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 Ocean island lavas provide a “window” to the 
mantle, an otherwise virtually inaccessible reservoir 

 

Fundamental objective:  Use composition of lavas erupted at surface 
to say something about composition of (deep) mantle. 
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LLSVP’s 

Make-up of LLSVP’s, 2 primary hypotheses: 
-LLSVP’s host primitive mantle material. 
-LLSVP’s are host to slab “graveyard”. 





• Primordial He and Ne in the LLSVP’s? 
• Can we link He and Ne to the deepest mantle?  
• If so, how old are the LLSVP’s?  



Primordial helium in Earth’s mantle? 
•Helium in the Earth’s mantle:   
     -Two isotopes:  3He (lower abundance) and 4He (greater abundance) 
     -U and Th decay to Pb via alpha decay (4He nuclei production) 
     -Little 3He produced in the earth (mostly primordial) 
     -Therefore, 3He/4He in the earth decreases with time. 
     -Absolute 3He/4He ratios in the solar system are small (10-3 to 10-8),    
 so we normalize to 3He/4He ratio in atmosphere (Ra, 1.38x10-6). 

 
•The sun (solar wind) and the atmosphere of Jupiter have high 3He/4He.  
High 3He/4He is thought to be primordial. 

http://images.google.com/imgres?imgurl=http://www.lpi.usra.edu/education/timeline/gallery/images/01.jpg&imgrefurl=http://www.lpi.usra.edu/education/timeline/gallery/slide_1.html&h=512&w=640&sz=42&hl=en&start=1&tbnid=hEQIue8XP6VfTM:&tbnh=110&tbnw=137&prev=/images?q=solar+nebula&svnum=10&hl=en&sa=N�


Eutectic between  
Ca-Pv and Mg-Pv? 

Ca-perovskite is the primary carrier of geochemically important 
trace elements in the deep mantle and has key “fingerprints”. 

? 



Melt equilibrated with Ca-perovskite could have positive  
Ti, Nb (and Ta) anomalies 
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TITAN by partitioning between 
lower mantle phases? 

LLSVP? 
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High 
3He/4He 
lava 
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--  129I  129Xe (half life = 16 Ma). 
--  129I is effectively extinct after 5 of 6 half-lives (~100 Ma).  
--  129Xe/130Xe variability in the mantle made early (>4.45 Ga)!  
--  If LLSVP’s have high 3He/4He, they are OLD 

LLSVP’s…..How old? 



Slab Graveyard? 

Tackley (2011) 

Evidence from hotspot lavas that plumes 
sample materials that were once at the 

Earth’s surface? 



Clues from “Brimstone” 
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Δ33S Mass Independent Fractionation (MIF) 
 

The origin of these anomalous Δ33S values is attributed to atmospheric photochemistry 
involving sulfur dioxide in a primitive atmosphere with reduced oxygen and ozone and 
increased ultraviolet transparency (Farquhar et al., 2000) 



Deep Sulfur Cycle:  Sulfur from the Archean 



δ34S 

Δ
33

S 

Diamond 
Inclusions 

--Positive Δ33S in 
diamond sulfides 
also associated with 
Archean continental 
crust sediments.  
 
--Farquhar (2002) 
hypothesized the 
subducted Archean 
oceanic crust would 
host negative Δ33S. 
 
--The community has 
long thought that 
HIMU lavas sample 
subducted oceanic 
crust….. 
  



The Cook 
Islands 

Total expedition 
This study 

Jungle Geology 

Mangaia is the oldest 
ocean island in the 
Pacific (~20 Ma) 
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Olivine-hosted sulfides in 
Mangaia lavas 



SIMS Cameca 1280 ion 
microprobe 

• Multiple faraday collection:  32S-, 33S-, 34S- 

Nordsim laboratory  
Swedish Museum of Natural History 

Stockholm, Sweden 



New Sulfur data! 
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Mangaia sulfides are “HIMU” 
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Mangaia lavas host sulfur once at the 
surface >2.45 Ga 
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Farquhar et al. (2002) 
• Transfer of the negative 33S signature from the oceanic 

sulfate reservoir, through sulfate reduction during basalt 
alteration and subsequent subduction of the altered 
basalt, may provide a mechanism, however, that 
satisfies mass balance constraints.   

   …..the recognition of potential deep-mantle 
lithospheric graveyards leads to the possibility that 
these regions contain the missing 33S-depleted 
component.   

    The presence of 33S-enriched mantle domains with 
sedimentary affinities and 33S-depleted mantle domains 
with oceanic affinities remains to be tested. 
 



Summary 
• Trace element partitioning 

between Ca-Pv and melt can 
generate key geochemical 
“fingerprints” (e.g., TITAN).  
These fingerprints can be used 
to link high 3He/4He hotspot 
lava compositions to basal 
magma ocean/LLSVP. 
 

