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VOLUME XXX NUMEER 3

THE

JOURNAL oF GEOLOGY

April-May 1922
THE REACTION PRINCIFLE IN PETROGENESIS

N. L. BOWEN
CGeophysical Laboratory, Carnegie Institution of Washington

TABLE II

REACTION SERIES ¥ SUB-ALEALINE RoCES

olivines
\ calele plagloclases

Mg pyroxenes /
\ calei-alkalic plagioclases

Mg-Ca pyroxenes /
\ alkali-caleie plagioclases

amphiboles /
\Malkalia plagioclase

(spinels)

bictites /

potash feldspar

l

muacovite

l

quartz
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Jowrnal of The American Ceramic Society—COsborn 1950 Vol. 33, No. 7

Segregation of Elements During the Crystallization
of a Magma

by E. F. OSBORN

Depariment of Earth Sciences, School of Mineral Industries, The Pennsylvania State College, Stote College, Pennsylvania

to react with the liquid to form minerals occur-
ring lower down in the series, Olivine reacts with
the liquid to form pyroxene (MgO-FeO-Ca(
metasilicate) as in the familar relation of for-
sterite (Mg;510,) to clinoenstatite (MgSi10y), and
alagioclase continually reacts with the liquid fo
form a more sodic memhber of the senes. If
equilibrium  were maintained throughout the

causing a relative enrichment of the liguid in Na™ and Fe**,
Both Al** and Fe*+, which could not enter the olivine strue-
ture, are fixed in small to moderate amounts in the pyroxenes.

This outhne of ionie and struectural relationships existing
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To TTUpITIKO TETPAEDPO: [SIO, ]+
(S1:0=1:4)
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“reqpupwPEVO” aTouo oEuyovou

[Si,0-]° (Si:0=2:7)
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>y

O1 okTaedpikec Beoeic M1 nepiexouv Ta PIKPOTEPA KkaTiovTa (n.x. AR+, Fe3+)

kal ol M2 Ta peyaAuTepa katiovta (n.x. Mg?+, Ca2*, Fe 2+, Na*)
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OPOOITYPO=ENOI

Poupikoi nupogevol (yevika M=Mg,Fe)



KAINOIMYPO=ENOI

MovokAIveic nupogevol (yevika M=Mg,Fe,Ca,Na)
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American Mineralogist, Volume 73, pages 11231133, 1988

Nomenclature of pyroxenes

Subcommittee on Pyroxenes

Commission on New Minerals and Mineral Names
International Mineralogical Association

N. MorimmMoTO, Chairman
Department of Geology and Mineralogy, Kyoto University, Kyoto 606, Japan

Subcommittee Members
J. FaBrigs (France), A. K. FERGUSON (Australia) 1. V. GinzBurG (USSR), M. Ross (U.S.A.),
F. A. SEIFERT (Germany), J. ZussMaN (U.K.)

Nonvoting Members
K. Aoxi1 (Japan), G. GorTARrDI (Italy)

ABSTRACT

This is the final report on the nomenclature of pyroxenes by the Subcommittee on
Pyroxenes established by the Commission on New Minerals and Mineral Names of the
International Mineralogical Association, The recommendations of the Subcommittee as
put forward in this report have been formally accepted by the Commission. Accepted and
widely used names have been chemically defined, by combining new and conventional
methods, to agree as far as possible with the consensus of present use. Twenty names are
formally accepted, among which thirteen are used to represent the end members of definite
chemical compositions. In common binary solid-solution series, species names are given
to the two end members by the “50% rule.” Adjectival modifiers for pyroxene mineral
names are defined to indicate unusual amounts of chemical constituents. This report in-
cludes a list of 105 previously used pyroxene names that have been formatly discarded by
the Commission.
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Q=Ca+ Mg+ Fe*
J=2Na




Mg, Fe,Ca-ITYPO=ENOI

YFe (= Fe** + Fe’" + Mn*)

e Ca = 100Ca/(Ca+Mg+2Fe)
e Mg = 100Mg/(Ca+Mg+2Fe)
e >Fe = 100Fe/(Ca+Mg+2Fe)
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All Pyroxenes
Data from GEOROC, 2006, (wt%)

N=18372




Mg, Fe,Ca-ITYPO=ENOI

(Ca,Si,0¢)
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Mg, Fe,Ca-ITYPO=ENOI

melt melt
% pigeonite-augite solid solution == % pigeonite-augite solid solution
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H kAipaka Tng pikpodounc TnG anopeiEnc eEaptartal ano Tnv TaxuTnTa Yuénc
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Na-IMYPO=ENOI

Q(Wo,En, Fs)

Avyipivav-

peoxitngl
Yung

TLadeitng Avypivig

e Qd = 100(Ca+Mg+Fe?*)/(Ca+Mg+Fe?* +2Na)
e Jd = 200AI*Na/(Al+Fe3+)*(Ca+Mg+Fe?+*+2Na)
e Ae = 200Fe3+*Na/(Al+Fe3+)* Ca+Mg+Fe?* +2Na)




