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a b s t r a c t 

Different non-classical crystallization mechanisms have been invoked to explain structural and compo- 

sitional properties of biocrystals. The identification of precursor amorphous nanoparticle aggregation as 

an onset process in the formation of numerous biominerals (crystallization via particle attachment) con- 

stituted a most important breakthrough for understanding biologically mediated mineralization. A com- 

prehensive understanding about how the attached amorphous particles transform into more stable, crys- 

talline grains has yet to be elucidated. Here, we document structural, biogeochemical, and crystallographic 

aspects of the formation as well as the further phase transformations of the amorphous calcium car- 

bonate particles formed by cultured specimens of earthworm Lumbricus terrestris. In-situ observations 

evidence the formation of proto-vaterite after dehydration of earthworm-produced ACC, which is sub- 

sequently followed by proto-vaterite transformation into calcite through nanoparticle attachment within 

the organic framework. In culture medium spiked with trace amounts of Mn 2 + , the cauliflower-like proto- 

vaterite structures become longer-lived than in the absence of Mn 2 + . We propose that the formation 

of calcite crystals takes place through a non-classical recrystallization path that involves migration of 

proto-vaterite nanoparticles to the crystallization site, and then, their transformation into calcite via a 

dissolution-recrystallization reaction. The latter is complemented by ion-by-ion crystal growth and asso- 

ciated with impurity release. These observations are integrated into a new model of the biocrystallization 

of earthworm-produced carbonate granules which highlights the sensibility of this process to environ- 

mental chemical changes, its potential impact on the bioavailability of contaminants as well as the threat 

that chemical pollution poses to the normal development of its early stages. 

Statement of significance 

Understanding the mechanisms of nucleation, stabilization and aggregation of amorphous calcium car- 

bonate (ACC) and factors controlling its further transformation into crystalline phases is fundamental for 

elucidation of biogenic mineralization. Some species of earthworms are natural workbench to understand 

the biogenic ACC, stabilization and the transformation mechanisms, because they create millimeter-sized 

calcareous granules from amorphous calcium carbonate, which crystallize to a more stable mineral phase 

(mostly calcite). This study undergoes into the mechanisms of ACC stabilization by the incorporation of 

trace elements, as manganese, and the ulterior precipitation of calcareous granules by a coupled process 
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. Introduction 

Calcium carbonate is one of the most ubiquitous component 

sed by invertebrates during the biologically mediated crystal- 

ization (biocrystallization) of hard tissues such as skeletons (e.g., 

orals, echinoderms [ 1 , 2 ]), skeletal parts (e.g., porifera, ascidians 

3–5] ), and storage deposits (e.g., crustaceans and earthworms 

 6 , 7 ]). Among carbonates, calcite and aragonite are the most com- 

on and relatively stable mineral phases occurring in nature, al- 

hough some other phases such as vaterite (e.g., otoliths [8] ) and 

onohydrocalcite (e.g tapeworms [9] ) are also used by calcifiers. 

iogenic mineral structures are composite materials formed by the 

ssembly of organic (multi-)component (e.g., proteins, lipids and 

arbohydrates), water and mineral phase(s) in different propor- 

ions [10] . It is widely established that the crystalline structure 

dentified in skeletons of many groups of calcifiers results from 

he crystallization of originally poorly ordered carbonate precur- 

ors (i.e., short- and medium-range order [ 11 , 12 ]). Such precur- 

ors like amorphous calcium carbonate (ACC) are transported to 

onfined calcification sites [ 13 , 14 ], where they aggregate and form 

rystals by particle attachment crystallization (CPA [15] ). This pro- 

ess is mediated by an organic insoluble hydrogel interface, which 

reates a mineralization scaffold [16] . Usually, amorphous calcium 

arbonate promptly transforms into crystalline phases, but it can 

lso be stabilized by organic macromolecules, phosphate, silica, 

nd Mg 2 + ions [17–20] . The involvement of organic polymers in 

iocrystallization processes (e.g., in corals, echinoderms or mol- 

usks) results in formation of ‘mesocrystals’, which consist of co- 

riented nanoparticles [ 14 , 21 ]. 

Several mechanisms have been suggested for the amorphous to 

rystalline stage transformation, including solid-state mechanisms, 

hich may involve secondary nucleation phenomena [ 22 , 23 ] and 

issolution co-precipitation processes [ 15 , 24 ]. Nevertheless, the 

ost important challenge of biocrystallography is elucidating the 

actors that determine the emergence and stabilization of distinct 

alcium carbonate crystalline phases in various groups of organ- 

sms. To date, multiple biogenic and synthetic ACC forms with dif- 

erent level of hydration have been identified [25–27] . Further- 

ore, a variety of short-range ordered structures related to the 

nhydrous phases such as calcite (proto-calcite [28] ) and arago- 

ite (proto-aragonite [ 2 , 29 ]) have also been identified, giving rise 

o the concept of polyamorphism [12] . Other unusual short-range 

rdered precursors whose structures relate to that of hydrocalcite 

proto-monohydrocalcite [30] ) have been recognized in biogenic 

arbonates, whereas vaterite-like structural arrangements (proto- 

aterite [28] ) have been found in synthetic ACC. Some of these 

isordered phases seem to transform directly into final anhydrous 

hases: e.g., proto-calcite transforms into calcite in echinoderm 

picules [31] , proto-aragonite transforms into aragonite in fresh- 

ater gastropods [ 32 , 33 ] and corals [ 2 , 34 ]. Mass et al. [34] sug-

est that proto-aragonite (or aragonitic ACC) co-occurs with ACC 

nd ACC-H 2 O and the concomitant occurrence of solid-state trans- 

ormations and dissolution/co-precipitation processes. In contrast, 

ynthetic experiments have highlighted that proto-structured ACC 

oes not always transform into its dehydrated counterpart phase 

28] , most likely due to the important role that pH and the pres-

nce of additives in the crystallization media can play in determin- 
150 
ent and ion-by-ion growth. The study points to sensibility of this process

ges. 
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ng both, the transformation mechanisms and the phase selection 

 12 , 35 ]. Some of the aforementioned mechanisms may implicate a 

edispersion (i.e., migration) and reassembly of the nanoparticles 

 36 , 37 ]. The later process should leave some structural and/or com- 

ositional evidence in the resulting mineral e.g., neoformation of 

orosity due to changes in molar volume between amorphous and 

table phases [24] or redistribution of impurities such as trace ele- 

ents that stabilize the ACC or assist its transport. 

Herein, we used the amorphous calcium carbonate particles 

ormed by one species of earthworms (Annelida, Oligochaeta) as 

 workbench to study the phenomena associated with the ACC 

nto more stable CaCO 3 phases transformation. The earthworms se- 

rete ACC particles in a colloidal fluid of calciferous glands [38] . 

hese particles are then transported toward a pair of oesophageal 

ouches, where they coalesce and crystallize [39–41] . The final 

roduct is a solid calcareous granule that is later excreted by the 

rganism to the soil during the casting process [42] . Spherical or 

ub-elliptical CaCO 3 granules of 0.5 to 2 mm in diameter mostly 

onsist of calcite, although vaterite, aragonite and ACC have also 

een identified among their components [ 7 , 41 , 43 ]. The purpose of

uch mineralized structures formation still remains unclear. The 

ollowing roles have been proposed for these structures: pH buffer- 

ng of the internal body, adjustment of respiratory CO 2 , and elimi- 

ation of excess of Ca derived from diet and even spurious miner- 

lization [ 39 , 44–46 ]. The first characterization of amorphous cal- 

ium carbonate in earthworms was conducted by Kelly [47] . Its 

ormation into the calciferous glands was studied by Gago-Duport 

t al. [41] and in granules by Lee et al. [7] . Rodríguez-Blanco et al.

