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ABSTRACT 
 

This chapter provides new insight into the formation of high-grade 

precious-metal ores in low-sulfidation deposits. It presents textural 

evidence for formation of electrum flocs in a boiling environment under 

epithermal conditions. Data comes from the Eocene low-sulfidation, 

sedimentary rock-hosted, detachment fault-related Khan Krum precious-

metal deposit in SE Bulgaria (5.1 Mt at 5.1 g/t Au + 2.7 g/t Ag). The 

reported textures are observed in a steep colloform-banded veinlet (about 

0.5 mm thick) of quartz-adularia composition, high electrum grades and 
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open-space deposition. The studied veinlet consists of four micro-bands of 

parallel walls and fifth micro-band of nearly sinusoidal shape (alteration of 

thicker and narrower portions). In the sinusoidal-walled micro-band 

electrum displays a particular distribution: it forms dense aggregates only 

in the thicker portions at micro-scale, whereas the narrow portions are 

barren or contain scarce electrum aggregates and/or powder-like electrum 

impregnation. In the thicker portions several other textural features are 

observed as well: 1) the largest pores are located along the sinusoidal-

walled micro-band centerline; 2) the electrum enrichments appear in two 

bands between the large central pores and each veinlet wall; 3) some 

electrum aggregates lay perpendicular to the sinusoidal micro-band length 

and have penetrated into preceding micro-bands in a branch- and fan-like 

manners; and 4) presence of micro-pores all over the micro-band. Most of 

these textural features are consistent with simulations and experiments 

using flow of colloidal solution along natural or artificial micro-channels. 

That is why the observed textures are interpreted by involving outcomes of 

the fluid flow science and engineering. The electrum enrichments in 

thicker portions of the sinusoidal-walled veinlet are explained with 

repeated flocculation of electrum colloidal particles due to pressure loss 

and increased boiling, and a resulted decreased solubility of gold and 

silver. The location of these enrichments is similar to that of scales rich in 

base and precious metals precipitated downstream of throttles in 

geothermal wells. The narrow portions are considered as places of both 

weaker boiling and electrum flocculation. Very weak boiling or non-

boiling conditions are supposed for long narrow portions composed only 

of comb quartz. The appearance of the largest pores only in the thicker 

portions along the sinusoidal-walled micro-band centerline is assumed as 

resulted from coalescence of gas bubbles in a slug two-phase (gas + liquid) 

flow regime. The occurrence of electrum accumulations in two bands 

between the large central pores and each wall is ascribed to inertia-induced 

lateral migration of flowing electrum flocs. The penetration of some 

electrum aggregates into preceding micro-bands is explained with filling 

of desiccation cracks in preceding micro-bands with viscous electrum 

flocs. The overall presence of micro-pores is thought to be attributed to 

formation of gas bubbles in a bubble flow regime due to boiling. The gas 

bubbles were then converted into pores of syneresis. The particular 

distribution of electrum along steep sinusoidal-walled veinlets is modeled 

conceptually and it is inferred that the high-grade electrum in thicker 

portions has formed either in a turbulent flow of flocculated electrum 

colloidal particles or by re-circulation of electrum flocs in a laminar flow, 

depending on the joint geometry. The almost barren narrow portions are 

thought to have formed in a laminar flow. It is concluded that in steep 

sinusoidal-walled joints the formation of high-grade electrum is likely 

most controlled by the very effective mechanism of electrolyte-mediated 

flocculation. The other common mechanisms of flocculation as the 
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orthokinetic aggregation and the incorporation of electrum flocs in 

amorphous silica and adularia precipitates are thought to play a supportive 

role. 

 

Keywords: electrum, electrum flocs, electrum transport textures, epithermal 

gold, low-sulfidation, colloidal solution transport, boiling, Khan Krum 

deposit 

 

 

INTRODUCTION 
 

Some ore textures appear as a snapshot of moving suspension and thus bear 

witness to transport of hydrothermal colloidal solution. In these textures the ore 

mineral/s plays/play the role of tracer particles used in the fluid flow science 

and engineering. Tracking the behavior of flowing tracer particles scientists 

manage to visualize the flow in a specific media; at interfaces or in particular 

engineering applications (e.g., Wan and Wilson 1994; Campo-Deano et al. 

2011). Although the transport textures are useful tool in the hydrothermal 

deposits research their illustrations are very scarce in the literature on 

hydrothermal deposits. Saunders et al. (2011) documented deposition of 

electrum (AuAg) and naumannite (Ag2Se) on the lee side of protrusions along 

vein walls and referred these textures to as “colloidal and physical transport 

textures.” Later, Shimizu (2014) displayed agglomerations of Au-Ag minerals 

on the lee side of protrusions of comb quartz explaining this feature on the basis 

of fluid inclusion data with turbulent flow of colloidal particles of electrum and 

silica. 

In the author’s view any reasonable explanation of transport textures is 

impossible without applying outcomes of the fluid flow science and engineering 

since only experimental results can approve any textural interpretation in the 

absence of direct observations in nature during the texture formation. In the 

present study transport textures of electrum along steep sinusoidal-walled 

veinlets are presented and interpreted using results from the fluid flow science 

and engineering. Textures like the presented here are not published yet in the 

geological literature to the author’s knowledge. A conceptual model for 

formation of electrum enrichments in such veinlets is presented as well. 

Recently, electrum from the Khan Krum deposit was characterized based 

on a lot of hand specimens, and the textures of electrum and gangue quartz and 

adularia were summarized (Marinova et al. 2014). Considering them, it was 

concluded that the electrum of high grades was formed from highly concentrated 
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colloidal solutions in result of extreme boiling of hydrothermal fluid (toward 

dryness) in open or quasi-open hydrothermal system. But the present case in 

respect of geometry allows a rare opportunity for better understanding of the 

high-grade electrum formation for a couple of reasons. At first, the narrow 

portions of the studied veinlet resemble throttles installed in geothermal 

production wells in New Zealand for a pressure reduction of the geothermal 

fluid. The areas downstream of the throttles contain scales rich in base and 

precious metals (Brown 1986). At second, the veinlet resembles also pipes with 

a lot of ventures like in the piping systems. In the pipes downstream of the 

venturi a pressure drop occurs (Reader-Harris 2015). Thus, the present case 

allows well clarified processes in industry to be applied for explanation of 

transport textures of electrum. 

In addition, it is known that the rough-walled veinlets and in particular the 

sinusoidal-walled ones are common case of natural fissures with a mineral 

filling. It is well elucidated that the natural fissures have variable thickness 

(aperture) along length and dip and asperity heights to several millimeters (Boutt 

et al. 2006; Mazzarini and Isola 2007; Zhang et al. 2012). So, the author hopes 

that the sinusoidal-walled veinlets discussed in the paper would be of broader 

geological interest. 

 

 

MATERIAL AND METHODS 
 

To demonstrate the particular electrum distribution along steep sinusoidal-

walled veinlets both polished and thin sections were prepared from an auriferous 

sub-vertical veinlet of colloform-banded texture about 2.5 cm thick (Figure 1a). 

The veinlet composition, electrum grade, and the trace-element abundances 

were previously investigated by Marinova et al. (2014). The studied sections 

consist of 10 bands, 9 of which are visible by naked eye (macro-bands) and 

almost barren at macro to micro scale. Optically, the almost barren macro-bands 

contain sporadic electrum occurring as discrete micron-sized grains. The 

electrum-rich band is hair thin (around 0.5 mm thick) with distinct brown color 

and a lot of oval voids inside (Figure 1a). This electrum-rich micro-band was a 

subject of careful microscopic observations in reflected and transmitted light. 

