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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 complete, 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.
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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 recognized. However, this is changing and archaeologists and conservators identify it more and more often. Nevertheless, publications on the matter are
nearly absent. The origins of CM are unknown and it is unexplained 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:
- 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.
- a morphological approach is proposed, containing parameters 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 mechanism, so that the implications of CM become more evident.

Figure 1: Example of curly malachite as a mass of curls on archaeological bronze from Zevenbergen site. OM: Optical microscope image.
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In the following sections a short overview is given about
morphology and possible growth mechanisms of curly malachite.

Curls in literature

Examples of eriochalcite (CuCl2.2H2O), nantokite (CuCl) and malachite
(Cu2(CO3)(OH)2) are amongst the earliest appearances of fibrous corrosion
compounds in literature1. In 1994, Scott wrote an article where malachite
was described in both massive and fibrous form on excavated Roman statues2. The shape of malachite fairly often encountered on Chinese bronzes is
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also called “fibrous”3. Peška et al.4 identified an atypical, curly-like, crystallization type of malachite on Early
Bronze Age bronzes found in graves. Eggert5 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 crystals are manifested in entomological collections, at the
contact between an insect specimen and its brass display pin6 or on historical copper alloy objects combined with leather or wood7.

1.2

level will not necessarily result in curl visibility at the
macroscopic scale.
• Kantor15 forms a hypothesis that the curling of a
crystal is the morphological expression of a minimization in free energy, acquired by forming a sandwich
structure of alternate layers of malachite and rosasite
((Zn,Cu)2(CO3)(OH)2) to accommodate the different
atomic sizes of copper and zinc in the crystal lattice.
• A lack of space produces mechanical resistance during growth and plastically deforms the material into a
curl10.
• A malachite curl forms by deformation by its own
weight10.
• Unequal growth rate of individual fibres or parts of
bundles results into a curly shape12.

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 (Cu3(CO3)2(OH)2) sometimes
co-occurs with curly malachite5,9,10. In most mineral
examples, CM coexists with massive, bulky, compact
malachite11,12. 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 end10.
The mineral examples are also composed of (bundles
of) crystalline fibres10,12. Only a few articles specify
dimensions, which are given in Table 1.

General literature about mineral growth in caves22
classifies “helictites” as a parallel co-growth of tightly
bonded spherulite bunches. A central channel supplies
a local capillary film on the helictite”s tip. The curvature of the aggregate is induced by small local variations 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.23 Synthesized
BaSO4 fibre bundles have been grown from a supersaturated solution in a laboratory environment on a
hydrophilic substrate. Crystallization and oriented
attachment growth at high-energy surfaces are established as steps in the formation process.24

Massive mineral malachite displays typical macroscale banding, probably due to periodic precipitation13. The transversal laminae, composed of fibrous
aggregates14, are varying in thickness, up to centimetres wide, and with different chroma, ranging from
pale to deep green. Kantor15, 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
Mineral CM

<50 mm

Mineral CM

1 - 50 mm

Mineral CM

0.07 - 3 mm

Archaeological
CM
Archaeological
CM

Fibre
diameter

Diameter

/

1 mm

/

9
10

0.01 - 0.2 mm

1 μm

12

0.1 mm

0.2 μm

5

0.05 - 0.15 mm 0.01 - 0.03 mm

/

28

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

1.3

Pseudomorphism

Another point to mention when considering CM is that
original features in materials, like bone, wood or textile, can be preserved by impregnation with dissolved
copper ions25. Impregnation occurring simultaneously
with fibre degradation can replace the organic composition with a copper corrosion product like malachite. Such a mineralized fibre where only the physical
shape is preserved, is called a pseudomorph26. This
phenomenon is seen in numerous materials, such as
wood, insects and even human skin4. Examples of
preservation by copper ions are given below.

Ref.