• Sulfur isotopes indicate that 
Archaean atmospheric sulfur 
was subducted and is  
returned to the surface in 
hotspot lavas.  A “convenient” 
location for long-term storage 
may be the LLSVP’s? 
 



 



 



 



 



30-year anniversary of the 
Recycling hypothesis:  
Crustal materials injected into 
the mantle at subduction 
zones, and this material is 
returned to the surface in 
upwelling mantle plumes. 

 
 
 
 
 
 
 
 
 

Part 1: How did the mantle become heterogeneous? 



Wilson, 
1989 

Rivers contribute > 85% of 
ocean floor sediment 

Workman et al., (G-cubed, 2004 

Hofmann, Nature,1997 

1. Oceanic plates  (crust and sediment) enter the mantle at 
subduction zones. 

2. They are returned to the surface in mantle upwellings 
(plumes?) 

3.  Crust and sediment are melted beneath hotspots. 

Recycling hypothesis  



Sediment (continental) and oceanic 
crust subduction over time 

• Oceanic crust:  ~20 km3 subducted annually.   
 --In 3 Ga of subduction, that’s 60 billion km3, or 

~5% of mantle’s mass! 
• Sediment (mostly continental): 0.5 - 0.7 km3 

of sediment subducted annually. 
 --In 3 Ga, that’s a lot of sediment!   1/3 size of 

modern continents:  Africa + S. America. 
 
 
 

What is the fate of this crust/sediment?  
Where is it now?  Do we ever see it again? 



Samoa historically an example of a hotspot that 
samples a recycled sediment component, but…. 

Chondrite 

Upper 
Continental 
Crust 

MORB = mid-ocean ridge basalts 

OIB = ocean island (hotspot) basalt 



Ofu 

100 km 

From Workman et al., (2004) 

Submarine 
Savai’i lavas 

Study Site:   
Savai’i Island (Independent Samoa) 



“High tech” dredging 
in the 21st century 

http://earthref.org/galleries/2005/ALIA/day19/image_P4220005.html�
http://earthref.org/galleries/2005/ALIA/day11/image_DSCN0369.html�
http://earthref.org/galleries/2005/ALIA/day10/image_P4130012.html�
http://earthref.org/galleries/2005/ALIA/day13/image_IMG_2507.html�


87Sr/86Sr and 143Nd/144Nd data: 
Consistent with upper continental crust! 

Jackson et al., Nature, 2007 

Jackson et al. (2007) 

Upper 
Continental 
Crust 



N
b 

Ti 

Increasing compatibility 

Continental crust has unique  
trace element “fingerprints” 

Pb 

Ta 
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But what about the other components? 

• HIMU:  Recycled oceanic crust?  Requires a lot of “fiddling” 
with the crust in the subduction zone.  Niu & O’Hara (2003) 
suggest “metasomatism”. 

• EM1:  A real “dog’s breakfast” of proposed origins:  Pelagic 
sediment, lower continental crust, sub-continental lithosphere, 
“metasomatism”, etc., etc.   
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The mantle 
“zoo”:  Origin 

of the species? 



Part 3:  Zoned plumes 

Marble Cake à la Starbucks 



Ocean island petrology/geochemistry:  
Probes of the Earth’s deep interior 

The observation that the mantle is heterogeneous leads to some of 
the most important questions in the study of the deep Earth: 
 
 
 
Part 1:  Where are the geochemical  
mantle reservoirs located in the mantle (LLSVP)?  
 
 
 
 
 
 
Part 2:  How old are geochemical 
mantle reservoirs? 
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Distribution of mantle heterogeneities 
inferred from ocean islands 

DUPAL  
anomaly 

Hart, Nature, 1984 

DUPAL vs. seismic  
low velocity anomaly 

Castillo, Nature, 1988 

--The DUPAL anomaly is a globe encircling feature of isotopic enrichment in 
southern hemisphere OIBs.  Largest isotopic feature in the Earth’s mantle. 
--Key observation:  surface geochemistry associated with seismic low 
velocity anomalies (LLSVP’s) at depth.  

Low 87Sr/86Sr 

Low 87Sr/86Sr 

High 87Sr/86Sr 
High 87Sr/86Sr 

LOW seismic V 

LOW seismic V 

DUPAL = Dupré+Allègre                 LLSVP = Large Low Shear-wave Velocity Province 



How to generate hemispheric heterogeneity 
in the first place? 

  Focused subduction around  
        the perimeter of a supercontinent? 

 
-C. Allègre 
Phil. Trans. R. Soc. Lond. A                              
vol. 360, 2002   

 

“Indeed, what can be proved in the Earth 
Sciences?” 



The zoned Hawaiian plume:  
The Loa & Kea volcanic trends 

 

• Two volcanic trends the separate geographically 
and geochemically. 

