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The Earth’s Interior

Crust:                                                  
Oceanic crust

Thin: 10 km

Relatively uniform stratigraphy


 = ophiolite suite: 

· Sediments

· pillow basalt

· sheeted dikes

· more massive gabbro

· ultramafic (mantle)

Continental Crust
Thicker: 20-90 km   average ~35 km

Highly variable composition

Average  ~ granodiorite
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The Earth’s Interior
Mantle:
Peridotite (ultramafic)

Transition Zone as velocity increases ~ rapidly
660  spinel  perovskite-type 

SiIV  SiVI

Lower Mantle has more gradual  velocity increase
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Core: 
Fe-Ni metallic alloy
Outer Core is liquid
No S-waves
Inner Core is solid
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Figure 1-3. Variation in P and S wave velocities with depth. Compositional subdivisions of the Earth are on the left, rheological subdivisions on the right. After Kearey and Vine (1990), Global Tectonics. © Blackwell Scientific. Oxford.  
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Figure 1-5. Relative atomic abundances of the seven most common elements that 

comprise 97% of the Earth's mass. 
[image: image6.jpg]Mantle





The Pressure Gradient
P increases = gh
Nearly linear through mantle

~ 30 MPa/km

 1 GPa at base of ave crust

Core:  incr. more rapidly 
since alloy more

 dense

Figure 1-8. Pressure variation with depth. From

Dziewonski and Anderson (1981). Phys. Earth Planet

 Int., 25, 297-356. © Elsevier Science. 
Heat Sources in the Earth
1.  Heat from the early accretion and differentiation of the Earth
still slowly reaching surface

2.  Heat released by the radioactive breakdown of unstable nuclides
Heat Transfer
1. Radiation
2. Conduction

3. Convection
[image: image7.jpg]Depth (km)





The Geothermal 

Gradient
Figure 1-9. Estimated ranges of oceanic and 

continental steady-state geotherms to a depth

 of 100 km using upper and lower limits based

 on heat flows measured near the surface.

 After Sclater et al. (1980), Earth. Rev. 

Geophys. Space Sci., 18, 269-311.  
Plate Tectonic - Igneous Genesis 

1. Mid-ocean Ridges  
2. Intracontinental Rifts  
3. Island Arcs

4. Active Continental margins 
5. Back-arc Basins  6. Ocean Island Basalts

7. Miscellaneous Intra-Continental Activity ukimberlites, carbonatites, anorthosites...
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Classification of Igneous Rocks
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Figure 2-1a. Method #1 for plotting a point with the components: 70% X, 20% Y, and 10% Z on triangular diagrams. An Introduction to Igneous and Metamorphic Petrology, John Winter, Prentice Hall. 
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Figure 2-2. A classification of the phaneritic

 igneous rocks. a. Phaneritic rocks with more 

than 10% (quartz + feldspar + feldspathoids). 

After IUGS. 
Classification of Igneous Rocks





Figure 2-3. A classification and nomenclature of 

volcanic rocks. After IUGS. 

Figure 2-4. A chemical classification of volcanics based on total alkalis vs. silica. After Le Bas et al. (1986) J. Petrol., 27, 745-750. Oxford University Press. 

Figure 2-5. Classification of the pyroclastic rocks. a. Based on type of material. After Pettijohn (1975) Sedimentary Rocks, Harper & Row, and Schmid (1981) Geology, 9, 40-43. b. Based on the size of the material. After Fisher (1966) Earth Sci. Rev., 1, 287-298.  
Chemistry of Igneous Rocks:

Major Elements

Abundance of the elements in the Earth’s crust

Major elements: usually greater than 1%
SiO2  Al2O3   FeO* MgO  CaO  Na2O  K2O  H2O

Minor elements: usually 0.1 - 1%

TiO2  MnO  P2O5  CO2
Trace elements: usually < 0.1%

everything else



Mode is the volume % of 

minerals seen
Norm is a calculated “idealized”

 mineralogy

Variation Diagrams
How do we display chemical data in 

a meaningful way?
 Bivariate (x-y)

diagrams
Harker diagram 
Figure 8-2. Harker variation diagram 

for 310 analyzed volcanic rocks 
Ternary Variation Diagrams 
Example: AFM diagram
   (alkalis-FeO*-MgO)
Magma Series
Early on it was recognized that some chemical parameters were very useful in regard to distinguishing magmatic groups
Total Alkalis (Na2O + K2O)

