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Abstract 
Morphology of electrum from Khan Krum gold deposit, SE Bulgaria was studied by SEM at magnifications 
ranging from 500 up to 10000 times. Electrum particles sized from 5 to 200 µm were observed. They were 
obtained after crushing, milling and washing out of light minerals; after dissolution of silicates with 
hydrofluoric acid; from freshly broken surfaces, and from sections. The electrum studied came from low-
angle layer-like replacement pervasive silicification and from high-angle open-space filling veins of quartz-
adularia composition and colloform-banded textures. 
Electrum particles from the layer-like pervasive silicification have deposited in microvoids and interstices of 
massive microcrystalline quartz. They have no own morphology but have inherited the geometry of 
microvoids and quartz interstices. Their surface is smooth with numerous negative prints of quartz crystals. 
In open space in massive quartz they have formed botryoidal, globular and wirelike aggregates without 
crystal faces. In this case pores of 1-2 µm in diameter (or bigger) of oval and angular shape, and globules of 
0.3 to 2-5 µm in diameter were observed on their surfaces. 
Electrum particles from the high-angle veins were observed in microcrystalline quartz-adularia bands. They 
have formed botryoidal, globular, wirelike, branched and irregular aggregates without crystal faces. In 
sections they showed numerous pores of oval and angular shape and 0.5-1 µm in diameter. The final 
conclusion is that electrum from the high-angle veins has deposited under high and changeable 
supersaturation of hydrothermal fluids in respect to opal, quartz and adularia and on non-equilibrium 
conditions as a result of intense boiling of fluids, whereas electrum from the low-angle layer-like pervasive 
silicification has deposited via weaker boiling. 
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INTRODUCTION 
The morphology of minerals depends on 
composition and crystal structure from one 
side, and on the physicochemical parameters 
of the crystallization medium (temperature, 
pressure, saturation, salinity, redox-oxidation 
and alkali-acid conditions, etc) from other 
side. As any genetic type deposit of a given 
mineral forms in definite frame of 
physicochemical conditions, it determines a 
definite morphology of that mineral. This 
relationship is used in reconstruction of 
mineral-forming process, in mineralogical 
mapping, geological exploration and 
prospecting (Grigoriev et al., 1981; 1986). 
Morphology of gold and electrum also shows 
changes at transition from high-temperature 
through mesothermal to epithermal deposits 
(Petrovskaya, 1973). 
Morphology of electrum from Khan Krum 
gold deposit was studied in optical microscope 
(Marchev et al., 2004; Marinova, 2005; 2006a; 
Jelev, 2007). Only in one case electrum was 
liberated from embracing minerals and 
showed negative prints of quartz crystals 
(Marchev et al., 2004). Due to micron-scaled 
size of electrum from Khan Krum deposit 

(Marinova, 2007) its morphology was studied 
in scanning electron microscope. The results 
of this study are the purpose of the present 
paper. 
 
GEOLOGICAL STRUCTURE 
Regional geology 
Khan Krum deposit (known also as Ada Tepe 
deposit) is a part of electrum mineralizations 
in Krumovgrad goldfield in Eastern Rhodope 
Mountain, SE Bulgaria, which includes also 
the following occurrences: Surnak, Skalak, 
Synap, Kuklitsa and Koupel. The area of 
Krumovgrad goldfield is around 60 km2. The 
main regional geological structures in the 
goldfield are Kessebir gneiss dome (Bonev, 
2002) and EastRhodopian Paleogene 
depression (Ivanov, 1960). Both structures are 
extensional, related to the Late Alpine 
development of Rhodope Massif. The 
Kessebir dome is built up of two metamorphic 
units: lower (in the core of the dome) – 
Gneiss-migmatite complex and upper (in the 
mantle of the dome) – Variegated complex. 
The rocks of the Gneiss-migmatite complex 
consist of metamorphosed granites, 
migmatites and migmatized gneisses (Bonev, 
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2002). The Rb-Sr age of the protoliths of 
metagranites is determined as Variscan: 
328±25 Ma (Peycheva et al., 1998). The 
overlaying Variegated complex is an irregular 
alternation of para- and orthoamphibolites, 
para- and orthogneisses, schists, marbles, calc-
schists, ultramaphites, etc. The contact of both 
complexes is a zone of mylonitization, which 
is 0.5-0.8 m in thickness (Jelev, 2007). The 
rocks of the Variegated complex are covered 
by the coarse terrigenous sediments of 
Maastrichtian-Paleocene Krumovgrad group. 
The group in the region of Krumovgrad 
goldfield is represented by the Shavar 
formation, which consists of poorly sorted and 
poorly consolidated breccias, breccia-
conglomerates and sandstones of coluvial-
proluvial-alluvial origin (Goranov, Atanasov, 
1992). The contact between the sediments of 
Shavar formation and the underlaying 
metamorphic rocks is a regional, low-angle 
normal fault, dipping to NNE, determined by 
Bonev (1996) as Tokachka detachment fault. 
Marchev et al. (2004) consider Shavar 
formation as syndetachment. The Shavar 
formation is overlain by Breccia-conglomerate 
and Coal-bearing-sandstone formations of 
Priabonian age (Goranov et al., 1995). Lava 
flows, epiclastic rocks and seldom tuffs of Iran 
Tepe volcano of 32.7±1.4 Ma crop out to the 
north of Krumovgrad goldfield (Kibarov et al., 
2007). The volcanic activity was followed by 
scarce latitic to rhyolitic dykes of 31.82±0.20 
Ma and by intra-plate basalts dated at 26-28 
Ma (Marchev et al., 2004). 
 