48] suggested that the transformation of ACC to calcite in earth- 

orms occurs via vaterite while Hodson et al. [43] argued that dif- 

erences in amino acid concentration could explain the stabiliza- 

ion of disseminated ACC deposits within granules. The earthworm 

ranules also seem to be sensitive to soil trace elements, whose 

resence seems to control the resulting carbonate mineralogy (e.g., 

erussite [49] ; vaterite [50] ; aragonite [51] ). Furthermore, earth- 

orms remove metal and organic contaminants from soils and in- 

orporate them into granules playing an effective soil bioremedia- 

ion role. 

The purpose of this paper is to elucidate the mechanisms in- 

olved in the transformation and/or recrystallization of poorly or- 

ered precursors into stable mineral phases during the biocrystal- 

ization of earthworm granules, by applying a multi-analytical ap- 

roach. 

. Material and methods 

.1. Material 

Calcareous granules produced by earthworms were obtained 

rom laboratory culturing of fully clitellate specimens of Lumbricus 

errestris , which were sourced from Verme Deluxe (Zamora, Spain). 

pecimens were kept in artificial previously sieved to < 500 μm 

oil, which comprised 20 wt% peat moss, 18 wt% kaolinite and 62 

t% quartz sand. Artificial soil (250 g) and specimens were held in 

olypropylene vessels at constant temperature of 15 °C in a refrig- 

rated chamber, above-neutral pH (CaCl 2 ) by adding 2.5% of CaCO 3 , 

nd under controlled moisture (25 %w/w, hence 80% of the water 

olding capacity). Earthworms were fed with shredded sulfur-free 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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aper every week. All the reagents used were analytical grade and 

illi-Q water (resistivity 18.2 M �·cm at 25 °C; filtered through a 

.22 μm membrane) was used in the formulation of the artificial 

oil and solutions. 

The growth dynamics and recrystallization processes of gran- 

les were studied, for first time, in Mn-labelling experiments. Dif- 

erent Mn-sources were selected with the indirect purpose of un- 

erstanding whether the sorption of Mn by earthworm granules 

ould be produced through two mechanisms, the dissolution of 

revious CaCO 3 and/or the direct sorption from solution (i.e., soil 

ater). Therefore, two Mn-sources in separate lines of trials were 

sed during the labelling experiment: 1) Mn-bearing CaCO 3 (at 50 

nd 100 ppm, respectively), replacing the pure CaCO 3 from artifi- 

ial soil; and 2) a MnSO 4 aqueous solution (100 ppm of Mn), re- 

lacing the pure water from the artificial soil. Mn-bearing CaCO 3 

100 and 50 ppm concentration) was precipitated by mixing 0.5 

 Na 2 CO 3 ·H 2 O (Sigma-Aldrich), 0.5 M CaCl 2 (Sigma-Aldrich) solu- 

ions and 0.8 mM and 0.4 mM of MnCl 2 ·4H 2 O (POCH) under con-

inuous magnetic stirring during 30 minutes. Afterwards, the solu- 

ion was filtered using a cellulose 0.45 μm filter and the recovered 

recipitate was dried overnight at 60 °C. The original 100 ppm Mn 

olution was prepared by dissolving MnSO 4 ·H 2 O (Labkem) in milli- 

 water, energetically stirring, and subsequently filtering. 

Seventeen specimens were cultured in laboratory, five control 

pecimens during 28 days in an Mn-free soil with precipitated 

ure CaCO 3 (POCH) and milli-Q water, and twelve specimens in 

mended Mn-soil (4 for each composition, 100 and 50 ppm of 

n-bearing CaCO 3 , and 100 ppm of MnSO 4 solution, respectively). 

pecimens were exposed to amended soils and Mn-free soils every 

 until reaching 14 days of experiment and 7 days until reaching 

8 days. Calcareous granules were studied in situ (by oesophageal 

issection and micro-computed tomography of specimens from 

ontrol experiment) and ex situ (by retrieving and picking granules 

rom the casting activity from control and Mn-experiment). 

.1.1. In situ material 

Two control specimens were narcotized in 30% alcohol, one was 

reserved in pure isopropanol before micro-computed tomography 

micro-CT) scanning, which was placed and fixated in a polypropy- 

ene Falcon tube. Another specimen was dissected in pure iso- 

ropanol in order to retrieve the solid mineral concretions stored 

n oesophageal pouches. Pure isopropanol was used in both proce- 

ures with to avoid the spurious ACC transformation of the mineral 

oncretion due to the inevitable partial dehydration of biological 

issues. The mineral concretions retrieved were rinsed and cleaned 

n pure isopropanol and dried overnight. 

.1.2. Ex situ material 

After 28 days, earthworms were removed from the soil, rinsed 

ith milli-Q water, and held in free-Mn vessels. Artificial soil was 

ried at 60 °C, sieved to < 500 μm to recover excreted granules by 

and-picking them with tweezers under a binocular microscope. In 

ddition, to facilitate removal of soil particles attached to granules 

nd avoid ACC transformation, granules were cleaned by consecu- 

ive immersion in a 1 M NaOH solution and pure isopropanol and 2 

inutes ultrasonication, and subsequently filtered. In order to test 

ow the water held by the soil could affect the stability of different 

alcium carbonate phases produced by the Mn-labeling, after liv- 

ng in an Mn-amended soil during 28 days, a specimen from each 

xperiment was placed into a Petri dish on a wet filter paper. Un- 

er exhaustive surveillance of specimens, fresh expulsed granules 

ere retrieved after elapsed times not longer than 3 days. These 

ranules were then cleaned and rinsed following the procedure de- 

cribed above. 

After retrieving, some granules were studied and characterized 

n raw, other by natural breakage and some were embedded in 
151
poxy resin, polished until the maximum diameter of the particle 

nd consequently thin-sectioned (ca. 30 μm thick). 

.2. Methods 

Structural and mineralogical characterization of in situ and 

x situ materials was carried out, using micro-computed tomog- 

aphy (micro-CT), petrographic microscopy, cathodoluminescence 

CL), scanning electron microscopy (SEM), field-emission scan- 

ing electron microscopy with energy dispersive spectroscopy (FE- 

EM/EDS), confocal laser scanning microscopy (CLSM), electron mi- 

roprobe analysis (EMPA), electron backscatter diffraction (EBSD), 

nd Raman spectroscopy. 

Whole natural samples from dissection and those retrieved 

rom control and experimental soils were used for SEM and Ra- 

an spectroscopy previous mounting in aluminum stubs and fixed 

y carbon tape. Moreover, sample fragments obtained by means 

f natural breakage of the granules were also prepared for SEM 

nd Raman analysis. Uncovered ultra-polished thin sections from 

ontrol and amended soil granules were prepared for petrographic 

bservation, EMPA, CLSM, CL, Raman spectroscopy and EBSD. Se- 

ected samples were etched with 0.1% formic acid and 2.5% glu- 

araldehyde for 1 minute, rinsed with ultrapure water (Milli-Q) and 

ried in air. 

.2.1. In situ methods 

Micro-CT examinations were collected by using a MicroXCT-400 

ystem (XRadia, Zeiss microscopy GmbH, Germany) located at the 

aculty of Materials Science and Engineering, Warsaw University 

f Technology. Scanning of ex situ calcareous granule and in situ 

arthworm body were performed using the following parameters: 

0 kV (granule) and 40 kV (body) of voltage, 10 W, 5 s of exposure

ime, 2.4 μm (granule) and 5.4 μm (body) of pixel size and 10 0 0

rojections per sample. Radial projections were reconstructed with 

MReconstructor software provided with the Zeiss XRadia system. 

hree-dimensional rendering of earthworm tissue with calcareous 

ranules was obtained by processing with the AVIZO7.0 Fire Edition 

oftware. 

.2.2. Ex situ methods 

Petrographic microscopy observations were conducted on 51 

hin sections of both, control and experimental granules, in trans- 

itted and polarized light with a Nikon Eclipse 80i microscope 

quipped with a DS-5M cooled camera head (Institute of Paleo- 

iology of the Polish Academy of Sciences, Warsaw). 