Then, for reasonable explanation of the microscopic observations they were 

integrated with the current knowledge on the colloidal transport along natural 

and artificial macro- to micro-channels/joints (Serge and Silberberg 1962; Ho 

and Leal 1974; Stanley et al. 1997; Brush and Thompson 2003; Boutt et al. 

2006; Wongwises and Pipathattakul 2006; Alonso et al. 2009; Campo-Deano et 
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al. 2011) and a conceptual model for the high-grade electrum formation was 

compiled. Since the results from the fluid flow science and engineering are 

poorly known (if not at all) in the geological community, a brief description of 

the just mentioned above papers is given in Appendix. This was also a 

recommendation of most of colleagues with which I shared previous versions 

of my manuscript. With this the author would like to facilitate the reader. Only 

aspects concerning the present case are considered. 

 

 

GEOLOGICAL SETTING OF THE KHAN KRUM DEPOSIT 
 

The Khan Krum deposit (5 Mt at 5.1 g/t Au + 2.7 g/t Ag) is an Eocene, 

sedimentary rock-hosted, detachment fault-related gold deposit (Marchev et al. 

2004; Jelev 2007). Its regional and local geology were described by Marchev et 

al. 2004; Jelev 2007; Marton 2009; Marton et al. 2010; and Marinova et al. 2014. 

The electrum deposition took place between 35 to 34 Ma at shallow depth 

(Marchev et al. 2004), 250-220C and from low-salinity fluids, dominated by 

meteoric water, partly re-equilibrated with metamorphic and magmatic 

basement rocks (Marchev et al. 2004; Marton 2009). The wall-rock 

hydrothermal alteration is of the adularia-sericite type of Heald et al. (1987) and 

is fault-related (Kunov et al. 2001). The Khan Krum deposit is remarkable in 

that it is the oldest gold mine in Europe, operating approximately from 1,500 to 

about 600 B.C. (Popov and Iliev 2006; Popov et al. 2011).  

The economic precious-metal mineralization in developed only in the 

hanging wall of the regional low-angle Tokachka detachment fault and hosted 

by sedimentary breccias, breccia-conglomerates and sandstones. The fault 

footwall is composed of high-grade metamorphic rocks and is barren (Marchev 

et al. 2004; Jelev 2007; Marton 2009; Marton et al. 2010; Marinova et al. 2014). 

The styles of precious-metal mineralization include: 1) low-angle stratiform-

like ore bodies of replacement of the clastic sediments by massive quartz (to ca. 

95 vol. %), adularia (up to 3 vol %), clays (1-2 vol. %) as well as disseminated 

electrum, pyrite, and marcasite. The lowermost ore body is developed 

immediately above the Tokachka detachment fault, following the fault plane; 2) 

stockwork ore bodies of quartz, disseminated electrum, and pyrite, cross-cutting 

the stratiform-like ore bodies, and 3) high-angle open-space filling veins and 

veinlets along east-west listric normal faults and normal strike-slip faults cross-

cutting the mineralization of the first style. When approaching the detachment 

fault plane the high-angle veins curves gently with decreasing the dips. When 
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join the detachment fault they become low-angle consistent with the detachment 

dip. 

Typically, in more recent workings, electrum of higher grade appears in the 

third mineralization style and occurs in millimeter- to submillimeter-thick 

quartz-adularia veinlets of colloform-banded texture. There electrum is 

commonly invisible to the naked eye (Marinova et al. 2014). But likely at the 

time of the ancient mining visible electrum would had have been more abundant. 

High gold grades in channel samples from high-angle veins in the Khan Krum 

deposit are up to 639 ppm (Jelev 2007) consistent with the bonanza gold 

deposits worldwide and their modern analogues (e.g., Brown 1986; Romberger 

1992; Simmons and Browne 2000; Simmons and Brown 2007). 

 

 

RESULTS 
 

Microscopic Observations 
 

Textural Features along and across the Sinusoidal-Walled Micro-Band 

It is seen in reflected (Figures 1, 2) and transmitted light (Figure 3) that the 

electrum-rich micro-band consists from right to left of four nearly parallel 

micro-bands and fifth band of variable thickness due to alternation of thicker 

and narrower portions, thus resembling a sinusoidal shape. 

The four nearly parallel micro-bands have similar thickness of about 10-20 

µm each. They contain mainly electrum aggregates which lay parallel to the 

micro-band margins. Only in places, along protrusion axes, there are electrum 

aggregates which lay perpendicular to the micro-band length which commonly 

cross cut a couple of next micro-bands. The four micro-bands are of moderate 

grade compared to the leftmost micro-band of higher electrum content. Their 

matrix is composed of anhedral quartz and adularia grains of almost equal 

abundances (about 50 vol. % each) and in size below 3-5 µm. 

The leftmost micro-band, on which the present study is based, is quite 

thicker (up to 400 µm thick) and contains abundant electrum aggregates. The 

thicker portions of this micro-band are of two kinds: of gradual thickness 

increase compared to the lower narrow portion and of abrupt thickness increase 

after contraction. The narrow portions are also of two kinds: one appears short 

contractions between two thick portions; the other kind has a shape of long 

narrow throttle. The ratio of a thick portion thickness to the thickness of lower 

narrow one reaches about 4 (Figure 1). The micro-band matrix of the thicker 

portions is composed of adularia (about 80 vol. %) and quartz (about 20 vol. %) 
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both anhedral and below 3-5 µm in size (Figures 3-4). The micro-band matrix 

of the long narrow portions is composed mainly or entirely of comb quartz to 

around 70 µm long (Figure 4c-d). In the sinusoidal-walled micro-band electrum 

forms considerable accumulations only in the thicker portions as the thicker the 

portion, the higher the electrum grade. At micro scale the thicker portions 

contain dense micron-sized electrum aggregates. Their size is in the range from 

10 to 30 µm across as the elongated aggregates reach around 300 µm in length 

(Figure 4c-d). The long narrow portions (commonly to about 70 µm thick) 

contain much smaller electrum aggregates, around 1 µm in diameter and smaller 

ones as well as submicron-sized powder-like electrum impregnation. Electrum 

aggregates which reach 10 µm in diameter are rare in the narrow portions 

(Figure 3; Figure 4b). The long narrow portions display lowest electrum content 

or even some of them are practically barren (Figure 4). 

Each individual auriferous micro-band is bounded from both sides by a 

more or less pronounced micro-crack of barren mineral filling. The mineral 

filling is composed of euhedral to subhedral quartz ± adularia, whose crystals 

reach to about 200 µm in length and are much larger than the quartz-adularia 

matrix in the next auriferous micro-bands These barren micro-bands are black-

colored in reflected light due to a lot of intergranular empties and transparent in 

transmitted light (Figures 1-3). 

Relatively large pores occur along the length of the sinusoidal-walled 

micro-band and are constrained to thicker portions. Most of them follow the 

virtual micro-band centerline. The large central pores were empty (now filled 

with epoxy resin or Canada balsam or supergene goethite (Figures 1-4). Within 

the entire veinlet area there are micron- to submicron-sized oval pores which 

are randomly distributed with electrum being absent in the pores. These pores 

are much smaller than the central pores (Figures 1b, 2). 

