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Oli vi n e — T h e Li t tl e G r e e n  
S ci e n c e M a c hi n e

I N T R O D U C T I O N

C r e e pi n g  i n  t h e  m a nt l e,  m el t i n g  i nt o  a  m a g m a,  
r e -  c r y st alli zi n g  i n  a  s h all o w  c h a m b e r,  e r u pti n g  f r o m  a  
v ol c a n o, b r e a ki n g d o w n i n t h e s u b s u rf a c e, o r o r biti n g i n 
s p a c e: oli vi n e i s e v e r y w h e r e a n d s e e s e v e r y t hi n g. A s s u c h, 
it h a s s p a r k e d c u ri o sit y a n d f a s ci n ati o n t h r o u g h o ut h u m a n 
hi st o r y. I n a n ci e nt ti m e s, oli vi n e s e e m s t o h a v e b e e n o n e of 
Cl e o p at r a V II’s f a v o rit e g e m st o n e s, a n d a c c o r di n g t o Pli n y 
t h e El d e r, w a s c all e d “t o p a z ” b y t h e G r e e k s a n d R o m a n s 
w h e n g e m- q u alit y c r y st al s w e r e fi r st mi n e d o n Z a b a r g a d 
I sl a n d (Fi g . 1; R e v h ei m 2 0 1 5). Oli vi n e i s e v e n m e nti o n e d 
i n t h e Bi bl e, a s “ c h r y s olit e, ” t h e s e v e nt h p r e ci o u s st o n e 

a d o r ni n g t h e w all s of J e r u s al e m ( R e v el ati o n s 2 1: 2 0). T hi s 
n a m e p e r si st e d, j oi n e d m u c h l at e r b y “ p e ri d ot, ” a n a p p el -
l ati o n t h at i s still u s e d t o d a y b y g e m ol o gi st s a n d j e w el e r s. 
It  w a s  o nl y  i n  t h e  1 8 t h c e nt u r y  t h at  t h e  t e r m  “ oli vi n e ”  
w a s c oi n e d b y g e ol o gi st A. G. W e r n e r, a f t e r it s c o m m o n 
oli v e - g r e e n  c ol o r.  All  t h r e e  n a m e s — c h r y s olit e,  p e ri d ot, 
a n d oli vi n e — w e r e fi n all y r e c o g ni z e d a s t h e s a m e mi n e r al 

s p e ci e s t h a n k s t o t h e w o r k s of R.J. 
H a ü y  a n d  f oll o w e r s  o n  c r y st al  
st r u c t u r e.  T o d a y,  t h e  mi n e r al  i s  
still  p ri z e d  a s  a  g e m st o n e  a n d  
i s  mi n e d  i n  l o c ati o n s  a s  v a ri e d  
a s  M y a n m a r,  P a ki st a n,  N o r w a y,  
Vi e t n a m,  a n d  t h e  U S A,  a m o n g  
o t h e r s.  T h e  h i g h e s t - q u a l i t y  
t e r r e st ri al  c r y st al s  a r e  p ri c e d  at  
5 0 – 4 5 0  U S  d oll a r s  p e r  c a r at  a n d 
u p  t o  t h o u s a n d s  of  U S  d oll a r s  
p e r c a r at f o r c e r ti fi e d e x t r at e r r e s -
t ri al g e m st o n e s. G r e e n oli vi n e of 
st r u c t u r al f o r m ul a  i s b ot h wi d el y 
a v ail a bl e  ( Fi g .  2)  a n d  p o s s e s s e s  
d e si r a bl e  p h y si c al,  m e c h a ni c al,  
a n d t h e r m al p r o p e r ti e s. A s s u c h, 
oli vi n e -t y p e m at e ri al s a r e u s e d i n 