• The southern (Loa) trend more enriched than the 
northern (Kea) trend.  Why?! 

Weis et al. (Nature 
Geoscience 2011) 

Abouchami et al. (Nature, 2005) 



Weis et al. (2011) model:   Hawaiian plume conduit 
preserves geometry of lower mantle geochemistry  

 

Weis et al. (Nature Geoscience, 2011) 

DUPAL- 
LLSVP 



Loa-Kea trends not unique:   
Evidence from Marquesas and Samoa 

Huang, Hall, Jackson (Nature Geoscience, 2011) 



Loa 

Kea 

Vai 

Malu 

The southern volcanic trend is more enriched at  
Hawaii (“Loa”), Samoa (“Malu”), and Marquesas (“Motu”) 

 



Dynamic models:  Geochemical structure of 
deep mantle preserved in plume conduits  

Prediction:  A plume south of the low velocity zone will be enriched on the 
north side.  Indeed, we have discovered such a plume…. 

DUPAL 

DUPAL 

DUPAL 
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Tank experiments: Geochemical structure of 
deep mantle preserved in plume conduits    

No shear Moderate shear High shear 

Kerr and Mériaux 
(G-cubed, 2004) 



Test the hypothesis:  A plume south of the 
DUPAL-LLSVP will have north-side enrichment 

Societies hotspot:   
The southernmost 
plume with Loa-Kea 
type volcanism 



If Societies south of DUPAL-LLSVP, then 
north side of plume should be enriched 

LLSVP-
DUPAL 
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Societies vs. Marquesas:   
Mantle “mirror images” 

SAW642AN model 
of Panning and 
Romanowicz (2006) 
at 2800 km 
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Societies:  North side enrichment! 
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Depleted 

Enriched 



Nazca Plate:  Galapagos vs. Easter 

 

Harpp et al, in review at Geology 



 

Harpp et al, in review at Geology 



A Dynamic Earth 



87Sr/86Sr solid mantle 87Sr/86Sr melt  =       (Peridotite)       (Basalt) 

Lavas as probes of the mantle’s composition:  
 
 

Radiogenic isotopes (e.g., 87Sr/86Sr, 143Nd/144Nd, 206Pb/204Pb) 
and some trace element ratios are not changed between 

solid and melt. 
 



Lavas erupted at hotspots are isotopically heterogeneous.   
Therefore:  The solid mantle sources of these lavas are heterogeneous. 

Hofmann, Nature, 1997 

Hotspot lavas reveal a 
heterogeneous mantle 

Depleted 

Enriched 

Hofmann (Nature,1997) 



 
Oct 2, 2012 



 



• It’s hard to constrain the compositional variability of the 
inside Earth’s interior.   

• Why?  Because it’s hard to dig deep holes…we’ve 
barely “scratched” the surface! 

• The Soviet “Kola” drill hole (1970-1992), 12.3 km deep. 

A virtually inaccessible interior 



Δ33S 
• Cs+ primary beam using critical focusing, 10kV acceleration potential with 2~2.5  nA 

intensity, Field aperture is at 3000 micron, with auto centering on, contrast aperture is at 
400 micron, entrance slit = 85 micron, exit slit = 250 micron, 5 micron raster, MRP = 4850. 
Counts are collected in 16 cycles with 4s counting for each cycle. Counts are corrected for 
background and yield. 

 
Key issues: 
• Measurements of isotope ratios are done essentially by the standard-sample-standard 

bracketing in principle. In the measurements presented for the manuscript, Ruttan pyrite is 
used as a calibration standard to correct for 34S/32S and 33S/32S ratios of secondary 
standards and samples. Ruttan pyrite is trusted because of its homogeneity inferred from a 
long term analytical data set. 

 
• The mass fractionation line (slope ≈ 0.515) is drawn by through the origin minimizing the 

dispersion among measurements of standard (Ruttan) and secondary standard (Balmat) 
which are supposedly Δ33S=0. This is considered to give better accuracy for Δ33S values 
than imposing an assumed slope (0.515) passing through the origin of a δ34S- δ33S plot. In 
any case, the fitted slope would pass through the origin within 0.512 +/- 0.003. 
 



Looking ahead…. 
 
100,000 seamounts >1km high (National Geographic, Sept ‘12) 
                                           

 

EarthRef Seamount Catalogue 

200 
km 



Loa vs. Kea:  Different major elements 

Jackson et al. (G-cubed, 2012) 



Multiple isotopic systems 
consistent with recycled sediment 

δ18O 

Workman et al. 
(Geology, 2008) 

87Sr/86Sr 
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21Ne/22Ne 
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And 187Os/188Os, 176Hf/177Hf …… 

Jackson et al. 
(Nature, 2007) 

Jackson et al. 
(EPSL, 2009) 



Recap:  Strong geochemical evidence for a 
sediment signature in Samoan lavas, but…. 

