Lecture 36

Igneous geochemistry

Reading - White Chapter 7
Today
1. Overview

2. solid-melt distribution coefficients
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Igneous geochemistry

The chemistry of igneous systems provides clues to a number of
important whole-earth processes, including the processes and
timing of planetary differentiation, the production and destruction of
the lithosphere, and the relationships between magmatic styles,
composition and plate-tectonic environment.

The planet’s most
volcanically active zones
are indicated
schematically in the
figure.

activty Pla fler Condie (1982)
Wilson, "igneous petrogenesis”
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Igneous geochemistry

Magmatism occurs in extrusive (volcanic) and intrusive (plutonic)
forms.

Estimates of the volumes of magmatic rock produced each year in the
four types of plate-tectonic environment are listed in the table below, broken
into categories of extrusive (volcanic) and intrusive (plutonic).

* * % (% notshown)
Table 1.1 Global rates of Cenozoic magmatsm lafler
McBirmey 1984) Spreading Canter Mot Spot Subduction Zone
Rate {km yr )
Location Volcanic rocks Plutonic rocks e — e —
constructive plate boundaries 3 18 * 2 °°°'°
destructive plate boundanes 04-08 25-80 | %
continental intra-plate 0.03-0.1 01-15 *
Imean-: intra-plate 03-04 15-2.0 | * R
e —_— Asthenosphere N ~-u
global total 37-41  221-295 2
Figure 11.7 S.lxmul;‘ diagram showing divergent and convergent ﬁ"akh M:;h{;a lh«k Richardson and McSween, Geochemistry
2 e idi 1 e crust which is rafied away from
Witson, *igneadspaimgenest e e A gt i o
sbducion o, Calelkalne magmas e prokced n (i cvionment bodhems dashed
lines) are deflected upward by ascending magmas in both locations, and downward in the sub-
* % . duction zoae itself; these control the P-T regime of met b:umunwm spot * igneous activity
Ulasirated by intraplate volcanism locaied spatally between these two tectosic €nviron
Almost entirely basalt S e by ¥

* * mixture of basaltic, intermediate and silicic

GG325 L36, F2013

Igneous geochemistry

We've already seen that the Earth’s crustal B, contients |4
. . . = L =
rocks are bimodal in density, ——— 3§ .3
. oy < o0 <
and by inference, composition. g A -3
" . <, VENUS o ';‘
Here’'s a composition histogram. 1 @ g
T T T T T T T 1 g™ - g
Mafic Silicic =5 4 g
OCEAN BASINS H
(I) T 0}5 R 1.0 %
RELATIVE AREA 2

SURFACE ELEVATIONS are distributed
quite differently on the earth (blue) and
on Venus (gold). Most places on the
earth stand near one of two prevailing
levels. In contrast, a single height char-
acterizes most of the surface of Venus.
(Elevation on Venus is given with re-
spect to the planet’s mean radius.)
Taylor and McClennan, Sci. Amer. 1996

52.5
73.0

! ! t | | | I 1
10 20 30 40 50 60 70 80 90

Percentage of Si0O,

Figure 5.1 The frequency distribution of silica percentage in
analyses of igneous rocks.
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Igneous geochemistry

The magmas that ultimately produce the crust are commonly referred
to as mafic (rich in Mg and Fe, poor in Si) and silicic (the opposite).

But, the bimodality is far from perfect.

A range of compositions and processes form more of a continuum of
igneous rock compositions.

I I T T I I I ] I

Some magmas represent Viafi Siie
melts of the mantle arc ilicic

whereas others represent
melts of the crust,
particularly on the
continents.

52.5
73.0

Other magmas are mixtures L L
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thereOf Percentage of Si0,

Figure 5.1 The frequency distribution of silica percentage in
analyses of igneous rocks.
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Early Igneous geochemistry History

By the early 1900s, a great deal was already known about the chemical
compositions of igneous rocks.

However, an understanding of why certain compositions occurred in
certain places had to wait until the advent of plate tectonics theory in
the 1960s.

The first large compendium of major-element analyses of igneous rocks
from around the world was published in 1917.

Using 5159 samples, it demonstrated that most igneous rocks are
mixtures of just 10 major elements (O, Si, Al, Mg, Fe, Ca, Ti, Na, K, P),
plus minor (usually <1%) amounts of Mn and H,O.
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Major Elements

Chemical compositions of igneous rocks are usually reported as weight
% (wt%) of each element as an oxide.

There are typically 9 major and 2 minor element oxides listed in a rock
analysis.

This is true when Fe is reported as total FeO or total Fe,O,.
Sometimes both oxidation states [Fe?* (FeO) and Fe®** (Fe,0,)] are
analyzed and reported separately, as in the olivine thermometry

homework problem we had earlier this semester.