m a n y i n n o v ati v e t e c h n ol o gi e s a n d a p pli c ati o n s, i n cl u di n g 
a s a n i n d u st ri al a ci d w a st e n e ut r ali z e r, a c e m e nt cli n k e r 
( k n o w n a s “ b elit e ”), a sl a g c o n diti o n e r, a r ef r a c t o r y b ri c k 
( o r a r a w m at e ri al f o r t h ei r m a n uf a ct u r e, wit h m a n y p at e nt s 
fil e d  b y  V. M.  G ol d s c h mi dt  i n  t h e  1 9 2 0 s  a n d  1 9 3 0 s),  a  
c a sti n g s a n d, a t a p h ol e fill e r, a c o ati n g m at e ri al, a n d a s 
a c r y st al st r u c t u r e of hi g h p o w e r d e n sit y (t h e s o - c all e d 
lit hi u m  i r o n  p h o s p h at e  b at t e ri e s).  B e y o n d  t h e s e  m a n y  
vi r t u e s, t h e p ot e nti al of oli vi n e i nt ri g u e s a n d it h a s r e c ei v e d 
e v e r-i n c r e a si n g at t e nti o n o v e r t h e y e a r s a s a f o c al p oi nt 
f o r st u d yi n g pl a n et a r y p r o c e s s e s, t e c t o ni c m oti o n s, a n d 
m a g m a d y n a mi c s — m a ki n g it a r g u a bl y t h e m o st- st u di e d 
mi n e r al i n E a r t h s ci e n c e s. L o o ki n g t h r o u g h t h e oli vi n e 
l e n s, t hi s i s s u e of El e m e nt s  p r e s e nt s a n a r r a y of c a pti v ati n g 
r e s e a r c h. 

A R O C K S T A R

Oli vi n e i s a f u n d a m e nt al b uil di n g bl o c k i n t h e u ni v e r s e: it 
i s f o u n d i n a wi d e r a n g e of t e r r e st ri al r o c k s, l u n a r s a m pl e s, 
a n d m et e o rit e s ( Fi g . 2), a n d h a s b e e n d et e c t e d o n M e r c u r y, 
V e n u s, M a r s, a n d a st e r oi d s a s w ell a s i n d e b ri s di s k s o ut si d e 
of o u r o w n S ol a r S y st e m ( D e m o u c h y 2 0 2 1; Fi r st et al. 2 0 2 3 
t hi s i s s u e). A s pl a n et e si m al s a c c r et e t o f o r m l a r g e r b o di e s, 
t h e ki n eti c e n e r g y of t h ei r c olli si o n s i n sti g at e s m elt f o r m a -
ti o n a n d e v e n m a g m a o c e a n s. F r o m t h e r e, m a ki n g oli vi n e 
i s a si m pl e r e ci p e. T h e mi n e r al i s r el ati v el y f r u g al a n d o nl y 
n e e d s  t h r e e  t o  f o u r  i n g r e di e nt s  f r o m  t h e  m elt:  o x y g e n, 
sili c o n, m a g n e si u m, a n d / o r i r o n — a n ot- s o - di ffi c ult t a s k 
gi v e n t h at t h o s e f o u r el e m e nt s a r e a m o n g t h e t e n m o st 
a b u n d a nt i n t h e u ni v e r s e a n d m a k e u p o v e r 9 0 % of E a r t h’s 
t ot al m a s s! T h a n k s t o it s hi g hl y r ef r a c t o r y n at u r e a n d l a r g e 
t e m p e r at u r e a n d p r e s s u r e st a bilit y fi el d ( Fi g . 3; B o w e n a n d 
S c h ai r e r 1 9 3 5; Ri n g w o o d a n d M aj o r 1 9 7 0), oli vi n e w o ul d 
b e o n e of t h e fi r st mi n e r al s t o c r y st alli z e d u ri n g s u b s e -
q u e nt c o oli n g of M g O - a n d / o r F e O - ri c h sili c at e m elt s ( e. g., 

I
n s o m e w a y s, oli vi n e h a s d ri v e n t h e e v ol u ti o n o f t h e S ol a r S y s t e m a n d li k el y 

b e y o n d.  A s o n e of t h e e a rli e s t- c r y s t alli zi n g sili c a t e mi n e r al s, oli vi n e c o n t r ol s 

t h e i ni ti al c h e mi c al e v ol u ti o n o f pl a n e t- wi d e m a g m a o c e a n s a n d i n di vi d u al 

l a v a fl o w s ali k e. I n s oli d a g g r e g a t e f o r m, i t c o n t r ol s a n d r e c o r d s d e f o r m a ti o n 

o f t h e m a n tl e a n d s m all e r- s c al e i n t r u si v e c o m pl e x e s. T h e c o m p o n e n t s o f i t s 

c r y s t al s t r u c t u r e a r e m o bil e a t hi g h t e m p e r a t u r e s a n d t h ei r mi g r a ti o n c a n 

b e u s e d t o e x pl o r e t h e ti mi n g o f m a g m a ti c e v e n t s. D u ri n g c h e mi c al w e a t h -

e ri n g, t h e s e oli vi n e c r y s t al s c a p t u r e c a r b o n di o xi d e f r o m t h e a t m o s p h e r e a s 

s e c o n d a r y mi n e r al s a r e f o r m e d. All o f t h e s e p r o c e s s e s t a k e pl a c e n o t o nl y o n 

E a r t h, b u t al s o o n o t h e r pl a n e t a r y b o di e s, m a ki n g oli vi n e i d e all y s ui t e d t o s h e d 

li g h t o n b o t h p ri m o r di al pl a n e t- b uil di n g p r o c e s s e s a n d c u r r e n t- d a y v ol c a ni s m 

a n d s u r f a c e p r o c e s s e s.