Across the thicker portions of the sinusoidal-walled micro-band the 

electrum aggregates locate in the two areas between the large central pores and 

the micro-band walls thus forming two roughly symmetrical electrum-rich 

bands. In these bands the electrum aggregates are randomly distributed as in 

places they form larger clusters. It is plainly visible that the electrum aggregates 

stay at some distance from both walls of the sinusoidal micro-band whereas at 

its right margin in addition, there are in places electrum aggregates which lay 

perpendicular to the micro-band length which have penetrated into preceding 

micro-bands in branch- and fan-like manners. These aggregates are located 

along axial planes of more pronounced protrusions (Figures 1-2). 
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Figure 1. Veinlet of high-grade electrum: a) in a polished section, designated with 

arrows. Pores seen as black spots and speckles (2×), from Marinova et al. (2014); with 

permission of Springer; b) panorama photomicrograph from (a) in reflected cross 

polarized light. The veinlet comprises five micro-bands: four of parallel walls and one 

(the leftmost) of nearly sinusoidal shape. The electrum-containing colloform micro-

bands are grey, whereas the black ones are cracks of syneresis. The sinusoidal-walled 

micro-band contains a lot of pores (black spots) along the centerline and abundant 

electrum aggregates (white) both concentrated exclusively in thicker portions.  
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Figure 2. Photomicrographs in reflected cross polarized light (detail of the high-grade 

electrum veinlet from Figure 1b): a) the area designated with black rectangle in Figure 

1a; b) enlarged view from (a). Both photomicrographs clearly display electrum 

enrichment in thicker portions on both sides of large central pores as well as barren 

both long narrow portions and short contractions. 

 

INTERPRETATION 
 

The textural features observed in the sinusoidal-walled micro-band could 

be summarized as follows: 1) the sinusoidal-walled micro-band is bounded from 

both sides by barren micro-bands; 2) the largest pores occur only in the thicker 

portions where they are located along the micro-band centerline; 3) electrum 

enrichments appear in the form of dense micron-sized aggregates and occur only 
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in the thicker portions; 4) in its turn, the electrum enrichments in the thicker 

portions are concentrated in two bands between each wall and the central pores; 

5) presence of electrum aggregates laying perpendicular to the micro-band 

length which have penetrated into preceding micro-bands; and 6) presence of 

micro-pores all over the micro-band. These specific features are interpreted 

below in the same order. 

The particular electrum enrichments constrained only to the thicker portions 

of the studied sinusoidal-walled micro-band can hardly be explained with 

movement of true solution bearing dissolved gold and silver. Instead, they 

clearly suggest transport of colloidal suspension composed of electrum flowing 

particles. The particular electrum enrichments also reveal that in the thicker 

portions the electrum particle aggregation (flocculation) was much stronger 

compared to the narrow portions. So, in the thicker portions some factors 

favored the electrum flocculation whereas in the narrow portions they had weak 

manifestation or were entirely suppressed. Also, considering both the much 

higher electrum size and the higher spatial saturation of the thicker portions in 

electrum aggregates compared to the long narrow portions as well as the sub 

millimeter-scaled length of both portion types it is obvious that the process of 

electrum aggregation in the thicker portions was instantaneous and very 

effective. 

 

 

1. The Sinusoidal-Walled Micro-Band Is Bounded from Both 

Sides by Barren Micro-Bands 
 

This textural feature (Figures 1-3) was already pointed out by Marinova  

et al. (2014) in other colloform-banded hand specimens. It was explained  

with a formation of cracks of syneresis since the micro-cracks bordering 

auriferous micro-bands were lined with comb quartz ± adularia crystals which  

displayed growth competition (geometrical selection), thus indicating direct 

crystallization from true solutions. They differed in both grain size and mineral 

composition from the next auriferous micro-bands which were composed of 

anhedral, randomly oriented quartz and adularia grains, indicating in turn 

colloidal origin. The solution in the barren micro-cracks was most likely 

separated during crystallization from a silicate gel. 

The barren micro-bands next to the studied sinusoidal micro-band (as well 

as the ones next to the electrum-rich micro-bands of parallel walls) have the 

same characteristics as described above and suggest the same origin. That is 

why the author refers to them as syneresis cracks. 
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Figure 3. Photomicrographs in transmitted light of portions of the studied colloform micro-

banding (a and c – in cross polarized light; b and d – in plain polarized light): a) a narrow 

portion of the sinusoidal-walled veinlet in the middle, between parts of two thick portions. 

The narrow portion contains relatively large quartz and adularia crystals and electrum 

impregnation (black), whereas the thicker portions contain in addition to electrum 

impregnation both large pores (black due to filling of supergene iron oxides and 

hydroxides) and electrum agglomerations (black) around; b) same field view as in (a); c) 

micro-bands of parallel walls contain electrum aggregates (black) laying mainly along 

length and in places - ones laying perpendicular. The micro-cracks of syneresis between 

them are transparent. The leftmost micro-band of nearly sinusoidal shape (dashed lines on 

the borders to strengthen) contains large pores. They are filled with supergene iron oxides 

and hydroxides and outlined by electrum aggregates (black). Note the micron-grained and 

anhedral quartz-adularia matrix as well as the larger euhedral quartz and adularia crystals in 

cracks and pores of syneresis; d) same field view. Abbr.: El – electrum, Ad – adularia, Qtz – 

quartz, syner cr – syneresis crack, Gt - goethite. 
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2. The Largest Pores Occur Only in the Thicker Portions and 

are Located Along the Micro-Band Centerline 
 

Epithermal ores commonly contain open spaces without mineral filling 

which occur randomly (e.g., illustrations of hand specimens in Marinova et al. 

2014 and Shimizu 2014). As pointed above, in the studied sinusoidal-walled 

micro-band there are a lot of oval pores of micron to submicron size which are 

randomly distributed and cover the whole area as well as the other auriferous 

micro-bands. In contrast, there are also large central pores constrained to the 

thicker portions. The large central pores display regularity in location and size 

and that is why the author proposes different origins for the two types of pores. 

If we imagine the studied sinusoidal-walled veinlet as a snapshot of moving 

colloidal solution with tracer particles composed of electrum colloidal particles 

(as stated above), then we can define its former flow pattern. Did this, the author 

found that the picture of the thicker portions best fits to the slug flow of the two-

phase flow patterns in micro-scale as described by Stanley et al. (1997). The 

slug flow characterizes with gas bubbles flowing along the channel centerline 

whose coalescence leads to the formation of larger and longer bubbles. In the 

slug flow the long central bubbles are separated from each other by liquid. 

Wongwises and Pipathattakul (2006) obtained in inclined tubes a slug/bubbly 

flow instead pure the slug flow. It was described as similar to the slug flow, but 

the liquid slugs contained a dispersion of smaller bubbles. 

Thus, in the case discussed the position, relatively large size, and 

discontinuity of the pores along the veinlet centerline collectively suggest that 

these pores are former bubbles of gas. Small pores outside the larger ones were 

gas bubbles dispersed in the liquid colloidal solution. Here it is thought that the 

liquid in a result of flocculation had been converted to a gel and then to quartz-

adularia matrix with dispersed electrum aggregates. The presence of bubbles 

testifies to two-phase flow or phase separation (boiling) of hydrothermal 

solution. The constraint of the large gas bubbles only to the thicker portions 

means that in these portions a higher-degree boiling has happened. What is the 

reason for this local increasing of boiling in each thicker portion? The answer 

comes from the fluid science and engineering.  
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Figure 4. Photomicrographs of narrow portions of various geometry along the sinusoidal-

walled veinlet in detail (a, b in reflected cross polarized light; c in transmitted plain 

polarized light; d in transmitted cross polarized light): a) short contraction between two 

thick portions. The right margin is outlined by dashed line. The contraction contains scarce 

electrum aggregates and relatively small pores, whereas the next thicker portions – dense 

electrum aggregates around large pores; b) long narrow portion (outlined by dashed lines) 

of quartz composition, scarce and small electrum aggregates and randomly developed small 

pores. The next thicker portions are composed of fine-grained mixture of quartz and 

adularia and large electrum aggregates around large central pores; c – short narrow portion 

of quartz composition between two large pores (outlined by dashed line) surrounded by 

large electrum aggregates. Quartz forms relatively large comb crystals. The left thick 

portion is composed of fine-grained anhedral quartz and adularia; d – same field view as in 

