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The ones reading this note without checking the hyperlinks
could miss a lot.



This XRD and SEM study was basedon one of the seastars the author collected over the years.
Seastars (starfish) are one of the rare marine speciesthat crystallize a special form of calcite instead of
aragonite. Most sea shells, oysters, etc. are known to have aragonite as their main skeletal, load-
bearing inorganic phase. Magnesium, like other cations such as Al3*, Zn?* and Cu?* with an ionic
radius smaller than that of Mg, is known to promote the crystallization of aragonite [1]. That special
form of calcite found in seastars is named as fimagnesian calcite, oalthough an incorrect naming of
that phase is used by many in the literature and they called it i M-galcite.0 (Magnesia (on the
Maeander) is an ancient town located in western Anatolia and the ceramic scientists call MgO
(magnesium oxide) as magnesia.)

The author was the first to precipitate, at 30°C, biphasic aragonite-magnesian calcite
crystals on inert, ultrahigh molecular weight polyethylene (UHMWPE) substratesin a solution (ACS
3) mimicking the composition of seawater[2], proving that the magnesian calcite can be synthesized
without using any organic molecules. The seastar-related literature was able to give only a few SEM
micrographs; therefore, the author now has the intention of providing more of such imagesin one
place. All SEM photographs were captured by the author himself 12 years ago and these may now
stimulate very young students for viewing how nature excelsin materials science

[1] J. H. Lee, A. S. Madden, W. M. Kriven, and A. C. Tas,i Sy n t dragoniteCaCQ,) as a potential additive in calcium
phosphate cements. Evaluation in Tris-free SBFat 37°C , JOAm. Ceram. Soc, 97, 3052-3061 (2014).
[2] A.C. Tas,i Ar a g ooating selutions (ACS) basedon artificial s e a w a ApelrSurb. Sci., 330, 262-269 (2015).
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Magnesian is an adjective applicable to rocks and minerals and meansin ¢ o n t aar melatiaety rich in,
magnesium.o
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Sea stars (also known as starfish) are star-shaped echinoderms  that belong to the class of
asteroidea

fthe class of echinoderms comprising the starfishes, all being unattached, having

(1) a star-shaped or pentagonal body, the rays or arms (usually 5 in number) hollow and
containing prolongations of the coelom and alimentary and other viscera,

(2) a skeleton of calcareous plates and ossicles somewhat loosely united, often allowing the
arms great freedom of movement, and

(3) a mouth on the lower surface without jaws or teeth, an aboral madreporic plate, and the
anus often wanting or functionless (undigested matter being thrown out at the mouth), and
moving by means of the arms or of long spines on the sides of the arms or by rows of tube
feetthat occur in a furrow on the lower surface of eacharmo

the above text in blue is from the Merriam -Webster dictionary
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Anatomy of a sea star

This sketch of a seastar
shows the pentaradial
pattern typical of adult
echinoderms, and the
water vascular system
that is their defining
characteristic.

Most of the sea stars
have the capability to
regenerate  lost  or
damaged parts of the
Podium body and can also shed
arms in defense

Central ring canal

Digestive glands

Source of this page:https://opened.cuny.edu/courseware/lesson/751/student/?section=2 6
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A Mo speciesof starfish / seastars are gonochorous, there being separate male and female
individuals .[27] Some speciesare simultaneous hermaphrodites, producing eggsand sperm at
the sametime, and in a few of these the same gonad, called an ovotestis, produces both eggs
and sperm.[28l Protandrous individuals of specieslike Asterina gibbosa start life as males
before changing sexinto females asthey grow older.[22

In some speciessuch asNepanthia belcheri, a large female can split in half and the resulting
offspring are males. When these grow large enough they changeback into females.[2%¢

Text source
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https://en.wikipedia.org/wiki/Gonochorism
https://en.wikipedia.org/wiki/Hermaphrodites#Simultaneous_hermaphrodites
https://en.wikipedia.org/wiki/Hermaphrodites#Simultaneous_hermaphrodites
https://en.wikipedia.org/wiki/Ovotestis
https://en.wikipedia.org/wiki/Starfish#cite_note-Byrne2005-28
https://en.wikipedia.org/wiki/Starfish#cite_note-Byrne2005-28
https://en.wikipedia.org/wiki/Starfish#cite_note-Byrne2005-28
https://en.wikipedia.org/wiki/Protandrous
https://en.wikipedia.org/wiki/Asterina_gibbosa
https://en.wikipedia.org/wiki/Asterina_gibbosa
https://en.wikipedia.org/wiki/Starfish#cite_note-Crump1983-29
https://en.wikipedia.org/wiki/Starfish#cite_note-Crump1983-29
https://en.wikipedia.org/wiki/Starfish#cite_note-Crump1983-29
https://en.wikipedia.org/wiki/Nepanthia_belcheri
https://en.wikipedia.org/wiki/Nepanthia_belcheri
https://en.wikipedia.org/wiki/Fragmentation_(reproduction)
https://en.wikipedia.org/wiki/Fragmentation_(reproduction)
https://en.wikipedia.org/wiki/Fragmentation_(reproduction)
https://en.wikipedia.org/wiki/Starfish#cite_note-Ottesen1982-30
https://en.wikipedia.org/wiki/Starfish#cite_note-Ottesen1982-30
https://en.wikipedia.org/wiki/Starfish#cite_note-Ottesen1982-30
https://en.wikipedia.org/wiki/Starfish