K e y w o r d s : oli vi n e; p e ri d o t; m a n tl e; v ol c a n o; m e t e o ri t e; m a g m a di ff e r e n ti a ti o n; 
m el t i n cl u si o n
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Elkins-Tanton et al. 2003) and thus initiate 
magmatic di erentiation as described by 
N.L. Bowen’s reaction series. 

The virtual ubiquity of olivine (F . 2) 
makes it prone to experience a large variety 
of physical and chemical processes, and 
studies of its fundamental characteristics 
have helped to unravel many scienti c 
mysteries. For instance, the parametriza-
tion of olivine’s physical properties allowed 
seismologists to identify peridotites 
(olivine-rich rocks) as the main compo-
nent of Earth’s upper mantle based on the 
propagation and reconstruction of P- and 
S-waves, corroborating the abundance of 
olivine in xenoliths in rapidly ascending 
magmas (e.g., kimberlites). Olivine-rich 
rocks are an integral part of Earth’s inner 
workings, as they accommodate mantle 
motion and continuous sliding of the 
tectonic plates (see Demouchy et al. 2023 
this issue). In the mantle below oceanic 
ridges, hotspots, and subduction zones, 
a fraction of these peridotites melt and 
produce magmas saturated in olivine 
components. When these magmas ascend 
and cool on their way to the surface, they 
reprecipitate olivine again, this time as a 
building block of plutonic and volcanic 
rocks in the crust (Ruprecht and Welsch 
2023 this issue). The life cycle of olivine, 
however, ends at the surface when the 
mineral comes into contact with water over 
protracted periods of time and gradually 
loses its structural and chemical integrity 
(Plümper and Matter 2023 this issue). As it 
bids farewell, olivine may transform itself 
into a crucial agent for the emergence of 
life, along with other key minerals such as 
bridgmanite, serpentine, and pyrrhotite 
(e.g., Russell and Ponce 2020). Considering 
its wide-ranging origins and applications, 

olivine is at the intersection of many elds of research and 
interests. Much as Drosophila (the fruit y) has been instru-
mental to the biological sciences, so too has olivine become 
a primary reference in many geological elds: defects and 
di usion (Chakraborty 2008), planetary science, spectros-
copy, rock mechanics, crystal growth and dissolution, melt 
inclusion studies, volcano petrology, and more. In many 
regards, this little green mineral represents an outstanding 
vessel to reach and explore a variety of environments that 
would be otherwise inaccessible to scientists. Before diving 
deeper into the olivine world with the next chapters, we 
present below an overview of its main characteristics.

STRUCTURE
The periodic arrangement of atoms making up the Bravais 
lattice of minerals, determined by X-ray diffraction 
around 100 years ago, can now be viewed directly using 
transmission electron microscopy (F . 4). At the atomic 
scale, minerals of the olivine group are usually built on 
a framework of tetrahedron-shaped units made of one 
central silicon cation  and four oxygen anions  placed at 
the apices, connected, and brought to neutrality with a pair 
of divalent cations in two distinct octahedral (i.e., metal, 
M) sites, denoted M1 and M2 (F . 4; Deer et al. 1982). The 
olivine structure is that of a nesosilicate (formerly known 
as “orthosilicate”), in which each silicate tetrahedron is 
independent (“neso” meaning “island” in Greek) and only 

FIGURE 1 Olivine from across the globe and beyond. (A) Gem 
cut in a colorless forsterite crystal from Mogok, 

