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1 | INTRODUCTION

The &*3C and &80 values of biogenic (e.g. bivalves, gastropods,
corals) and abiogenic (e.g., speleothems) calcium carbonates are
routinely used to reconstruct past climates and environments.!™®

Depending on the material and the required level of spatial sampling

Laura J. Fink |

Anne Jantschke | Daniel Vigelius |

Rationale: Stable carbon and oxygen isotope data of biogenic and abiogenic aragonite
are of fundamental relevance in paleoclimate research. Wet-chemical analysis of such
materials requires well-homogenized, fine-grained powder. In the present study, the
effect of different grinding/milling methods on sample homogeneity and the potential
risk of unintentional calcite formation and isotope shift were evaluated.

Methods: Shells of Arctica islandica and aragonite sputnik crystals were pulverized
using a set of commonly used methods, including a hand-held drill, a vibromill
operated at various settings (with and without liquid nitrogen cooling, changes in ball
diameters, frequencies, and processing durations), and an agate mortar and pestle.
Stable isotope values were measured using an isotope ratio mass spectrometer
operated in continuous flow mode. Identification of mineral phases was obtained by
powder X-ray diffraction (PXRD), Raman spectroscopy, and attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy. Calcite content was
quantified by PXRD Rietveld refinement.

Results: Samples showed substantial homogeneity, in particular after vibromilling
(duration 3-10 min). More vigorous grinding resulted in larger fractions of calcite
(0.5-4.2 wt%) and a concomitant 60 and &'°C decrease, specifically in bivalve
shells. The only method for producing pure aragonite powder was by pounding the
aragonite sputniks manually with an agate mortar and pestle.

Conclusions: None of the studied, commonly used machine-based pulverization
methods produced pure aragonite powder from samples consisting originally of
aragonite. These findings have significant implications for light-stable isotope-based
paleoclimate reconstructions. Except for abiogenic aragonite powder produced by

pounding in an agate mortar, paleotemperatures would be overestimated.

resolution, various different techniques are employed to generate fine
powder, which is required for wet-chemical analysis of the isotope
composition. For detailed, high-precision sampling, computer-
controlled’™** or manual micromilling or microdrilling using a drill
affixed to a binocular microscope®? or held in a hand'® has been

advised, whereas the pulverization and/or homogenization of
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14718 can be accomplished by agate mortar pounding or ball

samples
milling,'? which are the most efficient and straightforward methods to
generate mineral powders.2® However, to preserve the original
mineralogical and isotopic properties of the carbonates, meticulous
sample acquisition and preparation techniques are crucial.

In many experimental studies, different grinding, micromilling
(or microdrilling), and pounding methods with varying settings were
assessed to determine possible triggers, such as heat, pressure, or the
amount of organic material, to understand the polymorphic
transformation of aragonite into calcite and its effect on the isotopic
composition.?172? However, none of these studies has focused on the
homogeneity of the powder produced, nor have the methods been
tested comparatively on both biogenic and abiogenic materials. Thus,
the present study assessed the efficacy of the milling and pounding
techniques commonly employed to produce carbonate powder and
determined whether the temperature and pressure changes induced
by different milling methods (and their configurations) affected the
isotope signal of the pulverized sample. Furthermore, the study aimed
to ascertain which method facilitated or impeded the conversion of
aragonite into calcite with a view to improving the respective sample
preparation techniques if necessary. Biogenic (shell of a live-collected
bivalve mollusk from NE Iceland, Arctica islandica) and abiogenic
(brown and white crystal sputniks) aragonite were pulverized using an
agate mortar and pestle, a hand-held drill and (horizontal) vibrational
mills. Vibromilling was accomplished with different settings (with and
without liquid nitrogen as a coolant, combinations of different ball

diameters, oscillation frequencies, and processing durations).

2 | EXPERIMENTAL
21 | Material

Shells of two A. islandica specimens (ICE12-08-A104; Arctica-1)
collected alive in shallow waters of northeast Iceland and two

aragonite sputnik crystals were selected from the paleontological
collection of the Institutes of Geosciences, University of Mainz,
Germany (Figure 1). Prior to the analysis, the periostracum was
removed from both shells using a sandblaster (Figure 1A,B). To
generate smaller sample fragments, both right valves as well as the
brown and white aragonite sputnik crystals (Figure 1C,D) were first
carefully crushed with a hammer. Individual shell fragments were
sufficiently large and represented growth during multiple years,
justifying the assumption that samples were isotopically largely
identical prior to pulverization and individual fragments could be
treated as aliquots of the same specimen.