Silica (SiO2) and silica saturation

Alumina (Al2O3

Total alkalis vs. silica diagram for the alkaline (red) and sub-alkaline (blue) rocks 

The Basalt Tetrahedron and the Ne-Ol-Q base 
Alkaline and subalkaline fields are again distinct


AFM diagram: can further subdivide the 

subalkaline magma series into a tholeiitic 

and a calc-alkaline series 
Trace Elements
Element Distribution
Goldschmidt’s rules (simplistic, but useful)

1.  2 ions with the same valence and radius should exchange easily and enter a solid solution in amounts equal to their overall proportions



How does Rb behave?  Ni
Goldschmidt’s rules 
2.  If 2 ions have a similar radius and the same valence: the smaller ion is preferentially incorporated into the solid over the liquid

3.  If 2 ions have a similar radius, but different valence: the ion with the higher charge is preferentially incorporated into the solid over the liquid
Chemical Fractionation
The uneven distribution of an ion between two competing (equilibrium) phases
Exchange equilibrium of a component i between two phases (solid and liquid)



i (liquid) = i (solid)

 
K =       a solid/
a liquid
    =( X solid
( /X liquid
             K = equilibrium constant
incompatible elements are concentrated in the melt 



(KD or D)  « 1

compatible elements are concentrated in the solid 




KD or D » 1

Incompatible elements commonly ( two subgroups
Smaller, highly charged high field strength (HFS) elements (REE, Th, U, Ce, Pb4+, Zr, Hf, Ti, Nb, Ta)

Low field strength large ion lithophile (LIL) elements (K, Rb, Cs, Ba, Pb2+, Sr, Eu2+) are more mobile, particularly if a fluid phase is involved

For a rock, determine the bulk distribution coefficient D for an element by calculating the contribution for each mineral
Di =  ( WA Di
WA = weight % of mineral A in the rock

Di = partition coefficient of element i in mineral A


Example: hypothetical garnet lherzolite = 60% olivine, 25% orthopyroxene, 10% clinopyroxene, and 5% garnet (all by weight), using the data in Table 9-1, is:
DEr = (0.6 · 0.026) + (0.25 · 0.23) + (0.10 · 0.583) + (0.05 · 4.7) = 0.
Compatible example: 
Ni strongly fractionated ( olivine > pyroxene

Cr and Sc ( pyroxenes » olivine 

Ni/Cr or Ni/Sc can distinguish the effects of olivine and augite in a partial melt or a suite of rocks produced by fractional crystallization
Models of Magma Evolution
Batch Melting 
The melt remains resident until at some point it is released and moves upward

Equilibrium melting process with variable % melting
Fractional Crystallization
1. Crystals remain in equilibrium with each melt increment

Rayleigh fractionation 
   The other extreme: separation of each crystal as it formed = perfectly continuous fractional crystallization in a magma chamber



Other models are used to analyze
Mixing of magmas

Wall-rock assimilation

Zone refining

Combinations of processes 
Origin of Basaltic Magma
2 principal types of basalt in the ocean basins 
Tholeiitic Basalt and Alkaline Basalt 

 Each is chemically distinct
Evolve via FX as separate series along different paths
\

Tholeiites are generated at mid-ocean ridges
Also generated at oceanic islands, subduction zones

Alkaline basalts generated at ocean islands

Also at subduction zones

Sources of mantle material
Ophiolites
Slabs of oceanic crust and upper mantle

Thrust at subduction zones onto edge of continent

Dredge samples from oceanic fracture zones

Nodules and xenoliths in some basalts

Kimberlite xenoliths

Diamond-bearing pipes blasted up from the mantle carrying numerous xenoliths from depth

Lherzolite is probably fertile unaltered mantle
Dunite and harzburgite are refractory residuum after basalt has been extracted by partial melting

Phase diagram for aluminous 4-phase lherzolite
Al-phase 
Plagioclase
shallow (< 50 km)

Spinel

50-80 km

Garnet

80-400 km

Si  VI coord.

