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Biomineralization in te grates com plex physico-chem i cal
pro cesses lead ing to an ex traor di nary di ver sity of cal car e -
ous biomineral crys tal line ar chi tec tures, in in trigu ing con -
trast with the con sis tent pres ence of a submicrometric
gran u lar struc ture [1]. Un der stand ing how the min eral
gran ules or ga nize is a key el e ment to gain knowl edge on
the biomineralization pro cesses. While ev i dences for the
ex is tence of a mesoscale crys tal line or ga ni za tion, span ning 
over a few gran ules, have been re ported, a 3D im age of the
spa tial or ga ni za tion of the crys tal line do mains is still lack -
ing.

In this con text, we have pro posed to ap ply 3D X-ray
Bragg ptychography mi cros copy [2], a re cently dem on -
strated co her ent dif frac tion im ag ing ap proach, based on the 
in ver sion of a set of in ten sity-only data [3]. Ptychography
ex ploits the par tially re dun dant in for ma tion ob tained by
scan ning a fi nite beam spot size transversally to the sam ple, 
while mea sur ing the cor re spond ing 3D far-field co her ent
dif frac tion pat tern. Thereby, 3D im ag ing of ex tended crys -
tal line samples becomes possible [4, 5].

In this pre sen ta tion, we first briefly re view the evo lu -
tion of the Bragg ptychography ap proach, be fore de tail ing
the re sults ob tained in the frame work of biomineralization.
Spe cif i cally, we show the 3D im ages of the pris matic part
of a Pinctada margaritifera shell, re veal ing this way the
spa tial ar range ment of the crys tal line struc ture with a
nanometric res o lu tion. We ev i dence a crys tal line co her -
ence ex tend ing over a few gran ules and fur ther prove the

ex is tence of larger iso-ori ented crys tal line do mains,
slightly misoriented with re spect to each other around a
sin gle ro ta tion axis [6]. These orig i nal re sults bring new
struc tural in for ma tion, which will be dis cussed in the
frame work of recently proposed biomineralization growth

schemes.  
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Edge il lu mi na tion X-ray phase con trast im ag ing (EI XPCI) 
is a tech nique that en ables quan ti ta tive re trieval of the ab -
sorp tion, dif fer en tial phase and ul tra-small an gle X-ray
scat ter ing prop er ties of an ob ject us ing com mer cially avail -
able, poly chro matic sources in a lab o ra tory en vi ron ment
[1,2]. Two pe ri odic masks, con sist ing of long, ver ti cal slits
are nor mally used. The first (sam ple) mask is placed be fore
the sam ple and re shapes the in com ing beam, while the sec -
ond is placed just be fore the de tec tor pix els, par tially in ter -
cept ing the beamlets, thereby mak ing the sys tem sen si tive
to re frac tion caused by the sam ple. A sin gle im age taken at
a given sam ple mask dis place ment con tains a mix ture of
ab sorp tion, dif fer en tial phase and scat ter ing ef fects. To re -
trieve the two (phase & ab sorp tion) or three (phase, ab sorp -
tion & scat ter ing) chan nels of in for ma tion, two or three
im ages need to be ac quired at dif fer ent sam ple mask dis -
place ments and then math e mat i cally com bined.

In this pre sen ta tion, we re port on a new lab o ra tory im -
ple men ta tion of EI based on the use of a sin gle mask. Be -
sides sim pli fy ing the set-up and re lax ing the sys tem
align ment con straints, it also en ables phase and ab sorp tion
re trieval through the si mul ta neous ac qui si tion of two im -
ages in a sin gle shot. This is real ised by re mov ing the sec -
ond mask and us ing the bound ary be tween de tec tor pix els
as the edge sens ing mech a nism (Fig. 1(a)). Fig ure 1(b)
shows the im age cap tured by a sin gle mask EI sys tem for
all the de tec tor pix els, and how al ter nat ing sets of pix els are 
then used to ob tain a pair of im ages with in verted re frac tion 
con trasts. The sin gle mask EI set-up can also po ten tially re -
duce the dose de liv ered to the sam ple by the cur rent, “stan -
dard” dou ble mask set-up by up to a fac tor of two, as only a
sin gle ex po sure is needed.

We will ad di tion ally show how two-di rec tional EI sen -
si tiv ity can be achieved by re plac ing the ver ti cal slits with
L-shapes and ac quir ing im ages at six dif fer ent sam ple
mask dis place ments [3]. This yields the re frac tion and scat -
ter ing chan nels in both di rec tions. In gen eral, 2D dif fer en -
tial phase im ages have the ad van tage of en abling easy
phase in te gra tion and re mov ing the streak artefacts
common to the 1D case [4].

Fur ther more, these de vel op ments can be com bined
with new de tec tor tech nol ogy, e.g. PixiRad a pho ton coun -
ter with a sharp PSF [5], and high-qual ity masks to im prove 
the afore men tioned set-ups. This will lead to the reali sa tion 
of new de signs (sin gle mask 2D EI, dual-en ergy EI etc.)
which even better ex ploit the ad van tages pro vided by the
EI technique.
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Fig ure 1. (a) Sche matic for the sin gle mask edge il lu mi na tion
set-up, (b) an un pro cessed im age us ing all de tec tor pix els (top),
and the im ages formed by the two sets of pix els (bot tom).
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With syris we pres ent a soft ware tool to sim u late the com -
plete im age for ma tion pro cess from an X-ray source
through an ar bi trary num ber of ob jects to a de tec tor sys tem. 
Our cur rent im ple men ta tion takes sam ple and beam mo -
tion, wavefield prop a ga tion, its de tec tion pro cess and co -
her ence ef fects into ac count. This al lows us to sim u late a
broad range of X-ray im ag ing ex per i ments and their pe cu -
liar i ties like mo tion blur, beam drift and re al is tic noise.