L e t lkegin (without forgetting that
there are about 2,000 unique species
of seastars)..
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This was the white sea star we

used in our SEM and XRD
analyses Its length (between
the tips of its two arms) was
around 8.6 ° 0.2 cm.

| We washed it with an ample
S E0NTNT | amount of deionized water
SN IR I d (without ultrasonication) then
o ——— —— rinsed with isopropyl alcohol,
| 37" followed by drying at 30°C for
36 hin air.

b, .
Bt o
e

We carefully cut four of its arms
using a sharp razor, ground one
of those into a fine powder in an
agate mortar using an agate
pestle (for XRD), where the
other arms were sputter-coated
(top or bottom surfaces) with
gold prior to SEM imaging.
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actinal view

The mouth of this seastar Is
located at the center of its
actinal side.

"Actinal " (=oral surface) Is a
term, specifically referring to
the part of a radially
symmetrical animal, like a sea
star, where the mouth Is
located and from which the
tentacles or arms radiate.

"Abactinal " iIs a term
describing the surface or end of
a radially symmetrical animal
that is opposite the mouth. It is
synonymous with "aboral". The
photograph of the previous
page depicts the abactinal
surface. 0
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Powder X-ray diffraction (XRD)
work on this sea star
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. This diagram presents the XRD
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This seastar was composed of
Anagnesian  calcite.0  The
incorporation of Mg?* ions in
the crystal structure of pure
calcite causesa decreasein the
lattice parameters (both a and
c parameters), therefore, the
peaks of the magnesian calcite
were shifted to higher 2q values
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We intentionally scanned only the 2q range of 20 to 40 in order to via routine, lab XRD. .
obtain a 4 h long, high resolution XRD diffractogram. A. C. Tas
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A Cal andtien@ g n ecsai | achioth lkawe the same spacegroup of R-3 ¢ (Hermann -Mauguin No.
167) and they both belong to the trigonal crystal system.

The below table lists the lattice parameters of calcite and two magnesian calcites with well-known

XRD patterns. (a=b=90° g=120° for both calcite and magnesian calcite)
ICDD PDF No. Formula a(A) c(A)

00-005-0586 CaCQ, 4.9890 17.0620

04-013-2116 Ca; g35Mdg 064CO;5 4.9673 16.9631

01-086-2336  Cg, g,{MJ; 1,6CO; 4.9382 16.8320

f lonic radius of Mg2* in 6-fold coordination = 0.72A (=72 pm)

{ lonic radius of C&* in 6-fold coordination = .00 A (=100 pm)

The 6-fold coordination meansthe cation sits at the center of an octahedron defined by the six closest
neighbor oxygens(as shown in the crystallographic images of the next two pages)oftheoct a h e d
apex points. Each octahedron is connected with another by one oxygen of a solidifed CO, molecule.

It iIs normal to observe a decreasein the lattice parameters (a and c values) upon substituting the
larger C&* ions of the structure with smaller Mg?*.


http://pd.chem.ucl.ac.uk/pdnn/quant/5-586.htm#:~:text=PDF%20Data%205%2D586%205,:%20Swanson%2C%20Fuyat%2C%20Natl.
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Ball -and -stick depiction of the crystallographic unit cells

Green: Ca
Red: O
Black: C

These images were
generated by us
using the respective
AMCSD CIF files
and the VESTA
software.

The orangec6|ored tiny

N 2-C triangles on the green
CALCITE calcium ions denote MAGNESIAN CALCITE

AMCSD 0000984 magnesium doping. ~ AMCSD 0000585 1.

A. C. Tas


https://rruff.geo.arizona.edu/AMS/amcsd.php
https://jp-minerals.org/vesta/en/download.html

Polyhedral depiction of the crystallographic unit cells

Cat and Mg?* ions
are located at the
center of the CaQj
octahedra.