Be sure to check this aspect when scrutinizing rock analysis data.
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Igneous geochemistry

The early data base was strongly biased toward rocks from
easily-accessed locations, nearly all on land, so some details
about global variations in composition have changed.

g SiO, content in igneous rocks is bimodal, as is CaO and K,O
gh Each of the other major element oxides has one
dominant range of composition

T T T T T T T T T T R S TR, TR A | — T T T T T T

e cept Silica
(Washington Collection 1917)

730

“—o—o  Alumina
------- Ferric oxide
——-— Ferrous oxide

: | | L 1 L
Magnesia 0 2 30 40 5 6 70 8 80
—— N Percentage of S0,

Potash Figure 5.1 The frequency distribution of silica percentage in
analyses of igneous rocks.

L LA S S S S e
15% 20% 25% 30%
Figure 5.2 The frequency distribution of the percentages of the major oxides in analyses of igneous rocks. (Richard-
son and Sneesby, Mineralog. Mag. 19, 309, 1922)
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Igneous geochemistry

The major elements are found in different proportions in the
main minerals of igneous rocks, and these minerals vary in
proportion and composition with rock type.

Silicic Mafic
R 1T g5 o----F
z I~ =1 0= !
:E 2B 23 g’EIE?—: g_“él%‘ ) !
. 2 g8 28 52,28 == % El1
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ultramafic
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E Plagioclase
] 60 |— Sodic <— Calcic —
> Quartz
7=
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B Bioite
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Figure 5.3 Approximate mineralogical composition of the commoner types of

igneous rocks (effusive types in brackets). GG325 L36. F2013

Igneous geochemistry TAS | v | s s ]
diagrams “[ """ /,(A\\\\ ]

Some of you have already taken e o N e ]

igneous petrology (the study of the i -

distributions of minerals in igneous

e
>
\\
N

rocks and their relationship to the I ]
conditions of melting and d ]
crystallization). %l | i
Many others of you will be taking ga_-«»mm-m

such a course, so we won't focus VAN

here on the major element or mineral g Nl e e j
compositions of igneous rocks. A A A e = 3
These figures summarize one of the Lo ;..,.,,‘,J jl
common chemical classifications of LN S A} T
the main volcanic and plutonic rock i L F St | J’
types in terms of SiO, and total B —
alkalis (TAS = Na,0 + K,0) R st o o s
concentrations in wt%. ARSI,
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Mafic Silicic
TABLE 8-1 Chemical Compositions of Some Common Igneous Roeks
6 7 8 9 10
! 2 3 4 S Continental Gabbro of Continental
Oceanic alkali  Oceanic tholeiite Continental Islandarc  Island arc islandarc  riftkucite  contnentslyered  Costioetal  batholith quantz
olivine basalt basalt tholeiite basalt dunite andesite ehyolite nephelinite matic pletos s i
Si0; 5048 4920 5205 39.53 58.60 Si0s 74.22 3977 4808 53.40 65.49
TiO: 2 203 170 001 089 TiOx 028 382 117 077 065
Al:Oy 1831 1609 1243 093 1538 Al;Oy 1327 1253 12 296 1449
Fe;01 3 m 508 065 22 Fe:0y 088 602 132 091 211
603 m 1008 2.62 671 fFeO 092 862 R4 30 290
021 018 024 012 018 MnO 008 027 016 - 0.10
421 644 395 4883 a2 MgO 028 445 862 188 245
221 7.33 Trace 702 [ 159 1188 .38 985 429
480 276 Trace 38 Na;O 424 486 23 47 280
193 207 - 146 K20 318 538 025 030 366
074 028 — 028 P0s 0.05 135 0.10 0.18 021
046 1.90 089 030 H:0" 0.80 060 Lol uwl 056
038 036 016 007 H0" 023 032 005 : 008
141 Other 043 013
00.22 %92 100.33 100,15 10013 Total: 3995 B3 00,17 100.06 %91
267 950 498 215 807 K/Rb 251 352 550 »1.000 32
009 002 0.04 0025 0038 Rb/St 10 0058 0022 <001 0311
FI5rse 0.7033 07034 07064 07091 0.7036 VISefrese 0.7054 07081 07076 07053 0.7086
Sources: Sources:

1: Cenazoic alkali olivine basalt, Island; data from A. E. J. Engel et al., 1965, Bull. Geol. Soc.
Am.v. 76.p. 725, a0 Z. E. Peterman and C. E. Hedge. 1971, Bull. Geol. Soc. Am..v. 82, p. 495.
2: Cenozoic tholeiite basalt, Atantic Ocean. depth 2.910 m. 20°40' S, 13° 16’ W data from A. E. J. Engel
and C. G. Engel. 1964, Science. v. 144, p. 1332.and P. W. Gast, 1967. Basals (Poldervaart Treatise). Wiley
(lmmabw‘ui-),\ 1,p.325.

