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The Peterson Experim
ent (1966)

Peterson 1966 Science 

Calcite (CaCO
3 ) spheres



M
any Q

uestions

N
o dissolution

Som
e dissolution

Lots of  dissolution

W
hich organism

s produce CaCO
3

in the surface w
aters?

W
ill their shells dissolve as they fall 

to the bottom
 of the ocean?

Are all the CaCO
3 shells below

 
3700m

 in the sedim
ents, dissolved?

Does biologically produced CaCO
3 dissolve in 

the sam
e w

ay as geological calcite? 



M
ajor producers of calcium

 carbonate in the surface w
aters 

Coccolithophores
Foram

inifera
Pteropods

Aragonite
Calcite

Dr. Assaf Gal w
ebsite

CM
arZ.org

N
ordic M

icroalgae

Dinoflagellate cysts



Calcite and AragoniteBoth are polym
orphs of 

calcium
 carbonate. 

Aragonite is the less stable 
polym

orph and therefore 
m

ore soluble.



Pteropods (sea butterflies)
(nektonic gastropods; abundant in the surface w

aters of all oceans)

Lim
acinae

retroversa
Clio pyram

idata



�The
nam

e
pteropod

derives
from

the
fact

that
the

gastropod
(snail)

foot
(poda)

has
been

m
odified

to
form

paired
sw

im
m

ing
w

ings
(ptero-)

�Thin transparent aragonitic
shells

�
Size: 0.6 -6 m

m

�
Tw

o different taxonom
ic groups

Creseisvirgula
Lim

acina
helicina

Cuvierinia
colum

nella

http://w
w
w
.arcodiv.org/sim

ple_view
er/PelagicSnails

Cavolinioidea
Lim

acinoidea



Shell m
icrostructure 

2 μm

Suzuki et al, Cryst. Grow
th Des. 2011, 11, 4850–4859

1 μm

Crossed lam
ellar 

structure

Cavolinioidea

Lim
acinoidea

Single crystals 
sim

ilar in size 
and shape.

Structure?



M
any  organism

s form
 their m

inerals by first depositing an unstable and disordered precursor phase

Tow
e

and Low
enstam

1967, 
Low

enstam
and 

W
einer 1985. Chiton 

teeth

Ferrihydrite
to m

agnetite
ACP to carbonated 
apatite

Beniash et al. 1997
. 

Am
orphous calcium

 
carbonate (ACC) to calcite

Chiton (m
ollusk)

Sea urchin larva
M

ollusk larval shell

ACC to aragonite

W
eiss et al 2002

Cuvierinia
colum

nella ???

Pteropods



Tw
o Q

uestions

•
W

hat is the 3-dim
ensional structure of the Cavoliniidae

shell?

•
Does the Cavoliniidae

aragonite form
 through a disordered precursor 

phase? Does the adult shell aragonite have the sam
e solubility as 

geological aragonite? 



Proposed Cavolinid
Shell M

icrostructures

Be et al 1972

Li et al 2015

Zhang et al 2011

Alw
ays helical!



Creseis
acicula (Red Sea, caught live)

Protoconch

Grow
ing edge

Teleoconch



SEM
im

ages of fractured shells

Though SEM
 im

ages contains m
any details, w

e w
ere not able to define 

any consistent 3D
 structure. N

or did w
e ever see a com

plete helical 
structure

1 μm

O
S

1 μm
300 nm



FIB SEM
: 3D Structural Determ

ination

Zeiss FIB SEM
 Crossbeam

. 2017

D
ensely packed fibers

Low
 organic m

atter 
(0.01%

)



FIB-SEM
 –

It actually w
orked!

O
uter shell surface

5 μm

K
. Rechav



FIB SEM
 serial m

illing-O
uter shell to inner shell surface 



FIB SEM
 serial m

illing-Longitudinal plane



Cannot trace one crystal fiber throughout the 
structure

Try reconstructing the structure in an oblique 
plane



FIB SEM
 serial m

illing-O
blique plane

A roughly continuous S-shaped structure can be seen in all the 
im

ages in this plane



This plane is inclined approxim
ately 20

degrees from
 the shell outer surface.

Thin outer prism
atic layer



8
μm

3D
 volum

e
O

S-outer shell surface



The 3D
packing of the

S
shaped fibers-the m

odel

These nested arrays are stacked one on top of another to form
 

the 3D
 structure of one layer. 

A continuous S-shaped crystal fiber is organized into nested 
arrays in a plane oblique to the natural surface. 