The only difference
between the two
structures is the
slight decreasein the
magnitudes of the
lattice parameters by
the incorporation of
Mg?2*ions.

Green: Ca
Red: O
Black: C

CALCITE MAGNESIAN CALCITE
AMCSD 0000984 AMCSD 0000585 o

A. C. Tas



The CIF (crystallographic information file) of AMCSD 0000984 for fpure calcite owas
extracted from the 24°C sample of the below article.

S. A. Markgraf and R. J. Reeder,in H i -temperature structure refinements of calcite and
ma g n e sAmeriean Mineralogist , 70, 590-600 (1985).

Similarly, the CIF of AMCSD 0000585 for fimagnesian calcite owas extracted from the
below study.

P. L. Althoff, A St r u crefinemants of dolomite and a magnesian calcite and
implications for dolomite formation in the marine e n v i r o nAmericdn,Mineralogist
62, 772-783 (19779).

Note: As an academician who is experiencedin XRD and JCPDS and ICDD-basedstandardized patterns,
| should state that when an XRD diffractogram is obtained with high precision, evenif it was collected 80
years ago, it will remain asareliable standard. For instance, although the JCPDS/ICDD card 5-0586 for
calcite (p. 13) first appearedin D a n di & dsestem of mineralogy, Vol. Il, 7 edition, 1951, its d-spacings
and intensities are still highly accurate.
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Comparative XRD reflections of pure calcite
(AMCSD 0000585)

Calcite:

(AMCSD 0000984)
a=b=4.988 A, 17.061 A
V=367.611 &

Magnesian calcite:
(AMCSD 0000585)
a=b=4.941 A, c=16.864 A
V=356.550 A3

magnesian calcite

(AMCSD 0000984) and

Pure calcite (AMCSD 0000984) Magnesian calcite (AMCSD 0000585)
hkl 20 d&d /L Dkl 20 d&d) I/,
012 22.0500 1.8528 Q.4 012 23.2027 2.8158 8.7
104 20.4048 3.0351 100 104 20.7240 3.0032 100
006 31.4353 2.8435 1.9 006 31.8122 2.8107 2.1
110 35.9811 2.4940 14.6 110 36.3352 2.4705 13.7
1193 20.4104 2.2840 18.6 1173 20.8245 2.2617 18.2
202 43.1717 2.0938 16.2 202 43.6002 2.0738 15.6
024 47.1264 1.9269 6.8 024 47.6244 1.9079 6.3
018 47.5087 1.9123 20.3 018 48.0770 1.8910 18.9
116 48.5137 1.8750 21.4 116 40.0542 1.8556 10.8
211 56.5816 1.6253 3.5 211 57.1703 1.6099 3.1
122 57.4172 1.6036 10.2 122 58.0198 1.5884 8.4
1010 58.0818 1.5868 1.2 1010 58.8078 1.56Q0 1.1
214 60.6861 1.5248 5.0 214 01.3438 1.5100 5.5
208 61.0079 1.5175 2.4 208 61.7256 1.5016 2.1
110 61.3814 1.5092 2.7 1190 62.1233 1.4929 2.2
125 613.0700 1.4728 2.2 125 62.7686 1.4582 1.8
300 64.6825 1.4399 6.9 300 65.3740 1.4263 5.9
0012 65.6118 1.4218 3.7 0012 66.4678 1.4053 3.1

Pure calcite (AMCSD 0000984)

Magnesian calcite (AMCSD 0000585)

X Y z Qccup. X Y z Qceup.
Ca 0 o] 0 1 Ca 0 0 0 0.9
C 0 0 0.2500 1 Mg 0 0 0 0.1
O 0.2567 o] 0.2500 1 C 0 0 0.25 1
O 0.2583 0 0.25 1

We created this table by
using the respective
AMCSD CIF files and
the VESTA software.

The magnesian calcite
of AMCSD 0000585
has the formula of
Cq oMg, ,CO0;.

Shifts in the 2q values
of magnesian calcite is
visible.

Atomic site fractions
and the occupancy
factors are from the CIF
files.

