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Abstract:

Curly malachite (CM) is found as a green cupric carbonate hydroxide
corrosion product on archaeological bronze, mostly on artefacts
retrieved from graves. In this paper, a morphological characterization
approach is proposed, enabling the investigation of the formation
process of CM. It is suggested that curly malachite precipitates from an
aqueous solution, for which the surrounding soil conditions provide
local triggers. Anthropic activities associated with ritual burials do not
significantly affect the growth of CM. It is also confirmed that curly
malachite is usually not a pseudomorph of formerly organic material.
Although the understanding of the formation process is far from com-
plete, this study has shown that CM is expected to be found more often
than is currently recognized, due to its relatively simple formation
mechanisms and boundary conditions.

1 Introduction

Curly malachite (CM) is a green, thin, fibrous corrosion product that is
encountered on archaeological bronzes (Figure 1), but it is often not recog-
nized. However, this is changing and archaeologists and conservators iden-
tify it more and more often. Nevertheless, publications on the matter are
: @ nearly absent. The origins of CM are unknown and it is unex-
¥ plained whether the formation of CM is related to culturally
created site formation processes. Also, the implications of
the presence of CM on the (future) state of the object remain
unclear. Therefore, in this article:
&4 - a formation mechanism of CM is proposed, including
boundary conditions for nucleation and growth. Probable
correlations between the appearance of CM and the burial
! environment are established and the possible harmfulness to
™ the bronze object is discussed.
I - a morphological approach is proposed, containing param-
8 eters that can be used by archaeologists and conservators
when encountering CM. This will increase the available data
on CM and ultimately test the proposed formation mecha-
nism, so that the implications of CM become more evident.

In the following sections a short overview is given about

Figure 1: Example of curly malachite as a mass of curls on archaeolog- Morphology and possible growth mechanisms of curly mala-

ical bronze from Zevenbergen site. OM: Optical microscope image.
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1.1 Curls in literature

Examples of eriochalcite (CuCl,.2H,0), nantokite (CuCl) and malachite
(Cup(CO3)(OH),) are amongst the earliest appearances of fibrous corrosion
compounds in literaturel. In 1994, Scott wrote an article where malachite
was described in both massive and fibrous form on excavated Roman stat-
ues2. The shape of malachite fairly often encountered on Chinese bronzes is
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also called “fibrous”3. Peska et al.* identified an atypi-
cal, curly-like, crystallization type of malachite on Early
Bronze Age bronzes found in graves. Eggert® is the first
author to link a specific curly shape of malachite on
bronze artefacts with natural malachite minerals found
at copper mines. In other fields, waxy green curly crys-
tals are manifested in entomological collections, at the
contact between an insect specimen and its brass dis-
play pin® or on historical copper alloy objects com-
bined with leather or wood”.

1.2 Morphological characterization

In this article, (curly) malachite with a copper-based
artefact as substrate is called “corrosion product”,
while the analogous material from mineral deposits is
called “mineral”8. Azurite (Cuz(CO3)»(OH),) sometimes
co-occurs with curly malachite5910, In most mineral
examples, CM coexists with massive, bulky, compact
malachite!?12, Helical shapes are found, while this is
not the case for archaeological curly malachite. The
diameter of the curls usually varies along its length,
being the largest at the base, where it is sometimes still
attached to its substrate, and smallest at the free end?°.
The mineral examples are also composed of (bundles
of) crystalline fibrest®12, Only a few articles specify
dimensions, which are given in Table 1.

Massive mineral malachite displays typical macro-
scale banding, probably due to periodic precipita-
tion13. The transversal laminae, composed of fibrous
aggregates!?, are varying in thickness, up to centime-
tres wide, and with different chroma, ranging from
pale to deep green. Kantor!>, however, hypothesized
that the lighter areas seen in CM are regions with a
higher zinc content, because a bluish and rather pale
colouring of crystals usually indicates zinc admixture
in malachite.