Rapid-cycled sediment 
from the Tonga trench? 

Shallow-level assimilation 
of marine sediment? 

Turner and Hawkesworth, Geology 1998 



Rule out contamination by  
sediments from the Tonga trench 

Koppers et al., (Geology, 2008) 

Tonga trench – Savai’i convergence rate = 24 cm/year ! 



Rule out contamination by  
shallow modern marine sediments 



 Recycled sediment signatures  
in hotspot lavas are rare… 

• Large quantities of sediment enter the mantle. 
    Africa AND S. America in 3 Ga ! 
 
 
 
 
• Why is recycled  
    sediment so rare 
    in hotspot lavas?   
    It took >30 years  
    of looking! 

 
Hofmann (Nature, 2007) 



Sediment melted during subduction and 
“short-circuited” back to the surface? 

“Mass balance indicates that ~20% of 
the element budget in subducted 
sediment is recycled to the arc.   
…… a larger fraction of subducted 
sediment may continue to descend 
with the plate into the deeper mantle.” 



Or, sediment is subducted and 
subsequently mixed to “smithereens”? 
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Australian-
Indian plate 

The mantle is a big place: Mass of subducted continents is only 0.1% of the mantle. 

Thin sediment 
veneers would 
be “destroyed” 
by mixing.      



 

Hoernle et al., 2000 
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Models of mantle convection and distribution of heterogeneities 



Rutherford  Soddy Curies  Boltwood Becquerel 

1896. Discovered 
radioactivity 
accidentally.  
Phosphorescent 
U-salts exposed 
photographic 
plates 

1903.  Nobel Prize in 
physics in 1903 for 
their work on 
“radioactivity” – a term 
coined by Marie 
Curie. 

1907.  Dated 
first rock, acting 
on suggestion 
from Rutherford.  
Got ages from 
400 to 2200 
million years. 

In the span of 1 human life…. 
(oldest living person born in 1896) 

1903-1910.  Demonstrated 
existence of isotopes and that 
radioactivity follows an 
exponential law.  Hypothesized 
that it might be used as a clock. 



Geoneutrinos to “map out” 
mantle chemical heterogeneities 
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Major element (lithological?) heterogeneity  
accumulates in the mantle owing to subduction over time 

Hauri (Nature, 1996) 

“HOLY 
GRAIL” 



Major element (lithological?) heterogeneity  
accumulates in the mantle owing to subduction over time 

Hauri (Nature, 1996) Ja
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Major element (lithological?) heterogeneity  
accumulates in the mantle owing to subduction over time 
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Major element (lithological?) heterogeneity  
accumulates in the mantle owing to subduction over time 

    Pinpointing specific major element compositions for the different isotopic 
reservoirs will allow experimentalists to better constrain source lithologies 



Mantle plumes:  Are they hot or not? 
 Current petrological thermometers require that olivine and orthopyroxene co-exist  

           in the mantle source of the melts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Herzberg & Gazel, Nature, 2009 

Problem:  Olivine may not always be a phase in the source of oceanic lavas. 
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Summary Part 1 
Why do we care what is melting  

(eclogite vs. peridotite) beneath Hawaii & other ocean islands? 
 
Well, until we figure out what is melting beneath Hawaii, 

geochemists and petrologists can’t do simple things like 
calculate mantle melting temperatures with any certainty. 

 
Without temperature estimates, it’s hard to argue for mantle 

plumes. 
 
Without mantle plumes, we can’t easily cool the Earth.  
 
How can we model the thermal evolution of the Earth without a 

good idea of present-day temperature variations? 



3 

Radioactivity was discovered accidentally 
in 1896 by Henri Becquerel. 

He was actually studying phosphorescence 
(the phenomenon whereby some minerals 
glow in the dark after exposure to light). 
 
He noticed that certain phosphorescent U 
salts would blacken photographic places. 
However, he soon discovered that the 
plates would blacken even when the 
minerals weren’t phosphorescing. 
 
 



4 

Pierre and Marie Curie, discovered that 
radioactivity was not confined to minerals 
of U. 

They won the Nobel Prize in physics in 
1903 for their work on “radioactivity” – 
a term coined by Marie Curie. 
 
Their research led to the discovery of 
new elements (in particular Po and 
Ra). Marie would win a second Nobel 
Prize (this time in chemistry) for the 
isolation of Ra. She was the first ever 
double Nobel Laureate, and one of only 
2 double Laureates to have obtained 
the honour in different fields. 
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Ernest Rutherford and Frederick Soddy 

Demonstrated that radioactivity follows 
an exponential law (more on this later) 
and hypothesised that it might be used 
as a clock. 