(c). Abbr.: El – electrum, Qtz – quartz, Ad – adularia, Gt – goethite. 
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It is elucidated that when any real fluid (gas; liquid; gas + liquid) flows 

through a pipe/channel/joint, energy is dissipated, because fluid has to overcome 

the frictional forces exerted by the walls of the pipe/channel/joint on it. This 

dissipation, called hydraulic head loss or pressure loss, is divided into two main 

categories, "major losses" associated with energy loss per joint length, and 

"minor losses" associated with contractions and expansions. It is also found for 

joints with a relatively large number of contractions and expansions that minor 

losses can easily exceed major losses. The degree of permanent head loss 

through a pipe/channel/joint size change is dependent on the geometry of the 

size change. Generally, it is found that the more abrupt the size changes the 

higher the losses, whereas more gradual changes result in much lower head 

drops. The head loss is inversely proportional to the fluid velocity. Thus, the 

thicker portions of a joint, being low velocity zones, are places of higher head 

loss (e.g., Reader-Harris 2015). 

On the other hand, the head loss (pressure loss) depends on the flow pattern 

and the velocity of gas and of liquid. When the gas velocity increases, the 

pressure loss increases quickly. Thus, in a slug and slug/bubble two-phase flows 

the pressure loss in inclined tubes increases quickly (Wongwises and 

Pipathattakul 2006), since in these flow regimes it is already constrained that 

the gas velocity is considerably higher (to several times) than the one of liquid 

(Samaras and Margaris 2005). Wongwises and Pipathattakul (2006) found also 

that when the inclination angle increased, the flow becomes more turbulent and 

made the effect of friction more prominent. At the same time, the effect of 

gravity gradually decreases because more liquid is replaced by gas. So, in the 

high-angle veinlets like the studied one, turbulence and head loss are common 

processes. 

When the pressure loss increases, the portion of the pipe/channel/joint 

occupied by gas also increases, e.g., the extent of boiling increases since the 

boiling point of any liquid decreases with the ambient pressure decrease as it is 

well known. 

Thus, the thicker portions of the studied sinusoidal-walled veinlet can be 

considered as sites of local increased boiling compared to the narrow ones. 

Most narrow portions (Figures 1, 2, 4) reveal a bubble flow pattern which 

characterizes with small gas bubbles dispersed in the liquid (Hewitt and Roberts 

1969; Stanley et al. 1997; Samaras and Margaris 2005; Wongwises and 

Pipathattakul 2006). 

In addition, the hydraulic head downstream of contractions and expansions 

does not fully recover to the head at their inlets. In result fluid which passes 

many contractions and expansions losses permanently its mechanical energy 
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and finally stops. The end of the veinlet in Figure 1b perhaps illustrates such 

stop of fluid motion. The tipping of the upper veinlet end with a gas bubble is 

due to the higher gas velocity compared to the liquid velocity, consistent with 

the characteristics of the slug flow (Stanley et al. 1997; Samaras and Margaris 

2005; Wongwises and Pipathattakul 2006). 

 

 

3. The Electrum Enrichments Occur Only in Thicker Portions 
 

The obvious accumulation of electrum aggregates only in thicker portions 

of the sinusoidal-walled veinlet reveals an apparent influence of the joint 

thickness (aperture) as first order control on the electrum distribution along the 

veinlet as well as the nature of these portions as trapping zones (Brush and 

Thompson 2003; Boutt et al. 2006) for the electrum colloidal particles.  

The total volumetric flux of fluid flow across a cross section of joint, with 

units of m3/s is  

 

x

pwh
Q






12

3

,  

 

where w  is the depth of the joint in the y  direction, normal to the pressure 

gradient, h  is aperture, p  is fluid pressure,   is fluid viscosity, and x  is axis 

aligned with the pressure gradient. The term 12

3whQ   is known as joint 

transmissivity or cubic law as the transmissivity is proportional to the cube of 

aperture. For natural joints/fractures with a mean aperture from 1 to 1000 µm, 

the cubic law holds (Zimmerman and Mai 2003). Klimczak et al. (2010) found 

out that the joint transmissivity is proportional even to 
5h  when they correlated 

the length and aperture of joints/faults. 

In the studied case of variable aperture, the volume flow rate (Q) in the thick 

portions has to increase greatly as compared to the narrow ones, taking into 

account the ratio of a thick portion thickness to the thickness of next narrow 

section being maximum 4. For hydrothermal fluid, high pressure gradients 

impact slightly the fluid density and viscosity (Batchelor 1967; Zimmerman and 

Mai 2003). Within the temperature range of shallow geothermal systems (as the 

Khan Krum paleohydrothermal system) the viscosity can reasonably be 

considered constant (Al-Khoury 2012). So, it is reasonable to accept that the 4-

fold increase of thick portion aperture impacts exclusively the flow flux, fluid 
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pressure and velocity, and that the thicker portions are sites of higher flow flux 

and lower velocity as well as higher pressure loss compared to the narrow ones. 

The increased degree of local boiling in the thicker portions (above argued) 

resulted in loss of volatiles like H2S, water, H2, and CO2 what leads to a rise in 

pH and a drop in temperature and eventual deposition of amorphous silica, 

adularia, platy calcite, sulfides and electrum (Browne and Ellis 1970; Browne 

1978; Fournier 1985; Brown 1989; Simmons and Christensen 1994; Saunders 

and Schoenly 1995; Simpson et al. 1995; Weatherley and Henley 2013; 

Pokrovski et al. 2014; Velasquez et al. 2014; Marinova et al. 2014).  

In this way, electrum enrichments in the thicker portions are considered by 

the author as resulted from local repeated boiling. It has to be stressed that only 

part of flowing electrum colloidal particles came out of solution in a given 

thicker portion because the upper thicker portions are also enriched in electrum. 

This indicates that the flocculation was incomplete. In other words, as flowing 

upward the joint gold and silver precipitate in a stepwise way.  

In summary, the thicker portions were places of fast and strong flocculation 

of electrum colloidal particles in response of increased boiling, simultaneous 

loss of H2S, and gold and silver solubility decrease. During the flocculation 

dense and large electrum aggregates (to 300 µm long) were formed there. At the 

same time, in the narrow portions the solution was stable enough (due to the 

weaker boiling) to prevent strong electrum aggregation and therefore the 

flocculation was weak. In result, the formed electrum aggregates in the narrow 

portions are very small in size (commonly below 1 µm) and scarse. The author 

thinks that in some barren narrow portions composed entirely of comb quartz 

the boiling was very weak or even there non-boiling conditions existed (Figure 

4c-d). This is consistent with the finding of Shimizu (2014) for comb quartz 

from high-grade electrum veins formed through both gentle boiling and non-

boiling conditions. That conclusion was made on the basis of fluid inclusion 

data. In the present case the reason for depression of boiling was likely a local 

fluid pressure increment. 

 

 

4. The Electrum Enrichments in the Thicker Portions Appear  

in the Form of Two Bands between Each Wall and the  

Central Pores 
 

The electrum aggregate arrangement in two bands between the veinlet 

centerline and each wall of the thicker portions (Figures 1-3) is a specific 

phenomenon likely due to the effect of inertia-induced lateral migration of 
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flowing particles in a Newtonian fluid or inertial focusing (Serge and Silberberg 

1962; Ho and Leal 1974; Matas et al. 2004; Zhou and Papautsky 2013; Zhang 

et al. 2013). These authors obtained an equilibrium radial position relative to the 

radius of the used tubes from the axis where the flowing particles accumulated, 

and a force balance was suggested for the equilibrium position. Later, the 

inertial focusing was described to be a combination of forces acting on 

suspended particles: shear-induced, wall-induced and rotation-induced lift 

forces which influence the equilibrium position (Zhou and Papautsky 2013). 