Scanning Electron Microscopy (SEM) observations were per- 

ormed after platinum coating using a Philips XL–20 (Institute of 

aleobiology of the Polish Academy of Sciences, Warsaw) with 

ccelerating voltage of 25 kV, ∼8 mm of working distance and 

5 μm of beam diameter and with Field – Emission Scanning Elec- 

ron Microscopy (FESEM, Zeiss Merlin) equipped with an EDS de- 

ector (Department of Chemistry, University of Warsaw) with ac- 

elerating voltage of 5 kV, ∼4 and ∼6 mm of working distance for 

maging and 15 kV and ∼6 mm for EDS measurements. 

Cathodoluminescence (CL) microscopy was performed on car- 

on coated thin sections using a HC5-LM microscope equipped 

ith a Lumic hot cathode and linked to a CCD Kappa camera for 

ecording images (Institute of Paleobiology of the Polish Academy 

f Sciences, Warsaw). An electron energy of 14 keV, beam current 

f 0.18 mA and variable exposure time were used. 

Confocal Laser Scanning Microscopy (CLSM) observations were 

onducted on Mn-labelled samples in thin sections using a Nikon 

clipse Ti equipped with VIS-lasers linked to a CCD DS-5Mc video 

amera with resolution 5 Mpx (Department of Biology, University 

f Warsaw). The wavelengths used are as follows: 404 nm, 488 nm, 
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61 nm and 638 nm, 32-channel spectral detector with resolution 

, 5, 6 or 10 nm and mode Virtual Filter, and transmitted light. 

Electron Microprobe Analysis (EMPA) mapping and punctual 

nalysis were carried out on thin sections with a 25 nm carbon 

oating, with a JEOL Superprobe JZA-8900 with five wavelength- 

ispersive spectrometers, at the National Center of Electron Mi- 

roscopy (Complutense University of Madrid, Spain). The measure- 

ents were conducted in nine elements (Ca, Mg, Sr, Na, Ba, S, Fe 

nd Mn) on the whole granule. An accelerating voltage of 20 kV 

ith a beam current of 50 nA and a spot size and step interval of

 μm diameter (dwell time = 20 ms) were used. Some punctual 

nalyses of the same elements were performed using an accelerat- 

ng voltage of 15 kV, a beam current of 10 nA and a spot size of

 μm to accurately measure the chemical composition of granules 

uring the experiments. 

Electron backscatter diffraction (EBSD) was performed on thin- 

ectioned samples mechanically polished in advance with alumina 

f 9 μm, 1 μm, 0.3 μm and finally with colloidal silica (0.05 μm). 

efore analysis, samples were cleaned, dried and coated with the 

hinnest possible conducting carbon layer (c.a. 2–4 nm) using a 

ALTEC SCD 005 sputter coater. The EBSD study was carried out 

ith an Oxford NordlysMax detector mounted on a Scanning Elec- 

ron Microscope (SEM) JEOL JSM-6610LV at the Institute of Materi- 

ls Engineering, Łodz University of Technology. EBSD data were col- 

ected with AztecHKL software at high vacuum, 20 kV, large probe 

urrent and 20 mm of working distance. EBSD patterns were col- 

ected at a resolution of 0.22 μm step size and data were processed 

sing MATLAB 

TM toolbox MTEX [52] . 

Thermal gravimetric analysis (TGA), differential thermal anal- 

sis (DTA) and differential scanning calorimetry (DSC) were car- 

ied out using a TA Instruments thermobalance model SDT-Q600 

ith 0.1 μg of balance sensitivity, located at CAI of Geological 

echniques of Complutense University of Madrid (Spain). Powdered 

ranules (15 to 20 mg), held in platinum pans, were heated un- 

er a linear gradient from ambient (c.a. 20 °C) up to 10 0 0 °C; heat-
ig. 1. Formation of earthworm granules. (A) Example of living earthworm ( Lumbricus terr

etails of the segments VIII-XV. (B) Scheme of oesophagal parts where the ACC and the

ranule in the oesophagal lumen and the calciferous glands with their characteristic “zeb

he upper picture noticeable structure of the same density as the granule in the pouches. 

ranules in the oesophagal lumen and a granule under formation into the pouches. cg: ca

152 
ng rate: 10 °C/min under a N 2 atmosphere, with flux fixed to 100 

l/min. Granules from different experiments were analyzed mea- 

uring the weight loss, derivative weight loss and differential heat 

ow. Before the analysis, the baseline, DSC precision and temper- 

ture were calibrated internally by the laboratory up to five times 

ith different protocols. 

Raman spectra were collected with a LabRAM HR Raman con- 

ocal microscope equipped with an LPF Iridia edge filter and a 

eltier-cooled Synapse CCD detector, located at Department of 

hemistry, University of Warsaw (Poland). The microscope attach- 

ent was based on an Olympus BX41 system with an MPLN1003 

bjective. The excitation source was the second harmonic of the 

iode-pumped Nd: YAG laser Excelsior-532-100 operating at 532.3 

m with 20 mW power on the sample. Benzerara et al. [35] ob- 

erved that such laser power could cause some crystallization ar- 

ifacts on amorphous materials. Such changes were not observed 

uring our analyses, probably because the epoxy resin prevents or 

lows the crystallization of amorphous phases. 

. Results 

.1. In situ observations: biocrystallization 

The first section of the Results provides a description of in-situ 

bservations based on micro-CT examinations of VIII to XV seg- 

ents of Lumbricus terrestris ( Fig. 1 ) and the morpho-structural 

nd mineral characterization of the calcareous products after dis- 

ection ( Fig. 2 ). These observations contribute to the understanding 

f the biocrystallization process of granules. 

X-ray images reveal three tissues based on density (gray scale 

oloration, Fig. 1C ): 1) Soft body tissues of earthworm (i.e., body 

all, coelomic cavity, and digestive system) characterized by low- 

ense material (dark gray). Several 2D sections disclose the gut 

umen in the center, and more specifically oesophageal portions 

artially filled with air ( Fig. 1C ). Rendered surface shows ana- 
estris) and micro-CT images from anatomical external (upper) and internal (bottom) 

 concretions are produced (based on Canti and Piearce, [42] ). (C) X-ray images of 

ra” pattern. Note the porosity of granule visible in different planes images and on 

(D) micro-CT rendering of the calciferous glands with small concretions inside, two 

lciferous glands; conc: concretion; gr: granules; osp: oesophagus. 
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Fig. 2. Carbonate particles isolated from the pouches during dissection. (A) SEM image of a dissected concretion composed of subhedral-anhedral carbonate particles (A.1) 

and spherulites (A .1, A .2). (B) Calcite crystals and proto-vaterite spherulites and the organic matrix covering both (yellow arrow, B.3) at high magnification. Proto-vaterite 

spherulites are composed of nanoparticles and their surfaces can be smooth (blue inset) or rough (green inset), and calcite crystals exhibit mesoporous and stepped faces 

(B.4). (C-E) Raman analysis of the dissected concretion. Raman map (C) of the selected area (yellow square) at SEM picture (D, note that the sample is rotated) and Raman 

spectra (E) of proto-vaterite, vaterite and calcite. Spectra colours correspond with the appropriate phase in the Raman map. (F) EDS maps of area showed at (B) image. EDS 

maps showing distribution of calcium (Ca), magnesium (Mg) and sodium (Na). Proto-vaterite spherulites are Mg- and Na-enriched (more intensive colour) in Ca-depleted 

than calcite crystals surrounding. p -vat: proto-vaterite; vat: vaterite. 

