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Titanium contents of both vein and magmatic quartz from five Bohemian gold deposits with known P–T history were 
used to calculate/discuss the titanium oxide activities (aTiO2

) of natural quartz formed in the absence of Ti-buffering 
phases at 250–550 °C and 0.1–4 kbar. 
Data suggest significant variations in aTiO2

 during vein quartz formation, due to variation of P, T and growth rate. Ne-
gative correlation between aTiO2

 and quartz formation temperature was documented for intrusion-related gold deposits, 
implying quartz precipitation under closed-system conditions (i.e., without substantial equilibration of the ascending 
fluid with surrounding rocks). We propose a relationship for quantifying disequilibrium quartz formation that can be 
readily applied to quartz with known P–T history. The relationship was tested on natural samples exhibiting both rapid 
and slow crystallization. An example of extreme Ti enrichment (up to ~30 ×) in quartz, associated with its rapid growth, 
is described and discussed.

Keywords: thermobarometry; gold; quartz veins; titanium, Bohemian Massif
Received: 14 April 2020; accepted: 15 February 2022; handling editor: J. Hora
The online version of this article (doi: 10.3190/jgeosci.340) contains supplementary electronic material.

may affect their Ti distribution. Several recent experiments 
focusing on the behavior of Ti during dynamic quartz re-
crystallization (e.g., Negrini et al. 2014; Nachlas and Hirth 
2015; Nachlas et al. 2018) yielded ambiguous results.

Ti-in-quartz thermobarometry has been applied to 
natural assemblages ranging from magmatic (e.g. Wiebe 
et al. 2007; Müller et al. 2008; Breiter et al. 2012; Ehrlich 
et al. 2012; Buthelezi et al. 2017; Nevitt et al. 2017; Ack-
erson et al. 2018) and metamorphic rocks (e.g. Müller et 
al. 2007; Spear and Wark 2009; Storm and Spear 2009; 
Ashley et al. 2013; Cavalcante et al. 2014; Cruz-Uribe 
et al. 2017) to hydrothermal veins, ore deposits (e.g., 
Allan and Yardley 2007; Rusk et al. 2008 2011; Barker 
et al. 2010; Pérez-Alonso et al. 2016; Monnier et al. 
2018), mylonites and deformed crustal rocks (e.g. Kohn 
and Northrup 2009; Grujic et al. 2011; Haertel et al. 
2013; Nachlas et al. 2014; Bestmann et al. 2016; Kidder 
et al. 2018). Finally, a combination of Ti-in-quartz and 
O-isotope thermometry with diffusion modeling allowed 
for the estimation of the duration of mineralizing events 
in porphyry deposits (Cernuschi et al. 2018).

The greatest challenge in employing Ti-in-quartz 
thermobarometry lies in determining the TiO2 activity 
relative to rutile saturation (aTiO2

) during the crystalliza-
tion/recrystallization of the quartz. In most laboratory 
experiments, aTiO2  is equal to 1, whereby the presence of 
rutile in the resulting mineral assemblage is used as an 
indicator of Ti saturation. Although the presence of rutile 

1. Introduction

The titanium content in naturally occurring quartz is de-
pendent on the temperature, pressure and rutile activity 
during its formation. This relationship is also known as 
“Titanium in quartz thermobarometry” or, briefly, “Tita-
niQ”. Currently, three different experimental calibrations 
exist for this relationship. The first is represented by 
the works of Ostapenko et al. (1987), Wark and Watson 
(2006) and Thomas et al. (2010, 2015), the second by 
Huang and Audétat (2012), and the third by Zhang et al. 
(2020). The experiments conducted in these studies were 
conducted at high temperatures (550–1000 °C), a wide 
range of pressures (1–20 kbar, with emphasis on 5–10 
kbar) and in various media (hydrothermal fluid or rhyolitic 
melt). These P–T conditions are far more extreme than 
would be typical for most natural hydrothermal quartz 
veins (<500 °C, <5 kbar). In addition, the rate of quartz 
crystallization can also substantially affect the Ti content 
of quartz grown from hydrothermal fluids (Huang and Au-
détat 2012). A recent experimental study of Acosta et al. 
(2020) suggests even additional factors that affect the final 
concentration of Ti in quartz, specifically the ratio of TiO2/
SiO2 within the fluid (in contrast to the activity or absolute 
concentration of the dissolved TiO2 as proposed by other 
authors), and surface reaction-controlled kinetic effects.