Length Diameter Zii::re'leter Ref.
Mineral CM <50 mm 1mm / 9
Mineral CM 1-50 mm / 0.5um 10
Mineral CM 0.07-3mm 0.01-0.2 mm lpum 12
é’,\f\hae"logical / 0lmm  02um 5
é’l\f\hae"logical 0.05 - 0.15mm 0.01 - 0.03 mm / 28

Table 1: Dimensions of malachite curls as found in literature.
/ means “not reported”.

1.3 Growth models

A crystal is formed by nucleation and growth, after
which solid-state phase transformations may occur as
welllé. Malachite can be formed in two ways: by reac-
tion of cupric ions with carbonate ions from a super-
saturated aqueous solution!0.17.18, deposited on a sub-
strate!?, or by the reaction of cupric oxide (tenorite) or
cuprous oxide (cuprite) with carbon dioxide and
waterl7.2021  Different additional models have been
proposed in literature to explain the growth of fibrous
and curly malachite:

e Impurity atoms, such as zinc as measured by
Brandstatter!2, initiate screw dislocations (defects in
the crystalline structure)®18. Movement of these dislo-
cations will stimulate curvature of initially straight
malachite fibres. However, Lieberl0 rejects this theory,
since this type of crystal growth occurs at the atomic

level will not necessarily result in curl visibility at the
macroscopic scale.

o Kantor!> forms a hypothesis that the curling of a
crystal is the morphological expression of a minimiza-
tion in free energy, acquired by forming a sandwich
structure of alternate layers of malachite and rosasite
((Zn,Cu),(CO3)(OH),) to accommodate the different
atomic sizes of copper and zinc in the crystal lattice.

¢ Alack of space produces mechanical resistance dur-
ing growth and plastically deforms the material into a
curlt,

¢ A malachite curl forms by deformation by its own
weight10,

¢ Unequal growth rate of individual fibres or parts of
bundles results into a curly shapel2,

General literature about mineral growth in caves??
classifies “helictites” as a parallel co-growth of tightly
bonded spherulite bunches. A central channel supplies
a local capillary film on the helictites tip. The curva-
ture of the aggregate is induced by small local varia-
tions affecting the wetted spot.

Another analogy can be found in the growth of
ephemeral and banded ice crystals, likewise composed
of bundled fibres, on dead wood, small rocks and from
soil. Periodic freezing and partial melting of the ice
between nights will result in growth boundaries that
give the crystal its banded appearance.?® Synthesized
BaSO;, fibre bundles have been grown from a supersat-
urated solution in a laboratory environment on a
hydrophilic substrate. Crystallization and oriented
attachment growth at high-energy surfaces are estab-
lished as steps in the formation process.?4

1.4 Pseudomorphism

Another point to mention when considering CM is that
original features in materials, like bone, wood or tex-
tile, can be preserved by impregnation with dissolved
copper ions?5. Impregnation occurring simultaneously
with fibre degradation can replace the organic com-
position with a copper corrosion product like mala-
chite. Such a mineralized fibre where only the physical
shape is preserved, is called a pseudomorph?®. This
phenomenon is seen in numerous materials, such as
wood, insects and even human skin® Examples of
preservation by copper ions are given below.

Textile pseudomorphs can be recognized by an inter-
woven structure and/or the spin direction of hollow
threads?” and animal or human hairs by a straight,
cylindrical shape®. If the organic material has been
degraded, these can also be hollow, usually with the
characteristic scales still present?’. The green corro-
sion structures are embedded in or closely adhered to
the surface of an object. Single mineralized plant or
textile fibres can show adhering copper-rich surface
encrustations, and an absence of (bundles of) sub-
micron fibres26,