Na-IMYPO=ENOI

NaAlISi,Oq NaFe3*Si,O,
WETTHZ (JD)/\<\IHPINH2 (A
L — £
o
%

CaAl(Al,Si),0,

Ca-KAINOITYPOZENOZ
Ca(Mg,Fe)Si,Of

2e neTpwpata HP o1 nupogevor epniouTifovral og AR+ otn M, Bgon
evw kartiovra Na* TonoBetouvral otnv M, Beon. Ze T>700 °C
oxnuaTileTal nANpeg otepeo diahupa peta&u Iadeitn kar Auyitn

(Na*ty, + Al3*t,; < Ca?ty, + (Mg,Fe)?ty,) evw o€ xaunAotepn T Ta

katiovta Na,Ca,Al,Mg anokTouv Ta&n kar oxnuaTtileTar OuPakiTng
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ALL PYROXENES
GEOROC, (July, 2005)
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DISSOLUTION/WEATHERING
OF MINERALS AND PYROXENES

Gaasaay o)



N.L. Bowen
(1922)

Felsic Minerals

Ca plagioclase

¥

Hornblende Na-)C(a plagioclase
Biotite Na plagioclase
K-feldspar
Muscovite

Quartz

Increasing Stability

S. Goldich
(1938)

Zircon
Hematite
Goethite
Gibbsite
Quartz
Kaolinite
Smectite
Muscovite
K-feldspar
Na-plagioclase
Amphiboles
Pyroxenes
Olivines
Glass
Calcite

-

Increasing Stability

Increase in weathering rate

~




1 mm crystal, 25 C, pH=5
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1 mm crystal, 25 C, pH=5

QUARTZ

KAOLINITE

MUSCOVITE

MICROCLINE

ALBITE

HEULANDITE

10000 1E+06 1E+08
YEARS

QUARTZ : 34 000 000 yrs .....




Calcite (0.42)

|
(Forsterite)
Olivine (2,300) Ca?*-plagioclase (112)
\ (Anorthite)

Augite (6,800)

N

Hornblende (58,000)

\

Chlorite ...Biotite (38,000) Né(l;z\— lagioclase (575,000)
Ite

K+-feldspar (921,000) eSS

-

Muscovite (2,600,000)... lllite

INCREASING STABILITY

-
=
=
an)
<
&
m
n
=
<
]
=
Q
Z
9]
<
]
2
O
Z

———

Crystalline (not metaimictic) Zircon (10°)




Table 9-1. Partition Coefficients (Cs/C.) for Some Commonly Used Trace
Elements in Basaltic and Andesitic Rocks

Olivine Opx Cpx Garnet Plag Amph Magnetite
0.010 0.022 0.031 0.042 0.071 0.29

0.014 0.040 0.060 0.012 1.830 0.46
0.010 0.013 0.026 0.023 0.23 0.42
14 5 7 0.955 0.01 6.8
0.70 10 34 1.345 0.01 2.00
0.007 0.03 0.001 0.148 0.544

0.006 0.02 0.007 0.082 0.843
0.006 0.03 0.026 0.055 1.340
0.007 0.05 0.102 0.039 1.804
0.007 0.05 0.243 0.1/1.5" 1.557
0.013 0.15 1.940 0.023 2.024
0.026 0.23 4.700 0.020 1.740
0.049 0.34 6.167 0.023 1.642
0.045 0.42 6.950 0.019  1.563

Data from Rollinson (1993). * Eu*'/Eu®*  [talics are estimated

Rare Earth Elements
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YAPOIONO 2TA OPYKTA KAIL
TOYZ MYPO=ENOY2

(H+-H3O+, OH-, HzO)

HYDROGEN IN MINERALS
AND PYROXENES

Gy o)



To H €ival To nAgov 51ad£00UEVO XNHIKO OTOIXEIO
oTo Zuunav akohouBoupevo ano 1o He, 1o O, Tov C,
T0 N, TO Ne, To Mg, kail To Si. AnoTeAei Baociko
ouoTaTikOo Tou DNA OA®V TV EPRINV OVTWOV VW)
0 JECOC opoc Tou H oTo avBpwnivo owpa ivar ~10
wt%. Enopevwe To H eival agpBovo otnv Bioogaipa, kai
Puoika otnv Yopoopaipa (wKeavoi, AiUvec, NOTAUOI,
K.A.N.). Ztnv ATHoogaipa 1o H ival AiyoTepo
diadedopevo (~0.53 ppm), evw OTOV OTEPEO (PAOIO
NG N'NG (WKeAveio Kal NNEIPWTIKO) unoAoyileTal o€
~0.14 wt% (~1400 ppm) kKaTd PJECO OpPO.