Myanmar. S   : J  M . (B) Clear brown crystal 
of fayalite from Caspar quarry, Ettringen, Germany. S : W  
S ; : S  W . (C) Gem G3398 cut in an 
olive-green, hydrothermal crystal at Fo90–92 from Zabargad Island 
(Clocchiatti et al. 1981). This is the largest cut reported in the 
world, with a weight of 311.8 carats (62.35 g). S : 
S  I , NMNH, R  F ; P : K  
L . (D) Mantle xenolith from San Carlos Apache Reservation 
(AZ, USA) made of anhedral olivine grains at Fo87–92 and enclosed 
in a hawaiitic matrix. S : K  D ; P : B  W . 
(E) Olivine-rich basalt (“oceanite” as de ned by A.F.A Lacroix) 
from the April 2007 Piton de la Fournaise eruption (Reunion Island) 
containing large amounts of Fo83–85 olivine macrocrysts (Welsch et 
al. 2013); crossed polar microphotograph of a 30- m thin section. 
S : OVPF/LGSR; P : B  W . (F) Long dark blades 
outlining plate spinifex (A3), Fo89 olivine now ghosted by serpen-
tine in Alexo komatiite, Ontario (2.7 Ga). S   : 
F  F . (G) Sand made of olivine (green), basalt (black), 
shell and coral (white, brown) fragments from Green Sand Beach 
(Big Island, Hawaii, USA). S   : B  W . 
(H) Barred olivine (BO) chondrule in meteorite NWA 2180 (carbo-
naceous chondrite type CV3) with a composition in the range of 
Fo91–99 (crossed polar microphotograph of a 30- m thin section 
with a lambda plate). S : M   S  P   
P   P  – P , I ; : B  C . 
(I) Polished, etched section of “Tibet” pallasite Gyarub Zangbo 
containing Fo77–78 olivine crystals set in an iron–nickel matrix 
(kamacite and taenite displaying a Widmanstätten pattern). S  

 : S  J . 
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connected to each other by the metal cations—a major 
di erence to the other silicate structures, in which the 
tetrahedrons are bridged to each other by oxygen anions 
along speci c patterns. In olivine, the smallest portion of 
the framework that contains the same three-dimensional 
pattern and that is repeated periodically in the entire 
crystal is a unit cell of orthorhombic symmetry containing 
four formula units (Z) of silicate tetrahedrons with their 
pairs of metal ions (F . 4). The orthorhombic symmetry 
of olivine means that its structure is di erent when viewed 
down the three principal axes, described as a, b, and c. As a 
note of caution, the structural symmetry of olivine can be 
described with di erent space groups, traditionally Pbnm 
among geologists and Pnma among material scientists. This 
di erence implies that the cell parameters are of the type 
a < c < b with Pbnm and c < b < a with Pnma, which can be 
at the root of unfortunate indexing and miscommunica-
tions, as discussed in Yasutake et al. (2019). 

CHEMISTRY
At a scale greater than the unit cell, the compound mixture 
of formula units forms a complete solid solution between 
the two pure end-members situated in the M1 and M2 
sites (F . 4). Olivine crystals of the [(Mg,Fe)2SiO4] series 
are the most common variety in nature, with forsterite 
as the magnesium end-member ([Mg2SiO4], noted Fo100) 
and fayalite as the iron end-member [Fe2SiO4], equivalent 
to Fo0). Compound mixtures are graded based on their 
relative molar fraction in end-member cations (here pure 
magnesium and pure iron), with the forsterite content (Fo) 
being traditionally obtained from electron microprobe spot 
analyses by converting the measured weight percent of 
the two end-members’ oxides (wt.% MgO, wt.% FeO) into 
cation mole fraction (XMg, XFe normalized to four oxygens) 
and calculating Fo as Fo = 100 × XMg  (XMg + XFe). This term 
can be also referred as the Mg number (Mg#), although it 
is more commonly used for other ferromagnesian, solid 

FIGURE 2 Forsterite content and name types of olivine (Deer et 
al. 1982) in terrestrial and extraterrestrial rocks based 

on the GEOROC (DIGIS Team 2021) and Astromat (www.astromat.
org) databases, with the three dominant rock types given in order 
of abundances of analysis (n) within each group of rocks (e.g., 
nBasalts > nHawaiites > nLamproites in the ma c extrusive group). Both 
datasets were curated using the following criteria: (1) total oxides 
must comprise between 98 and 101 wt%; (2) sum of main olivine 
components (SiO2 + MgO + FeO) must be  90 wt%; (3) total of 
cations for 4 oxygens must comprise between 2.95 and 3.05. For 
terrestrial rocks, the chemical analyses (total number n ~ 136k) 
were subdivided into groups of rocks following the TAS (total alkali 
versus silica) classi cation. Each rock is often associated with a 
range of olivine compositions that suggests di erent crystal 
populations (see Ruprecht and Welsch 2023 this issue), with, for 
instance, forsteritic olivine in rhyolites interpreted as foreign 