2.2 | Assessment of original mineralogical
composition: Raman spectrometry

Prior to pulverization, nine randomly selected spots on each arbitrarily
selected sample fragment were analyzed using a Raman spectrometer
to determine the original mineral composition. The measurements
were carried out at room temperature using a Horiba Jobin Yvon
LabRam spectrometer equipped with an Olympus BX41 optical
microscope. A Nd:YAG laser (spot diameter ca. 5 x 5 um) with a
wavelength of 532.21 nm, a confocal hole of 400 um, a grating with
1800 grooves/mm, an entrance slit width of 100 um, and a 50x long-
distance objective was employed. The LabSpec 6 Spectroscopy Suite
software (Horiba Scientific) was used for material identification.

2.3 | Vibromilling, micromilling, and pounding

Sample fragments were used for three different pounding/milling
methods with various settings (Figure 2): (i) manual pounding with an
agate mortar and pestle for 5 min, (ii) vibrational ball milling in a
CryoMill apparatus (Retsch GmbH, Germany) with liquid nitrogen as
cooling agent (hereafter referred to as “cryomill” or “cryogenic

FIGURE 1 Right (RV) and left (LV) valves of an

aragonitic bivalve shell, Arctica islandica
(ICE12-08-A104) with (A) and without

(B) periostracum (protective organic layer on the
outer shell surface) with indicated umbonal region
and ventral margin. (C) Brownish/reddish (Unikat
no. 17) and (D) white (Unikat no. 06) aragonite
sputniks. [Color figure can be viewed at
wileyonlinelibrary.com]
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vibromill” method), and (iii) the same settings and same machine as
above, but without any cooling agent (hereafter referred to as the
“vibromill” method). Grinding settings included combinations of
differently sized stainless-steel milling balls (@ 10 and 15 mm),
different processing durations (3, 5, and 10 min), and different
oscillation frequencies (10, 20, and 25 Hz). Note that only one
stainless-steel milling ball was used in each vessel for these
vibromilling methods. (iv) To evaluate the potential for further
improved sample homogeneity and assess the isotopic and
mineralogic effects of a second grinding cycle, Arctica-1 underwent
two different vibromilling cycles. Shell fragments were first processed
in a vibromill (Retsch Mixer mill MM200) equipped with zirconium
oxide jars and two ZrO, milling balls (@: 10 mm) (Figure 2: “1st,”
sample hereafter referred to as “Arcticamy™). Subsequently, the
Arcticamym powder was further homogenized using the cryomill
operated with one stainless-steel milling ball (@: 15 mm; oscillation
frequency: 25Hz, time: 5 min) (Figure 2: “2nd,” hereafter
“Arcticacp™). (v) Furthermore, shell powder representing multiple
years of growth was obtained from the left valve of A. islandica
specimen ICE12-08-A104 using a Rexim Minimo hand-held drill
equipped with galvanically bound diamond drill heads (for details see
Data S1) operated at 2000 rotations per minute.

2.4 | Stable isotope analysis
Prior to the isotope analysis, all samples were dried for 24 h in an
oven at 30°C. Ten to fifteen aliquots (50-120 ug) of each pulverized

sample were dissolved in water-free phosphoric acid at 72°C in He-

¥ £~ Mass Spectrometry

flushed 12-mL borosilicate exetainers. Generated CO, was measured
with a Thermo Fisher Scientific MAT 253 continuous flow isotope
ratio mass spectrometer coupled to a GasBench Il. Isotope data were
calibrated against a Carrara marble standard (distributed by IVA
Analysentechnik GmbH & Co. KG, Meerbusch, Germany) and NBS-18
(two-point calibration). The &0 values were not corrected for
differences in the acid fractionation factor (AFF) of aragonite and
calcite.®° The homogeneity of each CaCO5 powder was assessed from
the 1o standard deviation of the mean of the 10 measured sample
aliquots and the propagated error of the average analytical
uncertainty (§*3C: 0.03%o and §80: 0.06%o).

2.5 | Mineralogical analysis

X-ray diffraction (XRD) data were acquired using a Seifert XRD 3000
TT diffractometer. The instrument was equipped with a secondary
graphite monochromator and operated with Cu-Kal radiation (40 kV,
30 mA). Powder samples underwent scanning in the 20 range of 20-
40°, with a counter time of 2 s per step and a step width of 0.03°.
RayfleX Analyze software (ver. 2.370) was employed to deconvolve
the diffractograms and a quantitative determination of the calcite
content was achieved by Rietveld refinement using the Profex

).31 Since the abiogenic materials contained other

software (ver. 5.2.7
mineral phases, for example periclase, the calcite-to-aragonite ratio
was scaled to 100%. Typical detection and quantification limits (for
Cu patterns) were 0.2 and 0.1 wt%, respectively, with an uncertainty
of ca. 100%. Lower uncertainties (e.g., 20%) require larger amounts

(e.g., 1 wt%).3?