 > 400 km
How does the mantle melt??
Increase the temperature

Lower the pressure
Adiabatic rise of mantle with no conductive heat loss

Decompression melting could melt at least 30%


3) Add volatiles (especially H2O
)


Melts can be created under realistic circumstances
Plates separate and mantle rises at mid-ocean ridges
Adibatic rise  decompression melting

Hot spots  localized plumes of melt

Fluid fluxing may give LVL

Also important in subduction zones and other settings
Tholeiites favored by shallower melting
25% melting at <30 km  tholeiite

25% melting at 60 km  olivine basalt

Tholeiites favored by greater % partial melting

20 % melting at 60 km  alkaline basalt

incompatibles (alkalis)  initial melts

30 % melting at 60 km  tholeiite

Primary magmas
Formed at depth and not subsequently modified by FX or Assimilation
Criteria

Highest Mg# (100Mg/(Mg+Fe))  really  parental magma

Experimental results of lherzolite melts

Mg# = 66-75

Cr > 1000 ppm

Ni > 400-500 ppm

Multiply saturated
Layered Mafic Intrusions
layer: any sheet-like cumulate unit distinguished by its compositional and/or textural features
uniform mineralogically and texturally homogeneous


Uniform Layering

Uniform Layering of magnetite and plagioclase, Bushveld
non-uniform vary either along or across the layering
graded = gradual variation in either
 mineralogy 

 grain size  - quite rare in gabbroic LMIs


Left: Modal layering of olivine and plagioclase, Skaergaard
Left: Modal layering of olivine and plagioclase, Skaergaard
Right: Size layering Opx and Plag, Duke Island

 Addresses the structure and fabric of sequences of multiple layers
1) Modal Layering: characterized by variation in the relative proportions of constituent minerals

may contain uniform layers, graded layers, or a combination of both

2) Phase layering: the appearance or disappearance of minerals in the crystallization sequence developed in modal layers
Phase layering transgresses modal layering
3) Cryptic Layering (not obvious to the eye)
Systematic variation in the chemical composition of certain minerals with stratigraphic height in a layered sequence

The regularity of layering

 Rhythmic: layers systematically repeat 

Macrorhythmic: several meters thick

Microrhythmic: only a few cm thick 

 Intermittent: less regular patterns

A common type consists of rhythmic graded layers punctuated by occasional uniform layers

The Mid-Ocean Ridge System

•Slow-spreading ridges: 
<  3 cm/a 

•Fast-spreading ridges:

> 4 cm/a are considered

•Temporal variations are also known

Oceanic Crust and Upper Mantle Structure 
4 layers distinguished via seismic velocities
Deep Sea Drilling Program
Dredging of fracture zone scarps

Ophiolites

Oceanic Crust and Upper 

Mantle Structure 
Typical Ophiolite
Discontinuous diorite and 

tonalite (“plagiogranite”) 

bodies = late differentiated

 liquids
Layer 1 

A thin layer of pelagic

 sediment 

Layer 2 is basaltic
  Subdivided into two sub-layers 

Layer 2A & B = pillow basalts
Layer 2C = vertical sheeted dikes

Layer 3A = upper isotropic and 

lower, somewhat foliated

 (“transitional”) gabbros
Layer 3B is more layered, & may 

exhibit cumulate textures

Layer 4 = ultramafic rocks
Ophiolites: base of 3B grades into layered cumulate wehrlite & gabbro 
Wehrlite  intruded into layered gabbros

Below ( cumulate dunite with harzburgite xenoliths

Below this is a tectonite harzburgite and dunite (unmelted residuum of the original mantle)

Petrography and Major Element Chemistry
A “typical” MORB is an olivine tholeiite with low K2O (< 0.2%) and low TiO2 (< 2.0%)
Only glass is certain to represent liquid compositions
Conclusions about MORBs, and the processes beneath mid-ocean ridges
MORBs are not the completely uniform magmas that they were once considered to be

They show chemical trends consistent with fractional crystallization of olivine, plagioclase, and perhaps clinopyroxene

MORBs cannot be primary magmas, but are derivative magmas resulting from fractional crystallization (~ 60%)

Fast ridge segments (EPR)  a broader range of compositions and a larger proportion of evolved liquids
(magmas erupted slightly off the axis of ridges are more evolved than those at the axis itself)

Incompatible-rich and incompatible-poor mantle source regions for MORB magmas
N-MORB (normal MORB) taps the depleted upper mantle source

Mg# > 65:  K2O < 0.10   TiO2 < 1.0

E-MORB (enriched MORB, also called P-MORB for plume) taps the (deeper) fertile mantle

Mg# > 65:  K2O > 0.10   TiO2 > 1.0
E-MORBs (squares) enriched over N-MORBs (red triangles): regardless of Mg#   
Lack of distinct break suggests three MORB types