For instance, in one of the most symmetrical thick portion (Figure 2b, the 

middle thick portion), in the left half of the portion the electrum-rich band is 0.5 

of the micro-band half thickness from the centerline, whereas in the right half 

of the portion the enrichment of electrum occurs at 0.6 of the half thickness from 

the centerline. Thus, the position of the left electrum-rich band appears very 

close and of the right electrum-rich band is equal to the equilibrium band 

position in the experiments of Serge and Silberberg (1962), namely 0.6 of the 

channel radius from the centerline. That is why the observed arrangement of 

high-grade electrum in two bands between the veinlet centerline and each wall 

of the thicker portions appears consistent with lateral inertial focusing of 

flowing particles. In other thick portions, the electrum-rich bands have 

somewhat different positions most likely due to the more complex joint 

geometry. 

 

 

5. Penetration into Preceding Micro-Bands of Electrum 

Aggregates Which Lay Perpendicular to the Sinusoidal  

Micro-Band Length 
 

This textural feature (Figure 2) means that electrum was trapped in open 

joints in preceding micro-bands. Taking into account the negative charge of 

quartz and adularia grains (Alonso et al. 2009) on the one hand, and of electrum 

colloidal particles on the other hand, repulsion should be observed instead the 

electrum retention. Hence, the author thinks that in the present case electrum 

was already flocculated and thus non-charged. The open joints were likely 

formed during drying and aging of the former silicate gel which had built up the 

preceding micro-bands. It seems reasonable to propose that the perpendicular 

open joints in the preceding micro-bands were flooded with colloidal solution 

moving along the sub-vertical sinusoidal-walled micro-joint and viscous 

electrum flocs were trapped there along the rough joint walls. 
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6. Presence of Micro-Pores All Over the Studied Veinlet 
 

The randomly distributed oval pores of micron to submicron size which 

cover the entire sinusoidal-walled micro-band as well as the other electrum-rich 

micro-bands (Figures 1, 2) were already determined as pores of syneresis in 

other colloform-banded veinlets (Marinova et al. 2014). The pores of syneresis 

are lined with microscopic euhedral to subhedral crystals of quartz and adularia, 

whereas the host matrix is composed of much smaller as well as anhedral quartz 

and adularia grains. Similarly to the cracks of syneresis, electrum is absent in 

these pores because it was not in soluble form but in the form of flocs which 

were larger to be able to pass through the silicate gel into the pores like through 

a semi-permeable membrane. But before to become pores of syneresis they all 

or part of them were most likely gas bubbles randomly distributed in the former 

colloidal solution. This conclusion is in the context of the different two-phase 

flow patterns which the author recognized in the different geometries of the 

studied sinusoidal-walled micro-band. The narrow portions contain only 

micron- to submicron-sized pores; they were sites of bubble flow. The thicker 

portions contain both large central pores and dense micron- to submicron-sized 

pores, and therefore they were sites of slug + bubble flows (Hewitt and Roberts 

1969; Stanley et al. 1997; Samaras and Margaris 2005; Wongwises and 

Pipathattakul 2006). 

 

 

DISCUSSION 
 

The presented transport textures of electrum revealed two-phase (gas-

liquid) fluid along the host sinusoidal-walled joint. The phase separation is most 

likely due to boiling like in modern geothermal systems (Simmons and Browne 

2000; Rowland and Simmons 2012) and in geothermal wells (Brown 1986). The 

tests of fluid flow through rock fractures showed that the microscopic inertial 

forces increase with the flow velocity (Zhang et al. 2013), so the inertial forces 

in the present case were greater in the narrow portions compared to the thick 

portions. Thus, the thicker portions appeared not only zones of lower fluid 

velocity and greater head (pressure) loss but also of lower inertia compared to 

the narrow portions. 

It was pointed out above that the narrow portions of the studied veinlet 

resemble throttles installed in geothermal production wells for pressure 

reduction of the geothermal fluid after passing those ones. The areas 

downstream of the throttles contain scales rich in base and precious metals. 
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Scales rich in base and precious metals form also on the back-pressure plates 

where there is also pressure drop (Brown 1986; Simmons and Browne 2000). 

Brown (1986) estimated an order of magnitude in decrease of the H2S 

concentration at the back-pressure plate and respective gold solubility decrease. 

Further boiling at the water orifice plate resulted in additional H2S loss and gold 

solubility decrease. Thus, each narrow portion of the studied veinlet appears a 

throttle downstream of which the decrease of fluid velocity and the head loss 

could result in fluid boiling and an obvious precipitation of electrum happened. 

Similarly to the present case, local pressure drop that triggered local boiling 

of hydrothermal fluid is ascribed to decreased solubility of both As and Au, and 

to the formation of micron-scaled As- and Au-rich overgrowths in pyrite in the 

El Callao gold-producing region in Venezuela (Velasquez et al. 2014). Boiling 

was evidenced by the presence of primary fluid inclusions containing 

immiscible liquid-rich and vapor-rich aqueous-carbonic fluids. According to 

these authors boiling was responsible for a number of physical-chemical 

changes in the liquid, all of which contributed to the formation of the As- and 

Au-rich overgrowths in pyrite: (1) removal of H2O into the vapor phase, 

inducing saturation of dissolved metals in the remaining liquid; (2) an increase 

in pH due to partition of H2S and CO2 into the vapor, thus decreasing the 

solubility of sulfide minerals; and (3) an adiabatic decrease in temperature, 

lowering the solubility of both As and of Au in the liquid. 

As pointed before the flow regime depends on the joint curvature. That is 

why the author expects different regimes in the two kinds of thicker portions. 

For instance, the thicker portions of abrupt thickness expansion in the studied 

sinusoidal-walled veinlet resemble the micro-channels in experiments of 

Campo-Deano et al. (2011). Using dilute suspensions these authors visualized 

pronounced zones of vortexing just before or after a contraction. So, the thicker 

portions of abrupt thickness expansion could be considered as sites of turbulent 

flow. 

For the thicker portions of gradual thickness increase compared to the lower 

narrow portions the outcomes of experiments carried out by Brush and 

Thompson (2003), and Boutt et al. (2003) are likely valid. These authors 

demonstrated that flowing colloidal particles were trapped in low velocity zones 

(the large aperture portions) on the lee side of fracture walls, where some 

recirculation also happened. 

The author’s expectations for different flow patterns in the different portion 

types are also in agreement with the findings of Stanley et al. (1997). The 

narrowest portions of the studied micro-band are approximately below 70 µm 

thick (Figure 2). Stanley et al. (1997) found that in a channel thickness below 
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80 µm the transition from laminar to turbulent flow was almost completely 

suppressed. Hence, the narrow portions of the studied micro-band could be 

referred to as sites of dominant laminar flow. The thick portions are 

approximately above 150 µm wide. For comparison, Stanley et al. (1997) 

reported well defined transition from laminar to turbulent flow in micro-

channels thick in the range of 170-260 µm at large Reynolds number (i.e., for 

fluids with inertial forces dominating over the viscous forces). In the present 

case it is reasonable to accept large Reynolds number for the primary 

hydrothermal fluid as it follows from geothermal system data (Al-Khoury 

2012). Therefore, the thick portions of abrupt thickness expansion could be 

considered as sites of turbulent flow. 