3: Jurassic tholeiite basali. Nuanetsi region. Karroo Basin, South Africa; data from K. G. Cox et al., 1965,
Phil. Trans. Roy. Soc. Lond., ser. A, v. 257.p. 71. and W. 1. Manton, 1968, J. PetroL.. v. 9, p. 30.
4: Permian dunite, Dun ML.. New Zealand: data from ). J. Reed. 1959, New Zealand J. Geol. Geophys.,
2.p. 16. and A. M. Stueber and V. R. Murthy. 1966, Geochim. Cosmachim. Acta, v. 30. pp. 12410348,
5: Quaternary pyroxene andesite. Talasea. New Britain: data from G. G. Lowder and I. S. E- Carmichael.
1970, Bull Geot Soc. Am. . 81, p-27.20d Z. E. Peterman et al... 1970, Bull. Geol. Soc. Am..v. 81,p. 314

6: Average Quatemary rhyolite, Taupo yolcanic one, New Zeaand: s from A Ewtand 1. 1. Sipp. 1969,
Geochim. Cosmochim. Acta. v. 32, pp. 704, 712.

7: Quatemary leucite nephelinite. War Cemﬂm Flow, Nyiragongo volcano. Congo: data from K. Bell and J
L. Powell. 1969. /. Petrol., v. 10, pp. 546, 549.

8: Chilled border gabbro, Tertiary Skaegaard intrusion. Greeniand: data from L. R. Wager and G. M. Brown,
1967. Luvered Igneous Rocks. Freeman, p. 158. pp. 193-194,

9: Gabbroic anorthosite, Precambrian Adirondack massif. New York: data from A. F. Buddington, 1939, Geol.
Soc. Am. Memoir 7. p. 30, and S. A. Heath and H. W. Fairbaim, 1969, N. Y. State Memoir /8. p. 9.

10: Cretaceous Butte Quartz Monzonite, Kain quarry, Boulder batholith, Moat ; data from A. Knopf. 1957, Am.
J.Sci.,v. 255.p. 89. and B. R. Doe el al., 1968, Econ. Geol.,v. 63, p. §98.

GG325 L36, F2013

Igneous geochemistry

One potential compositional evo

lution path of basaltic magmas

as a function of Temperature, SiO,, and MgO is:

Pseudo Harker diagram oo b .
Harker diagram Note reverses axis order R ! L
0~ ',‘ b 1
& 2 1a00 3 {
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af o> esa e
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20+ Neg we %
sf Cca0 ‘\. Figure 11.14 Phase diagram for the system forsterite (Mg:SiO.)-fayalite
. e lR,SnO.] dlustrating how fractuional crystallization affects a solution senes.
5 crystals forming from a melt with initial composition @ will range in com-
] % pmmaﬁombmmpo.mpud
2 2l ol 1 L 1 i 1 i 1
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o
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Figure 2.1 Harker variation diagrams of wt. % Na,O + KO % MgO

and wt. % MgO versus wt. % SiO, for a suite of cogenetic
volcanic rocks related by fractional crystaliization of olivine.
clinopyroxene and magnetite. The highly magnesian basalts
(MgO >12%) may have accumuiated olivine by crystal
setting. This should be evident in their petrography. i.e. the
samples should be highly olivine phyric.

Figure 2.2 Harker-type variation diagrams. with wt. % MgO
as abscissa, for a cogenetic suite of volcanic rocks related by
fractional crystallization of olivine and clinopyroxene.

appearance or
disappearance of
minerals.
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Igneous geochemistry

We will instead focus mainly on evidence provided by the trace
elements, which are covered in less detail in petrology
courses.

Unlike major element analyses, trace element data are usually
are reported as an element’s relative concentration by mass

(e.g., ppm, ppb).

By definition, trace elements are present at concentrations
less than about 0.1 wt%.

GG325 L36, F2013

Igneous geochemistry

As we saw last week, trace elements provide key insights into
the composition of the mantle.

We will look in the next few days at how they are used as
tracers of the composition of mantle and crustal source rocks
that melt to produce magmas.

Trace elements also yield important information about the
processes and conditions of melting and crystallization.

Trace elements usually do not form the major rock-forming
phases. Instead, they partition themselves among the different
major phases as “contaminants”, according to

gh ionic radius
gl ionic charge
g electronegativity

gl lattice energy of substitution site 66325 L36, F2013




"Goldschmidt's Rules"

These outline the conditions for trace element partitioning between
igneous phases.

lons will substitute readily for each other in a mineral lattice if...
1. Size: Their ionic radii differ by <15%.