Agate mortar Ball @ 15 mm; freq: 25 Hz; time: 5 min ]’
and pestle Ball @ 10 mm; freq: 25 Hz; time: 5 min
[ Cryomill Ball @ 15 mm; freq: 20 Hz; time: 3 min ]
Arctica islandica Ball @ 10 mm; freq: 20 Hz; time: 3 min
(ICE12-08-A104) Ball @ 10 mm; freq: 10 Hz; time: 10 min]
2nd
Aragonite brown | Ball @ 15 mm; freq: 25 Hz; time: 5 min ]
Aragonite white Ball @ 10 mm; freq: 25 Hz; time: 5 min
| vibromill
Ball @ 15 mm; freq: 20 Hz; time: 3 min ]
Ball @ 10 mm; freq: 20 Hz; time: 3 min
| Hand-held drill | Bud-shaped and cylindric drill bit |
Arctica islandica

(Arctica-1)

H Vibromill (2r02) 1 Ball @ 10 mm; freq: 25 Hz; time: 5 min [~

FIGURE 2

Scheme of the processing methods applied to a Arctica islandica shell (ICE12-08-A104) and to two aragonite sputniks, using

different pounding and griding/milling methods, that is, combinations of differently sized stainless-steel milling balls (@ 10 and 15 mm), different
processing durations (3, 5, and 10 min), and different oscillation frequencies (freq; 10, 20, and 25 Hz) as well as the use of liquid nitrogen as
cooling agent (cryomill) and without N, (vibromill). The valve of Arctica-1 was milled twice. The first powder was generated using a vibromill
equipped with ZrO, milling balls and jars (1%), and the second grinding was conducted by cryomilling using a single stainless-steel ball and jar

(2™ [Color figure can be viewed at wileyonlinelibrary.com]
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All materials were subjected to attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectroscopy using a Thermo
Scientific Nicolet 6700 FTIR with a DTGS KBr detector equipped with
an attenuated total reflectance crystal accessory (ATR Golden Gate).
FTIR spectra were recorded between 4000 and 420 cm™ using
100 scans and a spectral resolution of 2 cm™!. The data were

subjected to analysis using OMNIC™ software.

3 | RESULTS

3.1 | Sample homogeneity

All tested methods produced well-homogenized powders as
evidenced by a low spread (10) of the mean &3C (range 0.03%o-
0.10%s, average 0.05 + 0.01%o) and 520 data (range 0.07%0-0.12%o,
average 0.08 + 0.01%o) of the 10 measured aliquots of each sample
(Table 1). With 0.08 £ 0.02%o (5'°C) and 0.09 + 0.01%. (5*80), the
mortar and Apestle method yielded, overall, the least homogeneous
results (Table 1). A second milling cycle with the cryomill further
increased the sample homogeneity of the shell powder (1o &0:
from 0.12%o to 0.09%o; 10 6*3C: from 0.06%. to 0.04%o; Figure 3D),
but also led to significant differences in the €0 values (one-way
ANOVA; p = 0.967).

3.2 | Pulverization caused partial formation of
calcite and negative isotope shift

Raman spectroscopy of the fragments revealed that all the studied
materials were pure aragonite prior to pulverization (Data S1). After
pulverization, however, only the abiogenic aragonite powder
produced with an agate mortar and pestle was still pure aragonite
(XRD analysis including Rietveld refinement O wt% calcite; Table 1).
All other pulverization methods resulted in the partial formation of
calcite, with the shell powders containing larger amounts of calcite
(1.3-4.2 wt%) than abiogenic CaCOs; powders (brown aragonite
0.5-2.7 wt%, white aragonite 0.7-2.5 wt%) (Table 1). Shell powder
produced with the agate mortar and pestle revealed the presence
of 0.8 wt% calcite. Shell samples ground with a large ball (@:
15 mm) contained between 0.5 and 1.7 wt% more calcite than
powder generated with a smaller ball diameter (Table 1 and
Figure 3A). Regrinding of Arcticamm powder in the cryomill led to a
distinct increase in the calcite content from 1.49 to 7.34 wt%
(Table 1).