Eggert® argues that curly malachite cannot be a
pseudomorph. His samples did not exhibit any of the
abovementioned characteristics. Combined with the
occurrence of mineral CM and the production of sim-
ilar structures in the lab, he states this crystal growth
phenomenon is unrelated to the presence of organic
materials used by men.
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. . Soil char- . .
Site Period Context acteristics Object(s) Microstructure
e Fosse Buri;l ;ham— Ronde-
Cotheret (FR) 300 BC ber, |n|t|ally Sandy clay bosse Cast
atmospheric ornament
Carnyx
. 200- Worked (sheet)
Tintignac (FR) 100 BC Sanctuary Sandy clay (_sheet, cast (rings)
rings)
Burial cham- . .
Bocholtz (NL) 300 AD ber, initially 2t S8Y. 344, knop Worked (ug)
f l6ss cast (knob)
atmospheric
Zevenbergen g44 B Burial mound 3% Studs  Worked
(NL) podzol

Inhumation  Sand,

Uden (NL) 800 BC
grave podzol

Anklet Worked

Proximity

of organics Curl location Appearance of curls Ref.
Wood In hollow side of ronde- Isolated curls, mass of  Figure
textile"' bosse ornament; within curls, co-occurrence 2a, 25,
’ earthy crust with hydroxy-sulfates 28
On surface patina of
/ carnyx in earthy crust  Isolated curls, mass of  Figure
curls 2b, 29
/ In soil surrounding jug; MiEES 6ff QUi Figure
inside hollow knob 2c
In hollow head of small Single curl in small stud,
Wood stud; on surface of large mass of curls on large Figure
leather? ~ Stud stud 2d, 31
Bone, Inside hollow anklet; S 6ff QUi Figure
textile also in soil inside anklet 2e

Table 2: Detailed informative data on the samples of curly malachite used in this research. / means “not identified".

Technique Site oM XRF SEM-EDS XRD p-Raman
Olympus, Nachet, Hitachi S2500 with Imix Philips PW 1700 Cu Ka.,
La Fosse Cotheret Nikon J PGT EDS 15/20 KV 40 KV 30 mA J
Oloiireus, Neeliet LEO 435 Low Vacuum
Tintignac N”{onp d : / with Imix PGT EDS / /
15/20 kV, 50 Pa
Zeiss Axioskop 40 on
Elogil polished thin section / / / /
Zevenbergen Hirox KH7700 / / / /
E,EfgﬁiZAx K-XRF :]I'ESrII_’nchr\FAisigeer S Bruker D8 Discover Cu Thermo Scientific DXR
UeE allie Gz 50 kV 150/300 pA Scientific SDD EDS 20 g‘*s /‘(‘)Oskr\r/] ;Os”zﬁ e E:gfg;‘g'iﬁs“pe
XFlash 3001 SDD kV, 30 Pa D P

Table 3: Analytical techniques and settings used for CM samples in this study. / means “not applied”.

Figure 2: Samples of curly malachite used in this study: (a) mass of curls in hol-
low ornament from La Fosse Cotheret?8; (b) curls on carnyx found in
Tintignac?®; (c) mass of curls in soil surrounding jug from Bocholtz3°; (d) indi-
vidual curl in stud from Zevenbergen3!; (e) removed curls from anklet found in
Uden. BSE: backscattered electron image, OM: optical microscope image.

2 Materials and methods
2.1 Samples

Available curly malachite samples from different
regions in France and the Netherlands were studied
(Figure 2, Table 2).

As summarized in Table 2, the CM samples were found
on or near thin-walled (millimetre-scale thickness)
archaeological bronzes, mostly from burial sites. The
curls co-occur with the more common massive
shaped malachite as corrosion product. For all of these
sites, the curls are found under wet conditions, with
intermediate drier periods, yet the soils are not water-
logged. The soils contain particles varying from coarse
sand (~210-2000 pm) to fine silt (~2-50 um). The
objects date from 300 BC to 300 AD. More differences
lie in their specific local burial conditions: inhumation
and cremation ritual grave deposits are exemplified.
Some of the graves were initially exposed to atmos-
pheric conditions before being covered by soil or sed-
iment. Here, “ritual” refers to deliberate action by peo-
ple with characteristics repeatedly seen. Examples are
the choice for inhumation or cremation, the addition
of specific metallic grave goods or the use of a textile
shroud. Sites with and without clear evidence of (for-
mer, degrading) organic material like textile and bone
can be compared in the sample set from this study.
Finally, objects covered with masses of curls and only
isolated curls are present as well.