153 
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yzed segments partly dehydrated and setae pairs ( Fig. 1A ). 2) Par- 

ially mineralized tissues, characterized by medium dense materi- 

ls (mild gray, Fig. 1 C ), are located surrounding the central gut in

wo pairs of subspherical sacs in the segments XI and XII. These 

reas are characterized by oesophageal enlargements (i.e., calcifer- 

us glands) with a zebra patterned slightly zigzagging organization 

 Fig. 1D ). 3) High-dense mineralized materials, characterized by a 

hite coloration, are located between the X to XIII segments. Three 

arge mineralized spheroidal to ellipsoidal particles with coarse 

urface, about 1-2 mm in size, have been identified ( Fig. 1D ), two

n the central part of the gut lumen, between XI-XIII segments, 

nd another inside a lateral oesophageal pouch (subspherical sac), 

n the segment X. Four small mineralized-particles, submillimeter- 

ize, were localized interbedded with partially mineralized mate- 

ial into the calciferous glands, forming irregular sheets or subhe- 

ral to anhedral particles. High-dense particles located from the 

V segment in the posterior foregut (i.e., crop-gizzard area, Fig. 1A , 

ottom) have been identified as soil particles ( sensu [53] ) and ex- 

luded for further considerations. 

Subhedral-anhedral, submillimeter-sized, carbonate particles 

ere isolated from the pouches during dissection ( Fig. 2 ). Morpho- 

tructural study revealed these particles are composed of crystals 

ith stepped and well-developed faces surrounded by spherulitic 

aterial and organic tissues ( Fig. 2A and B ). Micrometric-sized 

hombohedral calcite crystal, tens of micron-sized and randomly 

rganized, were identified by its distinctive well-developed (104) 

aces in subhedral areas and confirmed by micro-Raman analysis 

 sensu [25] ), v 1 at 1088 cm 

−1 and v 4 at 715 cm 

−1 of the (CO 3 ) 
2 −

roups, lattice modes region at 284 cm 

−1 and 158 cm 

−1 ( Fig. 2D -

 ). 

On the other hand, anhedral areas are characterized by large 

ggregates of spherules and emerging visible calcite faces ( Fig. 2B ). 

icrometric-sized spherules (1.5-5 μm) exhibit variable mor- 

hologies from perfect spheres to half-spheres with smooth and 

ough surfaces. High-magnification observations expose meso- 

orous coarse calcite faces composed of nanoparticles (tens of 

anometers-sized) mostly in kinked and stepped faces and the in- 

erface between crystals. Moreover, spherules show coarse surfaces 

ormed by nanoparticles with different particle size, in spherules 

ith smoother surfaces nanoparticles are ca. 80 nm in size ( Fig. 2B ,

ellow circle), but in those with rougher surfaces nanoparticles are 

a. 115 nm in size ( Fig. 2B , white circle). Rough spherules have

istinctive mesoporous surfaces with pores of 120-240 nm in size 

 Fig. 2B ). Spheres and calcite crystals are enveloped by an organic 

etwork ( Fig. 2B , yellow arrow) and transitional products between 

pherules and calcite faces can be observed. Smooth spheres be- 

ome porous and rougher and begin to collapse, producing half- 

pheres and/or irregular aggregates of nanoparticles coating calcite 

rystals. Raman analyses of spherules disclose a triplet in the sym- 

etric stretching region of (CO 3 ) 
2 − groups, v 1 at 1065, 1076 and 

088 cm 

−1 characteristic of vaterite (sensu [25] ), but v 4 and lattice 

odes are irregular and do not show intense enough peaks, which 

uggest a disordering of the crystal lattice ( Fig. S1 ). Raman map- 

ing shows spectra with features that are a mixture of those char- 

cteristic of disordered vaterite and calcite, generally in anhedral 

reas with irregular nanogranular masses coating the calcite crys- 

als. This suggests a transitory coexistence between both phases in 

hose areas. EDS elemental mapping shows that spherules are Mg- 

nd Na-enriched and Ca-depleted, in contrast to those observed for 

alcite crystals ( Fig. 2F ). 

.2. Control samples: regular growth 

The number of granules and weight of CaCO 3 produced by adult 

amples of Lumbricus terrestris was calculated by counting and 

eighing the recovered granules after experiments. The production 
154 
f granules in control samples after 7 days is variable and depend 

n the specimen (from 3 to 5 granules). The amount of CaCO 3 pro- 

uced per specimen is more constant than the number of granules 

roduction, ca. 1.05 mg/day (Table S1), this variation is due to the 

ariable size of the granules. 

Spherical to sub-elliptical (e.g., kidney-shaped, Fig. 3 A-C, G - 

 , L ) CaCO 3 calcareous granules from 0.5 to 2.5 mm in diameter 

ere recovered from control samples (24 granules in total). Gran- 

le edges are frequently smooth in spherical specimens, although 

ub-elliptical granules have an irregular side with a cockscomb 

abit ( Fig. 3C , L ). Petrographic observations under crossed polar- 

zation show that granules are mostly composed of radially ar- 

anged carbonate crystals of 0.015 to 0.2 mm in size ( Fig. 3A -

 ), occasionally radiating from a chaotic center formed by smaller 

rystals, and sometimes arranged around void central areas and 

arge isolated pores ( Fig. 3B - C , K ). A large variation of microstruc-

ures is present in granules: prismatic-blocky ( Fig. 3A - C , L ), lath-

adial, and foliated–lamellar crystals, which occasionally are ar- 

anged forming cross-lamellar-like microstructures and interlocked 

locks, depending on the granule ( Fig. 3L ). All of them at SEM ex-

ibit the characteristic (104) and tautozonal planes of calcite crys- 

als. It should be highlighted the existence of high inter-crystalline 

orosity, mostly within those granules with cross-lamellar-like and 

nterlocked blocks microstructures ( Fig. 3L , red arrow). This poros- 

ty is equivalent to that observed in the X-ray images of micro-CT 

cans ( Fig. 1C ). Opaque impurities in transmitted light, irregularly 

oncentrically arranged but also located radially in the crystal con- 

act and inside crystals are a distinctive feature of these structures. 

BSD analyses reveal that control-granules exclusively consist of 

andomly arranged calcite crystals without significant internal mis- 

rientations within each crystal ( Fig. 3D - F ). 

Under cathodoluminescence microscopy, cross-sectioned gran- 

les disclose a concentric pattern defined by alternating lumines- 

ence bands unevenly distributed ( Figs. 3A - C ). Those areas with 

ockscomb habit in the edge of granules as well as some gran- 

le cores exhibit kinked bands, whereas smooth granules exhibit 

ndulatory or even stromatolite-like patterns. Moreover, some ar- 

as and small dots, mostly corresponding to opaque impurities, 

xhibit higher luminescence. The thickness and number of bands 

ave been measured in seven granules using the plug-in ObjectJ 

.03w [54] of the free and open-source ImageJ 1.47v image pro- 

essing software [55] . Band thickness and number of bands per 

ranule is variable ca. 6-11 μm and ca. 50-100 bands per granule. 

umber of bands also is directly related to the granule diameter 

nd considering the quantity of granules formed after 7 days and 

he number of bands, it can be estimated that bands form sub- 

aily, one band every 0.5 to 1 hours. 

Rendered micro-CT sections of a kidney-shaped granule ev- 

dence its external coarse structure ( Figs. 3G , 3I ), highlighting 

quivalent features as observed by SEM ( Figs. 3L - N ). The micro-CT 

ections of the internal part of the granule show inter-crystalline 

arge, interconnected pores, further confirming observations by 

etrographic microscopy, EBSD and SEM observations ( Figs. 3A - C , 

 , K , L ). Additionally, rendered kidney-shaped granules, which are 

sually larger than rounded ones (not more than 2 mm), result 

rom two granules merging. This explains the existence of two vis- 

ble independent radial cores on the petrographic and CL micro- 

raphs ( Figs. S2C-D ). 