crystals extracted by silicic magmas during their ascent (e.g., Davì 
et al. 2010). For extraterrestrial olivine, the data (total number n 
~ 6k) was downloaded in January 2023, and the samples were 
cross-referenced and classi ed into groups using the Meteoritical 
Bulletin Database (https://www.lpi.usra.edu/meteor/metbull.php). 
Chondrites include the groups EH, H, L, LL, C, CM, CV, CR, CO, CB, 
CH, and R. Achondrites includes primitive achondrites (acapulco-
ites, lodranites, winonaites, ureilites, and brachinites) and aster-
oidal achondrites (howardites, eucrites, diogenites [HED], angrites, 
and aubrites). Stony-iron meteorites are pallasites only. Martian 
meteorites are shergottites, nakhlites, and chassignites (SNC). 
Samples collected on the Moon surface include those taken by 
Apollo missions 11, 12, and 14–17, and Luna 16, 20, and 24. Those 
samples and the lunar meteorites are basalts, anorthosites, 
gabbros, and breccias. See Jollands et al. (2023 this issue) for a 
trace element plot. 

http://www.astromat.org
http://www.astromat.org
https://www.lpi.usra.edu/meteor/metbull.php
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s ol uti o n mi n e r al s (s u c h a s p y r o x e n e s a n d a m p hi -
b ol e),  a n d  f o r  b ul k  r o c k  c o m p o siti o n s — s e r vi n g 
i n a si mil a r w a y t o a di ff e r e nti ati o n a n d t e m p e r a-
t u r e i n d e x. A s a n ot h e r n ot e of c a uti o n, t h e cl a s si c 
bi n a r y p h a s e di a g r a m gi v e s oli vi n e c o m p o siti o n s 
i n w ei g ht p e r c e nt F o – F a (Fi g . 3), w hi c h di ff e r f r o m 
t r u e F o c o nt e nt b a s e d o n m ol a r f r a c ti o n.

