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Supergene Alteration 
of Ore Deposits: 
From Nature to Humans

INTRODUCTION 
Supergene processes, irrespective of their natural or anthro-
pogenic origin, lead to the formation of oxygen-bearing 
minerals from the polar to the tropical climatic zones. 
This type of mineralization can occur as gossans or as 
anthropogenic chemical compounds that can coat smelter 
slags, grow in tailing ponds, or cover the walls of adits and 
galleries as a result of post-mining oxidation (Brimhall and 
Crerar 1987; Ettler et al. 2001; Manasse and Mellini 2002; 
Dill et al. 2002, 2013a,b; Belogub et al. 2008; Dill 2010). 
Supergene minerals have even been derived from human-
induced disasters like fi re. All such minerals form in the 
Critical Zone—the contact zone where the atmosphere, 
biosphere, pedosphere, and hydrosphere interact (Brantley 
et al. 2007) (FIG. 1). In the deepest portions of the hydraulic 
zone of a gossan (equivalent to the classical “cementation 
zone”), reducing conditions immediately atop the primary 
sulfi de ores provoke secondary sulfi des, such as covellite 
(CuS) or chalcocite (Cu2S), to precipitate and increase 
overall grades (FIG. 2). Some recent reviews address this 
deeper hydraulic zone (e.g. Titley 2009). Other authors 
have focused on the common duricrusts (hard crusts that 
form on or in soil in semiarid climates owing to cementa-
tion of soil particles) regardless of whether these deposits 
are of geomorphological signifi cance or achieve economic 
relevance, such as laterites or bauxites (Taylor and Eggleton 
2001; Boyle 2003; Arancibia et al. 2006; Dixon and McLaren 
2009). And a very specifi c type of supergene enrichment 
takes place under tropical climatic conditions on Co- and 

Ni-enriched parent rocks that 
leads to blankets of Fe-bearing Ni–
Co laterites (Bergman 2003; Marsh 
et al. 2013; Reich and Vasconcelos 
2015 this issue).

Supergene mineral deposits and 
orecretes have played key historical 
roles in the economic development 
of ancient and modern societies, 
but also have resulted in natural 
and anthropogenic contamination 
and modifi cation of local environ-
ments and adjacent surroundings. 
In the present review, examples are 
given to bridge the gap between 
natural and anthropogenic super-
gene alteration, including copper 
and uranium enrichment in 
gossans and anthropogenic super-

gene mineral formation in ancient mines and settlements 
due to metallurgical activities and fi res and blasts. 

KEY FACTORS CONTROLLING 
SUPERGENE ALTERATION 
The deposits resulting from supergene alteration in the 
oxidized zone are called “orecretes” (Dill et al. 2013a). 
Orecretes can be subdivided into oxicretes (oxide plus 
hydrate), carbocretes (carbonate), silicacretes (silica), 
halcretes (halogenides: Cl, I, F, and Br), sulcretes (sulfate 
plus aluminium phosphate sulfate minerals), phoscretes 
(phosphates), arsenocretes (arsenates), and vanadocretes 
(vanadates). For more precision, metal names are added 
as a suffi x to the orecrete term, e.g. Pb–Zn carbocretes. 
Supergene copper and uranium mineralizations are repre-
sentative model systems of the pathway from the primary 
ore through the topmost orecretes and will be used herein 
as cases in point.

Supergene alteration processes, accountable for the devel-
opment of orecretes, are controlled by three basic factors. 
The fi rst, and most important, factor is that of the parent 
material. This can be the country/wall rocks (e.g. limestone) 
and primary ore minerals (e.g. galena), all of which signifi -
cantly infl uence the development of orecretes. Limestones 
favor the precipitation of carbocretes, whereas Se–Mo 
orecretes and arsenocretes only develop on parent material 
strongly enriched in the marker elements As, Se and Mo 
that were contained in the primary ore minerals (FIG. 3). 
The second factor is the local landform, which is shaped 
by hydrological and pedological processes coupled with the 
geodynamic evolution of the crustal section under consid-
eration. In low-relief areas (e.g. lowlands, plateaus, and 
deeply eroded mountain belts), the full range of orecretes 
may be expected. The third factor is the (paleo)climate 