Acidic etching with an organic fixative shows that calcite crys- 

als are formed by microbands of different solubility. Less soluble 

ands are characterized by dense aggregates of rounded nanopar- 

icles with ca. 100 nm in size, whereas more soluble bands ex- 

ibit less dense nanoparticles aggregation with equivalent size but 

igher porosity ( Figs. 3M , N ). It should be highlighted the presence

f small rhombohedral particles of hundreds of nanometers also 

mbedded in the nanotexture. Moreover, etching emphasizes the 
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Fig. 3. Granules produced by earthworms in artificial not-amended soil. (A-C) Petrographic and CL images of thin sections showing the texture and the hidden cathodolu- 

minescence pattern. Note that the morphology and microstructure of granule is variable. Granules are formed by radial calcite crystals with concentric luminescent micro- 

banding, occasionally kinked bands (C, inset). (D-F) Crystallographic arrangement of a granule. Pole figures (D), band contrast map (E) and crystallographic orientation map 

(F) showing random orientations of calcite crystals (EBSD). Colour-coding assigns a colour to each possible orientation. (G-H) micro-CT rendering of a kidney-shape granule 

showing that this kind of granule is composed by the attachment of two rounded concretions (J). (H, K, L) The internal macroporosity of the granules. Pores are indicated 

by red arrows in a micro-CT rendered section of the granule (H), in transmitted light (K) and in SEM (L). (L-N) SEM images showing the external morphology and structural 

features of excreted granules. Note the interlocked texture formed by lath crystals (L.1, M). Nanostructural features of granules after etching with 0.1% formic acid + 2.5% 

glutaraldehyde. (M.2, N). Differences in the solubility are highlighted by the micro-banding. Calcite fibres are formed by co-oriented nanoparticles surrounded by organic 

matrix (N.3, yellow arrow). It should be highlighted that some micro-rhombohedra (N.4, blue arrow) are observed. 
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resence of organic matrix that surrounds and coats both, calcite 

rystals and nanoparticles. The organic matrix consists in a net- 

ork of interconnected nanometric fibers, which permeates and 

nterlinks calcite crystals. 

.3. Experimental samples: Mn-amended soils 

Granules grown in Mn-amended soils exhibit similar morpholo- 

ies and sizes to those formed in control experiments. Earthworms 
155 
ere exposed to Mn-amended soils and free-Mn soils periodically 

i.e., 2 and 7 days), with the purpose of characterizing the Mn- 

ffect in the crystal growth dynamics and phase formation. Mn 

2 + 

s a cathodoluminescence activator [56] , which facilitates the iden- 

ification of its recruitment by cathodoluminescence labeling when 

he final mineral phase is calcite and microstructural changes are 

ot observable. Many granules show fibrous-radial aggregates, with 

 characteristic concentric convex fine banding ( Figs. 4, S2 ). Occa- 

ionally these areas are in the core of the granule surrounded by 
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alcite crystals in straight contact and/or by isolated small pores 

 Figs. 4 , S2C ). Moreover, fibro-radial aggregates are dispersed into 

he granule as large or small patches surrounded by calcite crys- 

als ( Figs. S2 A-B ). However, a significant minority of granules are 

otally formed by calcite crystals, without remnants of fibro-radial 

ggregates as confirmed by Raman and EBSD analyses ( Figs. 4D - H ).

Under cathodoluminescence (CL), fibro-radial aggregates exhibit 

igher luminescence than those calcite crystals grown in Mn-free 

oils and likewise, variations in luminescence are visible, forming 

ands or spot regions. Mn-labelling is confirmed in fully calcitic 

ranules by luminescent areas (e.g., granule cores), surrounded 

y a non-luminescent or with dull luminescent bands area. Non- 

uminescent areas exhibit a luminescent intensity and banding like 

ontrol experiments. Kidney-shaped granules formed by the accre- 

ion of two small granules exhibit differences in luminescence be- 

ween the cores and the external parts in those Mn-labelled areas, 

egardless they consist of fibro-radial aggregates or calcite crystals 

 Figs. S2C-D ). 

Granules under confocal microscopy (CLSM) show that fibro- 

adiate aggregates exhibit intense auto-fluorescence regarding cal- 

ite crystals and stromatolite-like appearance in section. Confo- 

al microscopy reveals that aggregates are formed by fine fluo- 

escent banding oppose to luminescence detected under CL. Those 

reas with slight or non-fluorescence correspond to higher CL lu- 

inescent areas ( Figs. 4A - B ), and vice versa, although with subtle

ariations. Calcite crystals overgrowing the fibro-radial aggregates 

how weak fluorescence bands oppose to those dull-luminescent 

bserved under CL ( Figs. S2B ). 

Raman analyses of granules formed by fibro-radial aggregates 

isclose spectra with a triplet in the symmetric stretching re- 

ion of (CO 3 ) 
2 − groups, v 1 at 1065, 1075 and 1090 cm 

−1 , which

re characteristic of vaterite. However, peaks in v 4 and lattice 

odes appear irregular and not intense enough to be attributed 

o any CaCO 3 phase ( Fig. 4 E ), similarly as observed in spectra col-

ected during the in-situ characterization of dissected concretions 

 Fig. 2F ). The absence of distinctive bands in lattice mode region in

ombination with the absence of Kikuchi patterns detected by the 

BSD camera in the fibro-radial aggregates ( Fig. 4H , S2 ) suggest a

ery poorly ordered lattice (i.e., amorphous nature). After a contin- 

ous electron beam is applied during tens of seconds in the same 

rea some Kikuchi lines are detected by the EBSD camera, but they 

re not well defined enough for phase identification. The specia- 

ion of carbonate group in Raman spectroscopy and the develop- 

ent of Kikuchi lines along time suggest that fibro-radial aggre- 

ates are composed of the short-range ordered ACC, more specif- 

cally by proto-vaterite. On the other hand, by Raman and EBSD 

nalyses confirmed that the adjoining area consists of randomly 

riented calcite crystals ( Fig. 4 E ), despite its microstructure (i.e., 

adial microstructure Fig. 4A ). 

The Mn-source (i.e., CO 3 
2 − or SO 4 

2 −) does not seem to in- 

uce visible changes in granule morphology and/or microstructure 

 Fig. 5 ). Cauliflower-like proto-vaterite aggregates are formed by 

ub-micrometric banding with characteristic differences in solu- 

ility after acid etching. Internally, banding is composed of fibro- 

adial nanocrystals of ca. 100 nm width ( Fig. 5C ). In those areas

here the proto-vaterite to calcite transformation is noticeable, 

anocrystals are densely packed defining distinctive calcite facets 

nd mesopores into the crystals and adjacent areas ( Fig. S5G-I ). 

Trace element composition is highly variable both between 

nd within granules, and regarding Mn contents, it depends on 

he experimental setting. Those granules grown in 100 ppm Mn- 

mended soils are Mn-enriched (max. 1099 ppm) in comparison 

ith those grown in 50 ppm amended soils (max. 473 ppm), 

videncing that during granule crystallization earthworms uptake 

n 

2 + in amounts conditioned by its availability. Granule areas con- 

isting of fibro-radial proto-vaterite aggregates are enriched in Mg 
156 
max. 1065 ppm), Mn (max. 627 ppm) and S (max. 620 ppm) and 

a-depleted, in contrast to granule areas built up of calcite crys- 

als ( Fig. 6A ), which are depleted in Mg (max. 60 ppm), Mn (max.

02 ppm) and S (max. 84 ppm) but enriched in Ba (max. 1083 

pm) at the same granule. In those granules formed almost com- 

letely by calcite and where the Mn-labelling is observed under 

L, changes in Ca and Mg zoning are not observed, although sys- 

ematically their cores are Mg- and Na- enriched and unexpectedly, 

on-luminescence bands or areas under CL are Na-enriched ( Fig. 6 , 

4B ). 

