneities:	localized	plumes	vs	overall	convection

Hart,	Powell,	 and	 Schilling	 (1973)

Conclusion:	 When	 the	Wilson-Morgan	 concept	of	deep	mantle	 plumes	
was	 combined	with	isotopic	 evidence	of	long-lived	 mantle	
heterogeneity,	 it	became	clear	that	Plate	Tectonics	manifests	 that	the	
oceanic	 lithosphere	 is	the	thermo-mechanical	 boundary	 layer	of	the	
upper	mantle.	Plumes	 are	short-lived	 features	from	 the	lower	mantle	
burning	 through	 the	upper	mantle.
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Magmatic	activity	at	mid-ocean	ridges	and	the	canonical	ophiolite	model

Pillow-lavas

The	sheeted-dyke
complex

Accumulative	 gabbros



Evidence	for	a	magma	chamber	at	ridge	crests

Accumulation	 of	plagioclase	 in	magma	
chambers	 under	mid-ocean	 ridges is	attested	
to	by	 positive	 Eu	anomalies	 in	mid-ocean	
ridge	gabbros.	 Plagioclase	 precipitation	 is	a	
relatively	 shallow-pressure	 feature	(<15	km).

Large	europium	 anomalies	 in	Apollo	11	basalts	
provided	 evidence	 of	massive	 accumulation	 of	
plagioclase	 within	 the	Moon	 (Gast	and	Hubbard,	
1970).	 This	 observation	 was	the	basis	 for	the	
interpretation	 of	lunar	 highlands	 and	 the	concept	
of	the	lunar	magma	ocean.

Inspired	 by	the	first	results	 of	
the	Apollo	 missions	 ..	



Mid-ocean	ridges	are	underlain	by	magma	chambers

The	Vourinos ophiolite	
(Montigny et	al.,	1973)

The	Troodos	ophiolite	
(Kay	and	Sénéchal,	1976)

The	complementary	nature	of	negative (basalts)	and	positive
(gabbros)	Eu	anomalies	reveals	the	magmatic	differentiation	of	the	

ophiolitic	equivalent	of	mid-ocean	ridges



The	first	steps	toward	the	‘subduction	factory’

Kuno (1966) Dickinson	 and	Atkinson	 (1967)

SiO2 decreases

Depth	above	the	subduction	zone	(km)

Tatsumoto (1967):	 ‘the	[Pb]	 isotopic	 variation	 in	basalts	
across	 the	Japanese	 island	 arc	result(s)	 from	different	
proportions	 of	the	plate	material	 and	the	upper	mantle	
of	continental	 side	 in	the	partial	melt.’

Armstrong	and		Copper	(1971): ‘oceanic	sediments	are	
dragged	into	the	mantle,	mixed	 to	some	degree	with	
mantle	material,	and	partially	melted	 to	form	 calc-
alkaline	magmas’.
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A	bold	and	visionary	approach	to	global	geochemistry

The	Earth	at	steady-state:	
Subduction	of	the	altered	oceanic	crust	(including		sediments)	and	
orogenic	volcanism	balance	magma	extraction	at	mid-ocean	ridges
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The	nature	of	continents:	Is	the	Moho	a	gabbro-eclogite phase	boundary?



The	growth	and	assembly	of	continental	crust

Putting	Bullard’s	fit	to	good	use:
Hurley	and	Rand		(1969)

Hurley	(1962)



The	rate	of	crustal	growth

20	years	later:	Reymer and	Schubert	 (1984)

Hurley	 (1965)



The	stubbornly	episodic	nature	of	crustal	growth:	the	‘magic’	tectonic	ages

Gastil (1960)

Condie and	Aster	(2010)

Selective	 preservation	 is	
clearly	 not	an	issue.	 The	
overall	 continuous	
character	of	Plate	
Tectonics	 is	 therefore	
not	consistent	 with	
episodicity of	 crustal	
growth:	deep	mantle	
plumes	are	the	
continent	makers.



After	dust	settled

v Geochemistry	 is	process-oriented	 (ridges,	the	basalt	 dichotomy).

v Radiogenic	 isotopes	 add	the	dimension	 of	time.	Geochemistry	 can	look	
back!

v Radiogenic	 tracers	(Sr,	Nd,	Hf,	Pb)	are	most	powerful	at	the	billion	 year	
time-scale,	 whereas	the	mean	age	of	the	ocean	 is	65	million	 years.

v Geochemistry	 helped	 resolve	some	 conundrums	created	by	Petrology	and	
Seismology:	 the	Moho	is	more	than	a	phase	change,	and	so	is	the	660	km	
transition	 zone.	The	continental	 crust,	the	upper	mantle,	and	the	 lower	
mantle	are	geochemically	 distinct	 geodynamic	entities	 and	have	remained	
so	for	most	of	the	Earth’s	history.

v Geochemistry	 is	plumes’	best	friend.



And	yet,	most	geochemists	had	their	head	in	the	stars!

July	20,	1969:	Apollo	11



And	many	men	wound	in	and	out,	
And	dodged,	and	turned,	and	bent	about,	
And	uttered	words	of	righteous	wrath,	
Because	 ‘twas	such	a	crooked	path;	
But	still	they	followed—do	not	laugh—
The	first	migrations	of	that	calf,	
And	through	this	winding	wood-way	stalked	
Because	 he	wobbled	when	he	walked.

Sam	Foss:	the	Calf-Path