Supergene minerals form under near-ambient conditions on the Earth’s 
surface. Supergene mineralization is controlled by the parent rock 
composition, climatic conditions, geomorphological environment, and 

chemical compounds added during mineral processing. They appear in altera-
tion zones called “orecretes.” Bronze Age miners exploited these easily acces-
sible high-grade soft ores for Fe, Cu, Pb, and Ag. Some supergene minerals can 
also grow in poorly ventilated mining galleries and shafts, coat metal mining 
artifacts and smelting residues, and form from disastrous blasts and fi res 
in ancient mining settlements. Supergene deposits bridge the gap between 
humans and metal resources at the interface between rock, soil, air, water, 
and living organisms. These deposits provide essential clues to geological, 
environmental, and archeological studies.
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and it has the most decisive and balancing effect on the 
physico-chemical regime under which the orecretes form. 
Vanadocretes, halcretes, sulcretes, and, to a lesser extent, 
silicacretes are genetically related to latitudinal climatic 
zonation around the Earth. The same is true also for regions 
with a rugged or mountainous relief, where the same sort 
of orecretes observed during latitudinal changes show up 
again but as function of altitude. 

MINERALOGICAL VARIETY 
AT THE WATER–ROCK INTERFACE
The geologic, climatic and economic signifi cance of some 
of the world’s largest supergene metal deposits are reviewed 
by Reich and Vasconcelos (2015 this issue) and Vasconcelos 
et al. (2015 this issue). In this article, however, the focus 
is on selected localities around the world where oxida-
tion and enrichment processes of ores have resulted in 
a large mineralogical variety, and where studies focusing 
on the archeological aspects of supergene mineralization 
are available. 

In the historic Nabburg–Wölsendorf mining district of 
northeastern Bavaria (Germany), different minerals are 
associated with various types of fl uorite and contribute 
to the formation of supergene mineralization: silicates, 
sulfates, sulfi des, carbonates minerals, phosphates, oxides, 
and oxyhydrates. The ore veins cluster along a prominent 
NW–SE-striking shear zone and are predominantly hosted 
by granites and, to a lesser extent, by paragneisses (Dill 
et al. 2013a). The primary hydrothermal vein miner-
alization took place during the early Permian (295 Ma) 
through the Late Jurassic (145 Ma) at temperatures below 
200 °C (FIG. 2N). From the Neogene (9.6 Ma) through 
the Pleistocene (0.1 Ma), the Nabburg–Wölsendorf veins 
were subjected to a pervasive chemical weathering that 
differed signifi cantly from that of the temperate–humid 
morphoclimate zone of today. The ages of formation have 
been obtained from U–Pb dating of uranium minerals 
(FIG. 2K–N). 

In the fl uorite–barite veins, primary chalcopyrite gave rise to 
a wide variety of supergene copper minerals in the oxidized 
zone (e.g. azurite, chrysocolla, brochantite, langite, libet-
henite, linarite, malachite) and in the chemically reduced 

zone (e.g. cuprite, chalcocite, digenite, covellite, 
berzelianite, umangite). The most diagnostic Cu 
minerals are shown in FIGURE 2(B–J). Chalcopyrite 
is locally preserved as an “armored relic” in fl uorite 
and barite and is preserved in the orecretes even 
under oxidizing conditions (FIG. 2B–J). There is no 
sharp contact between the various hydraulic zones 
illustrated in the idealized scheme of FIGURE 2A due 
to the strongly fl uctuating groundwater table, itself 
a consequence of changes in the local drainage 
system. Selenides are closely linked to uranium 
minerals but are formed under more oxidizing, 
higher-Eh conditions than the associated U oxides. 

The decomposition of iron disulfi des (mainly 
pyrite) produces acidic meteoric fl uids. Pyrite is 
more susceptible to weathering than chalcopyrite 
and thereby helps speed up the process of super-
gene alteration of vein-type minerals and the disso-
lution of apatite in the adjacent granitic wall rocks 
(Rimstidt et al. 1994). The dissolution of the apatite 

provides the source for the phosphate anions in minerals 
like torbernite. Carbon is present in the atmosphere and 
biosphere and so carbonate minerals like malachite need 
no particular source. Azurite, on the other hand, is only 
stable under elevated partial pressures of carbon dioxide 
(pCO2), a condition fulfi lled only in mineral assemblages 
containing calcareous gangue. For the formation of chryso-
colla, alkaline solutions are needed prior to its formation. 
And covellite precipitated in the cementation zone around 
galena grains, which happens by an electrochemical 
reaction between Pb and Cu. 