Geology, mineralogy and hydrothermal 
alteration of Khan Krum gold deposit 
Khan Krum deposit is located 4 km to the 
south of Krumovgrad town on a hill of north-
southern elongation, sized 1.5/0.8 km with 
highest point Ada Tepe peak (492.4 m). It is 
hosted by the sediments of Shavar formation 
represented mainly by coarse to gravel 
breccias and breccia-conglomerates and less 
sandstones, argillites, marls and marlaceous 
limestones. The clasts of breccias and breccia-
conglomerates consist of various metamorphic 
rocks. The major tectonic structure in the 
deposit is Tokachka detachment fault dipping 
gently to NNE at 9-15°. The fault plane is 
traced by gouge. From the fault plane upwards 
in the sediments there are listric faults 
synthetic to Tokachka detachment fault with 
dips of 30-60° and high-angle east-west-
striking listric normal faults and strike-slip – 

normal faults, which dip to north and to south 
at dips of 80-90° (Fig. 1). Both systems of 
faults host electrum mineralization (Jelev, 
Hasson, 2002; Jelev, 2007). 
The styles of mineralization include: 1) low-
angle layer-like replacement bodies of massive 
pervasive silicification; 2) high-angle open-
space filling veins in the east-west-striking 
faults and 3) stockwork bodies. The biggest 
layer-like body is developed immediately 
above Tokachka detachmnet fault (Stenata 
outcrop – The Wall) and follows the fault 
plane. It is 350 m long, about 150 m wide with 
17 m average thickness (from 0.70 up to 25 
m). Its average gold grade is 7.3 g/t (Jelev, 
2007). That body is formed via metasomatic 
replacement of the sediments of Shavar 
formation and consists of massive 
microcrystalline quartz (98-99%), adularia and 
kaolinite (1-2%), electrum, marcasite and 
goethite pseudomorphs after pyrite (Kunov et 
al., 2001; Marchev et al., 2004; Marinova, 
2005, 2006a). Above that body other 10-11 
layer-like bodies of smaller thickness (from 
0.30 to 3-4 m) were outlined by drilling. In 
places where the layer-like bodies are 
transected by high-angle veins electrum-rich 
isometric stockwork ores are formed due to 
high jointing of rocks (Jelev, Hasson, 2002; 
Jelev, 2007). The mineralization in them is 
represented by stockwork veinlets composed 
of microcrystalline quartz, adularia, electrum 
and pyrite with colloform-banded, banded and 
massive microtextures. The high-angle veins 
are formed in open space from 0.10 up to 0.80 
m wide and have colloform-banded, banded 
and massive textures (Jelev, 2007). They 
consist of microcrystalline quartz, adularia, 
electrum and pyrite, and scarce hessite and 
petzite (Marchev et al., 2004). The highest 
gold and silver grades and electrum visible by 
naked eye are characteristic for the high-angle 
veins.  
The hydrothermal alteration of host rocks is of 
adularia-sericite type. It affects the whole 
section of Shavar formation but is fault-
controlled. The alteration of metamorphic 
rocks bеneath Tokachka detachment fault is 
developed to 10-15 m in depth (Kunov et al., 
2001; Marchev et al., 2004; Jelev, 2007). 
Argillic alteration is imposed on the adularia-
sericite one and crops out widely in the 
northern half of the deposit (Fig. 1). 
The mineralization in Khan Krum deposit is 
epithermal, low-sulfidation with the only 
economic mineral being electrum (Kunov et 
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al., 2001; Marchev et al., 2004; Marinova, 
2005; Marton et al., 2006; Jelev, 2007). It is 
deposited at temperatures about 210-180° С 
from low-salinity fluids before 35 Ma 
(Marchev et al., 2004; Marton et al., 2006). 
The fluids were dominated by meteoric water, 
partly re-equilibrated with metamorphic and 
magmatic basement rocks (Moritz et al., 
2007). The mineralization is older than the 
volcanic rocks of Iran Tepe volcano, what 