E-MORBs La/Sm > 1.8

N-MORBs La/Sm < 0.7

T-MORBs (transitional) intermediate values
N-MORBs: 87Sr/86Sr < 0.7035 and 143Nd/144Nd > 0.5030,  depleted mantle source
E-MORBs extend to more enriched values  stronger support distinct mantle reservoirs for N-type and E-type MORBs

Conclusions:
MORBs have > 1 source region

The mantle beneath the ocean basins is not homogeneous

N-MORBs tap an upper, depleted mantle

E-MORBs tap a deeper enriched source

T-MORBs = mixing of N- and E- magmas during ascent and/or in shallow chambers
Implications of shallow P range from major element data:
MORB magmas = product of partial melting of mantle lherzolite in a rising solid diapir

Melting must take place over a range of pressures

The pressure of multiple saturation represents the point at which the melt was last in equilibrium with the solid mantle phases

Trace element and isotopic characteristics of the melt reflect the equilibrium distribution of those elements between the melt and the source reservoir (deeper for E-MORB)

The major element (and hence mineralogical) character is controlled by the equilibrium maintained between the melt and the residual mantle phases during its rise until the melt separates as a system with its own distinct character (shallow)
MORB Petrogenesis
Separation of the plates
Upward motion of mantle material into extended zone

Decompression partial melting associated with near-adiabatic rise 

N-MORB melting initiated ~ 60-80 km depth in upper depleted mantle where it inherits depleted trace element and isotopic char
Region of melting 
Melt blobs separate at about 25-35 km
Lower enriched mantle reservoir may also be drawn upward and an E-MORB plume initiated
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Types of OIB Magmas
Two principal magma series
Tholeiitic series (dominant type)

Parental ocean island tholeiitic basalt, or OIT
Similar to MORB, but some distinct chemical and mineralogical differences

Alkaline series (subordinate)

Parental ocean island alkaline basalt, or OIA
Two principal alkaline sub-series

silica undersaturated

slightly silica oversaturated  (less common series) 

The LIL trace elements (K, Rb, Cs, Ba, Pb2+ and Sr) are incompatible and are all enriched in OIB magmas with respect to MORBs
The ratios of incompatible elements have been employed to distinguish between source reservoirs 

N-MORB: the K/Ba ratio is high (usually > 100)

E-MORB: the K/Ba ratio is in the mid 30’s

OITs range from 25-40, and OIAs in the upper 20’s

Thus all appear to have distinctive sources
HFS elements (Th, U, Ce, Zr, Hf, Nb, Ta, and Ti) are also incompatible, and are enriched in OIBs > MORBs
Ratios of these elements are also used to distinguish mantle sources

The Zr/Nb ratio

N-MORB generally quite high (>30)

OIBs are low (<10)
La/Yb (REE slope) correlates with the degree of silica undersaturation in OIBs 
Highly undersaturated magmas: La/Yb > 30

OIA: closer to 12

OIT: ~ 4

(+) slopes ( E-MORB and all OIBs ( N-MORB  (-) slope and appear to originate in the lower enriched mantle 

Large Igneous Provinces (LIPs)
Oceanic plateaus

Some rifts

Continental flood basalts (CFBs)

Large Igneous Provinces (LIPs)
Oceanic plateaus

Some rifts

Continental flood basalts (CFBs)

Tectonic Setting of CFBs
Continental hot spots
Continental rifting may be associated with hot spots

Successful rifts

Failed rifts (aulacogens)

Island Arc Magmatism
Activity along arcuate volcanic island chains along subduction zones
Distinctly different from the mainly basaltic provinces thus far

Composition more diverse and silicic

Basalt generally occurs in subordinate quantities

Also more explosive than the quiescent basalts 

Strato-volcanoes are the most common volcanic landform
Igneous activity is related to convergent plate situations that result in the subduction of one plate beneath another 
The initial petrologic model:

Oceanic crust is partially melted

Melts rise through the overriding plate to form volcanoes just behind the leading plate edge

Unlimited supply of oceanic crust to melt

Ocean-ocean ( Island Arc  (IA)
Ocean-continent ( Continental Arc or
Active Continental Margin (ACM) 


Complex tectonic situation and broad spectrum
High proportion of basaltic andesite and andesite
Most andesites occur in subduction zone settings

Tholeiitic (MORB, OIT)
Alkaline (OIA)

Calc-Alkaline (~ restricted to SZ)