A drastic lowering of the groundwater level and resultant 
transfer of secondary minerals from the phreatic into the 
vadose hydraulic zone can lead to perimorphoses (pseudo-
morphism by coating) in the Nabburg–Wölsendorf mining 
district (FIG. 2). The “chalcocite blanket,” composed of 
chalcocite and native copper, marks the transition from 
the cementation zone into the oxidized zone. A protracted 
decomposition of native copper on deepening of the water 
level accounts for the presence of native copper even in 
the oxidizing zone and gossan. At the passage from the 
vadose to the phreatic zone, tenorite was found associated 
with torbernite (FIG. 2G). Nontronite, secondary copper 
minerals, and uranium micas are paragenetic and were 
formed during the Pliocene. This is confi rmed by K–Ar 
dating of cryptomelane, yielding Pliocene ages of forma-
tion (~4 Ma) that are similar to the “yellow U ore” miner-
alization determined by laser ablation inductively coupled 
plasma mass spectrometry (LA–ICP–MS) U–Pb dating (Dill 
et al. 2013a).

SUPERGENE URANIUM MINERALIZATION: 
A CLOCK FOR THE CENOZOIC
Dating supergene uranium minerals is easier than for most 
other rock-forming minerals because of the inherent radio-
active decay of U and these minerals’ rapid response to 
chemical and physical changes in the hydraulic regime. 
The close interdigitating of geological processes and ample 
data on age of formation enabled us to fi ne-tune the evolu-
tion of the landscape and geomorphology of the supergene 
mining district in Nabburg–Wölsendorf (Dill et al. 2103a) 
(FIGS. 2, 3). One of the most appropriate group of minerals 
to tackle the wide range of issues of supergene alteration in 
U-bearing systems is the commonly called “yellow uranium 
ore,” illustrated in FIGURE 2. These minerals can be used 
for age dating and constraining the physico-chemical 
regime. Uranyl (U6+) phosphates (e.g. torbernite, autunite), 
hydrated uranyl silicates (uranophane), and “gummites” 
(e.g. schoepite, fourmarierite) are observed at various 

FIGURE 1 Cartoon showing controls on supergene 
mineralization in the “Critical Zone” where the 

biosphere, atmosphere, lithosphere, pedosphere (soil), and 
hydrosphere intersect. Orecretes are the mineralized deposits left 
behind from the supergene alteration of primary ore bodies or 
deposits left behind by human mining activities. Orecretes are 
found in the oxidized leached zone. 
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erosion levels in the late Paleozoic granites and country 
rocks in southeastern Germany. LA– ICP–MS dating allows 
for a fi ne-tuning of the stratigraphy of supergene alteration 
and sheds light on the chronology of geomorphological, 
pedological, and hydrogeological processes (FIG. 2K–N). 

Supegene alteration of the Nabburg–Wölsendorf uranif-
erous granites can be divided into four stages, the develop-
ment of which depended on changes in Cenozoic climate, 
geomorphology, and pedology Stage I (U mineralization in 
the infi ltration zone) mirrors the relic granitic landscape 
with high-altitude divides and high-altitude alluvial and 
fl uvial terraces on an ancient peneplain. Stage II (U miner-
alization in the infi ltration zone, regolith and saprock) 
includes planation and exhumation, resulting in the 
exposure of inselbergs/bonhardts and quartz reefs. Stages 
III and IV (U mineralization in the percolation zone and 
saprock) are controlled by the incision of the trunk river 
Donau (Danube) in the foreland. Rapid incision caused 
tors to form, whereas periods of decreased fl uvial incision 

caused their destruction and pitting. A subtropical climatic 
regime and the availability of water are the most crucial 
factors for a full-blown cycle of supergene alteration to 
develop, which in this case lasted from 9.6 Ma through 
0.1 Ma (Dill et al. 2013a). Therefore, alteration of primary U 
minerals during supergene oxidation and enrichment can 
signifi cantly contribute to the evolution of the landscape 
and can be used to constrain the physico-chemical regime 
of weathering and hydrology (FIG. 2K–N).