11t is, therefore, not possible (when one usesXRD) to confusefi ¢ a | with i @en@ g n ecalgit@oin any
enforced carbonation study performed in the presence of water, if the starting material supplies Mg?*
then the chancesof forming either magnesian calcite or dolomite, instead of calcite, would not be soslim. 17
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Mg?* needed for the formation of magnesian calcite comes from the
seawaterand seastars are high-capacity fivater pumps.o

Chemical composition of seawater

Major ions in seawater of salinity 35

Symbol Name % of mmoles gms /kg

total
Cl- Chloride 55.29 546 19.3
Na* Sodium 30.74 469 10.76
Mg2* Magnesium  3.69 53 1.292
S0, Sulphate T 28 2.712
Ca?* Calcium 1.18 10.3 0.412
K* Potassium 1.14 10.2 0.399
Total 99.8

source

Recipe for preparing 500 mL of artificial seawater
(also available asASTM D114198)

Salt g mM
NacCl 12.273 420
MgCl,-6H,0 5.550 54.60
Na,SO, 2.045 28.80
CaCl,-2H.,0 0.752 10.23
KCI 0.347 9.30
NaHCO, 0.117 2.79
KBr 0.051 0.85
H,;BO, 0.016 0.50
SrCl,-6H,0 0.021 0.16
NaF 0.0015 0.07

lonic strength: 0.717 M

Table from A A . C . Ardgange, coafing solutions (ACS)
based on artificial seawater, Appl. Surf. Sci.,

330, 262-269 (2015). B e s
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Radsbacks Some Fundamenfals of Mineralogy and Geochemishny

One explanation for the widely Adsorption of hydrated Mg?2* on calcite
observed inhibition of calcite as an inhibitor of calcite growth
precipitation in the presence of . )
dissolved Mg2* is that hydrated Solution :__ Calcite

Mg2* cations can bond in the cation

sites on the surfaces of growing

calcite crystals but retain the .
solution side of their strongly ‘@
attracted hydrating H.O molecules.

Mg2* is more extensively hydrated ,-332- and cg 2-
than Ca?* because it is smaller and ions blocked frﬂm

thus has greater ionic potential. @ the calcite surfar:e
The hydrated Mg2* ions thus block

further precipitation, inhibiting

calcite growth. The relatively small

cation site on the calcite surface
makes a convenient bonding nest

for Mg2+, but the larger
site in aragonite

is too large for

Mg2+ to bond,

and so this
phenomenon

does not affect
aragonite.
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clced
LBR MgFeAdsorption 05 83003 rev 10,2010
Source: Prof. L. Bruce Railsback, Department of Geology, University of Georgia,
https://railsback.org/Fundamentals/MgFeAdsorption05.pdf

A fully hydrated
Mg=* ion
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Scanning electron microscope (SEM)
work on this sea star



We start by imaging the actinal part of our sea star.
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The previous images showed the well-ordered microporous nature of the actinal
view of the arms or tentacles of this seastar. Poresare interconnected and each
one of the identified pores are 20 um, therefore, according to the Young-
Laplace equation (which relates the surface tension of the fluid, the pore radius,
radius of curvature, pressure and capillary action with one another) such large
pores would be easily invaded by water; in and out. A sea star as a fiwater
pumpois designed for this easyaccessof water. The nutrients a seastar needs,
I.e., Ca?*, Mg?* and HCO,/CO,% are already in its habitat, i.e., the seawater.

Thoseteeth-like structures should be mostly inorganic, i.e., magnesian calcite.

However, if a structure is only comprised of an inorganic phase such as
magnesian calcite, then those arms would not have any flexibility . There must
be an organic phase (which started to show itself up quite clearly in the image of
the previous page) binding those inorganic teeth with one another and it must
provide that flexibility .

A seastar is a good example of an fiorganic -inorganic hybrid .0

L e tz@om, by simply using SEM, into that organic phase.
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We must note here that the very high vacuum of an ordinary FE-SEM
(Hitachi, S-4800) we used might have caused the separation of the
fibrils from the inorganic structure at their contact points. The above
SEM imagesactually showedthat to happen.

One should better use an fenvironmental SEMofor such work.



https://www.nature.com/articles/nmat898
https://www.nature.com/articles/nmat898

The organic

phase of the
actinal part of
our seastar is
fibrillar and

fibers attach
themselves to
the porous
magnesian
calcite phase
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Pisaster brevispinus is a
starfish (sea star) species.

The organic phase captured in our SEM imagesi 1

TABLE 1

Strongylocentrotus purpuratus.