Further, turbulence influences the floc size in two opposing ways: 

aggregation and disaggregation. An increase in turbulence (from none) results 

in an increase of the number of collisions per unit time and in the orthokinetic 

flocculation, and thus in larger flocs. When the turbulent pressure differences 

are larger than the strength of the flocs, the flocs will be broken down. Adding 

turbulence apparently breaks apart the flocs, causing their equivalent diameters 

to decrease and their numbers to increase (review in Lintern 2003). This author 

found also in his experiments that the largest number of flocs is round in shape 

with a diameter below 100 µm and average around 50 µm. These findings 

relative to the present case can explain with a turbulent flow the small electrum 

aggregate sizes (commonly to 30 µm across) in the thicker portions of the 

sinusoidal-walled micro-band. 

In one section of the veinlet there is a circular texture outlined by small 

pores and micro-banding strongly resembling a zone of micro-vortex (Figure 

1b, marked by text). This zone is located between two poorly expressed 

contractions and between two large central pores in the next lower and upper 

thicker portions. In the slug flow gas being of higher velocity could push a water 

slug which passes through the tube with a higher velocity than the bulk of the 

water thus favoring turbulence (Wongwises and Pipathattakul 2006). Thus, this 

circular silicate texture could presents turbulence of liquid slug confined by 

veinlet circular-like geometry. 

Finally, the author thinks that when entered a thicker portion part of the 

flowing electrum colloidal particles came out of the colloidal solution in the 

form of micron-sized flocs due to the respective head loss (pressure loss), 

simultaneous increased degree of boiling, loss of H2S from the fluid, and gold 

and silver solubility decrease. It seems that in the narrow portions electrum 

remained in more or less stable colloidal form and therefore experienced weak 

flocculation or none. There, the formed electrum flocs were below 1 µm or 



Particular Distribution of Electrum Enrichments … 141 

absent. As flowing upward along the veinlet length electrum flocculated in 

stepwise way and formed dense and relatively large electrum flocs in each 

thicker portion. Later, during further transformation into electrum-silicate gel 

and during crystallization from the gel, the electrum flocs became dense 

electrum aggregates scattered in adularia-quartz matrix. 

Recently, based on electrum textural features from colloform-banded 

veinlets of high-grade electrum, Marinova et al. (2014) wrote about the electrum 

aggregates as former electrum globules formed through coagulation of colloidal 

solution bearing colloidal particles of electrum and silica. The authors also 

revealed the viscous nature of electrum before its crystallization. These data 

combined with the demonstrated here particular electrum distribution along a 

sinusoidal-walled veinlet allows the author to be more correct using the term 

“flowing soft and viscous electrum flocs.” 

Flocculation is commonly explained in the terms of three distinct 

mechanisms: charge neutralisation of negatively charged colloids by cationic 

hydrolysis products; incorporation of impurities in amorphous precipitates; and 

orthokinetic aggregation. The likelihood of each mechanism to explain the 

observed electrum enrichments is considered below. 

 

 

Charge Neutralisation of Negatively Charged Colloids by 

Cationic Hydrolysis Products 
 

It is elucidated that the boiling-induced adiabatic cooling and pressure drop 

lead also to hydrolysis of salts and appearance of electrolytes in the 

hydrothermal fluid. For instance, Fournier (1985) and Kigai and Tagirov (2010 

and references therein) pointed out the generation of HCl by hydrolysis of NaCl 

at moderate to high temperatures and low pressures. It is well known that the 

positively charged ions like K+, Al3+, Fe2+, etc. favor flocculation by charge 

neutralisation to give insoluble form (review in Duan and Gregory 2003). 

Aggregation of gold nanoparticles in the presence of electrolyte is proved 

experimentally: Pamies et al. (2014) experimented with aqueous suspensions of 

monodisperse gold nanoparticles (13 nm in diameter) adding different 

concentrations of electrolyte (NaNO3). They obtained that as salt was added the 

negative protective corona (citrate layer in their case) of the gold nanoparticles 

was screened and flocculation occurred. They obtained also very fast and 

stronger flocculation (larger aggregates) when increasing the electrolyte 

content. The aggregation happened a few seconds after adding salt to the 

colloidal suspension, resulted in clusters of nanoparticles bigger one hundred 
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times than the initial nanoparticle diameter. When the salt concentration was not 

enough to screen nanoparticles surface charges the colloidal suspension was 

long-term stable. Thus, the mentioned experiments documented that the 

electrolyte-mediated flocculation provokes pronounced gold size growth effect. 

Further, Kewalramani et al. (2016) found that gold nanoparticles underwent 

“gas” to face-centered cubic to “glass-like” transitions with increasing 

electrolyte concentrations. They obtained that the formation of gold crystallites 

was driven by electrolyte-mediated attraction of the like-charged gold 

nanoparticles. 

 

 

Incorporation of Impurities in Amorphous Precipitates 
 

It is seen in Figures 1-4 that the electrum aggregates in the thicker portions 

are scattered in a mixture of quartz and adularia. This suggests a possible 

incorporation of electrum flocs in the former amorphous silica and adularia. 

Amorphous precursor of the hydrothermal quartz in high-grade veinlets in the 

Khan Krum deposit was argued by Marinova et al. (2014). But such electrum 

incorporation cannot explain the very quick grow of the electrum aggregate size 

compared to the silica and adularia sizes in the thicker portions, commonly 

around 30 µm for the electrum aggregates versus 3-5 µm for the quartz and 

adularia grains. 

 

 

Orthokinetic Flocculation (Aggregation) due to  

Velocity Gradients 
 

The orthokinetic flocculation (aggregation) is a mechanism of aggregation 

of colloidal particles with a diameter larger than 1 µm. By definition, kinetic 

aggregation in colloids is the rate of aggregation and is in general determined 

by the frequency of collisions and the probability of cohesion during collision. 

If the collisions are caused by hydrodynamic motions this is then referred to as 

orthokinetic aggregation (McNaught and Wilkinson 1997). It is well known that 

the gold (and silver) colloidal particles are negatively charged and they repulse 

each other. But when colliding at appropriate speed they overcome the weak 

repulsive electrostatic forces acting between them and adhere because of 

formation of strong and irreversible metallic bond (Lin et al. 1989). Therefore, 

more collisions, stronger orthokinetic aggregation; and hence, larger electrum 

flocs. Clearly, collision should be favored by abrupt velocity changes. Thus, in 
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the low velocity zones (thicker portions) the slowing of the fluid entering such 

portions should lead to collision with the new fluid portions coming from the 

lower narrow portion, and electrum flocs should be formed. Indeed, experiments 

in confined geometries (between charged glass walls like the quartz-adularia 

walls of the studied veinlet) with varying in composition colloidal particles 

suspended in water, revealed strong long-range attraction acting between like-

charged colloidal spheres, whereas the corresponding measurements on 

nonconfined colloid have not found any such attraction (review in Crocker and 

Grier 1996). This effect was explained with non-equilibrium hydrodynamic 

effect near walls (Squires and Brenner 2000). 

Earlier, Saunders and Schoenly (1995) using thermodynamic modeling of 

natural geochemical data from the Sleeper gold deposit, Nevada suggested gold 

colloid orthokinetic aggregation to explain the bonanza electrum ores in the 

deposit. These authors concluded that the gold colloids grew as they moved up 

the vein fracture, and ultimately reached a critical nano-size where orthokinetic 

aggregation occurred. 

According to the author’s view, the electrum colloid orthokinetic 

aggregation seems to be not very efficient process to form electrum aggregates 

around tens to hundreds microns since it depends on the collision efficiency. 