2. Charge: They have the same charge or £1 unit of charge
difference (substitution with greater charge differences may occur
but to a significantly lesser degree).

Of two ions with the charge and radius to occupy a lattice site...

3. The ion with the higher ionic potential (z/r) is favored because it
will make stronger bonds.

A fourth rule was added more recently by Ringwood:

4. The ion with the most similar electronegativity to that of the major
element being replaced will be favored because it destabilizes the

crystal lattice the least.
GG325 L36, F2013

Trace element partitioning example

This diagram shows contours of the clinopyroxene-melt
distribution (partition) coefficient for various ions as a function
of charge and radius (i.e., primarily rules #1 and #2).

160

Rbe
140}

120 F

100 f

lonic r adius, pm

80 |

60

40"“‘
0

lonic Charge
Figure 7.10. lonic radius (picometers) vs. ionic charge contoured for
clinopyroxene/liquid partition coefficients. Cations normally present in
clinopyroxene are Ca’, Mg*, and Fe*', shown by " symbols. Elements
whose charge and ionic radius most closely match that of the major
elements have the highest partition coefficients.
modified from White, Geochemistry
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Trace element partitioning

Size is fairly intuitive control, since the substituting ion needs to
fit into a mineral lattice: Too big or too small a won't be
energetically stable.

Charge is also intuitive, since charge must be balance within a
lattice and if a charge imbalance is generated by a substitution,
a second substitution must occur to correct for this.

Electronegativity is harder to visualize, but the disruption of
replacing a greedy element with a giving element or vice versa
is too much for a lattice to take.

example: we rarely see substitutions of like-charge and like-size
pairs like Na* - Cu* and Ca*2 and Cd*2 due to electronegativity
differences.

GG325 L36, F2013

Trace element distribution

We can determine whether a particular substitution is favored or
not by using the solid-melt distribution (partition) coefficient.
Recall the equation for the simple case of melt + one solid:

Aky4 = [conc. of A];4/[conc. of A]

solid melt

For a multi-phase system (one melt + more than one solid; e.g.,
several minerals), we use the bulk distribution coefficient:

Bulk Aky =AK, =D, = k, = [modal conc. of A]_;J/[conc. of A]

solids melt

GG325 L36, F2013




Trace element distribution

K, and D, values tell us about the tendency of an
element to be proportioned between coexisting melt
and solids.

D,>1 The elementis compatible (a.k.a. “captured”).

D, =1 The elementis neutral (a.k.a. “camouflaged”).

D, < 1 The elementis incompatible (a.k.a. “released”)

GG325 L36, F2013

Trace element distribution

Arigorous definition of bulk k, (“D”) for a multiphase solid (a,
b, c..., j) + one melt system is:

D = okg®+ Bk + vk e + ... pkd = Zxky

where a, B, vy, and y are the proportions of the minerals that
comprise the solid,

and k2, k2, k S,... kg are the mineral-melt partition coefficients
for each of the different minerals, a, b, c,...j that are in
equilibrium with the melt.

X;is the mole fraction of mineral a to j present.

GG325 L36, F2013
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Trace element distribution

in addition to ionic charge, radius, and electronegativity, the
temperature and pressure of the system play a key role in trace
element substitution, because as we’ve seen throughout the course,
T and P determine which solids will be present in a given system.

Also, structural controls on crystal lattice energy are such that each
type of lattice site has a specific energy of ion substitution.

For a given crystal lattice, that energy is a function of T and P.

GG325 L36, F2013

Trace element distribution

To summarize, the energy of substitution is minimized (made most
favorable) for substitution by the “right” ion;

that is, the one with the best combination of
v’ size,

v charge,

v  electronegativity.

v as afunction of Tand P

A substitution into a phase becomes less favorable (i.e., k, goes
down) the more any of these values vary from the ideal.

The incompatible elements have ky < 1 in all the common mantle
minerals (and D < 1 in mantle rocks) because their substitution
energies are high in all of these minerals.

GG325 L36, F2013
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Trace element distribution

We can understand quite a lot about k, differences by observing
how k4 varies in a given mineral as a function of ionic size in an
iIso-charged series (same valence or oxidation number).

This helps us understand the structural controls on the
distribution of ions between a mineral and a melt.

1071
- Here’s an example for olivine
é 107 § and melt.
g These types of di
5 w07 ] ese types of diagrams are
E o} 3 known as Onuma diagrams,
1075 1 after their originator.
100 L. .