Eival pavepo 0TI evw TepaoTia nooda H eivai
diabeaipa otnv Yopoopaipa, dev oupBaivel To idlo
kal otnv AiIBoa@aipa onou 1o H anavta xupiwc
oTta Aeyopeva “evudpa” opukrta (Nominally
Hydrous Minerals — NHM) Twv nETpUATWOV.
A&ilel va onueiwBEl OTI EVW 01 WKEAVOI
anoTteAouv 10 71% TNG ENIPAVEIAC TOU
nAavnTn AvTinpoo®neuouv Hovo 1o 0.025%
TNG oAIkNG padac, Kai cuvenwc NoAAG
£PWTNUATA NAPAPEVOUV YIA TO TI AKPIBWC
oupBaivel pe To H oTto unoAoino 99.975% TNC
palac Tnc ¢ (pAoioc-pavduac-nupnvac).




KOZMOXHMIKES. MHIES (mbavie <10% cupBoAr and SN)

HMhako NepeAwHA  Kounrec MeTE@DITIKR YA
(Solar Nebula-SN) PITIKN YAN

H, :96.1% £WG Kal £WG Kal

He :3.8% 50% 10%

CO :0.077 % H,0 H,O

Ne :0.016 % o€ avopakikouc
N2 : 78 ppm XONAPITEZ



Age [mio years]

Cenozoic (0-65)
() Mesozoic (65-250)
() Paleozoic (250-570)
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[TOAYMOPOIZMOZ TOY
OAIBINH (kat’ ovoua “avudpo”
NUPITIKO OpUKTO) 2TO
E2QTEPIKO THZ THZ
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Fig. 6.4: (A Photomicrograph of a garnet-bearing 10

T T T
Iherzolite xenolith from the Pali-aike vokanic field B
(Chilean Patagonia). FTIR spectra cbtained from large
olivine crystals (colourless) reveal hydrogen depletion 3
towards olivine rims and the development of hydrogen C&
diffusion profikes (B). These diffusion profiles provide :;
direct evidence of dehydration of mantie samples via =
hydrogen diffusion during transport into the crust. s ol o
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410 L c2/c _ Fig. 6.5: Results from investigation of H incorporation and water sclubility in synthetic jadeite. (A)
| | FTIR spectra for water-saturated jadeite synthesised at 3.0 GPa. 600°C (black = unpolarised. red =
405 radiation polarised perpendicular to ¢ axis. blue = radiation polarised parallel to ¢axis). Peaks in the
spectra imply absorption of radiation due to vibration of OH dipokes. indicating that H is present in
" T the structure, associated with specific oxygen sites. (B) Representation of part of the jadeite structure
400 |- . 1 l | . 1 s ] showing mechanisms for H incomporation consistent with data from FTIR spectra. Model shows octa-

0 1 2 3 4 5 5 hedral sheet {yellow = M2 sites, blue = M1 sites, red spheres = oxygen sites). Numbers refer to
possible H incorporation mechanisms.
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Depth km

Katavopun Tou H (wg H,0) oTo e0wTePIKO TNG 'RG
Kal o€ dlagopa KaT’ ovopa “avudpa” NupITIKa OPUKTA
(Nominally Anhydrous Minerals - NAM)

H,O Solubility Weight Percent

0 1.0 2.0
0 | 1 | 1 1 | 1 0
100+ B
] L5
200- B ol.
. - ;U 0
D
300- 103
- | c
®
400+ 410 S
- 15 o
500- B
600- - 20

700

) 400 L1} L [LE LA 1200

wi ppm H O

| -
- H [
30 Elﬂﬂl!!]ﬂnll.ﬂ 2
300 - 12000 ppm H20
»
! 4 - 160 ppm HxO



Water Solubility in Aluminous
Orthopyroxene and the Origin of
Earth’s Asthenosphere

Katrin Mierdel,* Hans Keppler,* Joseph R. Smyth,>* Falko Langenhorst*”

Plate tectonics is based on the concept of rigid lithosphere plates sliding on a mechanically weak
asthenosphere. Many models assume that the weakness of the asthenosphere is related to the
presence of small amounts of hydrous melts. However, the mechanism that may cause melting

in the asthenosphere is not well understood. We show that the asthenosphere coincides with a zone
where the water solubility in mantle minerals has a pronounced minimum. The minimum is due
to a sharp decrease of water solubility in aluminous orthopyroxene with depth, whereas the water
solubility in olivine continuously increases with pressure. Melting in the asthenosphere may
therefore be related not to volatile enrichment but to a minimum in water solubility, which causes

excess water to form a hydrous silicate melt.

roughly comcide with the low-velocity
zone, a layer of reduced seismic veloc-
ities and increased attenuation of seismic waves.
The low-velocity zone usually begins at a depth

Earth’s asthenosphere is often assumed to

of 60 to 80 km below the oceans and ends around
220 km (7). Below continental shields, the upper
boundary is depressed to 150 km. The seismic
characteristics of the low-velocity zone could be
easily explaned by the presence of a small frac-

19 JANUARY 2007 VOL 315 SCIENCE www.sciencemag.org



Fig. 1.3: Optical photomicrograph (crossed polarisers) of a carbonaceous
chondrite with numerous chondrules (spheres) embedded in a dark, fine-
ules display various

grained matrix that contains « C matter. The ch

textures and are composed of olivine, pyroxene and glass. nYPO= E N OI
—
013
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