Stable oxygen and carbon isotope (610, &'3C) values of
abiogenic and biogenic powders produced with agate mortar and
pestle were higher than those generated with any studied machine-
based grinding/milling method (hand-held drill, vibromill or cryomill)
(Figure 3 and Table 1). The 60 values of shell powder decreased
gradually (non-linearly) as calcite content increased. The strongest
880 offset (-0.63%0) and highest calcite content (4.24 wt%) were
observed after the most vigorous grinding without liquid nitrogen (ball

@ 15 mm, freq. 25 Hz, duration 5 min; Figure 3A). For 8'3C, the trend
was less distinct (and statistically insignificant), but likewise negative
(strongest shift of -0.93%. with the same method as above). In the
abiogenic materials, no clear-cut relationship was observed between
calcite content, kinetic energy, and 880 values, but a weak negative
correlation was observed in the case of §13C, statistically significant
for the white aragonite sputnik (Figure 3B,C). In general, much less
calcite formed during grinding/milling of abiogenic aragonite and
isotope shifts were less severe than in biogenic aragonite. Oxygen
isotopes were shifted by up to -0.43%o. and -0.24%o. for powders
generated from the white and brown sputniks, respectively, and their
&'3C values were ca. 0.3%. lower than powder generated in the agate
mortar (Figure 3B,C).

In case of shells, the use of a larger milling ball led to an
increase in calcite content, but did typically not result in a noticeable
880 shift, unless the most vigorous grinding method without liquid
nitrogen was applied (Figure 3A). However, there was a tendency
for lower 8%°C values in conjunction with increased amounts of
calcite when shell material was ground with a larger milling ball
(Figure 3A). Except for the least vigorous cryomilling (ball @ 10 mm,
freq. 20 Hz, duration 3 min), abiogenic aragonite powders likewise
contained increasingly more calcite and '2C when grinding was
completed with a larger milling ball (Figure 3B,C). With few
exceptions, for the same combination of ball size, oscillation
frequency, and duration of treatment, larger fractions of calcite were
produced when shell material was ground with liquid nitrogen, but
without a noteworthy effect on isotopes (Figure 3). This finding was
corroborated by cryomilling of pre-existing shell powder (Arcticapmm)
that resulted in unchanged 6'°C and only negligibly (ca. 0.1%o) lower
880 values, despite a massive increase in the proportion of calcite
(Figure 3D).

Hand-held micromilling generated similar amounts of calcite and
resulted in similar isotope shifts as the most vigorous vibromilling
(Figure 3).

4 | DISCUSSION

As demonstrated here, it was impossible with any of the tested
machine-based pulverization methods (micromilling, vibromilling, and
cryomilling) to produce pure aragonite powder from biogenic (bivalve
shell) or abiogenic (monocrystalline) aragonite. Only the powder
produced from the aragonite sputniks with the agate mortar and
pestle by hand remained mineralogically unchanged. One may
question if the shell originally consisted entirely of aragonite and
argue that patches of calcite may have existed below surface, that is,
at locations which were missed by Raman spectroscopy. However,
none of the arbitrarily chosen spots in the shell fragments measured
by means of Raman spectroscopy revealed any traces of calcite.
Calcite was also not reported previously in shells of A. islandica,*3~3”
including Holocene fossils,®® and was not detected in specimens
treated with Feigl solution®®3? (B.R. Schone, unpublished data) or

fragments assessed with FTIR spectroscopy (Data S1).
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(Continued)

TABLE 1

Material

Aragonite brown

Aragonite white

@+ 10 5%0 (%o) @ +1 0 63C (%o) Calcite (Wt%) @ +1056%0 (%) @ +1 0 63C (%o) Calcite (wt%) Number of aliquots

Method

15
10
10

1.85
0.00
2.27

7.18 +0.06
7.46 +0.06
7.23 +£0.04

—7.17 £0.12
—6.94 +0.08
—7.16 £0.09

231
0.00
2.53

7.02 +0.05
7.34 +0.07
7.21+0.04

—7.22 +0.07
—6.90 = 0.09
—7.20+0.08

Artica-1:15

10
10
10
10
10
10
10
10

Cryomill

‘\:apid
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1.23
1.53
0.46
2.70
2.54
1.26
0.92

7.30 +£0.04
7.40 +0.04
7.26 +0.05
7.18 +0.04
7.35+0.04
7.38 +0.06
7.41+0.04

—7.15+0.07
—7.11+0.08
—7.17 +£0.09
-7.13+0.07
—7.08 +£0.07
—7.17 +£0.08
-7.12+0.08

1.51
0.66
1.10
2.09
1.80
1.62
141

7.24 +0.04
7.27 +0.04
7.31+0.05
7.10 £ 0.03
7.24 +0.04
7.18 +0.04
7.32+0.04

—7.14 +0.08
—7.26 +0.07
—7.15+0.10
—7.03 £0.09
—7.08 £ 0.07
-7.32+0.07
-7.16 £0.07