raises question about the source of fluids and 
heat. According to Marchev et al. (2004) the 
mineralization is subdivided into 4 stages: I – 
massive or banded quartz with rare pyrite and 
adularia; II – opal, chalcedony, adularia, 
pyrite, electrum and Au-Ag tellurides; III – 
quartz and calcite, small amounts of adularia 
and pyrite and IV – ankerite-dolomite, siderite 
and pyrite.  

 

 
 

Fig. 1. Geological map of Khan Krum gold deposit (after C. Jeleva in D. Jelev, 2004 – unpublished data): 1 – 
Priabonian: Breccia-conglomerate formation – coarse-grained sandstones and conglomerates; 2-4 – 
Maastrichtian-Paleocene: Krumovgrad group: 2 – breccia-conglomerates and breccias; 3 – argillites, marl 
and marlaceous limestones; 4 – coarse breccia-conglomerates and sandstones; 5-6 – metamorphic basement: 
5 - Variegated complex – amphibolites, amphibole and biotite gneisses; 6 – Gneiss-migmatite complex – 
metagranites; 7 – geological boundary; 8 – Tokachka detachment fault; 9 – fault (traced in left, inferred in 
right); 10 – quartz vein (traced in left, inferred in right); 11 – argillization; 12 – strong silicification; 13 – 
weak silicification; 14 – boulders from ancient mining. 
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The study of the layer-like body in Stenata 
outcrop (Marinova, 2005, 2006a, b) showed 
that the first stage is also electrum-bearing 
(Marinova, Nenova, 2007a). Mankov (2001 – 
unpublished data) found additionally scarce 
amounts of sphalerite, galena and marcasite in 
the second stage. 
 
MATHERIAL AND METHODS 
The electrum studied came from the layer-like 
pervasive silicification immediately above 
Tokachka detachment fault and from the high-
angle veins cropping out on the top of Ada 
Tepe hill. A part of electrum particles from the 
layer-like pervasive silicification was obtained 
after crushing, milling and washing out of light 
minerals; other part was obtained after 
dissolution of massive quartz with HF. Another 
part was from freshly broken surfaces of 
massive quartz. The electrum particles from the 
high-angle veins were from natural contact 
surfaces of millimetre-scale quartz-adularia 
bands and from sections perpendicular to the 
banding. The electrum particles were observed 
in Philips 515 scanning electron microscope 
(SEM) in secondary electrons at 25 kV voltage 
and magnifications ranging from 500 up to 
10 000 times. Their size varies from 5 to 200 
µm. The samples were covered with thin carbon 
layer before observations. 
 
RESULTS AND DISCUSSION 
Morphology of electrum from the layer-like 
pervasive silicification immediately above 
Tokachka detachment fault 
Quartz from the layer-like pervasive 
silicification on freshly broken surfaces clearly 
shows in SEM prismatic crystals and six-angle 
sections (Fig. 2, а). The accompanying electrum 
is represented by massive aggregates with 
negative prints of microcrystalline quartz 
crystals (Fig. 2, b, c, d) and more rarely of platy 
mineral supposed to be quartz pseudomorphs 
after calcite plates (Marinova, 2006b). Well 
developed quartz crystals stick up from some 
electrum aggregates (Fig. 2, b). In some cases 
the terminations of electrum aggregates are 
wrapped up round quartz crystals. When 
electrum fills linear arranged quartz interstices 
it forms branched and wirelike aggregates. Parts 
of them are formed in open space and have 
botryoidal surface (Fig. 2, e). Platy electrum 
aggregates probably deposited in joints are also 
observed (Fig. 2, f). Electrum aggregates grown 
in quartz interstices have smooth surface with 
very small pores (1-2 µm in diameter and 