Weight losses were calculated by TG-analysis in granules ex- 

ulsed after 28 days-long experiment and granules buried in soil 

aximum times of 42 and 84 days, with the purpose of evaluat- 

ng the variation in the content of different structural components 

s water (in all its forms) and organics ( Fig. S6 ). The selected tem-

erature range of study goes from room temperature ca. 20 °C to 

50 °C, within which water and main organic components are de- 

omposed in most of biominerals, well below the temperature at 

hich the total CaCO 3 decomposition to CaO starts ( ∼600 °C) (Cuif 

t al., 2004). The weight loss curve of all granules mostly exhibits 

wo main weight loss events, from room temperature to 250 °C and 

rom 250 °C to 550 °C. Granule weight losses within the thermal 

ange analyzed vary between 1.12 to 1.63 wt% (Table S1). It is re- 

arkable that those granules from experiments of 28 days have 

eight losses around 1.43-1.63 wt%, whereas those that remained 

onger buried in soil show smaller weight losses (1.33 wt% for 42 

ays and 1.11 wt% for 84 days). 

. Discussion and conclusions 

.1. Granule formation 

Controlled biomineralization can be ascribed as the physiolog- 

cal and molecular processes by which organisms synthesize crys- 

alline or amorphous minerals from aqueous solutions, assisted by 

etabolites and in confined spaces that contribute to regulate the 

upersaturation, the nucleation and growth processes and the fi- 

al crystalline product [ 10 , 16 ]. Calciferous glands are the astonish- 

ng machinery that allows some specific earthworms to synthesize 

CC particles in a similar way as crustacean produce gastroliths, al- 

hough the function of such mineralization in earthworms remains 

nknown [43] . 

In-situ observations based on micro-CT scans revealed that 

he formation of ACC concretions and their ulterior transforma- 

ion to crystalline structures mainly occur within the oesophageal 

ouches ( Fig. 1 - 2 ) as was stated previously [ 7 , 42 ], although some

ubmillimetric-size subhedral to anhedral particles are previously 

ormed in the calciferous glands ( Fig. 1D ). It is assumed that these 

mall concretions travel to the oesophageal pouches where conclu- 

ively coalesce. Labelling experiment confirm this interpretation, 

uminescent regions (by Mn 

2 + labelling) can be concentrated in 

pecific parts of granules, for instance in their core ( Fig. 6 , S2C-D),

nd they are produced by a labelling cycle. Nonetheless, they may 

lso appear disseminated into the granule in a not labelled region, 

hich suggests that some concretions enriched in Mn 

2 + belatedly 

oalesce into the granule in cycles without Mn-labelling ( Figs. 4A , 

C , S2A-B ). Furthermore, this indicates that ACC spherulites can 

ransform to calcite prior to granule formation, which is consistent 

ith the Crang [57] and Gago-Duport et al. [41] hypotheses. Fur- 

hermore, results from the current study reveal that several gran- 

les can simultaneously be produced in one oesophageal pouch 

ensu Morgan [40] , and even these may coalesce to form a single 

ranule, as kidney-shaped granules with two luminescent cores are 

bserved ( Fig. S2C-D ). 

Calciferous glands of earthworms produce ACC regulated by or- 

anic macromolecules [ 40 , 41 , 43 , 57 ], whose presence retards CaCO 
3 
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Fig. 4. Granules from Mn-labelling experiment. (A) Petrographic images in transmitted and polarized light, and CL images, showing the texture and the hidden luminescence 

pattern of labelled granules. Red square corresponds with Fig. 4C - D and blue square correspond with Fig. 4F - H . Luminescent central area caused by labelling is formed by 

proto-vaterite, whereas non-luminescent external area is formed by calcite. (B) CLSM images areas indicated in A (numbered squares in CL image) showing banding in 

proto-vaterite region (1-2) and revealing stromatolitic-like structure formed by micro-banding (3). It should be highlighted that a belated proto-vaterite concretion (4) is not 

in the labelled area. (C-E) Transmitted light image from a magnified area in A (red square in A), Raman mapping (D) of this area and Raman spectra (E). Map shows the 

contact between calcite (green colour) and vaterite (blue colour). Inset shows a detail of the characteristic triplet ν1 in the symmetric stretching region of (CO 3 ) 
2 − groups 

of vaterite. Note that visible on the map darker parts in calcite area are pores. (F-H) Crystallographic features of the sample (EBSD). Band contrast map (F), crystallographic 

orientation map (G) and pole figures (H), showing rather random orientations of crystals but compared to regular growth granules ( Fig. 3 , D - F ) (EBSD). Colour-coding assigns 

a colour to each possible orientation. 

157 
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Fig. 5. SEM images of Mn-labelled granules formed by proto-vaterite and calcite. (A-C) Granules produced in three different Mn-amended soils. In all treatments coexisting 

calcite and vaterite can be found (B). (C-D) Cauliflower-like proto-vaterite particles are formed in all treatments, with a characteristic fibro-radial texture. 
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hase transformation, thereby efficiently facilitating mass transfer 

rom the calciferous glands to the pouches and/or the develop- 

ent of accretion phenomena within the pouches. Although many 

pecies of earthworm (Crassiclitellata) may mineralize, not all of 

hem (for example in Eisenia foetida ) hold oesophageal pouches 

here CaCO 3 particles can coalesce to form granules [46] . There- 

ore, in those species that produce granules, these are CaCO 3 stor- 

ge deposits whose final purpose is to be excreted. 

Tailored microstructures and extremely well-organized crystal- 

ographic textures are main features of most skeletons and de- 

osits produced by controlled calcifiers. In contrast, the results of 

ur structural and EBSD analyses of Lumbricus terretris granules ev- 

dence a random crystallographic organization complemented by 

 large showcase of microstructures. In fact, the crystal growth 

s mainly featured by calcite crystals exhibiting complex pene- 

ration twins and competitive growth between crystals ( Figs. 3L , 

2I ). These features suggest that during the final particle coales- 

ence and crystallization processes that lead to the formation of 

ranules in the oesophageal pouches the organism does not ex- 

rt such expected control. Consequently, additional factors like the 

nvolved precursor phases and recrystallization processes as well 

s a variety of physicochemical characteristics of the crystallization 

edium (i.e., pH, supersaturation, trace element content) may in- 

uence the final product. 
158 
Granules exhibit characteristic concentric fine sub-daily band- 

ngs (0.5-1h/band) under CL which resemble those found in cal- 

areous ooids ( Figs. 3 , S2). These bandings reflect oscillatory 

hanges in composition regarding the amount of trace elements 

ncorporated into CaCO 3 phases. These changes can affect CaCO 3 

olubility ( Figs. 3N , 5C-D ). It has been demonstrated that con- 

entric oscillatory compositional patterns arise during diffusion- 

ontrolled growth of solid solution crystals due to a complex in- 

erplay between the solubility of solid solution endmembers and 

he threshold supersaturation for end-members nucleation [58–

1] . Differences in CaCO 3 solubility can explain the different etch- 

ng behavior of adjacent concentric bands as depicted in Fig. 5C - 

 . Moreover, the compositional banding is coupled with differ- 

nt content of incorporated organics. Greiner et al. [62] observed 

oncentric oscillatory patterns in the amount of polymeric matrix 

ccluded by calcite crystals grown in agar gel. These authors in- 

erpreted that fast growth facilitates the incorporation of organ- 

cs. Under a diffusive-regime, a period of fast growth results in 

he depletion of the growth medium and, as a result, is followed 

y a period characterized by a progressive drop in the growth 

ate and the amount of organics occluded. As mass transfer pro- 

resses, growth rate increases again, facilitating the incorporation 

f higher amounts of organics. Faster growth periods could also fa- 

or the incorporation of higher amounts of impurities like Mn 

2 + or 
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Fig. 6. Distribution of Ca, Mg and Na in Mn-labelled granules. Labelled area is in the centre of granule in (A) and (C), whereas in (B) labelled areas is the outer. BSE images, CL 

images, and EMPA maps showing strong correlation between carbonate phase and trace elements content. (A, C) Proto-vaterite areas are Mg- and Na-enriched and depleted 

of Ca. Higher amount of Mg corresponds with stronger luminescence laminate in proto-vaterite (compare A.3 and A.5, CLSM image). Punctual analyses (measurement areas 

marked with stars on A, BSE image, yellow stars in calcite area, green stars in proto-vaterite area). 
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g 2 + , which would explain the association between higher con- 

entrations of organics and trace elements in bands. Thus, con- 

entric banding in granules would reflect sequences of growth 

ycles. 