The latter should be not very high regarding the low content of gold in 

hydrothermal fluids from the available data: in an order of 1.5 µg/kg (Brown 

1986) or 295 ppb Au (Saunders and Schoenly 1995). 

Finally, since the optical observations suggest very quick process of 

electrum aggregation in the thicker portions (dense aggregation per hundreds 

microns veinlet length), the author finds reasonable to propose that the particular 

electrum distribution along the studied sinusoidal-walled micro-band can be 

best explained with boiling-induced electrolyte generation and consequent 

electrolyte-mediated flocculation as a dominant process. 

 

 

CONCEPTUAL MODEL FOR FORMATION OF ELECTRUM 

ENRICHMENTS ALONG SINUSOIDAL-WALLED VEINLETS 
 

The following conceptual model is based on the interpretation of the 

observed textural features and explains the formation of electrum enrichments 

constrained only to thicker portions of sinusoidal-walled veinlets from upward 

flow of boiling colloidal solution. The textural features in Figure 2a are 

represented in Figure 5a by a drawing to scale, whereas in Figure 5b the 
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electrum, silicate and gas distributions as well as the expected flow regimes (in 

insets) are given conceptually as cartoons taking into account the joint geometry 

and the results from industrial observations, experiments and simulations 

described in the text. 

 

 

Figure 5. Conceptual diagram of high-grade electrum formation in steep sinusoidal-

walled veinlets: a) a drawing of Figure 2a to scale; b) cartoon of the expected 

distribution of flocs of electrum and of silicates, and of gas bubbles along a joint of 

variable thickness representing retention of electrum flocs in thicker portions and 

coalescence of gas bubbles along the centerline. Inferred flow patterns in insets. 

It is essential to know where the hydrothermal fluid becomes colloidal 

solution but the present case cannot resolve this problem. One thing is clear – 

that a colloidal solution has flowed along the studied sinusoidal-walled veinlet. 

Thus, when a joint opened a boiling colloidal solution entered there and flowed 

upward due to the pressure gradient. The colloidal solution consisted of 

dispersion media, silicate and electrum colloidal particles. Flowing along long 

narrow portions, the electrum and silicate colloidal particles were randomly 

distributed and flowed undisturbed. The gas bubbles were dispersed in the 

liquid. Entering ticker portion, in result of the head loss and consequent 

processes including increased boiling, loss of vapor and H2S, and decreased 

solubility of gold and silver as well of silica, part of gold, silver, and silica 

colloidal particles come out of solution in the form of flocs of electrum and 

silicates. At the same time, open desiccation joints in preceding bands were 

flooded with the colloidal solution, and viscous electrum flocs were retarded in 

these micro-joints both due to the large floc size and rough joint walls. During 
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simultaneous flowing and boiling vapor was separating and coalescence of gas 

bubbles happened in the thicker portions along the joint centerline. After a 

narrow portion and just entering next thicker portion, the laminar flow re-

circulated in the sheltered sites or transited to a turbulent regime depending on 

the joint curvature (Figure 5b, insets b2 and b3). In detail, just entering a thicker 

portion with abrupt expansion of the micro-joint thickness the laminar flow 

transited to turbulent flow (Figure 5b, inset b3), whereas entering a portion 

gradually expanding the thickness in comparison with the lower narrow portion 

a recirculation of laminar flow happened in the sheltered sides (Figure 5b, inset 

b2). Involved either in turbulent flow or recirculation, the electrum flocs were 

being trapped in the thicker portions of the joint (Figure 5b). This situation was 

inherited in the subsequent gel formation and during further ctystallization from 

the gel.  

In this way the author thinks that electrum enrichments form in the thicker 

portions of steep sinusoidal-walled veinlets. 

 

 

CONCLUSION 
 

1. The presented sub-vertical, nearly sinusoidal-walled micro-veinlet 

characterizes with thick portions containing long large pores following 

the joint centerline and narrow portions with much smaller and 

dispersed micron- to submicron-sized pores. The thick portions 

resemble slug two-phase (gas-liquid) flow regime whereas the narrow 

portions – bubble two-phase flow regime. Thus, both types of pores are 

interpreted as former gas bubbles flowing in a liquid phase. They both 

indicate boiling of hydrothermal fluid but of different degree. The slug 

flow indicates a regime of increased boiling with coalescence of gas 

bubbles, whereas the bubble flow – a regime of weak boiling with 

dispersed small gas bubbles. The liquid phase was composed of 

dispersion media, electrum and silicate colloidal particles. 

2. The thicker portions of the sinusoidal-walled micro-veinlet are 

enriched in electrum in the form of micron-sized agglomerations 

containing dense electrum aggregates, whereas in the narrow portions 

electrum is absent at micro-scale or present as scarce and relatively 

smaller aggregates and/or powder-like impregnation. This electrum 

distribution along the joint demonstrates apparent influence of the joint 

thickness as first order control on the former. The thick portions appear 

low velocity zones, zones of pressure loss as well as sites where the 
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laminar flow re-circulates or transits to turbulent one depending on the 

joint curvature. It is concluded that the enrichment of electrum in 

thicker portions of sinusoidal-walled veinlets is a consequence of 

stepwise local pressure loss, increased boiling, and flocculation of 

electrum as well as trapping of electrum flocs. Generally, the narrow 

portions are high velocity zones, zones of laminar flow, and both weak 

boiling and electrum flocculation. Some barren narrow portions 

composed only of comb quartz are thought as formed though very weak 

boiling or under non-boiling conditions due to local fluid pressure 

increment. 

3. It is concluded from textural considerations that electrum flocs flowing 

along fluid saturated sinusoidal-walled micro-joints experience (i) 

physical retention in relatively thick portions of the joints, and in micro-

joints perpendicular to the former; (ii) lateral inertial focusing into 

equilibrium bands; (iii) recirculation in sheltered sites; and (iv) 

turbulence vortexing when entering portions of abrupt thickness 

expansion after passing narrow portions. 

4. It seems that in steep sinusoidal-walled joints in a boiling environment 

the formation of high-grade electrum is most controlled by electrolyte-

mediated flocculation whereas the orthokinetic aggregation and the 

incorporation of electrum flocs in amorphous silica and adularia 

precipitates have a supportive role. 
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APPENDIX: EXPERIMENTS AND SIMULATIONS OF  

FLOW OF COLLOIDAL SOLUTION AND GAS-LIQUID FLOW 
 

Here follows description of several processes which the author considers as 

processes that likely act in natural sinusoidal-walled veinlets: 1) fluid flow along 

rough- and sinusoidal-walled fractures; 2) lateral migration of rigid suspended 
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particles in a flow along macro- to micro-channels; and 3) two-phase gas–liquid 

flow. 

 

 

1. Fluid Flow along Rough- and Sinusoidal-Walled Fractures 
 

To examine a flow along natural fractures, Brush and Thompson (2003) 

simulated a rough-walled fracture with mean aperture of 0.25, 0.5 and 1.0 mm 

using a normal distribution for aperture, its autocorrelation function, and x/y 

regular grid. The fluid flow was governed with Navier-Stokes equations which 

expressed momentum and mass conservation over the fracture. The flow was 

considered laminar and the fluid – a Newtonian one (i.e., with constant density 

and viscosity) through the fracture of impervious walls. The simulations 

obtained recirculation of the flow in low velocity zones (the large aperture 

portions of the simulated rough-walled fracture). 

Boutt et al. (2006) quantified the influence of geometry and surface 

roughness to the directional anisotropy of fluid flow and transport properties of 

a single fracture. They used 5 mm × 2 mm sample from natural fractured tuff. 