2.2 Analytical techniques

The CM samples have been investigated applying ana-
lytical techniques and instruments as shown in Table 3.

Curly malachite on archaeological bronze, e-PS, 2016, 13, 23-32
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@© axis length; ~10%-10° pm

@ average thickness of transversal band; ~10]urn
@ curl diameter; ~10'- 10 um

diameter of bundle of fibres; ~10' um

(® diameter of individual fibre; ~1D'1pm

Figure 3: Proposed approach for morphological characterization. N.B.
Schematic model with all parameters combined into one overview.
© Illustration by J. van Donkersgoed.

In addition, the composition and microstructure of the
objects featuring CM were studied and are shortly
summarized in Table 2. The reader is referred to the
cited literature in Table 2 for more archaeological con-
text and information.

To give a clear morphological characterization of the
malachite curls, an approach of parameters is devel-
oped in this research and schematically shown in
Figure 3. The illustration does not intend to be a repre-
sentation of a realistic malachite curl, but it is merely a
combination of possible curvature options combined
into one figure.

Five parameters can be quantified: axis length (L), the
average thickness of a transversal band (T) and diame-
ter of the curl (D), of a fibre bundle (B) and of an indi-
vidual crystalline fibre (F). Curvature is also an impor-
tant parameter. However, specific radii are difficult to
assess on curls from archaeological remains and the
radius often varies along the curl. Therefore, curvature
is not incorporated into the qualitative approach in
Figure 3. Qualitatively, a curl can be characterized like
a clock-spring with decreasing radius, a corkscrew
with constant radius, or a mixed or deviating variant.

3 Results

3.1 Morphology

All parameters of the proposed system of the curls
studied in this research are given in Table 4. Several
factors lead to an approximation of dimensions. Only a
limited number of curls was analyzed. Even though the

Parameter # curls
Site Ditim) D (jvm) Bl (o) i) analyzed
La Fosse 100+50 20410 15+5 06+04 26425 12
Cotheret

Tintignac 800+ 300 80+30 17+5 04+02 nd. 8
Bocholtz 475 + 225 60 + 10 nd. 04+02 36+ 35 3

Zevenbergen 1000 + 800 115+ 85 90 + 10

Uden

n.d. 16 + 15 5

3500 + 1500 375 + 125 20 +15 0.3 +0.2 56 + 55 9

Table 4: Dimensional characterization of morphology of curls used in this study.
N.d. indicates "not determined”.

; ‘0 - - .‘. .
Figure 4: Malachite curls seen in cross-section, thin section of corro-
sion crust from Bocholtz site. One curl is located on a quartz grain, indi-
cated with the arrow. OM: optical microscope image (in plane polarized
light).

curls are three-dimensional objects, their size is so
small that they can only be specified through two-
dimensional OM/SEM-pictures. The given dimensions
of CM are thus defining an order of magnitude. Also, a
lot of curls are fragmented, clustered and/or cement-
ed in corrosion crusts or soil material. That is also the
reason why the curl base in this sample set is not clear-
ly recognized and described. The thin cross-section
from Bocholtz is an exception, because curls appear to
be located on a quartz grain (arrow in Figure 4). Curly
malachite is observed on the corroded surface of met-
als or soil rather than on the interface of the corrosion
layer with the bare metallic substrate.

The curls are systematically built up of fibres, only vis-
ible at the micrometric level (see Figure 5). It is not
possible to determine whether they are hollow at this
resolution.

These fibres can combine into bundles of fibres, which
are all more or less polygonal: pseudo-circular as well
as pentagonal shapes can be discerned (Figure 2d,
Figure 5). Their diameter seems to remain constant
along their length.