Continental Arc Magmatism
Potential differences with respect to Island Arcs:
Thick sialic crust contrasts greatly with mantle-derived partial melts may  more pronounced effects of contamination

Low density of crust may retard ascent  stagnation of magmas and more potential for differentiation

Low melting point of crust allows for partial melting and crustally-derived melts

Continental Alkaline Magmatism
Alkaline rocks occur in all tectonic environments, including the ocean basins
Conversely, Chapters 12, 15, 17, and 18 have shown us that magmatism on the continents can be highly varied, including tholeiitic and calc-alkaline varieties

Now focus on the alkaline rocks that compose an extremely diverse spectrum of magmas occurring predominantly in the anorogenic portions of continental terranes
Alkaline rocks generally have more alkalis than can be accommodated by feldspars alone. The excess alkalis appear in feldspathoids, sodic pyroxenes-amphiboles, or other alkali-rich phases
In the most restricted sense, alkaline rocks are deficient in SiO2 with respect to Na2O, K2O, and CaO to the extent that they become “critically undersaturated” in SiO2, and Nepheline or Acmite appears in the norm

Alternatively, some rocks may be deficient in Al2O3 (and not necessarily SiO2) so that Al2O3 may not be able to accommodate the alkalis in normative feldspars. Such rocks are peralkaline (see Fig. 18-2) and may be either silica undersaturated or oversaturated

Table 19-1. Nomenclature of some alkaline igneous rocks (mostly volcanic/hypabyssal)
Basanite
feldspathoid-bearing basalt. Usually contains nepheline, but may have leucite + olivine 

Tephrite
olivine-free basanite 

Leucitite
a volcanic rock that contains leucite + clinopyroxene ( olivine. It typically lacks feldspar 

Nephelinite
a volcanic rock that contains nepheline + clinopyroxene ( olivine. It typically lacks feldspar. Fig. 14-2 

Urtite
plutonic nepheline-pyroxene (aegirine-augite) rock with over 70% nepheline and no feldspar 

Ijolite
plutonic nepheline-pyroxene rock with 30-70% nepheline 

Melilitite
a predominantly melilite - clinopyroxene volcanic (if > 10% olivine they are called olivine melilitites) 

Shoshonite
K-rich basalt with K-feldspar ± leucite 

Phonolite
felsic alkaline volcanic with alkali feldspar + nepheline. See Fig. 14-2. (plutonic = nepheline syenite) 

Comendite
peralkaline rhyolite with molar (Na2O+K2O)/Al2O3 slightly > 1. May contain Na-pyroxene or amphibole 

Pantellerite
peralkaline rhyolite with molar (Na2O+K2O)/Al2O3 = 1.6 - 1.8. Contains Na-pyroxene or amphibole 

Lamproite
a group of peralkaline, volatile-rich, ultrapotassic, volcanic to hypabyssal rocks. The mineralogy is variable, but most contain phenocrysts of olivine + phlogopite ± leucite ± K-richterite ± clinopyroxene ± sanidine. Table 19-6 

Lamprophyre   a diverse group of dark, porphyritic, mafic to ultramafic hypabyssal (or occasionally volcanic), commonly highly potassic (K>Al) rocks. They are normally rich in alkalis, volatiles, Sr, Ba and Ti, with biotite-phlogopite and/or amphibole phenocrysts. They typically occur as shallow dikes, sills, plugs, or stocks. Table 19-7 

Kimberlite
a complex group of hybrid volatile-rich (dominantly CO2), potassic, ultramafic rocks with a fine-grained matrix and macrocrysts of olivine and several of the following: ilmenite, garnet, diopside, phlogopite, enstatite, chromite. Xenocrysts and xenoliths are also common 

Group I kimberlite  is typically CO2-rich and less potassic than Group 2 kimberlite 

Group II kimberlite (orangeite)  is typically H2O-rich and has a mica-rich matrix (also with calcite, diopside, apatite) 

Carbonatite
an igneous rock composed principally of carbonate (most commonly calcite, ankerite, and/or dolomite), and often with any of clinopyroxene alkalic amphibole, biotite, apatite, and magnetite. The Ca-Mg-rich carbonatites are technically not alkaline, but are commonly associated with, and thus included with, the alkaline rocks. Table 19-3

For more details, see Sørensen (1974), Streckeisen (1978), and Woolley et al. (1996) 

Anorthosites
Plutonic rocks with over 90% plagioclase
No known volcanic equivalents