The presence of this banding suggests that granules grow by 

ccretion around a central region. Bands often show irregular, 

ccasionally undulatory, kinked or smooth profiles due to band 

erging and combining processes ( Figs. 3A , 6 , S2 ). Moreover, al-

ochthonous particles have not been observed in the core of earth- 

orm granules formed in our experiments. This is in contrast with 

bservations in previous studies where allochthonous particles are 

escribed as accretion centers [7] . The central region of granules 

n this study shows a chaotic texture under CL. This texture is 

efined by several concentric micro-bands in prismatic crystals 

 Figs. S2 ). If we assume that the CL banding reflects the origi- 

al biocrystallization pattern, with the final microstructure over- 

mposed, changes in banding shape must denote differences in 

rowth rates and crystallization pathways. Therefore, the central 

egion of most granules has a chaotic appearance. This suggests the 

xistence of an initial fast particle accretion event. This initial mi- 

rostructure undergoes recrystallization processes that can involve 

hase transformations or dissolution phenomena that lead to the 
159 
evelopment of a central void ( Figs. S2F , 3B ). Additionally, some 

ighly porous regions formed by calcite columnar crystals with 

ockscomb habit or by isolated large rhombohedral crystals show 

oncentric oscillatory banding, clearly distinguishable within each 

rystal ( Figs. 3C , S3 ). Accordingly, the sclerochronology of granules 

s very complex. This complexity is in part the result of subsequent 

ecrystallization phenomena that take place after biocrystallization. 

n this premise, thin section petrographic observations, X-ray im- 

ges from CT-scan and SEM imaging of granules reveal that the 

bro-radial microstructure is less porous than the blocky and other 

elated microstructures. Similarly, CL concentric oscillatory banding 

lso appears more regular in the fibro-radial microstructure ( Figs. 

2E-F ). These observations are consistent with the fact that the 

ubhedral-anhedral crystals that built up dissected granules ini- 

ially consist of polycrystalline mesoporous calcite crystals, while 

ater, during or after granule excretion, granules undergo recrystal- 

ization (blocky to fibro-radial microstructure). Gago-Duport et al. 

41] observed a similar morphological and microstructural evolu- 

ion trend while studying spherulites of L. friendi by TEM: under 

he electron beam ACC particles transformed into calcite via va- 

erite and calcite microstructure evolved from a polycrystalline ag- 

regate to a single crystal. 



S. Mandera, I. Coronado, L. Fernández-Díaz et al. Acta Biomaterialia 162 (2023) 149–163 

4

t

o

o  

c

t  

p

c  

c

A

b

s

T

n

t

s

o

i

t

s

o

t

t

t

f

c

s

t

t

r

b

t

e

i

[

h

w

4

t

g

g

p  

i

t

S

l

D

w

d  

l

h

l

s

B

p

t

t

r

d

b

o

t

m

O

c

i

l

g

(

t

f  

p

n

b

t

m

a

e  

t  

b

S

c

i

c

c  

K

t

h

g

m

e

t

b

p

e

4

s

p

p

t

e

p

e

t

r

c

n

5

b

n

g

l

s

t

t

d

p

c

c

w

s

i

o

.2. ACC transformation and non-classical recrystallization 

Kelly (1901) characterized for the first time the amorphous na- 

ure of spherules formed in earthworm calciferous glands based 

n their features under polarized microscopy, followed by vari- 

us investigations and techniques [ 39 , 41 , 43 , 57 ]. Amorphous cal-

ium carbonate (ACC) particles in biogenic or in vitro precipi- 

ates are usually of nanometric size [ 6 , 26 ]. Intriguingly, the amor-

hous spherules found in earthworm calciferous glands ( Lumbri- 

us terrestris and L. friendi , [39–41] ) are 1.5 to 5 μm in diameter,

loser to the common size of vaterite spherules than that of most 

CC particles [ 63 , 64 ]. However, some large ACC hemispheres have 

een precipitated in laboratory [24] . Gago-Duport et al. [41] de- 

cribed two kinds of spherules found after dissection of L. friend . 

hese spherules showed significant differences in surface rough- 

ess, with those made up of ACC appearing smoother than those 

hat consisted of vaterite nanodomains and calcite. Raman analy- 

es conducted in this study confirm that smooth spherules from 

esophageal pouches comprise short-range ordered CaCO 3 as there 

s an absence of well-defined bands in the lattice modes region of 

heir spectrum. The presence of a triplet band in the v 1 symmetric 

tretching region of (CO 3 ) 
2 − groups suggests that this short-range 

rdered phase could be proto-vaterite. In contrast, the Raman spec- 

rum of rougher spherules from oesophageal pouches exhibit bet- 

er defined bands in the lattice mode region that can be assigned 

o vaterite ( Fig. 2F ). Raman spectroscopy has previously been use- 

ul for characterizing partially disordered biogenic and abiogenic 

arbonates: proto-aragonite in mollusks and corals, proto-calcite in 

ynthetic carbonates [ 2 , 29 ]. It seems likely that ACC reorganiza- 

ion begins during particle transport from the calciferous glands 

o the oesophageal pouches, at which point some degree of short- 

ange order has already developed in the spherules, as observed 

y Gago-Duport et al. [41] . This ordering is probably promoted by 

he partial dehydration of ACC particles. It must be noted that sev- 

ral authors have stated that the presence of small amounts of H 2 O 

n ACC plays a critical role in controlling its short-range ordering 

 24 , 65 , 66 ]. 

After labelling experiments, two biocrystallization pathways 

ave been identified in earthworm granules ( Fig. 7 ): one operates 

ithout Mn 

2 + mediation and the other is Mn 

2 + -mediated. 

.2.1. Regular formation of granules ( Fig. 7 : upper pathway) 

Mg 2 + and Na 2 + enriched spherulites ( Fig. 2C ) precipitate in 

he calcification media (milky fluid) produced in the calciferous 

lands. These spherulites are bio-composites made of ACC and or- 

anic components, probably lipids, carbohydrates as well as some 

roteins or amino acids [ 41 , 43 ]. The presence of these organ-

cs stabilizes the spherulites, facilitating their transport [ 12 , 23 ] to 

he pooches and assisting their aggregation once there ( Fig. 1 ). 

pherulites undergo dehydration in the pouches, although it is 

ikely that this process may start earlier as was abovementioned. 

ehydration leads to an increasing roughening of the surface, 

hich now appears formed by nanoparticles, as well as to the 

evelopment of porosity ( Figs. 2B , 7 ). This porosity is later en-

arged as the water molecules released during the spherulites de- 

ydration facilitates that some degree of spherulite surface disso- 

ution takes place, further increasing the specific surface and the 

ubsequent coarsening of proto-vaterite nanoparticles ( Fig. 2B , 7 ). 

ots et al. [67] proposed a similar sequence of processes to ex- 

lain the in vitro ACC into vaterite recrystallization. In the sys- 

em under consideration, the coarsening of proto-vaterite nanopar- 

icles is followed by proto-vaterite reorganization to vaterite, as 

evealed by Raman maps. This structural reorganization causes a 

ecrease in spherulite size and the release of calcium and car- 

onate ions to the crystallization bulk. Eventually, the collapse 

f proto-vaterite spherulites and the formation of calcite crystals 
160
akes place. Calcite formation may occur through two alternative 

echanisms that may operate independently or simultaneously. 

ne mechanism involves the progress of the dissolution of the pre- 

ursor phase (proto-vaterite/vaterite) and the concomitant precip- 

tation of the stable one (calcite). This reaction results in the re- 

ease to the crystallization bulk of ions like Mg 2 + , Na 2 + and SO 4 
2 + 

roups, which were originally incorporated into the proto-vaterite 

 Fig. 7 ). The second mechanism involves the migration of nanopar- 

icles to the growing faces of calcite crystals previously nucleated 

rom the bulk ( Fig. S5D ) ( sensu [36] ). Calcite surfaces are meso-

orous and stepped ( Fig. 2B ), and, according to the two mecha- 

isms described, their growth may take place through the com- 

ination of nanoparticle attachment (i.e., CPA, sensu [15] ), with 

he organic polymeric matrix acting as a scaffold, and a solution- 

ediated ion-by-ion classical growth mechanism. The later mech- 

nism is supported by the presence of rhombohedral nanoparticles 

mbed in the crystals ( Fig. 3N.4 - 5 ). Similar CaCO 3 crystal forma-

ion processes have previously been observed by Gal et al. [ 37 ] in

oth, several organisms and the laboratory and more recently by 

un et al. [68] in the aragonite fibers of corals. 