006 o008 o1 0iz 04 Examples for plagioclase and
Tonic Radius, nm

Figure 7.11. Partition coefficients for di- (dashed) and tri-valent ions Cllnopyroxene are g|Ven N

between olivine and silicate liquid as a function of ionic radius. .

Points are experimentally determined partition coefficients, lines are the next th ree Sl|des

partition coefficients predicted from equations 7.17 and 7.20 using r,

= 58 pm, 6 =025 MPa, K = 953 Mpa, and AC;= 55]/mol-K

modified from White,_Geochemistry GG325 L36, F2013

Mafic Silicic
o né& | (Ea 100~ | \ ' . (=
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2y
'l .
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{
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3 A
. ; 1
3 S
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e £
S .
% T S et
£ & j
: Mg 2
H3gsc k«.
co g.
o 52 1 R XN
Plagioclase - 1 site Plagioclase - 1 site
Basalt Rhyolite
i I 1 1 1 1 1 o L L L 1 L .
w6 8 10 12 v 16 A “ 8 10 12 14 164
lonic Radius lonic Radius
Fig. 3. Fig. 10.
Plagioclase/matrix. Alkali olivine basalt, Takashima, data of Hiouomt Plagioclaso/matrix. Pumice, Tumalo, Oregon, U.S.A., data of Dupas efal.
and Nacasawa (1969). Ionic radii of Warrraxer and Munrus (1970). (1971). Xonic radii of Wrrrraxzr and MuxTus (1970).

modified from Jensen (1973) Geochim. Cosmochim. Acta, 37, p2227-2242
Plagioclase has one kg4 peak at 1.18 A, which is the radius for the site into
which ion substitution occurs (ignoring Al, which is part of the Al-Si structural
framework). However, the actual value of the partition coefficient depends

on the overall melt composition. GG325 L36, F2013
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Trace element distribution Wrd ¢ 1§ =

Plagioclase

Lava composition and temperature ' , ‘2ionsonly

determine the An number of the
plagioclase feldspar.

Remember...
*An, = 100% anorthite E i
(Canl;Si;O;) e
*An, = 100% albite g
(NaAlISi;Oy) E
*Ang, = an equal mixture
of the two

Notice that K 5" varies from 5 in
basalt to 50 in rhyolite.

o1l—L 1 1 ]
0 12 14 6 A
lonic Radius
Fig. 12. iocl ix plots of the divalent peak for 8 samples showing

mhuondnp between he:ghc of the poak and An content of the plagioclase. Data
largely from Dopas et al. (1871), EwArT and TAYLOR (1969) and PEILrPoTTS and

ScENETZLER (1970). from Jensen (1973)
GG325 L36, F2013

Trace element distribution . °78A 1108
I
The double peak in the augite [:;50 ',""wéc,
curve is from substitution into two i '“"gg‘
structural sites with radii of 0.79 A "7es 'é'&ﬁ?ogédm‘-, -
and 1.01 A il it
% LR ¥ |
g P el
8.4k "l ® o
:E;_ 7?.4A 1014
]
Y
ot : -
Clinopyroxene - 2 sites S
basalt
L e I T U A

lonic Radius \K

Fig: 1. Partition coefficient vs ionic radius for augitefmatrix. Olivine alkali
basalt, Takashima, data of ONUMA et al. (1968). Ionic radii of WRITTAKER and
Munros (1970).

from Jensen (1973) Geochim. Cosmochim. Acta, 37, p2227-2242
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ol e B Trace element distribution
Nd < 3+
7 7/ m The very latest models for partition
\
A

g 10’ » K . . . . .
s 7 R \ coefficients incorporate lattice strain
Bw Vel and electrostatic factors to derive
Sl 4 s best-fit parameterizations. Notice
£ strain model El . . .
o that the plagioclase peak is still at
10° © 4. Plagioclase \ 1.18 A.
08 T2 A e s
ionic radius (A)
= iR Also note that only the peak at 1.10
e £ AP o A is shown in this clinopyroxene
E OO0, . . . .
210 f  m—_ diagram (i.e., the 0.79 A peak is still
£ N there, but the figure’s scale stops at
g A N 0.8 A).
: i X\ .
s = Vo If you need a k4 value for a given
S Y element but can’t find a published
| b. Clinopyroxene Y| . .
: S ‘ : value, you can estimate it from such
0.8 1 12 1.4 1.6 1.8
ionic radius (A) model curves.

exal-melt partition coeff for (2)
1994) and (b) clinopy (run DC23 of Bluady and
. mineral, are denoted by

Tonic radii in -fold coordination are taken

o Shiion (IR O Blumdy and Wood W54 2003 GG325 L36, F2013

Trace element distribution

Compilations of measured values for mineral-melt distribution
coefficients for many of the geochemically important elements are
given in the next two slides (as well as in your reading).