T h e c ol o r i nt e n sit y of oli vi n e c r y st al s i n c r e a s e s 
wit h  i n c r e a si n g  p r o p o r ti o n  of  F e  i n  it s  st r u c -
t u r e,  f r o m  c ol o rl e s s  i n  p u r e  f o r st e rit e  t o  cl e a r  
b r o w n  i n  p u r e  f a y alit e,  wit h  t h e  i nt e r m e di at e  
c o m p o siti o n s s p a n ni n g di ff e r e nt s h a d e s of g r e e n 
( Fi g .   1 A – 1 C ),  a n d  di vi d e d  i n  u p  t o  si x  r a n g e s  
a n d oli vi n e t y p e s ( Fi g s . 2 a n d 3). A s a n u m b r ell a 
t e r m f o r e a c h s oli d s ol uti o n s e ri e s of t h e oli vi n e 
g r o u p, t h e t e r m “ oli vi n e ” it s elf i s n ot li st e d a s a 
mi n e r al s p e ci e s b y t h e I nt e r n ati o n al Mi n e r al o g y 
A s s o ci ati o n (I M A; D e m o u c h y 2 0 2 1), r at h e r o nl y 
it s  p u r e  e n d - m e m b e r s.  A s  s h o w n  i n  Fi g u r e  2,  
t h e m aj o rit y of oli vi n e c o m p o siti o n s r e p o r t e d i n 
t e r r e st ri al r o c k s a r e i n t h e r a n g e ~ F o 9 6 – 7 0 ,  wit h  
f o r st e riti c  oli vi n e  ( F o > 5 0 )  o c c u r ri n g  e s s e nti all y  
i n ult r a m a fi c t o i nt e r m e di at e r o c k s a n d f a y aliti c 
oli vi n e ( F o < 5 0 ) o nl y f o u n d i n f el si c r o c k s. Ot h e r 
c ati o n s  s u c h  a s  M n 2 +  ( e n d - m e m b e r:  t e p h r oit e  
[ M n 2 Si O 4 ]) a n d C a 2 +  ( e n d- m e m b e r: l a r nit e [ C a2 Si O 4 ]) c a n 
l e a d  t o  di sti n c t  oli vi n e  s e ri e s  wit h  u ni q u e  a s s o ci ati o n s  
i n t h e S ol a r S y st e m, s u c h a s t h e C a F e – C a M g s e ri e s wit h 
ki r s c ht ei nit e [( C a, F e) 2 Si O 4 ] o c c u r ri n g i n a n g rit e m et e o rit e s 
a n d m o nti c ellit e [( C a, M g) 2 Si O 4 ] i n ki m b e rlit e s. T h e w h ol e 
r a n g e of oli vi n e c o m p o siti o n s c a n b e f o u n d i n m et a m or p hi c 
r o c k s ( Fi g . 1), a li k el y r e s ult of a wi d e di v e r sit y i n p r ot olit h s 
s u bj e c t t o di ff e r e nt m et a- p r o c e s s e s of v a ri a bl e i nt e n sit y 
( e. g., h y d r ot h e r m al alt e r ati o n of p e ri d otit e s 
i n Cl o c c hi at ti et al. 1 9 8 1; p r e ci pit ati o n f r o m 
v ol c a ni c fl ui d s i n r h y olit e s i n M a r ti n et al. 
2 0 1 5; c o nt a c t m et a m o r p hi s m of d ol o mit e s 
i n B e n o et al. 2 0 2 0). B y c a pt u ri n g o nl y F e2 + , 
[( M g, F e)2 Si O 4 ] oli vi n e al s o h a s t h e l o w e st 
F e 3 + / ∑ F e r ati o of a n y m aj o r f e r r o m a g n e si a n 
mi n e r al,  w hi c h  c o n c e nt r at e s  F e 3 +  i n  t h e  
r e si d u al li q ui d a s oli vi n e c r y st alli z e s. T hi s 
d ri v e s t h e m elt t o hi g h e r o x y g e n f u g a cit y 
a s t h r e e O 2 −  a r e b o u n d b y t w o F e3 + , v e r s u s 
t w o O2 −  b ei n g b o u n d b y t w o F e 2 + , i n t h e 
li q ui d. D e p e n di n g o n t h e p r e s e n c e of ot h e r 
mi n e r al s  t o  b u f f e r  t hi s  hi g h e r  o x y g e n  
f u g a cit y,  pl a n et a r y  b o di e s  t h at  f o r m  a n  
oli vi n e  m a ntl e  m a y  h e n c e  r e n d e r  t o  t h e  
s u r f a c e  a  fl o w  of  o xi di z e d  v ol atil e s  s u c h  
a s  H +  a n d  C 4 + ,  wit h  C O2  b ei n g  t h e  m ai n 
s u b st r at e  f o r  li f e  ( e. g.,  R u s s ell  a n d  P o n c e 
2 0 2 0). B e c a u s e oli vi n e of t e n st a r t s d r ai ni n g 
c o m p o n e nt s f r o m t h e m elt b ef o r e a n y ot h e r 
mi n e r al s h a v e a c h a n c e t o f o r m ( e. g., p y r o x e n e s, pl a gi o -
cl a s e), t h e si g n al f o r it s c r y st alli z ati o n c a n b e o n e - di m e n -
si o n al  a n d  u n o b s c u r e d  w h e n  l o o ki n g  at  b ul k  r o c k  a n d  
gl a s s c o m p o siti o n s. Alt h o u g h oli vi n e i s hi g hl y s el e c ti v e 
r e g a r di n g t h e el e m e nt s t h at c a n e nt e r it s st r u c t u r e, it c a n 
i n c o r p o r at e s m all a m o u nt s of P, Al, C r, a n d H, a m o n g ot h e r 
t r a c e s ( B ell a n d R o s s m a n 1 9 9 2; Mil m a n- B a r ri s et al. 2 0 0 8; 
D e m o u c h y et al. 2 0 2 3 t hi s i s s u e; J oll a n d s et al. 2 0 2 3 t hi s 
i s s u e). A n al y si s of t h e s e t r a c e el e m e nt s i n t h e r e si d u al m elt 
all o w s t r a c ki n g b a c k t o s o u r c e s a n d m a g m ati c p r o c e s s e s 
( e. g., O’ N eill a n d J e n n e r 2 0 1 6; R u p r e c ht a n d W el s c h 2 0 2 3 
t hi s i s s u e).
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M g 2 Si O 4 F e 2 Si O 4

F i g u r e 3
Bi n ar y p h a s e di a gr a m of M g 2 Si O 4 – F e 2 Si O 4  at 0. 1 M P a 
af t er B o w e n a n d S c h air er ( 1 9 3 5 ). T a ki n g a n e x a m pl e 

of t h e c o oli n g d o w n of a sili c at e m elt of c o m p o siti o n F o 5 0 F a 5 0, 
cr y st alli z ati o n st ar t s at 1 6 7 0  ° C wit h F o 8 1 F a 1 9 oli vi n e ( n ot e t h at 
t h o s e ar e n ot t h e tr u e F o c o nt e nt s). T hi s m elt c o m p o siti o n, al o n g 
wit h t h at of t h e s oli d s, e v ol v e s al o n g t h e c ur v e s of t h e li q ui d u s a n d 
s oli d u s, r e s p e cti v el y, s u c h a s at 1 5 0 0  ° C, t h e s oli d f r a cti o n i s at 
F o 6 0 F a 4 0 a n d m a k e s u p 7 0 % of t h e i niti al m a s s f or a r e si d u al m elt 
at F o 2 6 F a 7 4 a n d 3 0 % of t h e m a s s ( u si n g t h e l e v er r ul e). T h e li q ui d 
w o ul d r e a c h c o m pl et e s oli di fi c ati o n at ~ 1 4 3 0  ° C.
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Si 4 +