Finally, ductile or semi-ductile deformation of the 
quartz is common in many natural quartz vein samples and 
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micro inclusions in natural quartz is generally accepted 
as proof that aTiO2

 equals 1, exceptions to this rule seem 
to exist (e.g., Morgan et al. 2014; Kendrick and Indares 
2018). Establishing the correct aTiO2

 value in natural 
samples, notably in quartz veins, is often less straightfor-
ward. An excellent, in-depth discussion of aTiO2

 evolution/
variability during prograde metamorphism of pelitic rock 
in the absence of rutile was published by Ashley and Law 
(2015). Such an approach, however, is difficult to apply 
to hydrothermal quartz veins, which are frequently not 
in equilibrium with the host rock.

Another challenge lies in the variability of the Ti 
content on both single grain/crystal and rock/vein scales. 
Factors operating at the single quartz grain/crystal scale 
comprise: 1) the temperature (e.g., Ackerson et al. 2018) 
or pressure of crystallization; 2) disequilibrium quartz 
growth and/or variable growth rate; 3) the presence of 
domains with different aTiO2

 values (but formed under the 
same P, T conditions; Kidder et al. 2018); 4) post-crystalli-
zation Ti diffusion in high-temperature environments (van 
den Kerkhof et al. 2004). Factors causing variance on a 
rock scale are: 5) the presence of multiple quartz genera-
tions (formed under different P, T and aTiO2

 conditions), or 
the occurrence of relict quartz (e.g., Kendrick and Indares 
2018); 6) insufficient re-equilibration of the relict quartz to 

the new P–T conditions (e.g., Ashley et al. 2013; Kendrick 
and Indares 2018); and 7) recrystallization-driven quartz 
purification (Simon et al. 2004; Müller et al. 2012).

In general, hydrothermal systems span a continuum 
between closed and open systems concerning their wall 
rocks. The vein gangue close to the wall rocks will be 
formed by precipitation from the fluid driven by the 
ambient temperature, pressure and their gradients, and 
internal processes such as boiling, etc. The open system 
suggests continuous equilibration between the ascending 
fluid and the surrounding rocks, while the closed system 
lacks any equilibration. The solubility of rutile in an 
aqueous fluid decreases with temperature (Antignano and 
Manning 2008). Therefore aTiO2

 will tend to increase in a 
closed cooling system.

This study provides an empirical test of the variability 
of aTiO2

 and/or TiO2 oversaturation during the formation of 
hydrothermal quartz veins under shallow to mid-crustal 
conditions and in the absence of Ti buffering phases. 
Thus, this approach is different from most similar em-
pirical studies that tended instead to focus on P or T 
determination, while the value of aTiO2

 was assumed to be 
known and generally fixed over a wide range of P and T.

Because our hydrothermal quartz crystallized at 
pressures of 0.1–4 kbar, we decided to use the Ti-in-

quartz calibration of Thomas et al. 
(2010), which is best suited to the P–T 
range and crystallization medium of our 
samples; use of the other extant ther-
mobarometer formulations would have 
required extrapolation far beyond the 
range of intensive variables for which 
they were calibrated. This calibration 
was applied to our recently published 
quartz trace-element data (Pacák et al. 
2019), representing successive quartz 
vein generations from several Bohemian 
gold deposits. As some of our calcula-
tions resulted in aTiO2

 > 1, we introduced 
a new parameter (X*) that allows simple 
expression of the deviation of the mea-
sured Ti content in the quartz with re-
spect to its equilibrium content, for the 
given P and T values.

2. Regional geology and  
  metallogeny

Numerous hydrothermal vein-type gold 
deposits are located along the north-
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western margin of the Central Bohemian Plutonic 
Complex (CBPC; Fig. 1). This zone also represents a 
boundary between the low-metamorphic-grade Teplá-
Barrrandian (TBU) and high-metamorphic-grade Molda-
nubian units. Formation of the gold deposits (e.g., 348–
338 Ma, Zachariáš and Stein 2001; Zachariáš et al. 2013, 
2014; Ackerman et al. 2017) broadly overlaps with the 
intrusive activity of the CBPC (355–335 Ma; Janoušek 
and Gerdes 2003; Janoušek et al. 2004, 2010), as well 
as with the regional metamorphism in the Moldanubian 
unit ~ 355 and 335 Ma (e.g., O’Brien and Rötzler 2003).

The Central Bohemian Plutonic Complex (3200 km2) 
consists of five to seven magmatic suites (Holub et al. 
1997), evolving from the older calc-alkaline (I-type) to 
potassium-rich calc-alkaline suites (I/S and S types) and 

to the younger ultrapotassic suite (Tábor pluton). Schul-
mann et al. (2009) interpreted the CBPC as an Andean-
type magmatic arc associated with the Saxothuringian 
unit/plate subduction beneath the Teplá–Barrandian and 
Moldanubian units.