0.5 μm

/

1.4

Textile pseudomorphs can be recognized by an interwoven structure and/or the spin direction of hollow
threads27 and animal or human hairs by a straight,
cylindrical shape4. If the organic material has been
degraded, these can also be hollow, usually with the
characteristic scales still present27. The green corrosion 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) submicron fibres26.

Growth models

A crystal is formed by nucleation and growth, after
which solid-state phase transformations may occur as
well16. Malachite can be formed in two ways: by reaction of cupric ions with carbonate ions from a supersaturated aqueous solution10,17,18, deposited on a substrate19, or by the reaction of cupric oxide (tenorite) or
cuprous oxide (cuprite) with carbon dioxide and
water17,20,21. Different additional models have been
proposed in literature to explain the growth of fibrous
and curly malachite:
• Impurity atoms, such as zinc as measured by
Brandstätter12, initiate screw dislocations (defects in
the crystalline structure)9,18. Movement of these dislocations will stimulate curvature of initially straight
malachite fibres. However, Lieber10 rejects this theory,
since this type of crystal growth occurs at the atomic

Eggert5 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 similar structures in the lab, he states this crystal growth
phenomenon is unrelated to the presence of organic
materials used by men.

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

24

© by M O R A N A RTD d.o.o.

Site

Period

Context

Burial chamLa Fosse
300 BC ber, initially
Cotheret (FR)
atmospheric
Tintignac (FR)

200Sanctuary
100 BC

Burial chamBocholtz (NL) 300 AD ber, initially
atmospheric

Soil charProximity
Object(s) Microstructure
acteristics
of organics
RondeWood,
Sandy clay bosse
Cast
textile?
ornament
Carnyx
Sandy clay (sheet,
rings)

Worked (sheet)
cast (rings)

/

Silt, clay,
löss

Worked (jug)
cast (knob)

/

Zevenbergen
Sand,
800 BC Burial mound
(NL)
podzol

Uden (NL)

800 BC

Inhumation
grave

Sand,
podzol

Jug, knob

Curl location

Appearance of curls

Ref.

In hollow side of rondebosse ornament; within
earthy crust
On surface patina of
carnyx in earthy crust

Isolated curls, mass of
curls, co-occurrence
with hydroxy-sulfates

Figure
2a, 25,
28

Isolated curls, mass of
curls

Figure
2b, 29

Mass of curls

Figure
2c

In soil surrounding jug;
inside hollow knob

Studs

Worked

Wood,
leather?

Anklet

Worked

Bone,
textile

In hollow head of small Single curl in small stud,
stud; on surface of large mass of curls on large
Figure
stud
stud
2d, 31
Inside hollow anklet;
Mass of curls
also in soil inside anklet

Figure
2e

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

SEM-EDS

μ-Raman

Technique Site

OM

La Fosse Cotheret

Olympus, Nachet,
Nikon

/

Tintignac

Olympus, Nachet,
Nikon

/

Bocholtz

Zeiss Axioskop 40 on
polished thin section

/

/

/

/

Zevenbergen

Hirox KH7700

/

/

/

/

Uden

Hirox KH7700

Bruker ARTAX μ-XRF
Mo-source,
50 kV 150/300 μA
XFlash 3001 SDD

XRD

Hitachi S2500 with Imix Philips PW 1700 Cu Kα,
PGT EDS 15/20 kV
40 kV 30 mA
LEO 435 Low Vacuum
/
with Imix PGT EDS
15/20 kV, 50 Pa

/
/

JEOL JSM 5910 LV with
Bruker D8 Discover Cu Thermo Scientific DXR
Thermo Fisher
Kα, 40 kV 30 mA
Raman Microscope
Scientific SDD EDS 20
0.3/0.8 mm spot size
Laser 532 nm
kV, 30 Pa

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

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 waterlogged. The soils contain particles varying from coarse
sand (~210-2000 μm) to fine silt (~2-50 μm). 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 atmospheric conditions before being covered by soil or sediment. Here, “ritual” refers to deliberate action by people 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 (former, 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.