Usually, the fibre length does not correspond to the
full curl length. The individual fibres are composed of
smaller, straight segments (Figure 5a, 6). A slightly
wedge-shaped band of segments can be seen, with its
narrow end at the inner curve and its broad end at the
outer curve. The average thickness T of these transver-
sal bands varies in one curl from a few microns to
about 100 um. The bands are defined by boundaries,
appearing across the entire curl diameter, in a plane
perpendicular to the growth axis of the curl. They can

Curly malachite on archaeological bronze, e-PS, 2016, 13, 23-32
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Figure 5: Curly malachite is actually built up of (bundles) of fibres.
Bundle cross-sections are all more or less polygonal to circular. (a)
Uden site; (b) Tintignac site. BSE: backscattered electron image, SEI:
secondary electron image.

be seen with the naked eye as variations in green (see
Figure 1) and under the electron microscope as black
striations (Figure 5a, 6a). On some boundaries, saw-
tooth-shaped features can be discerned (arrow in
Figure 6b).

3.2 Composition

XRD and p-Raman measurements reveal that all curls
as well as the coexisting unbanded massive green cor-
rosion layers from this study are solely malachite
(Cuz(CO3)(OH),). No other crystalline compounds are
identified. The samples from Uden, Roissy and
Tintignac were the only curls analyzed for impurity
elements. As far as SEM-EDS possibilities allowed,
fibres without visible soil contamination only showed
copper, carbon and oxygen as components with an
approximate detection limit of ~0.1 wt%. Aluminium,
silicon, iron and calcium are measured as minor ele-
ments in all cases. Lead and silver are only found in
trace quantities in the curls from Uden. No significant
differences in composition between bands have been
found within a single curl.

3.3 Colour change and feature obscuration

Studying the malachite curls with an optical micro-
scope, a deceptive local colour change was experi-
enced on the curls from Uden (Figure 7a), which were

Figure 6: Banding in a curl from Uden site. The wedge-shape of the
bands is accentuated in (a). The arrow in (b) indicates one of numerous
sawtooth-shaped features at a boundary between two bands. BSE:
backscattered electron image.

(a) oM

Figure 7: Changes in the appearance (encircled areas) of curly mala-
chite from Uden site. (a) Colour change; (b) unclear details. OM: optical
microscope image, BSE: backscattered electron image.

Curly malachite on archaeological bronze, e-PS, 2016, 13, 23-32
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impregnated by accident with polymeric conservation
material. Details are invisible when viewed with an
electron microscope, because the polymer forms a
non-conductive surface. The presence of a fibrous CM
structure and other structural features of CM are
obscured (Figure 7b).

4 Discussion

41 Morphological characterization

The proposed approach of morphological characteri-
zation for curly malachite (section 2.2) enables the
comparison between samples from this study and
material described in literature. The presented
methodological approach on CM could be employed
by archaeologists and conservators and expanded in
future research on CM to improve completeness of
qualitative data and comparability.

Cross-sections of the base-structure may provide
additional information on the nature of the substrate:
(interface of corrosion and) bare metal, corrosion layer
or soil particle. It may also show whether the curl
grows on top of the substrate, or forms inside it.

The colour, dimensions and banding of mineral (curly)
malachite (section 1.2) and the fibrous and curvy prop-
erties of helictites (section 1.3) are comparable to CM
from this study (Table 4). Therefore, the growth mech-
anisms for these materials are used to propose a for-
mation process appropriate to curly malachite.

4.2 Formation mechanism

In an attempt to gain a better understanding of the for-
mation of CM, a distinction is made in this study in
describing the first two stages of crystal formation:
nucleation (of fibres) and growth (of curls).