The amino acids of the coelomic fluid of Pisaster brevispinus and

Amino acid

P. brevispinus

S. purpuratus

Amino N % Total Amino N 9, Total
mg./100ml. mg./100ml. Amino N mg./100ml. mg./100 ml. Amino N
1. Alanine ............. .6 094 3.4
2. Arginine ............ 1.5 120 7.2 4.0 322 11.8
3. Aspartic ............. .25 .263 9.6
4. Cystine ............. 2 9232 8.5
5. Glutamine ..........
6. Glutamic ............ .25 .238 8.7
7. Glycine ............. 6.6 1.124 67.4 1.3 .243 8.9
8. Histidine ............ 3 027 1.0
9. Isoleucine .......... 4 .043 1.6
10. Leucine ............ 1.0 107 3.9
11 Lyelne i
12. Methionine ........ 3 028 1.2
13. Phenylalanine .. 1.0 .085 5.1
14. Proline. ................
1h. Serine o 1.5 .200 12.0 6.4 .849 31.1
16. Threonine ..........
17. Tryptophan ... .01 001 .06
18. Tyroaine .........- trace
19. Valine ................ 2.2 .262 9.6
Totals .o 1.530 2.708

Source of the data:

M. F. Giordano, H. A. Harper and F. P. Filice, iThe amino acids of a starfish and a seaurchin
(Asteroidea and Echinoidea), ®he Wasmann Journal of Biology, 8,129-132(1950).
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1.6

The organic phase observed in our SEM photomicrographsi 2

Al S L || 100
|
|
| ‘.
g ! |
“ ! [
A H |
g A2 | \ 2 Identification | Molecular Partial Amino acid sequence
k- Jl I| : Mass/Da
§ A3 '| ,,-r-""' '. Fraction Al 5289.86 FGNEK)P(S) T(Y)L(G)P(S) XXPMANFDAI
o e \ Fraction A2 3838.72 -
:""“““Jfl | '. Fraction A3 | 6420.83 .
L \ Fraction A4 34468 -
,I “LU‘J '. '. Fraction AS 6014.9 VVGXGAAAGGXNDNADDGGXDTPDDSPGGPYV
0 Rpbmreay e —— —d o
¢ 35 70 106 Table 3.2 Molecular masses and partial amino acid sequence of the various soluble
‘ i , ] organic macromolecules extracted from seastar ossicles.
Figure 3.5  Reversed phase elution profile of the crude extract obtained after the =
decalcification of the ossicles. Preliminary purification indicating RP-HPLC of sea star

ossicle extract on The bound proteins were eluted using a Jupiter C18 column (5 p, 250

mm X 10 mm) against a linear gradient of butfer B (0.1 % TFA in 80 % ACN) at a flow
rate of 2 mI/min. Various eluting fractions were labeled Al. A2, A3, A4, and AS.

Source of the above data:

Wong Ling Quan, fPurification, characterization and in vitro mineralization studies of proteins extracted from

crayfish, Thenus orientalis and seastar, Pisaster giganteus, ®. Sc. Thesis, National University of Singapore,
October 2003 .

9 Collagen (like gelatin) contains amino acids. Every speciesof the kingdom animalia could show

avariation in their amino acid contents.
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The organic phase captured in our SEM imagesi 3

N T Hbedy wall of starfish is composed of magnesian calcite ossiclesconnected by
collagenous tissue and muscles and it exhibits remarkable variability in
stiffness, which is attributed to the mechanical mutability of the collagenous
component.

The structure and organisation of muscular and collagenous components of the
body wall were analysed using trichrome staining. The muscle system comprises
Interossicular muscles as well as muscle strands that connect ossicles with the
circular muscle layer of the coelomic lining. The collagenous tissue

surrounding the ossicle network contains collagen fibres that form loop-
shaped straps that wrap around magnesian calcite struts near to the surface of
ossicleso

Ossicle is a small piece of calcified material forming part of the skeleton of
an invertebrate animal suchas an echinoderm (seastar belongsto that family)

Source of the quoted text:
L. M. Bowles, M. Egertova, Y. Liu, G. R. Davis, N. J. Terrill, H. S. Gupta and M. R. Elphick,
MBody wall structure in the starfish Asterias rubens,0Journal of Anatomy , 231, 325-341(2017).
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Even this simple and

slightly out-of-focus
(towards the edges of the
photo; the bokeh visible due to
the capturing of the image with

a narrow depth-of-field)
optical camera image
shows something very
different on the abactinal
part of our seastar.

SEM photos will show
more interesting things.



Most  probably: a live
densification processongoing,
with the primary purpose of
filing  the cavities; the
material (magnesian calcite) is
first nucleated in a spherical
form (lowest surface area
geometry); the formation of
spheres is followed by their
necking at the expense of the
initial spherical nuclei;
eventually both of these will
cause the formation of a new
large grain.

Primary : spheresformed
Secondary. necking (the term

necking originates from  powder
metallurgy and ceramic powder
sintering)

The image captured two
processes started at different
time points.
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The collagenous matrix clearly
guides or templates this
process

The fusion of the initially
formed spheres with one
another is visible.




We see here

that, in this part

of our sea star, the
primary spheres
were mostly
transformed

Into a form
exhibiting the
necking and
bonding process.