O 2-

M g 2 +

U nit c ell
M g 2 Si O 4

F i g u r e 4
At o mi c str u ct ur e of oli vi n e a s s u mi n g p ur e f or st erit e  
a n d vi e w e d p ar all el t o t h e t hr e e pri n ci p al cr y st all o -

gr a p hi c a x e s a , b , a n d c , i n t h e P b n m  s p a c e gr o u p. T h e i o n s O2 −  h a v e 
b e e n s hr u n k a n d t h e i o n s Si 4 +  e nl ar g e d f or vi s u ali z ati o n; t h e r e al 
i o ni c r a dii ar e M g2 + : 0. 7 2 Å; Si4 + : 0. 2 6 Å; a n d O2 − : 1. 3 8 Å. T h e i o n s 
M g 2 +  o c c u p y all M 1 a n d M 2 sit e s. T h e at o mi c str u ct ur e s ar e d et er-
mi n e d b y X- r a y di ff r a cti o n, b ut c a n al s o b e i m a g e d dir e ctl y u si n g 
tr a n s mi s si o n el e ctr o n mi cr o s c o p y ( T E M ), w h er e Si 4 +  a p p e ar s a s 
bri g ht cir cl e s a n d M g 2 +  a s sli g htl y d ar k er s p ot s (l o o ki n g d o w n t h e 
[ 1 0 0 ] dir e cti o n). T h e 2 D- pr oj e cti o n s of t h e or t h or h o m bi c u nit c ell 
a p p e ar i n gr e e n, wit h Z = 4 t h e n u m b er of f or m ul a u nit s wit hi n. 
At o mi c str u ct ur e m o d el e d wit h V E S T A 3 s of t w ar e ( M o m m a a n d 
I z u mi 2 0 1 1), wit h l a b el s f oll o wi n g i nt er a cti v e str u ct ur e s o n htt p s: //
w w w. mi n d at. or g. S c a n ni n g tr a n s mi s si o n el e ctr o n mi cr o s c o p y 
( S T E M ) i m a g e c oll e ct e d wit h t h e at o mi c r e s ol uti o n el e ctr o n mi cr o -
s c o p e ( A R M ) J E O L J E M- 2 0 1 0 F at J o ž ef St ef a n I n stit ut e b y G or a n 
Dr a ži ć a n d Ni n a D a n e u. Cr y st al m o d el e d f r o m W el s c h et al. ( 2 0 1 3 ). 
T h e Mill er i n di c e s ( h kl ) r ef er t o si n g ul ar f a c e s a n d pl a n e s, { h kl } 
i n di c at e a s et of s y m m etr y- e q ui v al e nt f a c e s or “f or m s, ” [u v w ] c or r e -
s p o n d t o a si n g ul ar dir e cti o n, a n d < u v w > ar e a s et of s y m m etr y-
e q ui v al e nt dir e cti o n s.
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CRYSTAL FEATURES
At the micro- to macroscopic scale, an olivine crystal may 
adopt a wide range of geometrical shapes as a function 
of its environment of crystallization and storage, from 
anhedral grains in mantle and crustal peridotites to blades 
and hybrid growth forms in magmas and lavas (F . 1B, 
1D–1F, 1H, 1I; Welsch et al. 2013; Demouchy et al. 2023 
this issue; Ruprecht and Welsch 2023 this issue). When 
crystallizing slowly from a silicate melt, its equilibrium 
habit is polyhedral and can be made by up to 20 faces (16 
in F . 4): four {110}, four {121}, four {120}, two {010}, four 
{101}, and two {001} (see crystallographic nomenclature 
in F . 4’s caption). Olivine can also experience structural 
errors early during its crystal growth, which leads to simple 
twinning laws on re ection planes revolving around the 
a-axis: {021} (formerly identi ed as {100}), {011}, {012}, 
and {031}; Deer et al. 1982; Welsch et al. 2013). Perhaps 
one of the most important attributes of olivine is that this 
mineral is a premium target to probe the chemical compo-
sition of parental magmas thanks to its high capability to 
embay pockets of surrounding material comprising melt, 

uid, bubbles, and other solids (e.g., spinel, magnetite) and 
seal them o  as inclusions during its crystal growth (e.g., 
Roedder 1965, 1979). For many decades now, olivine-hosted 
melt, uid, and solid inclusions have proven to be powerful 
tools to constrain the petrogenesis of crystals and rocks 
that contain them, and to access the chemistry of their past 
environments (e.g., Clocchiatti et al. 1981; First et al. 2023 
this issue; Ruprecht and Welsch 2023 this issue). 