bigger) of oval and angular shape. We suppose 
that the oval pores are related to inclusions of 
hydrothermal fluid and the angular ones are 
negative prints of crystals. Growth sculptures 
are not seen on the electrum surfaces. The 
SEM-observations showed that the deposition 
of quartz has begun earlier than the deposition 
of electrum, which has deposited in quartz 
interstices. 
The morphology of electrum studied is 
analogous to the morphology of electrum from 
Chala epithermal deposit, Eastern Rhodope 
Mountain, where numerous negative prints of 
quartz crystals were documented on the 
electrum surface and crystal faces were absent 
(Kostov-Kitin, 1996). 
The observations on freshly broken surfaces of 
the layer-like pervasive silicification showed 
microvoids, where electrum has deposited in 
open space as botryoidal, globular, branched 
and wirelike aggregates in association with 
quartz and adularia. The surface of electrum 
aggregates contains oval pores about 0.5-1 µm 
in diameter as well as globules of 0.3 up to 2-5 
µm in diameter (Fig. 3). 
 
Morphology of electrum from the high-angle 
veins 
Electrum from the high-angle veins is deposited 
in colloform bands consisting of 
microcrystalline quartz, adularia, pyrite, and 
sometimes chalcedony. The thickness of the 
bands varies from tens of millimetre to 1 cm, 
rarely more. Quartz is waterclear, milky, pale 
grey and brown and adularia is pale beige. In 
elecrtum-rich bands quartz and adularia are 
anhedral with grains of few microns commonly 
below 3-5 µm. In the next electrum-poor bands 
quartz and adularia except anhedral are also 
subhedral to euhedral 10-20-50 µm in size as 
the biggest reach 200 µm. The euhedral 
adularia has formed crystals of rhombic outline 
and comparatively rarely they are of tabular 
one. Microcrystalline chalcedony has formed 
bundle, V-like aggregates and spherolithes 
dispersed in quartz and adularia. In polarized 
light electrum is observed as micron-sized 
dispersed grains of oval and angular shape, 
wires in quartz interstices, clots and bonanza 
bands. In the latter case it is visible by naked 
eye. 
Observations by SEM of natural contact 
surfaces of colloform-banded veinlets sprinkled 
with electrum showed that electrum has formed 
aggregates of botryoidal and globular surface, 
branched and wirelike aggregates, which have 
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no crystal faces (Fig. 4). Association of 
electrum with adularia of rhombic (Fig. 4, f) 

and tabular outline is seen in some cases. 

 

 
 
Fig. 2. Morphology of electrum from the layer-like pervasive silicification immediately above Tokachka 
detachment fault in SEM. Electrum was liberated from embracing quartz by crushing, milling and washing 
out, and by dissolution of quartz with HF: a) euhedral and subhedral massive quartz from freshly broken 
surface. Scale bar 10 µm; b) massive aggregate of electrum with quartz crystals sticking up. Scale bar 100 
µm; c) aggregate of electrum with negative prints of quartz crystals. Scale bar 100 µm; d) branched aggregate 
of electrum in interstices of quartz crystals. Scale bar 10 µm; e) branched aggregate of electrum deposited in 
numerous interstices of quartz crystals; globular surfaces formed in open space. Scale bar 100 µm; f) platy 
aggregate of electrum. Scale bar 100 µm. 
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Fig. 3. Morphology of electrum from the layer-like pervasive silicification immediately above Tokachka 
detachment fault in SEM – freshly broken surfaces of quartz-adularia massive specimen: a, b, c – globular, 
branched and wirelike aggregates of electrum. Scale bar 10 µm; d) termination of the wirelike electrum from 
c). Scale bar 1 µm. 
 
Observations by SEM of colloform-banded 
veins cut perpendicularly to the banding 
showed complexly branched electrum 
aggregates that have developed transversely 
and obliquely to the banding. Electrum is 
abundant in the finest quartz-adularia bands, 
which are darker and are vitreous-like in 
comparison with the next electrum-poor 
microcrystalline quartz-adularia bands (Fig. 5, 
c, d, f). Figure 5 (c, d) shows electrum 
aggregates on the rim of a band in which the 
quartz and adularia crystals are not 
distinguishable in opposite to the next band, 
which has clear microcrystalline texture. One 
of these electrum aggregates shows botryoidal 
surface (on Fig. 5, e). Other peculiarity of 
electrum from the colloform-banded veins is 
the abundance of pores in sections of electrum 
(Fig. 5, f). They are oval (probably inclusions 
of hydrothermal fluid) and angular (negative 
prints of quartz and adularia crystals). The 
abundance of oval inclusions suggests phase 
separation in response to intense boiling of 
hydrothermal fluids.  