There are two tables: one for mafic lavas and one for silicic lavas.

As we saw in the Onuma diagrams for plagioclase, the k, values for a
given mineral are often quite different in mafic vs. silicic melts.

These two tables are relatively complete, but the data are only for
magmas at atmospheric pressure and the data are quite old.

Slightly different values apply at higher pressures, but we’ll assume
for the purposes of this course that we can use low- and moderately
high-pressure values interchangeably.

Note: when melt solidifies rapidly, it forms a glassy "matrix" of an
igneous rock. Slow cooling magmas tend to have little to none of this.

GG325 L36, F2013
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Trace element distribution coefficients
Mafic

TABLE 5.2a. Mineral/matrix partition coefficients of elements in basaltic and andesitic rocks L

[ y", 1984

7z r° PL

Olivine Orthop! Clinop; P

Garnet

P
(one
Range  Average Range Average Range  Average Range Average Range Average determination) Range Average

3 Li 0.26 : 0.12,0.19 g 0.20
11 Na 0012-0.024 0.02 0075 b 027 . 0.72, 0.80 *
12 Mg 45-80 6.1 4,7 o 2-5 ¢ 28,48 ¥
13 Al 0012 ¥ 03 > 021-0.6 03 1.6-2.1
19 K 0.0002-0.008 0007 001, 0.02 & 0002-027 003 0.33-086 060 0.02-0.36
20 Ca 001-004 0.03 02,04 » 11,30 el
21 Sc 014022 017 12 * 1.7-3.2 27 22,42 ¥
2 Ti 08 &
23 V. 003 » 06 2 08-19 13
24 Cr L1-31 21 10 ® 4.7-20 84 0.10, 1.6 >
25 Mn 08-18 12 14 . 06-1.3 09 0.05
26 Fei'12-30 19 18 . 06-1.0 08
26 Fe’* 075 s 0.37-0.86 0.53
— 27 Co 28-52 38 2,4 [ 0.7-2.8 12 14,18 .
28 Ni 8-19 14 5 - 14-44 26
Zn 07 b? 041 *: 042, 0.69 *
31 Ga 004 * 07 e 0.30-0.58 040 0.85-13
[—> 37 Rb 0.0002-0.011 0006  0.02, 003 L 0.001-028 004 O .4 025  0.03-0.50
38 Sr 0.0001-0.02 0.01 001, 0.02 b 0.07-0.43 0.14  0.19-1.02 057  1.3-29
49 In 006 * 045 . 1.7 22,31 ¥
55 Cs 00004 b 0.002-0.018 001 005,020 ® 0.025
56 Ba 0.0001-0.011 0006 0012,0014 * 0.002-039 007 0.10-044 031  005-059
57 La 0.08 ¢ 0.17-0.44 027 014
58 Ce 0009 b 0.003-004 002 034 009-0.54 034 0.06-0.30
60 Nd 0.007,0010 = 0.03, 0.06 : 06 019 * 002-020
62 Sm 0.003-0015 0009 001-0.10 0.05 09 0.34-1.46 091 002-0.20
63 Eu 0006, 0010 . 0.02, 0.08 . 09 0.36-1.49 101 006-0.73
64 Gd 0012 L 0.51-1.7 11 0.03-0.21
65 0.05 b £ 1.02-2.0 14 003
63 gy 0.009. 0.014 b 0.12,029 * 11 0.64 o 0.01-0.20
6 o
68 Er 0009.0017 . 0.16, 0.46 . 0.53-1.3 1.0 0.48 . 0.02-0.24
69 Tm L1 4
70 Yb 0.11-0.67 034  048-13 1o 0.46-1.42 097  0.006-0.30
;; 'l:l'; 0.1 - 0.67, 1.0 * 0.44-1.31 089 003-024
82 Pb 0.10-0.67
90 Th 0.003-005  0.02
92 U 00024, 0.0027 M 0.004-0.08  0.04 0.009

o
=5

o 2
s

.
023
.
0.14
0.08

0.08
0.07
0.08
026

.