Highly felsic nature and their location in continental areas they share with granitoid rocks

The felsic mineral, however, is a calcic plagioclase, which, along with associated high-temperature mafic minerals, suggests a stronger similarity to basaltic rocks

Ashwal (1993) listed six major types or anorthosite occurrences:
1. Archean anorthosite plutons 

2. Proterozoic “massif-type” anorthosite plutons 

3. Centimeter-to-100m thick layers in layered mafic intrusions 

4. Thin cumulate layers in ophiolites/oceanic crust 

5. Small inclusions in other rock types (xenoliths and cognate inclusions) 

6. Lunar highland anorthosites 
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Figure 2-2. A classification of the phaneritic igneous rocks. b. Gabbroic rocks. c. Ultramafic rocks. After IUGS.
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            Table 8-3.  Chemical analyses of some
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						Olivine		Opx		Cpx		Garnet		Plag		Amph		Magnetite						Mineral		Mode		Density		Wt prop		Wt%		Bulk D

				Rb		0.010		0.022		0.031		0.042		0.071		0.29								ol		15		3.6		54		0.1776900296

				Sr		0.014		0.040		0.060		0.012		1.830		0.46								cpx		33		3.4		112.2		0.3692003949

				Ba		0.010		0.013		0.026		0.023		0.23		0.42								plag		51		2.7		137.7		0.4531095755

				Ni		14		5		7		0.955		0.01		6.8		29						garnet				4		0		0

				Cr		0.70		10		34		1.345		0.01		2.00		7.4						Sum						303.90		1.00

				La		0.007		0.03		0.056		0.001		0.148		0.544		2						Rb										0.05

				Ce		0.006		0.02		0.092		0.007		0.082		0.843		2						Sr										0.85

				Nd		0.006		0.03		0.230		0.026		0.055		1.340		2

				Sm		0.007		0.05		0.445		0.102		0.039		1.804		1

				Eu		0.007		0.05		0.474		0.243		0.1/1.5*		1.557		1

				Dy		0.013		0.15		0.582		1.940		0.023		2.024		1

				Er		0.026		0.23		0.583		4.700		0.020		1.740		1.5

				Yb		0.049		0.34		0.542		6.167		0.023		1.642		1.4

				Lu		0.045		0.42		0.506		6.950		0.019		1.563

				Data from Rollinson (1993).
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Ocean islands and seamounts

Commonly associated with hot spots

  

Chapter 14: Ocean Intraplate Volcanism

Figure 14-1. After Crough (1983) Ann. Rev. Earth Planet. Sci., 11, 165-193.



More enigmatic processes and less voluminous than activity at plate margins

No obvious mechanisms that we can tie to the plate tectonic paradigm

As with MORB, the dominant magma type for oceanic intraplate volcanism is basalt, which is commonly called ocean island basalt or OIB



41 well-established hot spots     Estimates range from 16 to 122
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						Olivine		Opx		Cpx		Garnet		Plag		Amph		Magnetite						Mineral		Mode		Density		Wt prop		Wt%		Bulk D

				Rb		0.010		0.022		0.031		0.042		0.071		0.29								ol		15		3.6		54		0.1776900296

				Sr		0.014		0.040		0.060		0.012		1.830		0.46								cpx		33		3.4		112.2		0.3692003949

				Ba		0.010		0.013		0.026		0.023		0.23		0.42								plag		51		2.7		137.7		0.4531095755

				Ni		14		5		7		0.955		0.01		6.8		29						garnet				4		0		0

				Cr		0.70		10		34		1.345		0.01		2.00		7.4						Sum						303.90		1.00

				La		0.007		0.03		0.056		0.001		0.148		0.544		2						Rb										0.05

				Ce		0.006		0.02		0.092		0.007		0.082		0.843		2						Sr										0.85

				Nd		0.006		0.03		0.230		0.026		0.055		1.340		2

				Sm		0.007		0.05		0.445		0.102		0.039		1.804		1

				Eu		0.007		0.05		0.474		0.243		0.1/1.5*		1.557		1

				Dy		0.013		0.15		0.582		1.940		0.023		2.024		1

				Er		0.026		0.23		0.583		4.700		0.020		1.740		1.5

				Yb		0.049		0.34		0.542		6.167		0.023		1.642		1.4

				Lu		0.045		0.42		0.506		6.950		0.019		1.563

				Data from Rollinson (1993).
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