The presence of adularia with a relatively 
disorded Al/Si distribution (sanidine-like) 
points also to a high rate of nucleation and 
crystal growth (Marton et al., 2007), which 
realizes in a boiling process. In addition, the 
rhombic and tabular outlines of adularia are 
recognized by Dong and Morrison (1995) as 
indicative for growth on condition of high 
supersaturation in response to rapidly 
changing conditions. 
The presence of quartz and adularia of 
different grain size is concerned with varying 
physicochemical conditions of crystallization. 
Quartz and adularia below 3-5 µm in size are 
evidence for high density of nucleation and for 
high supersaturation of hydrothermal fluids. 
Quartz of such size was found out in siliceous 
sinter in Skalak occurrence together with 
coarser quartz (up to 30-50 µm in size) as their 
relationship showed that the finer quartz was 
earlier (Marinova, Nenova, 2007b). The 
studies of Herdianita et al. (2000), Lynne et al. 
(2007), and others revealed that during 
deposition of siliceous sinter it consists largely 
of amorphous opalline silica, which then 
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crystallizes in microcrystalline quartz in 
around 50 000 years. These studies are 
argument for us to suppose that quartz below 
3-5 µm from the colloform-banded veins has 

crystallized from amorphous silica. It is also 
known that in the opal-chalcedony-quartz row 
opal requires highest saturations (Xu et al., 
1998).  

 
 

 
 
Fig. 4. Morphology of electrum from natural contact surfaces of colloform-banded quartz-adularia veins in 
SEM: a) globular aggregate of electrum; b) branched aggregate of electrum with numerous pores on its 
surface; c-f) wirelike aggregates of electrum. Scale bar 10 µm; el – electrum; ad – adularia. 
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Fig. 5. Morphology of electrum from sections perpendicular to the banding in SEM: a, b) colloform-banded 
veinlets of various grain size. Electrum is developed transversely and obliquely to the banding; c, d) details 
of electrum-containing quartz-adularia colloform bands. Vitreous-like outlook of electrum-rich bands in 
comparison with the next electrum-poor crystalline bands; e) globular surface of electrum aggregate with 
many pores on it; f) section of electrum aggregate with many pores. Scale bar 10 µm; el – electrum. 
 
The high variation in grain size of quartz 
crystals, the simultaneous presence of quartz 
and chalcedony indicate high and changeable 
saturation of fluids in respect to silica, which 
could have resulted from boiling of fluids. 
The lack of crystal faces, the botryoidal, 
globular, wirelike and branched aggregates of 
electrum suggest rapid crystallization on non-
equilibrium conditions, which is also an 
argument that supports the boiling model. 

The abundance of oval pores in electrum from 
the high-angle colloform-banded veins, the 
smaller grain size of quartz in them and the 
presence of abundant adularia suggest more 
intense boiling of fluids during formation of 
the high-angle veins in comparison with the 
layer-like pervasive silicification. The intense 
boiling has also favoured the formation of 
bonanza veins. 
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CONCLUSION 
1. Electrum from the layer-like pervasive 
silicification immediately above Tokachka 
detachment fault has deposited mainly in 
interstices of massive microcrystalline quartz 
and its morphology inherited the geometry of 
quartz interstices as the deposition of electrum 
has taken place after the beginning of quartz 
deposition. Electrum has also deposited in 
microvoids where it has formed botryoidal, 
globular, and wirelike aggregates without 
crystal faces. 
2. Electrum from the bonanza high-angle veins 
has deposited in the finest quartz-adularia 
bands where quartz and adularia grains are 
sized below 3-5 µm and are anhedral. 
Electrum has formed botryoidal, globular, 
wirelike, and branched aggregates without 
crystal faces. 
3. Lack of crystal faces, botryoidal, globular, 
wirelike, and branched aggregates of electrum 
suggest rapid crystallization on non-
equilibrium conditions. 
4. We relate the higher content of electrum 
and adularia, the abundance of oval pores in 
electrum, the finer size of quartz grains and 
the varying size of quartz and adularia grains 
in the high-angle colloform-banded veins to 
more intense boiling of hydrothermal fluids at 
formation of the high-angle colloform-banded 
veins in comparison with the layer-like 
pervasive silicification. 
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