Vibromill

41 | Machine-grinding/milling of aragonite:
implication for paleoclimate reconstructions

The fractional inversion of aragonite to calcite during machine-based
pulverization has implications for paleoclimate reconstructions, first
because it was associated with a negative 60 and &'°C shift
(Figure 3). For example, per 1 wt% increase of calcite, 880 values of
the shell powder dropped, on average, by 0.15%. (p < 0.01; Figure 3).
As discussed further below, however, the isotope change may not be
solely linked to the formation of calcite, which could explain why the
relationship between isotope value and calcite content was not
always statistically significant. Secondly, the fraction of calcite in the
aragonite powder needs to be considered when &80 values are
computed?® because the AFF differs for both CaCO3 polymorphs.*©
Even if the 580 value was properly corrected for differences in
AFF (which would not be possible for the shell because hand-
pounding did not produce pure aragonite powder), it would reflect the
temperatures during formation of both aragonite and calcite. Isolating
the aragonite precipitation temperature would require knowledge of
the isotope composition of the fluid (or water vapor and/or
atmospheric CO,) and temperature that were present when calcite
formed. This information, however, is missing. It should be added that
many aragonites - including those used in the present paper (see
Data S1) - also contain amorphous calcium carbonate (ACC), which
likewise comes with an AFF that deviates from such of aragonite and
calcite. Furthermore, decomposition of shell organic matrix at
temperatures between ca. 80 and 175°C (the temperature at which
calcite starts to precipitate under wet conditions) can induce the

37 Its relative amount and

precipitation of abiogenic aragonite.
environmental conditions during formation would likewise need to be
considered in paleotemperature reconstructions. Given these
challenges, we refrained from providing AFF-corrected 6220 values.

In the case of the Arctica shell, even manual grinding with an
agate mortar and pestle resulted in aragonite powder with
0.8 = 0.3 wt% (average * 10) calcite. This finding was surprising as it
is commonly assumed that powder produced from aragonitic
biominerals by hand-grinding remains mineralogically unchanged and
does not undergo enantiotropic transformation (e.g, Waite &
Swart?%). The possible reasons for this will be discussed further below.
Considering the slope of the regression line (620 shift vs. calcite
content), the 6*%0 value of the original Arctica shell may have been
ca. 0.1%0-0.2%o higher than the powder generated with the agate
mortar and pestle. Future studies should test if other biominerals
consisting of pure aragonite likewise show fractions of calcite after
pulverization by hand in an agate mortar and assess potential taxon-
specific differences.

Irrespective of material (biogenic or abiogenic), slightly more
homogenous aragonite powder than that generated by manual
grinding was obtained by micromilling and vibromilling, but on the
expense of larger calcite fractions and lower isotope values (Table 1
and Figure 3A-C). To place the observed oxygen isotope data in
paleoclimatological context: If the occurance of the fractional calcite

in the sample remained unnoticed, the 680 shift of -0.3%. (aragonite
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FIGURE 3 Isotope-ratio mass spectrometry and X-ray diffraction data of biogenic (Arctica islandica shells, right valves; A = ICE12-08-A104,

D = Arctica-1) and abiogenic CaCO5 powders (B: white aragonite sputnik; C = brown aragonite sputnik). Error bars indicate 1o of the calcite
content resulting from the Rietveld refinement, and in case of the isotope data, error bars indicate 1o of the mean of the 10 aliquots with
propagated error (i.e., including 1o analytical uncertainty). [Color figure can be viewed at wileyonlinelibrary.com]

sputniks) to -0.4%o (shell) by micromilling (at 2000 rpm) relative to the
agate mortar and pestle powder (Table 1) would result in an
overestimation of actual temperatures by ca. 1.3 to
1.7°C, respectively. The strongest observed oxygen isotope shift of
-0.63%o0 (shell) caused by forceful vibromilling would translate into
2.7°C higher than actual water temperatures during mineralization if
remained unnoticed and the

the fractional calcite formation

paleothermomentry equation for aragonite was used.
4.2 | Mineralogical and isotopic change: stress-
induced polymorphic transformation

The observed isotopic shifts most likely resulted from a combination

of causes that differed for manually pound, micromilled, and

(non/cryogenically) vibromilled aragonite powders. If the specific set
of causes is known, recommendations can be provided to reduce
isotope biases and limit the fractionate formation of calcite or other
secondary precipitates.

The drop in isotope values and increase in neomorphic calcite
content of vibromilled samples can best be explained by the
mechanochemical inversion of aragonite to calcite.?2*! Vibrational
ball milling accelerates solid-state diffusion rates (which otherwise
occur on geological time-scales), facilitating the polymorphic
transformation of minerals as well as isotopic exchange reactions
with the ambient environment.*? Reaction kinetics increased with
higher oscillation frequency, larger balls, and longer grinding
duration (cf. Schmidt et al.*®) and resulted in larger amounts of
fractional calcite and lower isotope values (Table 1 and Figure 3).