The one side of a fracture was scanned with a laser scanning confocal 

microscope and the fracture topography was measured at ~30 µm3 voxel 

resolution (three-dimensional regular grid). The fracture side was imaged using 

Argon gas laser, and the reflected signal was collected using a 32-channel 

spectrometer at 8 bit resolution. Each field of view contained 256 × 256 pixels 

at a resolution of 3.64 µm. The collected volume for reconstruction of the 

fracture was 930.9 µm × 930.9µm × 637.2 µm for x, y, and z directions, 

respectively. Then, the authors put thus obtained roughness in numerical models 

of fluid flow and transport using a two-dimensional coupled lattice-Boltzman 

discrete element method simulator. The colloids were simulated as micro-

spheres (6.6 µm in diameter) neutrally buoyant with respect to the fluid, which 

was considered incompressible. Micro-spheres were observed to be trapped in 

low velocity zones on the lee side of fracture walls. The numerical models were 

an argument for suggestion that the micro-roughness of fracture created 

hydrodynamic conditions that caused recirculation of fluid even if the flow was 

macroscopically laminar. These recirculation zones were acted as potential traps 

for colloidal particles because they reduced the speed of the particles. 

For the purpose of microfluidics, Campo-Deano et al. (2011) used a micro-

channel of very high curvature. The micro-channel had a contraction with a 

hyperbolic shape, followed by an abrupt expansion (thickening). The total width 

of the micro-channel was 400 µm, the minimum width of the contraction was 
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54 µm, and the hyperbolic contraction length was 128 µm. These dimensions 

are similar to the geometry of the studied micro-band (Figures 1, 2, and 3). The 

authors used dilute suspensions prepared by mixing a polymer into de-ionized 

water at 20C at different weight concentrations (50, 125, 250, and 400 ppm), 

adding 1% (w/w) NaCl. The fluids were seeded with fluorescent tracer particles 

of 1 µm in diameter to be sensitive to the fluorescence microscope used. The 

flow visualizations were carried out using CCD camera attached to the 

microscope. The prepared fluids were injected upward by a pump. The authors 

visualized pronounced zones of vortexing just before or after the contraction 

with locations depending on the flow rate, Reynolds number (the ratio of inertial 

forces to viscous forces), concentration of polymer, and the presence/absence of 

NaCl. 

 

 

2. Lateral Migration of Rigid Suspended Particles in a Flow 

along Macro- to Micro-Channels 
 

Segré and Silberberg (1962) experimented with laminar flow of suspensions 

of neutrally buoyant rigid macro-spheres through a cylindrical vertical tube at 

macro-scale. Their experiments showed that the particles were subjected to a 

symmetric radial displacement outwards from the tube centre and inwards from 

its wall. From these experiments the authors obtained an equilibrium radial 

position in about 0.6 of the tube radii from the axis where the particles 

accumulated, and also a force balance was suggested for the equilibrium 

position. This effect was ascribed to the inertia of the fluid and called later by 

Ho and Leal (1974) “inertia-induced lateral migration,” “inertial migration” in 

brief or recently “inertial focusing.” Serge and Silberberg (1962) demonstrated 

also that the lateral force is greatest near the wall and least near the centerline. 

They found also that the equilibrium positions of the particles moved against 

the wall of cylindrical tube with increasing the flow velocity. Since Segré and 

Silberberg, many studies were conducted on the particle lateral migration in the 

macro-scale both experimentally and numerically varying particle size, channel 

geometry and fluid conditions. Further, inertial focusing was studied intensely 

in micro-channels (review in Zhou and Papautsky 2013). The theoretical basis 

for the Segré–Silberberg effect was later described to be a combination of forces 

acting on suspended particles: shear-induced, wall-induced and rotation-

induced lift forces which influence the equilibrium position (Zhou and 

Papautsky 2013). 
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3. Two-Phase Gas–Liquid Flow 
 

Two-phase gas–liquid flow through channels of various dimensions is 

essential for understanding of boiling behavior in channels and other 

engineering applications. For co-current up flow of gas and liquid in a tube, the 

gas and liquid phases distribute themselves into several recognizable flow 

structures. These are referred to as flow patterns or flow regimes. Several flow 

patterns were recognized for vertical tubes at macro-scale. Hewitt and Roberts 

(1969) defined five basic patterns for up flow, namely, bubble flow, slug or plug 

flow, churn flow, annular flow and wispy-annular flow. 

Stanley et al. (1997) proposed for micro-scale five basic flow regimes for 

horizontal tubes based on literature reviews and experimental observations. 

They are somewhat different from the flow patterns in macro-scale and include 

bubble flow, slug flow, plug flow, annular flow and mist flow. For the purposes 

of the present case the most important are the slug and the bubble flows, so here 

is a description of these patterns, as given by Stanley et al. (1997): 

“Slug Flow. In this regime the gas forms long bubbles separated from the 

channel walls by a thin layer of liquid. The long bubbles are separated from each 

other by liquid filling the entire cross-section. For this regime as the fluid quality 

increases the bubble length increases. This can continue until the bubble length 

actually becomes longer than the channel itself.“ 

“Bubble Flow. Like macroscale, this regime is made up of a continuum of 

liquid with bubbles of various sizes flowing along with the liquid. For 

microscale, however, the bubbles do not tend to flow near the top of the channel. 

Instead, they are present throughout the entire depth of the channel. Also, 

bubbles of various sizes will tend to adhere to the channel walls and be pushed 

through the channel by the liquid and other bubbles.” 

Experiments of Stanley et al. (1997) obtained also very important 

constraints for the transition from laminar to turbulent flow in a heated two-

phase flow. For clearness it should be said that, by definition, in a laminar flow 

advection goes along parallel streamlines, whereas in a turbulent flow flowing 

particles crosscut the streamlines. The experiments were conducted in 57 

vertical micro-channels of nine configurations in the temperature range from 20 

up to 70C. The channel range was chosen to encompass macroscopic effects 

for the larger channels as well as microscopic effects for the smaller channels. 

Aspect ratio (length/width) was approximately one. Deionized liquid water was 

used along with gaseous argon, helium, and nitrogen as working phases. The 

Reynolds numbers ranged from around 30 to just fewer than 10,000. The results 

indicated that the presence of laminar or turbulent regime is dependent on the 
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fluid properties (viscosity) as well as the channel dimensions (width). For two-

phase flow, below a micro-channel width of 80 µm, the transition from laminar 

to turbulent regime was almost completely suppressed. Between 80 and 150 µm 

micro-channel width, a suppression of transition behavior was seen to take place 

in varying degrees. For larger channels (170-259 µm width), transition was seen 

to occur between large Reynolds number (of 1,500 and 2,000), i.e., for fluids 

with inertial forces strongly dominating over the viscous forces. 

To understand the two-phase flow phenomena, Wongwises and 

Pipathattakul (2006) used a thin glass tube of 8 mm in diameter and of 880 mm 

in length as well as water and air both at room temperature and atmospheric 

pressure. The inclination angles of the test section were 0, 30, and 60. Water 

and air were pumped and mixed before entering the test section. The flow rates 

of water and air were measured by different sets of rotameters. Experiments 

were conducted at various air and water flow rates, and various inclination 

angles of the channel. Visual observations were obtained using high-speed 

camera, digital camera and video recorder. The experiments showed that larger 

gas bubbles formed when increasing the air velocity via combination of smaller 

ones. The train of these bubbles followed the channel line in the continuous 

liquid phase which contained a dispersion of small circular-shaped bubbles of 

various sizes. The authors obtained increased areal extent for the slug and 

slug/bubble flows with increasing the inclination angle of the tube used, from 

0 to 60. 