The development of mesoporosity in calcite surfaces may be the 

onsequence of the negative changes in molar volume and solubil- 

ty associated to the transformations between amorphous calcium 

arbonate (54.1 cm 

3 mol −1 ; Ksp ACC = 10 −6.0 , [69] ), vaterite (37.71 

m 

3 mol −1 , Ksp vaterite = 10 −7.91 [70] ) and calcite (36.9 cm 

3 mol −1 ;

sp calcite = 10 −8.48 , [70] ) regardless of the mechanisms involved in 

hem (Rodríguez-Navarro et al., 2015). 

It should be noted that granules continue to evolve after they 

ave been excreted by the earthworm. Once in the soil, granules 

radually lose their organic matrix ( Fig. S6 ) and the blocky calcite 

icrostructure loses its mesoporous texture by cementation, gen- 

rating a fibro-radial microstructure ( Fig. S2E-F ). The later suggests 

hat the final recrystallization and cementation stages involve ion- 

y-ion growth and are probably controlled by the physico-chemical 

roperties of the soil (such as pH, CaCO 3 saturation state, trace el- 

ment contents, etc.). 

.2.2. Mn 2 + mediated formation of granules ( Fig. 7 : lower pathway) 

A second biocrystallization pathway has been inferred from ob- 

ervations of granule formation in the presence of Mn 

2 + . This 

athway is characterized by a significantly longer stabilization of 

roto-vaterite, which does not totally dissolve in the experiment 

ime framework. Our observations do not yield noteworthy differ- 

nces between the first stages of ACC formation, transporting to 

ouches and dehydration in the biomineralization pathways op- 

rating in the Mn 

2 + -free and Mn 

2 + -bearing systems. Nonetheless, 

he presence of Mn 

2 + stabilizes proto-vaterite spherules which 

eorganize into cauliflower-like aggregates. These aggregates are 

omposed of a fibro-radial arrangement of nanocrystals of ca. 100 

m width, clearly apparent in cross-sectioned aggregates ( Figs. 4- 

 ). We assumed that mulberry-like aggregates found in L. friendi 

y Gago-Duport et al. [41] , with an important amorphous compo- 

ent, and the stromatolite-like structures found by Lee et al. [7] in 

ranule sections are equivalent counterparts to the cauliflower- 

ike aggregates found in the granules produced in Mn-amended 

oils in this work. These authors concluded the amorphous na- 

ure of the mineral component from the absence of Kikuchi pat- 

erns in EBSD of their aggregates, suggesting that short-range or- 

er domains larger than few tens of nanometers are required to 

roduce Kikuchi patterns. In this study, the amorphous nature of 

auliflower-like aggregates concluded from EBSD results is further 

onfirmed by the features of their Raman spectra, which lack any 

ell-defined band in the lattice-vibration region. However, Raman 

pectra of cauliflower-like aggregates show some peaks character- 

stic of vaterite in the CO 3 
2 − symmetric stretching region. More- 

ver, these structures exhibit optical birefringence under polarized 
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Fig. 7. Model of the proposed crystallization pathways in earthworm oesophageal pouches. The upper pathway represents regular crystallization without Mn 2 + mediation 

whereas the lower pathway represents the proto-vaterite stabilization caused by incorporation of Mn 2 + and its subsequent recrystallization to calcite. 
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icroscopy. Both results are indicative of the existence of proto- 

aterite short-range ordering (e.g., 40 0–70 0 nm). 

Cauliflower-like aggregates consisting of radially arranged crys- 

als are recurrent in vaterite, a CaCO 3 phase that can precipitate 

rom supersaturated solutions in the absence as well as in the 

resence of additives like different alcohols, urea, amino acids [71–

3] . In general, additives play an important role in promoting the 

rystallization of metastable phases and have been reported to sta- 

ilize vaterite [74] . In vitro vaterite precipitation experiments in 

he presence of Mn 

2 + revealed that this ion becomes incorporated 

nto vaterite via adsorption, contributing to decrease the solubil- 

ty of this phase and slowing down the kinetics of the vaterite –

alcite transformation [75] . Indeed, Mn 

2 + is a recurrent cation in 

iogenic vaterites such as those in pearls and otoliths [ 8 , 76 ], usu-

lly coupled with higher concentrations of Mg, S and organics than 

ound in other CaCO 3 phases [76] . Here, we find that proto-vaterite 

egions are enriched in Mg, Mn and S and depleted in Ca com- 

ared to calcite crystals. Furthermore, the high autofluorescence 

nder CLSM in proto-vaterite regions suggests that this phase is 

lso enriched in organic macromolecules. Mg 2 + and organic en- 

ichment in proto-vaterite areas plays a two-fold role: (i) stabiliza- 

ion of ACC particles during transport ( Fig. 2C ) as the high hydra-

ion energy of Mg 2 + inhibits ACC dehydration [ 20 , 43 ]; and (ii) sub-

equent mid-term stabilization of proto-vaterite combined to Mn 

2 + 

ptake ( Fig. 6A ). It is noteworthy that heterogeneously distributed 

CC was previously identified in granules produced by earthworms 

n experiments conducted using natural soils [ 7 , 43 ]. This suggests 

hat chemical heterogeneities (i.e., trace element composition, for 

nstance Mn content) of soils may control the mid-term proto- 

aterite stabilization. 

During burial in soils, granules with proto-vaterite also undergo 

ransformation as well as dissolution processes that increase the 

ranule porosity ( Figs. S3B , S4B ). In this context, transformation 

f vaterite into calcite occurs via dissolution/co-precipitation reac- 

ions in a similar way as described for the latest stages of the Mn- 

ree pathway. Precursor phases reorganize and crystallize to form 
o

161 
alcite crystals with mesoporous faces ( Fig. S5I ). Later, ion-by-ion 

rowth partially closes this porosity (by cementation) leading to 

he formation of flat-faced rhombohedra ( Fig. S5J ). 

It should be underlined that part of the trace elements and 

rganic components incorporated into proto-vaterite are trans- 

erred to the newly formed calcite crystals as indicates their lumi- 

escence and micro-banding chemical composition ( Fig. S3 ). The 

echanism through which such transfer take place is not totally 

nderstood, although it most likely involves a tight coupling be- 

ween the dissolution of vaterite and the crystallization of calcite. 

ndeed, there numerous examples of interface-coupled dissolution–

recipitation reactions where sub-micron structural chemical fea- 

ures of the parent phase are transferred to the product one [77–

1] . 

The results presented here emphasize that earthworm- 

roduced biogenic ACC and the transformation processes un- 

ergone by CaCO 3 phases in earthworm-produced granules are 

ighly influenced by physico-chemical features of the soil where 

arthworms develop their vital activities setting up a natural 

aboratory for studying phase transformations and metastability 

henomena in biogenic calcium carbonates. 
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