Lithological heterogeneity? 



• Standard Model 
(Earth is Chondritic) 
 
1. Earth and 

chondrites have 
same Sm/Nd. 

2. Isochrons 101:  
Therefore, Earth and 
chondrites have the 
same 143Nd/144Nd 
and 142Nd/144Nd. 

68 



     

    Accessible 
 Earth (EDR) 

Earth’s Hidden 
Enriched Res. 
(EER) 

Accessible 
 Earth (EDR) 

Earth’s Hidden 
Enriched Res. 
(EER) 

V. Bennett 

68 

Hi 3He/4He 

Hi 3He/4He 

Preserving the  
Chondrite model 



Non-chondritic 
BSE 

Non-chondritic 
BSE 

68 

Hi 3He/4He 

Hi 3He/4He 

Non-chondritic Earth model 
    NO HIDDEN RESERVOIR 



Δ33S ?! 



To paraphrase a useful quotation… 

• Astrophysicists Geochemists are 
always wrong, but never in doubt. …  
   

 
         -RP Kirshner 



PREMA (Prevalent Mantle) 
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If the large proportion of OIB lavas with present-day 143Nd/144Nd near 0.5130 reflects a 
high proportion of non-chondritic primitive material in the mantle, then primitive material 
must comprise a substantial portion of the modern terrestrial mantle. 

chondrite 
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M
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Part II:  Building a new Bulk 
Silicate Earth (BSE) composition   

• The new compositional model relies on the 
difference in 142Nd/144Nd between Earth and 
chondrites.   

• Fundamental assumption of model:  Sm/Nd of 
Earth is ~6% higher than chondrites. 

• Non-chondritic BSE (Bulk Silicate Earth) 
has an isotopic composition like high      
3He/4He lavas (FOZO). 



Use many of the assumptions used 
in the chondrite-based model 



87Sr/86Sr of BSE decreases from 0.7047 to 0.7030:  
Rb/Sr of BSE is 30% lower in new model 

 
High 3He/4He 
“FOZO” lavas 

After Caro and Bourdon (2010) 



High 3He/4He 
“FOZO” lavas 

176Hf/177Hf of BSE increases 12 epsilon units:   
Lu/Hf of BSE is 12% higher in new model 

After Caro and Bourdon (2010) 



“Backbone” of trace element pattern:  
Link the segments with Sr/Nd and Sm/Hf 
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McDonough and Sun (1995) 



“Splice” in the Rare Earth’s 
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Ba, Zr, Ti, Y 
(Use canonical ratios, which are similar 

in MORBs and continents) 
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Ba/Rb=12 

Ho/Y= Y/Ho=29 



Th-U-K-Pb and Nb 
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Ba/Th= 75 



-Spidergram has a shape, but no absolute 
concentrations.   
-Can’t be more enriched than chondrite-based 
model……...”   So, anchor to Lu! 
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Depletion by melt 
extraction? 

? 



Can’t be more depleted than DMM 
(upper and lower limits established) 

Workman & Hart DMM 

Salters & Stracke DMM 

Boyet & Carlson DMM 
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Solution to “missing” Ar? 
The 40Ar in atmosphere, DMM and continental crust 
(8.7-11.5x1016 kg) is supported by 155-205 ppm K  

145 ppm K 

200 ppm K 
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Continental crust extraction?  
Requires >80% of mantle! 

DMM (25% mantle) 

DMM >80% mantle) 

Hofmann, 
Nature (1997) 



Thermal budgets of a  
non-chondritic Earth 

• U, Th and K abundances in the Earth are 30-35% lower than the 
standard model. 

• So, 30-35% less radiogenic heat than the standard model.  
Lower Urey ratio (radiogenic heat/total heat) 

• The Earth produces 46 TW. 
   -- Standard model: ~20 TW is radiogenic heat 
   -- New model: ~13 TW is radiogenic heat. 
• The rest is primordial heat.  Is there enough uncertainty in 

primordial heat that we can make a non-chondritic Earth “work”? 
 



In the beginning….  

Solar Nebula Theory: 
1.Cloud of gas and dust 
2.Rotating disk 
3.Gravitational collapse 
4.Solar nebula with young sun 
5.Planets accrete from rotating cloud 
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4.568 Ga (Bouvier & Wadhwa, 2010)       



Impact erosion:  Lessons from 
Martian meteorites 

Early enriched crust “blasted” into space, leaving behind a 
depleted (non-chondritic) mantle (O’Neill and Palme, 2008) 



How did the accessible Earth get higher Sm/Nd than chondrites? 
Early differentiation? 