BRIDGING NATURAL AND 
ANTHROPOGENIC SUPERGENE 
ALTERATION: CHRONOLOGY AND 
TEMPERATURE OF FORMATION
Geochronology dating methods—14C, U–Pb, K–Ar, Ar–Ar, 
(U–Th)/He, U-series disequilibrium, and optically stimu-
lated luminescence dating—have been used to constrain 
the timing of weathering and supergene mineralization in 
a wide variety of supergene settings (Geyh and Schleicher 

FIGURE 2 A comparison of secondary Cu and U minerals 
(U yellow ore) in fl uorite vein-type deposits in 

Nabburg–Wölsendorf, Germany. (A) Cartoon illustrating the 
 weathering and hydraulic zones in Variscan granitic terrains at 
the western edge of the Bohemian Massif. The physico-chemical 
regimes of the fault-bound mineralization are based on thermody-
namical calculations: primary ore (yellow), reducing regime (pink/
stippled), and the oxidizing regime (grey). The primary ore origi-
nates from per ascensum (hypogene) mineralization. The gossan 
with the orecretes (oxidizing regime) and the cementation zone 
(reducing regime) are derived from per descensum mineralization 
(supergene). (B–J) Photographs of minerals found in the different 
mineralization regimes. (B) Chalcopyrite (CuFeS2) growing on 
white fl uorite – Erika Mine. (C) Chalcocite (Cu2S) coating chalcopy-
rite in yellow brown fl uorite (“honey spar”) – Wölsendorf Mine. 
(D) Covellite (CuS) covering chalcopyrite in quartz – Wölsendorf 
Mine. (E) Cuprite (Cu2O) red with specks of native copper (metallic 
luster) and black tenorite – Roland Mine. (F) Native copper (Cu) on 

quartz – Marienschacht Mine. (G) Tenorite (CuO) pseudomorphing 
 chalcopyrite. The green tabular crystals are torbernite 
(Cu(UO2)2(PO4)2·12H2O) – Roland Mine. (H) Malachite 
(Cu2(OH)2CO3) on quartz – Marienschacht Mine. (I) Chrysocolla 
(Cu4H4(OH)8Si4O10]·nH2O) – Roland Mine. (J) Limonite (goethite) 
(α-FeOOH) pseudomorphing chalcopyrite crystal between black 
fetid fl uorite (left) and colorless fl uorite (right) – Marienschacht 
Mine. (K–N) Photographs of mineralization representing the 
different stages of supergene alteration that occurred between 
295 Ma and 0.1 Ma. (K) β-uranophane (Ca2(UO2)2(SiO3)2OH·H2O) 
– Johannes Shaft; (L) Torbernite (Cu(UO2)2(PO4)2·11H2O) – Roland 
Mine; (M) “Gummite” formed of wölsendorfi te ((Pb,Ba,Ca)
U2O7·2H2O), kasolite (PbUO2SiO4·H2O), fourmarierite 
(Pb(UO2)4O3(OH)4·4H2O) and vandendriesscheite 
(Pb(UO2)10O6(OH)11·11H2O) – Girnitz Mine; (N) Pitchblende (U3O8) 
globules with schoepite ((UO2)8O2(OH)12·12H2O) and ianthinite 
(UO2(OH)2) – edge Johannes Shaft. Images B–J scale is ~10 mm, 
images K–N scale is 10–50 mm.
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1990; Wagner 1995; Vasconcelos 1999; Shuster et al. 2005; 
Reich et al. 2009; Vasconcelos et al. 2015). Furthermore, 
signifi cant knowledge has been obtained from the study of 
conventional and non conventional stable isotope fraction-
ation in supergene systems (Mathur and Fantle 2015 this 
issue); thus, combined stable and radiogenic isotope 
analysis of supergene minerals can have a broad appli-
cation in understanding climatic and geomorphic evolu-
tion of selected areas, with increasing temporal resolution 
and precision. 

For example, supergene Cu-, Zn-, and Pb carbonates 
(azurite, malachite, cerussite, and smithsonite) have two 
advantages in terms of isotopic dating and fi ngerprinting 
recent supergene processes. First, they can be used for radio-
carbon age dating of geological processes up to ~30 ka, 
extending supergene dating into the archeological realm 
(e.g. Dill et al. 2013b). Secondly, their oxygen and hydrogen 
compositions offer a tool to determine the paleotempera-
ture of Zn-, Cu-, and Pb carbocretes (Melchiorre and Enders 
2003). 

In supergene studies, two different temperatures have to 
be distinguished from each other: (1) the zonal tempera-
tures that change with the latitude and the altitude in, 
for example, high-relief areas, and (2) the temperature of 
formation. Other factors that play a role include sulfate-
bearing fl uids, which are the most important part during 
decomposition of sulfi des (Rimstidt et al. 1994). Geologists 
also need to consider the actions of bacteria such as 
Thiobacillus ferrooxidans, which can increase the sulfate 
concentration (Kasama and Murakami 2001). The produc-
tion of organic matter, the availability of water, and the 
depth of the weathering profi le can all stimulate bacterial 

activity during the formation of orecretes. There 
is a slight increase in the temperature of forma-
tion of carbocretes relative to the paleotempera-
ture in the humid mid-latitudinal zones around 
the globe, and a conspicuously strong increase 
when passing into the tropical humid zone. 
Elevated, tropical zone–style oxidation tempera-
tures have been reported in the carbocretes from 
pyritiferous Cu–Pb–Zn deposits in Myanmar 
and the Democratic Republic of Congo (~51 °C 
and 53 °C), where the latitudinal temperature 
values stood between 21 °C and 23 °C (Dill et 
al. 2013a). 