27

0.03
0.04

26-54

0.06, 0.29

0.7-18

003, 0.08
005

0.07-1.25

* Where only one or two determinations are available, an average is not given; the values are quoted in the range column.
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Silicic
TABLE 5.2b. Mineral/matrix partition coefficients of elements in dacitic and rhyolitic rocks Hend I ic Ci y", 1984
Orthop: Cli A i Plagioclase Alkali Feldspar Biotite Garnet Magnetite
(lor2
Range  Average Range Average Range Average Range Average Range Average  determinations) Range  Average Range Average
3 Li 016,021 s 0.27-066 0.39
11 Na  0.03-0.1 006 009-0.14 011 0.08 ‘ 12-31 L5 0.10
12Mg  50-160 100 00305 03 005-0.33 021 22
19K 0.0006, 0.002 b 0.08-0.33 0.19 0.64-22 14 26,56 0.02 od
20Ca  055-23 14 8-12 10 18 . 1.8-49 34 0.10-3.8 19 0.62 0.3-0.5 04
218 60-7.7 69 18-28 22 20 i 001-020 007 113 102-202 160 3345 39
23V 4.4-10 6
24Cr 063 1.6 90 - 0.03-0.7 02 19 5-20 11
25Mn 29,34 a 0.03-0.31 0.18 003-0.52 018 6.0
27Co  21-36 29 6.0-11 8 45 . 0.04-0.5 0.15 29 17-36 26 19-35 28
30Zn 08-1.0 09 7 s 026060 038 20 10-14 12
37Rb  0.0005-029 009 009 o 0.02-046 009 0.11-080 038 33,35 0.009 *
38Sr  0.009, 0.05 + 1.5-8.8 6t 3.6-26 94 0.12, 0.36 0.02 .
Y 09 .
49 In 39
55Cs 03 001-0.13 005 24
568a  0.003-0.03 0.02 0.02, 0.06 * 0.035 . 0.30-092 050 2.7-129 66 64,87 0.017 . 0.05-0.08 0.07
57La  0.50-090 0.65 0.5-08 0.6 085 e 024-049 032 032 028-054 039 024088 053
58Ce  008-1.03 046  06-12 09 043-18 12 0.11-040 024 0.04 2 0.04, 0.38 035-093 062 028-1.15 061
60Nd  0.11-1.20 0.62 14-29 21 1.0-43 32 0.06-029 019 0.03 * 0.04 053-073 063 035-1.80 088
€2Sm  0.13-1.6 0.7 2.1-33 27 16-82 54 005022 013 002 . 0.06, 0.39 076-5.5 22 039-185 093
63Eu  011-10 05 1.6-23 19 12-59 36 0.82-4.2 20 113 > 0.15,0.33 0.17-1.37 07 0.28-0.96 0.58
64 Gd  0.17-22 L1 2048 3.1 0.11-024  0.16 0.08, 0.44 53-136 17
65Th  08-16 12 20-4.1 30 30 * 0.10-022 015 0.39 7.2-19.6 12 036-1.50 084
5Dy 026-13 0.7 22-40 33 23-14 9 0.04-045 013 0.006 o 0.10 29 ¥ 03-14 03
67 Ho 18.4-35 28
68 Er  043-0.73 0.61 24-11 8 0.03-0.08 0.05 0.006 . 0.16 43 *
69 Tm 08-19 14 5 b 0.1-0.2 0.1 0.5-1.2 08
70 Yb €.73-12 10 1.6-2.8 21 19-9 62 0.02-030 008 0.012 * 0.18, 0.67 26-67 43 0.2-0.6 04
7Ly 076-14 11 20-26 23 18-6 45 003-0.11 006 0.74 2464 38 0206 04
T2Hf 004,02 A 0.20-0.55 034 6 e 0.02-0.17 007 210 02-0.6 03
73Ta 0207 0.5 0.1-0.8 04 03 . 0.02-009 005 0.8-1.8 13
82 Pb 0.29-0.78 045 0.84-14 1.0
90 Th  0.13-0.12 0.15 001025 0.13 0.22 * 001-009 004 031 004-020 0.1
92U 009 - 003 . 040 * 001-007 003 0.14 »

GG325 L36, F2013

15



Table 7.5. Mineral-Melt Parrtition Cotfficients for Basalts

—ovine Opx  Cpx Pl Spind Gamet dmh - Trgce element distribution

Be 0.035 0.047 0.36 H H

B 0.034 0.027 0.117 0.08 C O effl C I e n tS

K 0.00017 0.0028 0.18 0.002 035

S 037 0.6 0.8 0.065 0.048 04688 H H ’ H H
T %O as i This table from White’s book is compiled
Ga 0.024 0.74 0.86 4.6 i

Goooom L DT 0% 46 from newer data, but includes fewer

Rb  0.000044 00033 0.025 w7 047 elements

Sr 0.000063 0.0068 0.157 2.7 0.0099 0.184

Y 0.0098 0.014 0.62 0.013 542 0.634

Zr  0.00068 0.004 0195 0001 0.06 212 0.3
Nb  0.00005 0.015 00081 0033 008 00538 0.197