Age (Ga) 

Early 
differentiation 
(melting) event 

143Nd/144Nd= 0.5130 
(ε143Nd=+7) 

Depleted accessible 
mantle:  142Nd/144Nd 
requires this is source of all 
modern mantle reservoirs 

“Hidden” early 
enriched 
reservoir 

Chondrite & Primitive Mantle 



The Bulk Earth has non-chondritic Sm/Nd 

Age (Ga) 

NO early 
differentiation 
event 

143Nd/144Nd= 0.5130 
(ε143Nd=+7) 

No “Hidden” 
enriched 
reservoir 



Baffin and West Greenland picrites  
plot near the Geochron 
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Global? 

• Baffin Island is a 
flood basalt.   
 

• Do other flood 
basalts have 
similar geochem 
signatures? 
 

Jackson and Carlson (Nature, 2011) 



Highest 3He/4He Baffin Island 
lavas bracket the OJP  
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Old Reservoir, Old Idea 
(new possibilities) 

 “The nominal value of εCHUR≈0 for the continental flood 
basalts indicates they are derived from a reservoir which 
has maintained an unfractionated, chondritic Sm/Nd 
throughout the history of the earth.” 

                                       -DePaolo & Wasserburg, GRL 
1976     
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• Zindler & Hart, ’86 
 
• PREMA and 

uncontaminated 
LIP’s… 

PREMA and 
LIP’s 



LIP’s (mostly) erupted on 
margins of LLSVP’s 

• LIP’s also have common geochemical signature 
associated with non-chondritic primitive mantle  



PREMA (Prevalent Mantle) = BSE? 
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The large proportion of OIB lavas with present-day 143Nd/144Nd near 0.5130 may reflect 
a high proportion of non-chondritic primitive material in the mantle. 

chondrite 
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Standard (chondrite) model for K 
in the Earth:  “Hidden” Ar reservoir 
• K volatile, lost during accretion, so BSE abundance is unknown.   
• U is refractory, so it’s abundance can be estimated from 

chondrites.  ~20 ppb. 
• K/U in Earth known from basalts (~1.2x104).   
• Calc K abundance in chondritic primitive mantle is >250 ppm. 
• 40K decays to 40Ar (t1/2=1.3 Ga). 
• All 40Ar in the Earth is radiogenic, accumulated since accretion. 
• There should be ~14x1016 kg 40Ar Earth. 
• Only ~8.7-11.5x1016 kg 40Ar Earth accounted for (atm,CC,DM).  
• Ergo, a “hidden” reservoir in the Earth hosts the “missing” 40Ar!  

PM Lyubetskaya & 
Korenaga (2007) 



Use 40Ar in Earth to “pin” 
primitive mantle K concentration  

• Turn the problem of “missing” Ar into a solution:   
    What we see is what we get: no missing Ar reservoir! 

 
• Three 40Ar reservoirs: 
1. Atmosphere:  6.6x1016 kg 40Ar (Turekian, 1959) 
2. Continental Crust: 0.1-1.0x1016 kg 40Ar 
3. Depleted Mantle (2 independent estimates): 
 A.  Assume K in DM:  2.8-3.9x1016 kg 40Ar (50-68 ppm K)   
 B. 40Ar flux at ridges:  2.0x1016 kg 40Ar (“popping” rock 4He/40Ar=1.5)  

 
• Total 40Ar in Earth:  8.7-11.5x1016 kg 
• Therefore, 155-205 ppm K in the Earth. 

 



Impact erosion:  Lessons from 
Martian meteorites 

Early enriched crust “blasted” into space, leaving behind 
depleted (non-chondritic) mantle (O’Neill and Palme, 2008) 



In the beginning….  
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Homogeneous? 



Amelin & Rotenburg (2004) 

chondrules 

 
Is the Earth chondritic? 
Chondrules in primitive chondrites have highly variable 143Nd/144Nd. 

 

In detail, chondrites aren’t “chondritic” 
 



(0-2 AU) (2-20 AU) 
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 Are other 

protoplanetary 
disks 

homogeneous? 



©2001 Brooks/Cole Publishing/ITP Courtesy of NASA/JPL-Caltech Brandenburg et al., EPSL 2008 

Part 2:  “Prospecting” for primitive mantle:  
If Earth isn’t chondritic, what would 

surviving relics look like today? 
1. Noble gas isotopes and abundances (high 3He/4He) 
2. A primitive, mantle reservoir should have predictable (superchondritic!) 

ratios of the refractory, lithophile elements (e.g., Sm/Nd).  
3.   Pb-isotopes will be on the Geochron, the locus of data in Pb-isotope 

space that have had the same U/Pb for ~4.5 Ga. 
• Any mantle-derived melts satisfying these three requirements?   



Lavas with primordial 3He/4He don’t 
have primitive chondritic 143Nd/144Nd 
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Jackson et al. 
(EPSL, 2007) 





Can we extract continental crust from 
non-chondritic primitive mantle? 