4.2.1 Nucleation of fibres

Because a malachite curl consists of an aggregate of
clearly defined fibres and bands, it is suggested here
that CM nucleates according to a precipitation
process. Once the bronze object is buried in soil, a
water film lines irregularities of the object surface or
pores in the immediately surrounding wet soil (“cavi-
ties”). Cupric ions are then released and dissolve in the
(carbonate-containing) water. (Figure 8a)

Changing conditions like water evaporation, pH-fluc-
tuations or temperature changes, trigger the forma-
tion of a supersaturated aqueous solution of cupric
and carbonate ions. Malachite consequently nucleates
as a single crystal in a polyhedral shapel?, with its mon-
oclinic prismatic crystal system enabling the preferen-
tial formation of needle-like structures or fibres. The
substrate can either be the object, or neighbouring soil
particles. Nucleation on specific features of the sub-
strate may lead to heterogeneous precipitation, which
is possible on hydrophilic substrates?4, like malachite
or quartz. Adjacent deposition of polyhedrons leads to
a bundle of single-crystal fibres. The ordered arrange-
ment of fibres in bundles would therefore be a result of
favourable nucleation, in combination with conse-
quent growth. (Figure 8b)

The ubiquitous, coexistent corrosion layers of mala-
chite on the object have a different appearance from
curly malachite (Figure 2d)3. The layers are usually nei-
ther fibrous nor banded and develop slightly on top or
below the original object surface, as opposed to CM,
which forms an outgrowth. This suggests that different
formation mechanisms are involved: layers of mala-
chite may form with cuprite as precursor by penetra-
tion of corrosive agents like oxygen, while CM precip-
itates directly from an aqueous solution (section 1.3).

4.2.2 Growth of curls

The next step is growth and particularly curvature in
the case of CM. When adopting the precipitation the-
ory, it is assumed that a fibre elongates by the addition
of new material to the tip of the crystal?2. In the case of
curly malachite, it is hypothesized that the capillary
capacity of a bundle of fibres enables the wicking of
(supersaturated) water to the fibre tips (Figure 8c).
During a drier period the growth of the malachite
fibres nearly ceases and a boundary is induced, result-
ing in the formation of a band (Figure 8d). These bands
are slightly wedge-shaped (Figure 6a), which implies
that curvature takes place during the growth stage and
not the nucleation phase (Figure 8e). The observation
from this study that the fibre segments in the studied
samples are straight and not curved strengthens this
hypothesis. Continuous periodic deposition forms a
banded malachite curl (Figure 8f).

An unequal growth rate between individual (segments
or bundles of) fibres and/or a different rate of volume
accumulation are seen as the most plausible causes for
curling. A larger distance between the fibres may result
in less material transport, thereby forming the shorter
side of the wedged band. This also correlates to the
formation of helictites with variations in growth direc-
tion22,

Other options, as described in section 1.3, are consid-
ered to be less plausible. The minor elements meas-
ured in samples from Uden are most likely environ-
mental contamination (section 3.2). Banding and/or
curling as a result of impurities and the inherent move-
ment of screw dislocations is thus improbable, thereby
following Lieber”s theoryl0. This also renders curvature
due to mixed crystal structures unlikely. Mechanical
resistance during growth as well as deformation by its
own weight would result in bent fibres and/or cracks,
which are not seen here.

The hypothesis of formation of fibres by the process of
solid-state transformation from cuprite or tenorite is
assumed less likely, because this would not result in a
shape restraint, as is the case for a solution being
drawn to the surface due to capillary action. Since azu-
rite is sometimes associated with malachite (section
1.2), it may be hypothesized that it can act as a precur-
sor, after which transformation to malachite occurs?’.
However, the coexistence of massive malachite corro-
sion layers and curly malachite implicates that in these
contexts, malachite is the abundant and stable form.
Also, no traces of azurite have been found in any of the
curls. But, the millennia-long burial time may allow
complete transformation of azurite into malachite, so
it cannot be ruled out as a possibility.

Curly malachite on archaeological bronze, e-PS, 2016, 13, 23-32
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substrate

Cu,(CO;)(OH),

@ ®~10’-102um

I_l®~101-102 um

Figure 8: Proposed nucleation and growth mechanism for curly malachite. Parameters F, T, D and L as defined in Figure 3.
(a) substrate with water film, (b) nuclei deposition from supersaturated solution, (c) fibre formation due to capillary action, (d) band formation,
(e) curvature, (f) continuous periodic deposition forms a banded malachite curl. © Illustration by J. van Donkersgoed.