Thus, the mechanical stress increased the surface area and number
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of lattice distortions and thus generated more calcite nucleation
sites.*?

The stronger decline of isotope values in shell powders compared
to abiogenic aragonites vibromilled at the same settings could be
explained by the presence of an organic matrix that provided an extra
source of oxygen and carbon for isotope exchange.?® Further support
for this assumption comes from the fact that more energetic milling
regularly resulted in lower 8C values. An additional thermal
decomposition of the organic matrix during vibromilling would have
resulted in voids®” that facilitated the structural reorganization
associated with calcite formation*® considering the 8 vol% increase
during transformation.*> Furthermore, a larger calcite fraction in shell
powder could root in a different ultrastructure and lower crystallinity
than in abiogenic aragonite as well as anisotropic lattice

46-48 that facilitated calcite formation.

distortions

The absence of calcite in hand-grown aragonite sputniks may be
explained by lower kinetic energy and less complex stress conditions
than those generated by vibrational ballmilling. While vibromilling
fosters the mechanochemical inversion of aragonite into calcite,*
manual pounding with a mortar and pestle does not*! because it
typically does not induce slip planes along aragonite (001),** which
are required for transformation to calcite.”® However, the fractional
formation of calcite, potentially resulting from the transformation of
ACC, in the aragonitic shell powder produced by manual pounding
was surprising. It is hypothesized here that the presence of
proteinaceous sheets along aragonite (001) planes (cf. Nassif et al.>%)
facilitated the generation of respective slip planes when ground with
a mortar and pestle. Although organic material was also detected in
the studied abiogenic aragonites (Data S1), it likely occurred along
cracks and lattice distortions rather than along aragonite (001) (“the

»41). Future studies should determine the

most closely packed plane
composition of this organic material in the aragonite sputniks and

assess its origin.

4.3 | Mineralogical and isotopic change: low-
temperature effects

Temperature generated during vibrational ball milling can further
increase reaction kinetics. However, neither the grinding stock*® nor
the cores of individual particles?? heat up sufficiently to initiate a
(dry) thermal inversion of aragonite to calcite,*?> which would
require temperatures of around 400°C.5? In our experiments, the
temperature of the grinding stock remained below 33°C, which is
line with previous observations.*> However, we cannot preclude
that somewhat higher temperatures were locally attained at the
surface of (bio)mineral grains during collision with the milling balls.
Should temperatures at the impact spots of the aragonite particles
have exceeded 80°C, organic matrices may have decomposed
and - provided that sufficient volatiles (H,O, CO,) were available as
reaction partners, for example, liberated from decaying organic
material - abiogenic aragonite may have precipitated (cf. Forjanes
137)

et al.*”). This would be associated with a stronger decrease in 6%0

and &%C values than expected for a given calcite fraction
(i.e., assuming a linear relationship between isotope values and
calcite content when less forceful ground) or an isotope decline
without change in calcite content (as observed, e.g., by Staudigel &
Swart?” and Moon et al.2?). However, our data do not verify this
assumption. While the most vigorous vibromilling of shell aragonite
led indeed to a stronger &80 shift than expected for the estimated
calcite content, corresponding stable carbon isotope values showed
no unusual decline (note that the relationship between &'°C and
calcite content was statistically insignificant). Furthermore, the
additional use of nitrogen as a coolant should have reduced the
formation of abiogenic aragonite and resulted in higher isotope
values, which likewise is only the case for 60 but not &§°C
(Table 1 and Figure 3).

44 | Mineralogical and isotopic change:
temperature-induced polymorphic transformation

In contrast to vibrational ball milling, micromilling typically generates
much more heat, specifically when operated at higher speed and with
stronger contact pressure?’. Such conditions enable the thermal
inversion of aragonite to calcite (here likely in addition to
mechanochemical  transformation), which include dissolution
(of aragonite) and recrystallization (as calcite)** and - as long as
exchange partners have a lower isotope signature than the original
aragonite - decreased 880 and &3C values.26272753-55 As in the
case of mechanochemical transformation, stronger isotope shifts and
higher calcite contents in shell powder can be explained by the
presence of an organic matrix that catalyzes and/or facilitates
polymorphic transformation and isotopic exchange reactions.
Temperatures at the immediate contact zone between the rotating
drill bit and the sample can hardly be directly measured, but if thermal
inversion was at play the required temperatures can be derived from
experiments in which abiogenic and biogenic aragonite powders were
gradually heated.