• Primitive Mantle = Continental Crust + Depleted Mantle 
• New Primitive Mantle:  Have to deplete >78% of the mantle 

to make Rudnick and Gao´s (2003) Continental Crust! 
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Layered Mantle?  660km of  DMM? 
Not if the Earth is non-chondritic! 

DMM (25% mantle) 

DMM >78% mantle) 

Hofmann, 
Nature (1997) 



Thermal budgets of a  
non-chondritic Earth 

• U, Th and K abundances in the Earth are 30-35% lower than the 
standard model. 

• So, 30-35% less radiogenic heat than the standard model.  
Lower Urey ratio (radiogenic heat/total heat) 

• The Earth produces 46 TW. 
   -- Standard model: ~20 TW is radiogenic heat 
   -- New model: ~13 TW is radiogenic heat. 
• The rest is primordial heat.  Is there enough uncertainty in 

primordial heat that we can make a non-chondritic Earth “work”? 
 



Summary 
• The specter of a non-chondritic bulk earth?  0.5130 is 

Primitive Mantle? Closer to MORB than chondrite! 
• Geochemical evolution of the mantle…a whole new 

family of models:  Isotopic, compositional & thermal 
evolution. 

• If the Earth isn’t chondritic, then we don’t know some 
of its fundamental properties (e.g., Urey ratio, etc.) 

 

B
ra

nd
en

bu
rg

 e
t a

l. 
 

(E
P

S
L,

 2
00

8)
 



How does a portion of the 
mantle survive for ~4.5 Ga? 

• Solid-state convective stirring 
is thought to process large 
portions of the mantle on 
geologic time-scales. 

 
• Recent dynamic models 

suggest that pristine portions 
(up to 10-15%) of the mantle 
might have escaped 
differentiation and mixing 
over the age of the Earth (in 
convective “eddies”?). 

 
 Brandenburg et al. (EPSL, 2008) 



Enstatite (E) chondrite model? 

• Enstatite chondrites 
are Si-rich. 

• Earth’s mantle is 
peridotitic (Si-poor) 

• Have to “stuff” a lot of 
Si in the core to make 
the E-chondrite model 
work! Q
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Andreasen & Sharma, 2007 

Carlson et al., 2007 

Ranen & Jacobsen, 2006 



Magma ocean solidification 
followed by homogenization 



 



Rare Earth Elements 

 



McDonough and Sun’s peridotites: 
Select 20 most similar to non-chondritic BSE 

Non-chondritic BSE 
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Relationship between flood basalts and a 
primitive (non-chondritic) mantle 

• Relics of the early Earth may not be so rare? 
• Why would this reservoir be sampled by large 

igneous provinces? 
A.Primitive Mantle produces more heat, melts more. 
B.Primitive Mantle is more fusible, melts more. 

 
A recipe for producing extraordinary volumes of melt? 

 
 

 



Baffin Island 
and West 

Greenland picrites 

• Samples are from 
Padloping Island, east 
coast of Baffin Island. 

• Lavas erupted ~62Ma 
as part of the proto-
Iceland plume. 
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Problem:  Terrestrial lavas with high 3He/4He don’t 
plot on the Geochron! 

A
fter Jackson et al. (E

P
S

L, 2007) 

Hawaii 
Iceland 

Galapagos 
Samoa 



Why do high 3He/4He lavas from other 
localities plot off of the Geochron  

(and have somewhat lower 3He/4He)? 
 • Recycled crust is rich in Pb, 

U and Th. 
• If recycled crust mixes with 

ambient mantle, or 
surviving pieces of primitive 
mantle, the mixture will be 
shifted away from the 
geochron. 

• U and Th in recycled crust 
will generate 4He and will 
reduce the 3He/4He of the 
mixture. 
 
 

Jackson et al. (Nature, 2010) 



A growing clamor…. 
Bottom line:  Terrestrial oxygen isotopes 

not like C and O-chondrites (Clayton)!   
 
Implications: 
1. DMM is >45-90% of the mantle (to 

>1600 km depth). If primitive mantle 
143Nd/144Nd is 0.5130 (instead of 
0.51263) then much more than 25% 
of the mantle needs to be depleted to 
make DMM!   

2. What was once considered depleted 
may actually be enriched! 

3. How to preserve for 4.5 Ga? 
4. A whole new family of models are 

needed!  
 