The observed sawtooth-shaped features show
remarkable resemblance to the dissolution character-
istics of silicate minerals and are therefore thought to
be originating from post-formation dissolution
processes32,

Summarizing, the proposed formation mechanism for
malachite curls is schematically illustrated in Figure 8.
Malachite grows in a monoclinic (prismatic) crystal
system816, but for sake of clarity and readability of the
figure, a hexagonal basic crystallographic shape is
chosen to represent the nuclei.

423 Rate of formation

In literature, the rate of formation of (malachite) curls
is not described. However, the formation of microme-
tre-sized synthetic malachite crystals, also from solu-
tion, is reported to take place within a week33.
Furthermore, the amount of released cuprous and
cupric ions is highest in the first stages of corro-
sion2134. Combining this information with data on
curly malachite may lead to an approximation of curl

age and eventually even the establishment of a relation
with the copper alloy object age.

However, at the moment there is not enough data on
the specific influences of the environment on the rate
of formation of CM and no correlation is found with
object age. Laboratory experiments growing CM under
various environmental conditions on different sub-
strates, in combination with a suitable technique to
measure impurities (section 3.2) may validate the for-
mation method and yield data on the rate of forma-
tion, allowing to give a realistic estimation of curl age.

4.3 Factors influencing growth modality

In general, the formation of corrosion products during
the long-term burial of bronzes is quite complex,
depending on numerous factors33> that temporally
change. Examples are geochemical conditions like pH,
soil composition, redox processes and the presence of
bacteria and other ions or metals. The study presented
here has only taken a limited number of parameters
into account. As pointed out previously, this paper is

Curly malachite on archaeological bronze, e-PS, 2016, 13, 23-32
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exploring possible relationships between the typical
features of curly malachite and the environmental
conditions of burials. The contextual parameters as
summed up in Table 2, combined with known variables
in burials, enable a comparison to find common fac-
tors for the growth modality.

43.1 Soil and organic remains

Table 2 shows that curly malachite with equivalent
morphological features (section 3.1) can be formed in
different soil environments. No systematic link
between aspects of the burial ritual listed here (such as
the proximity of organic material) is found. When
adopting the theory of CM formation by precipitation,
it is assumed that the fibres form from polyhedrons,
which are formed when local growth conditions are
only slightly different from the immediate equilibrated
environment?®.

Burial sites contain either decomposing bodies or cre-
mation remains. They accommodate a high concen-
tration of amongst others fatty acids and CO,?7, local-
ized in soil pores. Fatty acids and their breakdown
products may interact with copper alloys to form a
copper soap that can grow in the shape of curls®7. A
notable common characteristic of mineral CM is that is
predominantly forms in the presence of percolating
acidic watert112,

Many bronze objects have been found in ritual graves
in contact with water, without showing the presence
of CM. As is argued before, CM seems to form in peri-
odically wet environments, enabling the formation of a
(supersaturated) water film, as opposed to water-
logged surroundings. Also, it is suggested here that a
certain combination of soil environmental conditions,
like pH, moisture content and porosity, triggers nucle-
ation and growth of curly malachite. Possibly, a local-
ization of decomposition products of organic matter
provides an extra incentive. It is therefore argued that
it cannot be evidenced that anthropic activities are the
cause for the curved morphology to develop, as the
existence of curly malachite as a mineral emphasizes.

4.3.2 Microstructure of the object

In literature, the possible influence of the microstruc-
ture of bronze on the growth modality of curly mala-
chite has never been given attention. However, it is
observed in this study that different cross-sections of
fibre bundles can be present. They may represent a
pseudomorph of for example a vegetal fibre, or a pseu-
do-circular shape may correspond to a dendritic grain
nucleus, whilst a polygonal shape has a polygonal
grain at its base. But a curl is an aggregate of fibre bun-
dles, with dimensions (B, F) that do not match those of
organic fibres or metallic grains. Also, banding is not
observed in organic fibres. Pseudo-circular bundles
appear on worked objects from Zevenbergen and
Tintignac and both types of fibre cross-sections can be
observed on the same artefact. Therefore the above-
mentioned theories linking microstructure and bundle
cross-section are rejected. Assuming that CM grows
by deposition of compounds on a substrate rather than
by pushing out material of the object, it is thus argued
that the artefact microstructure is not an important
parameter to take into account.