Under dry conditions, the conversion of abiogenic aragonite to
calcite starts between 385°C2° and 400°C>2 and takes several hours
to complete. At higher temperatures (470°C), no aragonite is left after
a several minutes (e.g., Epstein & Mayeda®®). Trace impurities increase
the inversion temperature.’? The thermal decomposition of CaCOs
starts at around 600°C.28 In the absence of external water, biogenic
aragonite starts to convert to calcite earlier than abiogenic aragonite,
that is, at around 300°C.275758 Other authors reported higher
temperatures of ca. 375°C.2>> The fairly abrupt increase in calcite
formation around 400°C is linked to the decay of the intra-crystalline
organic matrix?® leading to an increase in porosity®® and larger
reaction surfaces. Under hydrothermal conditions (wet thermal
inversion), calcite starts to precipitate in Arctica shells at 175°C after
4 days.* The generally lower inversion temperatures of biogenic
aragonite compared to abiogenic aragonite were explained by the
degradation of the (inter-crystalline) organic matrix and associated

release of water and CO, that reduce the reaction temperature
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needed for recrystallization.?”°?¢%%% As demonstrated by these
experiments, temperature generated during micromilling likely
exceeded 175 or 400°C, depending on the availability of water, but
remained below 600°C (when decomposition of CaCOj starts).
Micromilling at higher speed generates more frictional heat and
demonstrably not only leads to a larger proportion of calcite, but also

t.27 During calcite precipitation, an exchange of

a stronger isotope shif
oxygen and carbon isotopes with atmospheric water vapor and CO,
occurs, leading to lower &0 and &'°C values (provided that
aragonite was enriched in the heavy isotopes of oxygen and carbon
relative to that of H,O and CO, in air) (e.g, Staudigel & Swart?’; Li
et al.?8). In (fresh) biogenic aragonite, the negative isotope shift is
more pronounced because the H,O and CO, released from decaying
shell organic matrix during heating is isotopically highly depleted as a
consequence of biological fractionation during formation of the shell
biopolymers (preference for *2C and *¢0).

Although our micromilling experiments were only conducted at a
single drill speed (2000 rpm), findings were largely consistent with
previous observations. Specifically, the slightly stronger 80 and
83C shift of micromilled biogenic aragonite compared to abiogenic
aragonites (Table 1 and Figure 3A-C) supports the view that
exchange with organic matrix-derived oxygen and carbon isotopes
occurs during calcite formation. However, the slope of the isotope
change (also when combined with the vibromilled data) was steeper
than in some previous studies. For example, Waite and Swart?¢
likewise reported lower isotope values in micromilled sclerosponges,
scleractinian corals, and bivalve shells compared to those manually
pounded with an agate mortar and pestle, but they observed a more
than sevenfold shallower slope in 520 than reported here (0.02%o
vs. 0.15%0 per 1 wt% calcite increase) and 8'°C values showed barely
any change (as opposed to 0.1%. in the present study), except for
corals that declined, on average, by ca. 0.05%. per 1 wt% calcite
increase. Waite and Swart?® interpreted the discrepancies in 6°C
offsets between taxa by differences in skeletal density and
ultrastructure, which in turn translate to differences in the organic
matrix composition (cf. Milano & Nehrke®?). Differences in the
amount and type of organic matrices could also explain the stronger
change in both isotope values of the Arctica shell powder(s). If this
was a widespread phenomenon and isotope shifts in micromilled shell
(or otherwise mechanically prepared shell powder) differed by taxon,
existing paleothermometry equations based on machine-ground
biogenic aragonite powders (see overview in Grossman®®) could be
intrinsically biased and deviate from thermodynamic predictions. A
detailed taxon-specific assessment of isotope effects in pulverized

biogenic aragonites would thus be advised in future studies.

4.5 | Mineralogical and isotopic change: effects of
water vapor and ACC

In addition to the isotope changes associated with the polymorphic
transformation of aragonite, interaction with the shell organic matrix