Syris is or ga nized as a frame work and con sists of ba sic
ab stract build ing blocks with a well-de fined ap pli ca tion
pro gram ming in ter face (API) in Py thon. We pro vide im -
ple men ta tions of all build ing blocks to con duct full vir tual
ex per i ments. These im ple men ta tions are op ti mized to
achieve a rea son able com pro mise be tween ef fi ciency and
phys i cal cor rect ness. More over, they are writ ten in
OpenCL [1] and can thus be ex e cuted on nu mer ous plat -
forms, e.g. mod ern highly par al lel GPUs which greatly
speed up the com pu ta tions. Us ers can pro vide their own
im ple men ta tions of this API which increases the frame -
work’s flexibility.

Com bin ing flex i bil ity with an ef fi cient im ple men ta tion
makes syris a pow er ful tool to in ves ti gate novel im ag ing
ap proaches [2, 3] and val i date so phis ti cated data pro cess -

ing pipe lines [4, 5]. Be cause the data pro cess ing pa ram e -
ters de pend on ex per i men tal con di tions, sys tem atic stud ies
of mu tual de pend en cies will help to de velop more ro bust
al go rithms optimized for particular scientific use cases.

To dem on strate the po ten tial of the frame work we first
show the sim u la tion of a high-speed ra di og ra phy ex per i -
ment con ducted with dif fer ent ex po sure times giv ing rise
to vary ing noise lev els. We then show the ac cu racy of a se -
lected mo tion es ti ma tion al go rithm as a func tion of the
noise level. Af ter wards we pick a noise level and op ti mize
one of the al go rithm’s pa ram e ters to ob tain the most ac cu -
rate flow field. Fi nally, we em ploy syris to cre ate a com -
plex 3D res o lu tion pat tern and use it as a sam ple in a vir tual
tomographic ex per i ment to in ves ti gate the im pact of var i -
ous im ag ing con di tions on the pre ci sion of dif fer ent
reconstruction algorithms.
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Fig ure 1. Sim u la tion of a white beam X-ray ra dio graph of a bi o log i cal screw joint found in Trigonopterus oblongus [6] based on data 
from a real CT mea sure ment. The de tailed crop in b) shows the ap pear ance of re al is tic noise and the edge en hance ment by free-space
prop a ga tion vis i ble as a white out lier on the sample boundary.
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The spe cial re port on Car bon Cap ture and Stor age (CCS)
pub lished by the In ter gov ern men tal Panel of Cli mate
Change (IPCC) out lines that wells are among the most
prob a ble leak age paths from CO2 stor age res er voirs [1].
Whether they are in op er a tion, or per ma nently plugged and 
aban doned, these wells are man-made struc tures of steel
and ce ment that con nect the stor age res er voir with the at -
mo sphere. If the steel or ce ment bar ri ers break, leak age
paths are likely to de velop. To es ti mate po ten tial leak age
rates over time, and to op ti mize well remediation pro to cols, 
the com pat i bil ity of ce ment with CO2 has been stud ied
[2-5]. An im por tant re cent find ing is that de fects in ce ment
(e.g. cracks) grad u ally heal when ex posed to CO2 [3-5].
The heal ing pro cess, and its ki net ics, has not yet been fully
un der stood. In or der to make use of this ben e fi cial ce ment
heal ing pro cess in prac tice, a more de tailed un der stand ing
is re quired of how and when it oc curs. For that pur pose we
re port in-situ µ-CT mea sure ment in an en vi ron ment of CO2

sat u rated in brine to study both the car bon ation and the
heal ing pro cesses on frac tured ce ment. 

Ce ment blocks with ar ti fi cial chan nels were used to
mimic frac tures in ce ment. The sam ple was sub merged in a

sa line so lu tion (1%wt NaCl) in side the pres sure cell and
ex posed to CO2 for 20 hours at 50 bars and am bi ent tem per -
a ture. Fig ure 1 shows that CO2 ex po sure of ce ment in duces
CaCO3 pre cip i ta tion in all con fined ar eas (e.g. in frac tures,
microcavities, non-con nected pores and at ce ment/alu mi -
num in ter faces). The vol ume rate at which CaCO3 pre cip i -
tated was found to be 4.6x10-5 mm3/min. High res o lu tion
µ-CT shows us a vary ing CaCO3 con tent within car bon ated 
front of ce ment block sug gest ing dis so lu tion of CaCO3

dur ing CO2 exposure.
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Fig ure 1. Re sults ob tained from µ-CT. a) Cross
sec tion mea sured af ter 820 min, b) 3D rep re sen ta -

tions of CaCO3 pre cip i ta tion in the microcavity as a
func tion of time dur ing the CO2 ex po sure.