Figure 2: Samples of curly malachite used in this study: (a) mass of curls in hollow ornament from La Fosse Cotheret28; (b) curls on carnyx found in
Tintignac29; (c) mass of curls in soil surrounding jug from Bocholtz30; (d) individual curl in stud from Zevenbergen31; (e) removed curls from anklet found in
Uden. BSE: backscattered electron image, OM: optical microscope image.

2.2

Analytical techniques

The CM samples have been investigated applying analytical techniques and instruments as shown in Table 3.
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25

www.e-PRESERVATIONScience.org

Parameter
Site

L (μm)

D (μm)

B (μm)

F (μm)

T (μm)

# curls
analyzed

La Fosse
Cotheret

100 ± 50

20 ± 10

15 ± 5 0.6 ± 0.4 26 ± 25

12

Tintignac

800 ± 300

80 ± 30

17 ± 5 0.4 ± 0.2

8

Bocholtz

475 ± 225

60 ± 10

Zevenbergen 1000 ± 800
Uden

n.d.

115 ± 85 90 ± 10

n.d.

0.4 ± 0.2 36 ± 35
n.d.

3

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”.

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

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

curls are three-dimensional objects, their size is so
small that they can only be specified through twodimensional 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 cemented in corrosion crusts or soil material. That is also the
reason why the curl base in this sample set is not clearly 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 metals or soil rather than on the interface of the corrosion
layer with the bare metallic substrate.

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 context and information.
To give a clear morphological characterization of the
malachite curls, an approach of parameters is developed in this research and schematically shown in
Figure 3. The illustration does not intend to be a representation 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 diameter of the curl (D), of a fibre bundle (B) and of an individual crystalline fibre (F). Curvature is also an important 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

The curls are systematically built up of fibres, only visible 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 transversal bands varies in one curl from a few microns to
about 100 μm. 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

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

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.

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.

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, sawtooth-shaped features can be discerned (arrow in
Figure 6b).

3.2

Composition

XRD and µ-Raman measurements reveal that all curls
as well as the coexisting unbanded massive green corrosion layers from this study are solely malachite
(Cu2(CO3)(OH)2). 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 elements 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 microscope, a deceptive local colour change was experienced on the curls from Uden (Figure 7a), which were

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

4.1

Morphological characterization

The ubiquitous, coexistent corrosion layers of malachite on the object have a different appearance from
curly malachite (Figure 2d)3. The layers are usually neither 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 malachite may form with cuprite as precursor by penetration of corrosive agents like oxygen, while CM precipitates directly from an aqueous solution (section 1.3).

The proposed approach of morphological characterization 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.

4.2.2

The next step is growth and particularly curvature in
the case of CM. When adopting the precipitation theory, it is assumed that a fibre elongates by the addition
of new material to the tip of the crystal22. 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, resulting 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).

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 properties of helictites (section 1.3) are comparable to CM
from this study (Table 4). Therefore, the growth mechanisms for these materials are used to propose a formation process appropriate to curly malachite.

4.2

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 direction22.

Formation mechanism

In an attempt to gain a better understanding of the formation 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

Growth of curls

Other options, as described in section 1.3, are considered to be less plausible. The minor elements measured in samples from Uden are most likely environmental contamination (section 3.2). Banding and/or
curling as a result of impurities and the inherent movement of screw dislocations is thus improbable, thereby
following Lieber”s theory10. 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.

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 (“cavities”). Cupric ions are then released and dissolve in the
(carbonate-containing) water. (Figure 8a)

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 azurite is sometimes associated with malachite (section
1.2), it may be hypothesized that it can act as a precursor, after which transformation to malachite occurs17.
However, the coexistence of massive malachite corrosion 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.