Cs  0.0015 0.0039  0.026

Ba  0.0000034 00067 00022 033 0.0007 0.282
La  0.0000088 0.0056 0.052 0082 0.01 00164 0.058
Ce  0.000019 0.0058 0.108 0.072 0065 0116
Pr  0.000049 0.006 0.056 0.178
Nd 0007 0277 0.045 0363 0273
Sm  0.000445 0.0085 0.462 0033 0.0064 1.1 0.425
Eu 00078 0458 055  0.0061 2.02 0.387
Gd 0.011 0.034 0.725
Tb  0.00324 0.011 0.0078 0779
Dy 0015 0711 0.03 413 0.816
Ho 0.00927 0.019 0.783
Er 0.021 0.66 0.02 3.95 0.699
Tm 0.025

Yb  0.0366 0032 0633 0014 0.0076 3.88 0.509
Lu 0042 0623 378 0.645
Hf 0.001 0.021 0.223 005 122 0.638
Ta  0.00005 0015 0013 011 006 0.11

Pb  0.0076 0.01 1.07 0.0001

Th 0000052 0.0056 0.014 0.19 0.0014 0.016
u 0.00002 0015 0013 034 0.0059

Data sources: Beattie (1994), Chaussidon and Libourel (1993), Chazot et al. (in
press), Dunn and Sen (1994), Hart and Brooks (1974), Hart and Dunn (1993),
Hauri et al. (1994), Kennedy et al. (1993), Nagasawa et al. (1980), and
compilations by Green (1994), Irving (1978), and Jones (1995).
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You can find a great deal of data at the GERM (geochemical earth reference model)
website (http://earthref.org/). Select “databases, and then choose partition coefficients.
There are multiple ways to search (by element, rock type, mineral, etc., but this
periodic chart search is the easiest to execute. This link will be useful for your final exam.

/2 GERM Partition Coefficient (Kd) Database -- Home Page - Windows Internet Explorer B =101 x|
D) @ ht | =42 lx | [eooge P
- [sen Lerese 0 log-in | register | feedback | contact | copyright
Geochemical Earth Reference Model [ in [Resenvors =] Q)

— TS GED @&D Links B
GERM Partition Coefficient (Kd) Database

The Kd's Database contains partition coefficient data for all types of rocks and minerals and for every element. All search
results are sortable and may be downloaded in the format of your choice. Both experimental and empirical data are included in
this extensive compilation.

Search Options Search the Periodic Table
Advanced Search ° PG 1 2 3 4 5 6 7 8 9; 0 11 12 13 14 15 16 17 18
- ALY 1 1 2
Search the Periodic Table o 1 H Helie
2 3 4 5 6 7 8 9 10 =
Search the Reference Database Li  Be B || N]|O|FE |'Ne
3 11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
4 197 | 20 TR0 NVH N NOTN BT R R0 B RO N OO0 31 | 32 | 33 | 34 | 35 | 36
Your Own References K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
" 37 38 59 Sl Sa S SED B3 SRl S Ba6 ) BA7 S BME 49 50 51 52 53 54
To upload one of your publications, please select an 5
option and continue by clicking the Upload button. If Rb | St SRS IREG RHIR ENOR R EET BERR AT GRER In | Sn | Sb [ Te | | | Xe
you already are an EarthRef org user you don't have 6 55 56 % T2: I3 WA 78 76 77 78 79 80 81 82 83 84 85 86
to register again, otherwise click the Register Cs Ba lLan Hf Ta W Re Os I Pt Au Hg TI Pb Bi Po At Rn
button 87 88 | =
" B Ra At

@ Upload your publication reference
€ Update an existing reference

57. | 58 | 59 | 60 61 62 |63 | 64 | 65 66 67 68 69 70 4l
La | Ca | Pr |'Nd | Pm | Sm | Bu | Gd | Th |'Dy |‘Ho | Er | Tm | 'Y | Lu

* Actinides 8 9% 9N 92

Register] Upload Ac | Th | Pa | U

* Lanthanides
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http://earthref.org/

Trace element distribution

As mentioned above, the “bulk K", D, is a weighted average of
all the individual mineral-melt K;s for the system.

Let's calculate bulk K, values for Rb and Co for melting within
the shallow mantle of a basalt composed of 45% olivine, 35%
opx and 20% cpx using the data from the Henderson tables as
an example.

We will use

Ky= oK@+ BK P+ yK,©

Ky KgoPe | Ky | Bulk Ky or D
Rb ]0.006 |~0.03 |0.14 |0.45*0.006 + 0.35*0.03 + 0.2*0.04 = 0.021
Co |38 ~3 1.2 ]0.45*3.8+0.35*3+0.2*1.2= 3.0

Rb behaves incompatibly, Co behaves compatibly in this system.
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