N
. Varsano



The 3D
packing of the

S-shaped fibers
in the shell

3 μm

O
S-outer shell surface



Part 2: The Form
ation of the M

ineral



Creseis
acicula

shell grow
th and developm

ent

Protoconch

Grow
ing edge

Teleoconch

Teleoconch
–

transition from
 larval shell to juvenile shell

Pteropod
shells grow

 and thicken throughout the anim
al’s life

Grow
ing 

edge

100  μm

100  μm

Protoconch-The larval 

shell

�
Larvae (veligers) and adults



Study m
ineral deposition and m

aturation in the 
shelled pteropod

Creseis
acicula using m

ainly in vivo 
m

icro-Ram
an spectroscopy.

O. Sibony-N
evo, I. Pinkas, V. Farstey, H

. Baron, L. Addadi and S. W
einer, Cryst. Grow

th Des. 19, 2564 (2019). 



D
oes C. acicula form

 its shell via a precursor phase?

Is ACC a precursor for aragonite m
ineral 

form
ation in pteropods? 

Pteropod
shells grow

 and thicken 
throughout the anim

al’s life

Grow
ing

edge
Calcein

staining 20 uM

100 um

20
μm



Shell m
icrostructure observed in cryo

SEM

A nanosphere
texture is indicative of crystalline biom

inerals
that form

ed via an am
orphous m

ineral phase, but not proof

100 nm
100 nm



Calcium
 carbonate

M
icro-Ram

an spectroscopy

W
hat is the m

ineral com
position in the shell of  C. acicula?

1.
Ram

an is a
spectroscopic technique based on light scattering used to observe 

vibrationalm
odes in different com

pounds

2.
Aragonite has large num

bers of vibrational m
odes

3.
The lattice m

ode region in the spectra  is the m
ost sensitive to the level of order. 

Therefore if there is long distance order the peaks w
ill be m

ore distinct 

4.
W

e use the 785 nm
 laser as it is less sensitive to fluorescence and has 

low
 energy and therefore m

inim
izes crystallization artifacts

I. Pinkas

152 cm
-1

180 cm
-1

206 cm
-1

702, 705 cm
-1

1085 cm
-1

Geologic aragonite
Synthetic ACC

700cm
-1

1079 cm
-1



RAM
AN

 depth of field is 1 μm
 in relation to the experim

ental optical setting

Experim
ental lim

itations

Grow
ing edge: 300 nm

 thick
Protoconch

14 μm
 thick

Teleoconch
2 μm

 thickness

200 nm
300 nm

200 nm

W
e are only able to m

easure the entire volum
e of the grow

ing edge, but can 
m

easure through the volum
e in thicker parts of the shell



In vivo m
icro Ram

an spectroscopy-Results

Grow
ing edge

Protoconch/-tip

Teleoconch/ 
Protoconch-m

iddle

The C. acicula Ram
an spectra clearly show

 that the m
ineral phase becom

es m
ore 

ordered over tim
e. 

C. acicula
Veliger

C. acicula
adult

N
orm

alized to 1085 cm
 -1 peak



In vivo m
icro Ram

an spectroscopy-Results

W
e observed that the peak height ratios increase

in spectra obtained from
 m

ore m
ature regions of the shell, relative to the ratio at 

the grow
ing edge in both developm

ental stages of C. acicula 

C. acicula veligers
C. acicula adults 



Pteropods and Foram
inifera in the Deep-sea Sedim

entsSverdrup, 
Johnson 
and 
Flem

ing 
1942

I have concluded that 
roughly half of the 
m

ass of calcium
 

carbonate falling to 
the bottom

 of the 
ocean consists of 
aragonite, alm

ost all 
of w

hich is dissolved 
aw

ay. (Berner1979)



W
hat does this distribution represent?

•
W

here the foram
inifera and pteropodslive in the 

surface w
aters?

•
Areas w

here they do not dissolve as they fall to the 
bottom

 of the ocean?
•

Sea w
ater saturated w

ith respect to aragonite for 
pteropodsand calcite for foram

inifera?
•

All these options contribute, but the possibility that 
pteropod

aragonite (and foram
iniferal calcite) m

ay 
be m

ore soluble than geological aragonite and 
calcite, has probably not been considered.



Conclusions

The m
icro-structure of the Cavoliniidae

shell is not helical, but is 
com

posed of nested arrays of S-shaped aragonite fibers.
(w

hat are the m
echanical im

plications?)

Pteropod
aragonite form

s via a nascent disordered precursor phase.

The aragonite of adult pteropod
shells is not as ordered as geological 

aragonite and is therefore m
ore soluble.

(w
hat are the im

plications for sea w
ater “aragonite” saturation 

chem
istry, pteropod

preservation in m
arine sedim

ents?)  
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