Changing conditions like water evaporation, pH-fluctuations or temperature changes, trigger the formation of a supersaturated aqueous solution of cupric
and carbonate ions. Malachite consequently nucleates
as a single crystal in a polyhedral shape19, with its monoclinic prismatic crystal system enabling the preferential formation of needle-like structures or fibres. The
substrate can either be the object, or neighbouring soil
particles. Nucleation on specific features of the substrate may lead to heterogeneous precipitation, which
is possible on hydrophilic substrates24, like malachite
or quartz. Adjacent deposition of polyhedrons leads to
a bundle of single-crystal fibres. The ordered arrangement of fibres in bundles would therefore be a result of
favourable nucleation, in combination with consequent growth. (Figure 8b)

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

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

The observed sawtooth-shaped features show
remarkable resemblance to the dissolution characteristics 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
system8,16, but for sake of clarity and readability of the
figure, a hexagonal basic crystallographic shape is
chosen to represent the nuclei.

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 substrates, in combination with a suitable technique to
measure impurities (section 3.2) may validate the formation method and yield data on the rate of formation, allowing to give a realistic estimation of curl age.

4.2.3

4.3

Rate of formation

Factors influencing growth modality

In general, the formation of corrosion products during
the long-term burial of bronzes is quite complex,
depending on numerous factors3,35 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

In literature, the rate of formation of (malachite) curls
is not described. However, the formation of micrometre-sized synthetic malachite crystals, also from solution, is reported to take place within a week33.
Furthermore, the amount of released cuprous and
cupric ions is highest in the first stages of corrosion21,34. Combining this information with data on
curly malachite may lead to an approximation of curl

Curly malachite on archaeological bronze, e-PS, 2016, 13, 23-32
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4.4

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 factors for the growth modality.

4.3.1

In the field, the perception exists amongst archaeologists and conservators that curly malachite is a mineralized remains of textile or other organic material. The
results of this study show that CM is composed of individual fibres and bands, as opposed to the structures
seen as pseudomorphs of formerly organic material
(section 1.4). Supporting Eggert”s arguments5, it is
argued that these pseudomorphs are clearly distinguishable from the curly malachite that is the subject
of this study.

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
environment19.

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 parameters, 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 environment. 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.

Burial sites contain either decomposing bodies or cremation remains. They accommodate a high concentration of amongst others fatty acids and CO227, localized 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 curls6,7. A
notable common characteristic of mineral CM is that is
predominantly forms in the presence of percolating
acidic water11,12.
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 periodically wet environments, enabling the formation of a
(supersaturated) water film, as opposed to waterlogged surroundings. Also, it is suggested here that a
certain combination of soil environmental conditions,
like pH, moisture content and porosity, triggers nucleation and growth of curly malachite. Possibly, a localization 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

Pseudomorph of organic material or not?

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 impurities. It is likely that
these changes are the result of conservation material
impregnating the curls. It is not uncommon to use
consolidating organic polymers during the conservation 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.

Microstructure of the object

In literature, the possible influence of the microstructure of bronze on the growth modality of curly malachite 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 pseudo-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 bundles, 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 abovementioned 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.

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 mechanisms of curly malachite (CM) in the future. The malachite 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:
• Cavities in or around the buried object are lined by a
water film in a wet environment.
• Cupric ions are released and dissolve in the water.
• 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 conditions results in transversal bands, visually observed as
different shades of green.
• 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.
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9. Q. Wight, The Curly Malachite of Schwaz-Brixlegg, Tyrol, Austria:
New Find from 5,000-year-Old Locality, Rocks & Minerals, 1998, 73 (5),
314-318.
10. W. Lieber, Locken, Ringe und Spiralen - kuriose Wachstumsformen
von Kristallen, Der Aufschluss, 2004, 55, 3-16.
11. T. Rosemeyer, In memoriam: The Flambeau Mine, Rocks & Minerals,
1997, 72, 344-347.

The foregoing sequence shows that anthropic activities do not have a major influence on the formation of
curly malachite. However, a localization of decomposition 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 environmental conditions in the future may provide additional insight in the proposed formation mechanism,
so that the implications of the occurrence of CM will
become more evident.
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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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