 



“ Who drank the ‘Cool-Aid’? ” 
                       -S. Shirey, 2010 

• Bill White 
• Dave Graham 
• Hubert Palme 
• Hugh O’Neill 
• Bernard Bourdon 
• Guillaume Caro 
• Nobu Shimizu 

 
 



If the 142Nd excess is from 146Sm decay….two models 

Age (Ga) 

Primitive mantle 
ISN’T chondritic 

Primitive mantle 
IS chondritic 

Early 
differentiation 
event 

“Hidden” early 
enriched reservoir 

No Early 
differentiation 
event 

No “Hidden” early 
enriched reservoir 

142Nd/144Nd result 
requires that all 
modern terrestrial 
mantle reservoirs 
evolve from a 
reservoir of with 
143Nd/144Nd= 0.5130 
(ε143Nd=+7) 



 

Jackson and Carlson (Nature, TODAY) 



Caveat:  Crustal contamination 

P
re

vi
ou

s 
sl

id
e 

Ja
ck

so
n 

et
 a

l. 
(N

at
ur

e,
 2

01
0)

 



Trace elements indicate no role for 
continental contamination in our sample suite 

Kent et al. (2004) obtained a trace element dataset on Baffin Island glasses 
(pillow rims).  The glasses are extremely fresh, give pristine Pb and U. 

Average  
Mantle 
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Another Caveat:  Radiogenic 4He 
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Magmatic He is hosted in the olivine,  
U and Th in the basalt matrix 

Olivine 
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1.  Helium is massively degassed before and during eruption. 
2.Following degassing of He, parent-daughter ratios (U/He &   
Th/He) are increased by many orders of magnitude. 
3.4He generated by U and Th decay diminishes 3He/4He ratio. 
4.Lesson:  Avoid measuring 3He/4He on old lavas (62 Ma)! 

 



   “….olivine phenocrysts in basalt are embedded in 
basaltic groundmass that has much higher [U] and 
[Th] than the olivine. Consequently, 4He from 
alpha-decay of groundmass U is implanted into 
the rims of the olivine grains.” 

 

Post-eruptive radiogenic 4He 
ingrowth from U & Th decay 



Extracting continental crust from a 
non-chondritic primitive mantle 

• Depleted MORB mantle and 
continental crust are 
geochemically complementary. 

• If primitive mantle 143Nd/144Nd is 
0.5130, instead of 0.51264, then 
much more than 25% of the 
mantle needs to be depleted to 
make DMM! 

• DMM is >45-90% of the mantle! 
• DMM extends down to 1600 km? 

 va
n 

de
r H

ils
t e

t a
l.,

 S
ci

en
ce

 1
99

9 
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RMS amplitude of 
relative variation of bulk 
sound and shear 
wavespeed 



Nucleosynthetic anomalies? 
Ranen & Jacobsen (2006): Measured anomalies in the abundance of 137Ba and 138Ba in a variety of 

chondrites, and concluded that the difference in 142Nd/144Nd between chondrites and terrestrial 
rocks reflects nucleosynthetic heterogeneity in the solar nebula.  They argued that imperfect 
mixing of the nucleosynthetic contributions from various stars thus could result in variations in 
142Nd/144Nd that are not related to 146Sm decay. 

     1. These anomalies not confirmed in either previous (Hidaka et al. 2003) or more recent studies 
(Andreasen & Sharma 2007; Carlson et al. 2007; Wombacher & Becker 2007). 

     2. Although excesses in 135Ba and 137Ba, which are related to variations in the ratio of r- to s-process 
components, have been observed in carbonaceous chondrites, they have not been observed in ordinary 
chondrites or eucrites (Hidaka et al. 2003; Andreasen & Sharma 2007; Carlson et al. 2007).  

     3.  When Ba isotopic anomalies are measured in carbonaceous chondrites, they show little or no 
correlation with the magnitude of 142Nd deficit measured in the same sample (Carlson et al. 2007). Ba 
isotopic anomalies in carbonaceous chondrites appear to have little or no significance for the 
interpretation of the 142Nd/144Nd difference between chondrites and terrestrial rocks.  

 
Of greater concern is the discovery that carbonaceous chondrites contain approximately 100 ppm 

deficits in 144Sm (Andreasen & Sharma 2006; Carlson et al. 2007), which, like 146Sm, is produced 
by the p-process.  This result indicates nucleosynthetic variability in C-chondrites.  

      1.  It is possible to correct for this p-process deficit in C-chondrites.  A 100 ppm deficit in 144Sm/152Sm 
would translate into an 11 ppm deficit in 142Nd/144Nd due to the reduced abundance of 146Sm 
(Andreasen & Sharma, 2006).   Therefore, the correction brings the average C-chondrite 142Nd/144Nd 
value to ~21 ppm below terrestrial, a value that is similar to that obtained for other meteorite groups.  

      2. P-process heterogeneity does not appear to be significant for O- and E-chondrites, basaltic eucrites or 
lunar samples, as all these materials have the same 144Sm/152Sm as measured for terrestrial rocks 

 
Conclusion:  The observed difference between chondritic and terrestrial 142Nd/144Nd does not reflect 

nucleogenic heterogeneity in the solar nebula, but instead is best explained by the decay of 146Sm. 
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