It is important to highlight that the natural 
alteration phenomena discussed in the previous 
sections lead to the formation of secondary 
mineral assemblages that record chronological, 
physico-chemical, and environmental informa-
tion. These data are necessary for reconstructing 
supergene alteration histories, but also provide 
important evidence in archeological studies. 
In the following section, some examples are 
provided on how ancient mining activities have 
disturbed the natural oxidation and enrichment 

of ore deposits and associated mining artifacts to form 
anthropogenic supergene alteration assemblages.

SUPERGENE ALTERATION OF MINING 
ARTIFACTS AND TAILINGS 
Anthropogenic mining residues—or post mining mineral 
assemblages—result from descending meteoric waters in 
galleries and opencasts. Effl orescence (or loss of water by 
a hydrated salt) is triggered in cave and underground mine 
environments by ventilation and the exposure of minerals 
to subaerial processes. In the ancient adits of the Mega 
Livadi Mine, a skarn deposit at Serifos (Greece), Cu–Pb 
arsenates, Cu humate–oxalates, and Cu humate–carbonates 
were found and dated (Dill et al. 2010) (FIG. 4). Radiocarbon 
dating of humate–oxalates yielded a 14C calibrated age of 
3325 to 2890 BC, which suggests the Bronze Age. This type 
of mineralization is of importance in three ways. First, it 

FIGURE 3 Flow chart of how orecretes (orange) form. First-order 
factors (framed by bold-faced lines): climate (yellow), 

landforms (green), and parent material (blue). Second-order factors 
(framed by stippled lines): related to climate (yellow), related to 
landforms, pedology (dark green), geomorphology (olive green), 
hydrology (bright green) and related to parent material geology 
(light blue), petrography (gray blue), mineralogy (dark blue). 
Third-order factors (framed by normal lines) and their interaction: 
related to the physical-chemical regime (temperature, Eh, pH), 
related to pedology (organic redox system, organic buffer system), 
related to geomorphology (thickness of orecrete), related to 
hydrology (inorganic redox system, solvent system, organic buffer 
system, depth of orecrete), related to petrography (type of 
orecretes, inorganic buffer system), related to mineralogy 
(inorganic redox system, qualifi er of orecretes, type of orecretes).

FIGURE 4 Copper–carbonate mineralization found in the adits 
of the Mega Livadi Mine (Serifos, Greece), which 

operates the gossan of a Cu–Fe skarn deposit. Visible are sprays 
of lavender-blue acicular azurite (az) coating a Cu humate–oxalate 
(hu); lath-shaped prisms of a vivid green malachite (ma) are older 
than the az+hu blue aggregates. These Cu carbonate and humate–
oxalate assemblages developed on rust brown deposits of goethite 
and arsenates (go–as). 
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offers an insight into the most recent weathering 
processes of base-metal mineralization in the 
Aegean Sea region. Secondly, it gives an overview 
of mining activities across Europe from Cyprus, 
the “Cradle of Cu mining,” to Great Britain during 
the Bronze Age. And fi nally, the physicochem-
ical features of this multistage alteration may be 
employed to explain the compositional variation 
under (sub)tropical through temperate climatic 
conditions in tailings derived from benefi cia-
tion of As–Cu ores elsewhere. In the case of the 
Matchless chalcopyrite–pyrite deposit in Namibia, 
mineralogical, geochemical, and microbiological 
processes operating in the tailings ponds under 
semiarid climates have produced orecretes 
that originated from the alteration of primary 
sulfi des and carbonates left over after metal-
lurgical recovery (fl otation) and from chemical 
agents (e.g. lime, phosphate) added during ore 
processing. The tailings discharge and the early 
diagenetic alteration led to a pronounced bedding 
and the development of distinct layers. In the 
tailings impoundment this produced gypsum–
carbonate (e.g. huntite), gypsum–sulfate (e.g. melanterite), 
gypsum–phosphate (e.g. brushite), gypsum–chloride (e.g. 
halite), while at the surface there was a sulfate–gypsum 
effl orescence (e.g. copiapite). The tailings and surface super-
gene mineralogy provides an overview of the history of 
mineral processing (Dill et al. 2002) (FIG. 5). Excluding the 
infl uence of manmade chemicals used during processes 
such as fl otation, anthropogenic supergene alteration 
systems such as Matchless provide detailed information 
that is valuable for reconstructing near-surface alteration 
histories in supergene metal deposits (e.g. Martycak et al. 
1994, Boyle 2003, Belogub et al. 2008, and Taylor 2011).