4.4 Pseudomorph of organic material or not?
In the field, the perception exists amongst archaeolo-
gists and conservators that curly malachite is a miner-
alized remains of textile or other organic material. The
results of this study show that CM is composed of indi-
vidual fibres and bands, as opposed to the structures
seen as pseudomorphs of formerly organic material
(section 1.4). Supporting Eggert’s arguments>, it is
argued that these pseudomorphs are clearly distin-
guishable from the curly malachite that is the subject
of this study.

4.5 Recommendations for the approach of

archaeological curly malachite

Keeping malachite curls and documenting the five
quantitative parameters as well as curvature type (as
defined in section 2.2) will aid in understanding the
boundary conditions for curly malachite growth. It is
advisable to measure or deduce environmental param-
eters, preferably soil geochemical characteristics. One
should also be alert for the waxy green curly crystals
displayed on the interface of copper and organic
material, in order to study whether the same growth
mechanism may be applied. It is preferable to leave the
curls in their original place if they are attached to the
object, since it enables study of the direct environ-
ment. Also, at the moment, there is no reason to
assume that CM is detrimental to the object. The curls
have probably formed on top of the surface of the
object (see also section 4.3.2), and therefore any local
features have likely not been disturbed. Also, malachite
growth will likely not proceed under dry conditions.

As shown in section 3.3, changes in appearance due to
impregnation with a polymer can be observed. These
can lead to misleading conclusions, like linking colour
change to the presence of impuirities. It is likely that
these changes are the result of conservation material
impregnating the curls. It is hot uncommon to use
consolidating organic polymers during the conserva-
tion process of archaeological artefacts. But, when
green curls are identified in the vicinity of the object,
one should prevent curl impregnation by conservation
material to preserve their original nature for further
investigation.

5 Conclusions

In this research, the special curly shape of malachite as
corrosion product on archaeological bronze in ritual
burials was investigated.

¢ An initial characterization system is developed,
based on several morphological parameters, which
should aid in understanding possible formation mech-
anisms of curly malachite (CM) in the future. The mala-
chite curls are built-up of (bundles of) individual fibres,
forming bands. Current observations do not allow a
complete model explaining all CM characteristics yet.
It is suggested that the following series of nucleation
and growth events take place in the formation of a
malachite curl on archaeological bronze:

o Cavities in or around the buried object are lined by a
water film in a wet environment.

e Cupric ions are released and dissolve in the water.

e A supersaturated aqueous solution of cupric and
carbonate ions forms.
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¢ Malachite nucleates on the object or on soil particles
and grows into a bundle of single-crystal fibres.

¢ Elongation is induced by the capillary capacity of
these bundles.

¢ Precipitation under periodic wet and dry soil condi-
tions results in transversal bands, visually observed as
different shades of green.

o Curvature is probably caused by an unequal growth
rate between individual (segments or bundles of) fibres
and/or a different rate of volume accumulation at the
bundle surface.

The foregoing sequence shows that anthropic activi-
ties do not have a major influence on the formation of
curly malachite. However, a localization of decompo-
sition products of organics may be beneficial. Most
likely, a certain combination of soil conditions, such as
porosity, pH and changes in soil moisture content lead
to small local deviations in equilibrium conditions that
facilitate the formation of curly malachite. It is thus
argued that malachite curls are not restricted to ritual
burial sites and it is expected that they appear more
often on copper alloy objects than currently conveyed.
Recording of soil geochemical parameters and envi-
ronmental conditions in the future may provide addi-
tional insight in the proposed formation mechanism,
so that the implications of the occurrence of CM will
become more evident.

It is also discussed that pseudomorphs of formerly
organic material are clearly distinguishable from the
curly malachite that is the subject of this study, based
on the abovementioned formation process.
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