as well as abiogenic aragonite precipitation, other causes should be
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taken into consideration to explain isotopic and mineralogical patterns
of micromilled or vibromilled aragonite powder. As demonstrated by
Tobin et al.,%® isotopes of water (and to a lesser extent CO,) in air can
potentially exchange with the oxygen in aragonite if micromilled
powder is heated (70°C) for several hours prior to isotope analysis.
Due to larger surface area, finer grained aragonite powder
experiences a stronger oxygen isotope shift (up to -0.1%. per day)
than coarser grained material. According to Tobin et al.,.*® CO, in air is
less important than water as the 8'3C values remained largely
unchanged. As an alternative or additional interpretation, we suggest
that water absorbed to crystal surfaces cannot be fully removed by
these temperatures and will thus contribute to the §'80 value of the
sample. However, our data do not provide unequivocal support for
these hypotheses. Although vibromilling with larger balls, higher
oscillation frequency, and for longer time should have generated
increasingly finer powders that could have attracted larger amounts of
water leading to lower 60 values, but such a trend was only
observed in the shell samples. In addition, cryomilling should have
limited the isotopic exchange with water and resulted in lower 880
offsets, but this was only observed in the most vigorously ground
shell material. Pulverization could have exposed ACC - which was
found in all three studied aragonites - to humidity in air, which
triggered calcite formation and led to lower isotope values. However,
this should also have occurred after manual pounding with an agate
mortar and pestle in all three materials, not just in the shell aragonite.
Furthermore, increasingly finer grained aragonite powder should have
uncovered increasingly larger amounts of ACC, leading to increasingly
lower isotope values, which was not observed in the 580 values of
the aragonite sputnik powders. An adjusted experimental design in

future studies may shed light on these hypotheses.

4.6 | Pulverization of aragonite under cooled
conditions

In most cases, cryomilling of shell material resulted in larger calcite
fractions, but largely invariant isotope values. Additional laser
granulometry measurements of the shell material revealed finer
particles in the sample milled with the cryomill compared to the
sample pounded with an agate mortar and pestle (Data S1). These
finer particles may lead to the formation of a larger fraction of
agglutinated particles that act as additional milling balls, favoring
transformation into calcite. At the same time, the colder reaction
environment reduced the decomposition of shell organic materials,
which also limited the isotopic exchange rates. Furthermore,
agglutinated particles offer lower surface area for potential isotope
exchange reactions. It should be noted that grain size distribution
curves were only determined for manually pounded shell powder and
one cryomilled shell powder. Future studies are therefore needed to
determine the grain size distribution curves of all generated powders,
for example by laser granulometry, and assess if differences exist
depending on the use of liquid nitrogen. Vibromilling in

cyclohexane - as done by Momota et al.** - could test some of the
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above hypotheses as it strongly reduces particle agglutination, serves
as a coolant and allows to conduct the pulverization in the absence

of air.

4.7 | Recommendations for production of
aragonite powder

If possible, samples should be ground by hand with an agate mortar
and pestle to obtain the most pristine isotope data. Cryomilling of
biogenic aragonite is not recommended because the use of liquid
nitrogen typically does not preserve the original isotope signatures
better than not using this cooling agent, unless a vigorous grinding
technique is applied. More importantly, cryomilling of shell material
leads to an increase in calcite content that aggravates the
interpretation of isotope data. The isotope bias caused by
micromilling can most likely be reduced by much lower drill speeds
and lower pressure (“scan speed” in Moon et al.??). In our team,
micromilling is typically accomplished at 400-800 rpm.

5 | CONCLUSIONS

The milling of biogenic and abiogenic aragonite into powder requires
great care to ensure the pristine isotopic signals are preserved and no
inversion to calcite occurs. A total of 30 pulverized samples were
obtained with 10 different pounding, micromilling, and vibromilling
methods that were tested on one biogenic and two abiogenic
materials. All powders were reasonably well homogenized (1o
precision errors of 10 measured aliquots: §'3C = 0.03%0-0.10%o,
880 = 0.07%0-0.12%0). A second ball milling cycle and more
energetic vibromilling (larger ball size, higher oscillation frequency,
longer grinding duration) resulted in enhanced sample homogeneity,
but at the expense of calcite formation and lower isotope values. The
results demonstrate that none of the tested pulverization methods,
including cryogenic vibromilling, prevented the inversion of aragonite
to calcite and decrease of 6180 and §*3C values.

The aragonite-to-calcite transformation is multicausal, species-
specific, and still not fully understood. It is recommended that the
hand-held or computer-controlled micromill be operated at the lowest
possible speed and contact pressure kept to a minimum. Manual
pounding in an agate mortar and pestle should become the routine
method for generating aragonite powders for bulk isotope analyses. If
unavoidable, vibromilling should be done with a low oscillation
frequency and small milling balls for the shortest possible time
(<3 min). Cryogenic vibromilling of shell material should be avoided as
it promotes the fractional formation of calcite, which makes the
interpretation of the isotope data more complex and challenging.
Further research is advised to ascertain the optimal pulverization
method (e.g., ideal micromilling speed and contact pressure/scan
speed) and evaluate in which cases in-situ isotope analytical methods
(Secondary lon Mass Spectrometry) could provide more reliable

results.
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