SUPERGENE ALTERATION OF SMELTING 
RESIDUES AND DISASTER-INDUCED 
ALTERATION
After the Bronze Age around 1200 BC, the onset of the Iron 
Age was characterized by weapons and ornaments made of 
Fe instead of Cu alloyed with Sn. During the La Tene period 
(late Iron Age), Celtic miners and smelters headed north 
into the foreland of the North Eastern Bavarian Basement 
(Germany), exploiting soft iron ore. The minerals most 
typical of such archeometallurgical artifacts are fayalite, 
leucite, wuestite, quartz, cristobalite, magnetite, native 
iron, and glass. Mining residues dumped near the blast 
furnaces used to be covered with goethite and “limonite”. 
Around 1600 AD, miners and smelters from southeastern 
Germany went further north in search of Cu and success-
fully exploited the gossans of stratabound volcanogenic 
massive sulfi de (VMS) deposits. The slag heaps from the 
Kupferberg site (Germany), for example, are covered with 
brochantite (Cu4SO4(OH)6), a supergene copper sulfate.

Early mining and smelting operations during the Bronze 
Age in Greece, Cyprus, and the Middle East left behind 
large dumps that produced sulfate mineralization of 
much greater diversity than the equivalent mineraliza-
tion in Germany. These dumps have had a longer time to 
form secondary supergene-type minerals, and the quality 
of the slags, plus the semiarid climate, were pivotal for 
the ubiquitous development of brochantite, wroewolfeite 
(Cu4SO4(OH)6·2H2O), posnjakite (Cu4SO4(OH)6·H2O), and 
devilline (CaCu4(SO4)2(OH)6·3H2O) in the vugs and cracks 
of metallurgical relics. In places, the mining residues were 
not only exposed to atmospheric processes, which mainly 
caused sulfates to precipitate, but also to human-related 
physico-chemical processes, such as blazes or fi res in the 

FIGURE 6 Supergene “disaster” minerals. (A) Aggregates of 
intimately intergrown crystals of thin tabular crystals 

of phosphosiderite (ph) with prismatic crystals of strengite (st) from 
Naila–Marmormühle (Germany) viewed with a scanning electron 
microscope; (B) Eh–pH diagram to show the physical–chemical 
conditions under which FePO4·2H2O formed.

FIGURE 5 Supergene mineralization of mining residues at 
Matchless copper pyrite deposit, Namibia, in the 

tailing ponds under acidic semiarid environments. The inset shows 
brushite and gypsum viewed with a scanning electron microscope. 
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miners’ settlements. These artifi cial processes gave rise to 
a totally different mineral association, either of mixed 
sulfate–phosphate type or pure phosphate mineral assem-
blages. Coquimbite (Fe2(SO4)3·9H2O), for example, origi-
nated from recombing Fe and S in slags as a result of fi res 
set ablaze by either the dwellers of the settlement or by 
lightning strikes. Phosphosiderite and its polymorphous 
compound strengite (FePO4·2H2O) is thought to result from 
anthropogenic sources of phosphate (FIG. 6). Hilgenstockite 
(Ca4P2O9), a chemical compound exclusively formed in Fe 
slags rich in apatite, has been derived from the ore gangue 
and been preserved as a relic in the lower temperature parts 
of a blast furnace (Dill et al. 2013b).

CONCLUSIONS
Because supergene alteration develops at the critical zone, 
its products (or “orecretes”) become a link between the 
solid, liquid, and gaseous constituents of the Earth under 
near ambient conditions. A wide range of disciplines must 

be utilized to fully explain the emplacement and often 
complex physico-chemical regime of supergene mineral 
formation. Despite their common occurrence in the geolog-
ical record, it is in the most recent part of the Earth’s history 
that orecretes have played, and are playing, a prominent 
role. Supergene mineralization is a link between minerals, 
society, and history.
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