LIMITS
Olivine is generally hard (6.5–7 on the Mohs scale) and 
has poor cleavage in the primary planes {100}, {010}, and 
{001} (Deer et al. 1982). Forsteritic olivine is also prone to 
alteration upon which its color changes to pale green or 
red-brown as it is replaced by serpentine (a phyllosilicate 
formed by hydration, see Plümper and Matter 2023 this 
issue), or iddingsite (a mixture of clay minerals, iron oxides, 
and ferrihydrites formed through progressive oxidative 
weathering; Smith et al. 1987), respectively. Alternatively, 
alteration may a ect only the iron contained in olivine, 
forming hematite, magnetite, and sometimes laihunite by 
oxidation, turning the crystal dark and opaque (e.g., Martin 
et al. 2015) and leading the remaining parts to become 
more enriched in MgO proportionally to FeO (e.g., Plechov 
et al. 2018). 

The density of olivine increases with its Fe content, from 
3.3 to 4.4 g/cm3, and its melting point decreases, from 
1890 °C in pure forsterite to 1205 °C in pure fayalite in the 
simple system MgO–FeO–SiO2 at atmospheric pressure (0.1 
MPa, F . 3; Bowen and Schairer 1935). In more complex 
systems, such as terrestrial magmas, the liquidus of olivine 
is depressed, with upper bounds on the order of 1620 °C in 
komatiites, 1300 °C in basalts, and 1000 °C in rhyolites, 
at 0.1 MPa (Martin et al. 2015; Sossi and O’Neill 2016). 

Modeling (Bowen and Schairer 1935) and high-pressure 
experiments (Akimoto et al. 1967; Ringwood and Major 
1970) indicate that the liquidus of forsterite and fayalite 
also increase with pressure, by 41–48 and 35–75 °C/GPa, 
respectively. The olivine unit cell becomes more compact 
with the pressure increases, which leads to polymorphic 
phase transformations (i.e., change in crystal structure for a 
same stoichiometry). On Earth, olivine (α – [(Mg,Fe)2SiO4], 
orthorhombic nesosilicate) is stable from the surface to 
410 km depth (14 GPa); from 410 to 520 km (18 GPa), it is 
replaced by wadsleyite ([β – (Mg,Fe)2SiO4]), orthorhombic 
sorosilicate); and from 520 to 670 km (23 GPa), it is trans-
formed into ringwoodite (γ – [(Mg,Fe)2SiO4], cubic nesosili-
cate). The (Mg,Fe)2SiO4 stoichiometry is not stable beyond 
that depth and is instead dissociated into two separate 
phases, bridgmanite and magnesiowüstite, with (Mg,Fe)2 
SiO4 → (Mg,Fe) SiO3 + (Mg,Fe)O.

OUTLINES
In this issue of Elements, we begin our exploration of olivine 
with a lattice-scale look at trace element incorporation and 
migration in Chapter 2 (Jollands et al. 2023). This naturally 
segues into Chapter 3 (Demouchy et al. 2023), which 
presents crystal defects and deformation in the most primi-
tive and perhaps fundamental olivine on our own planet, 
that of Earth’s upper mantle. Studies of element zoning 
and di usive timescales are a key component of Chapter 4 
(Ruprecht and Welsch 2023), which focuses on magmatic 
olivine and its ability to preserve information about 
entire systems from source to surface (P, T, fO2, composi-
tion, etc.) in a way that is useful to volcanologists. After 
olivine erupts, or is exposed at Earth’s surface by uplift and 
erosion, it is subject to alteration in our atmosphere and 
hydrosphere; these interactions capture CO2 and convert it 
into solid minerals, providing a potential storage point for 
anthropogenic carbon. The fate of olivine in the subsur-
face and its role in carbon sequestration represents a big 
question mark in recent studies, as discussed in Chapter 5 
(Plümper and Matter 2023). Finally, in Chapter 6 (First 
et al. 2023), all of the previous topics are applied beyond 
Earth to understand early Solar System processes, our own 
Moon and neighboring planets, and potentially exoplanet 
surfaces and atmospheres across our Galaxy. 
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