The Teplá–Barrandian unit (Fig. 1) represents part 
of the Avalonian–Cadomian belt that developed along 
the active northern margin of Gondwana during the late 
Neoproterozoic (~ 750 to 540 Ma; e.g., Linnemann et 
al. 2008). The Neoproterozoic rocks (volcanic, volcano-
sedimentary and flysh-like sequences) form several 
juxtaposed, NE–SW trending, allochthonous belts sepa-
rated by shear zones. These belts have been interpreted 
as remnants of an oceanic crust, several accretionary 
wedges and a single volcanic arc (Hajná et al. 2011). The 

Tab. 1 A brief overview of the studied deposits and distinguished quartz types (for the P–T conditions of quartz formation, see Tab. 2 or Fig. 3). 

Dep. Subtype Gold resources 
(host rock)

Vein/quartz types 
(general characterization and abundance) References
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granodiorite

Qgrnd – magmatic quartz of granodiorite groundmass
Qpeg – quartz from a pegmatite body about 100 m far from  
the granodiorite
Q0 – minor, pre-ore barren subhorizontal veins
Q1 – early ore veins (subvertical, more than 20 cm thick)
Q1–2 – abundant, main ore veins, subvertical, up to 10 cm thick  
(may represent Q1 or Q2 types, or a transition between them)
Q2 – very abundant, main ore veins, subvertical sheeted densely  
spaced, < 5 mm thick
Q3 – sparse, moderately dipping, post-Q2 veins

Morávek et al. (1989)
Boiron et al. (2001)
Zachariáš et al. 
(2014)
Zachariáš (2016)
Wertich et al. (2018)
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Qgrnd – magmatic quartz of granodiorite groundmass
Qapl – quartz lens (5 x 10 cm) enclosed in aplite dyke hosted  
by granodiorite
Q1 – sparse, early ore veins with K-feldspar alteration rim
Q2 – most abundant, main ore veins, no alteration, up to 50 g/t Au
Q2–3 – minor, no alteration, abundant scheelite  
Q4 – abundant, later phase of ore veining, no alteration, < 10 g/t Au
Q5 – minor, late veins (traces of Au only), subhorizontal

Zachariáš et al. 
(2001)
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Q1 – main gold-bearing veins
Q2 – rare vein type, molybdenite-bearing
Q3 – late quartz filling fractures in Q1, associated with native arsenic 
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Zachariáš et al. 
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Q1 – sparse early quartz veins (Q1) with tourmaline (of unclear  
relation to ore-mineralization, may represent late-metamorphic veins)
Q2 – unambiguous ore-related veins, abundant As-bearing pyrite  
and arsenopyrite (both contain invisible gold)
Q3 – late quartz (Q3) fill (early phase of formation of Q3 is  
seems associated with deposition of macroscopic gold)

Zachariáš et al. 
(2004, 2009);  
Zachariáš and Hübst 
(2012)

K
rá

sn
á 

H
or

a

hi
gh

-fi
n.

 S
b–

Au
(O

RG
) ~1.5 t @ 3-5 g/t Au 

Lamprophyre dikes within 
granodiorite

Q1 – early veins with sparse arsenopyrite  
(most of them are Au-barren)
Q2 – main ore veins associated with deposition of stibnite  
(coarse-grained)
Q3 – late ore quartz (Q3), fills in fractures in Q2 or Q1,  
predates/accompany gold 

Němec and Zachariáš 
(2018), Zachariáš and 
Němec (2017)
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(stibnite and zinkenite)
Q2b – coarse-grained quartz intergrown with Sb-phases  
(stibnite and zinkenite)
Q2c – coarse-grained quartz intergrown with Al-phases  
(dickite/kaolinite)

Němec and Zachariáš 
(2018)
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volcano-sedimentary Jílové Belt (which hosts some of the 
studied gold deposits) is the easternmost part of the TBU.

The Moldanubian unit (Fig. 1) comprises the meta-
morphosed pre-Variscan (Precambrian/Early Paleozoic) 
crust and the Variscan granitoids (e.g., Dallmeyer et al. 
1995). The unit is further subdivided into the Gföhl and 
Drosendorf units. The former underwent Variscan HP-HT 
metamorphism, followed by subsequent rapid exhumation 
and re-equilibration under mid-crustal conditions. The 
latter only underwent mid-crustal LP–HT metamorphism 
(at about 335 Ma; e.g., O’Brien 2000). The main rock 
types forming the Gföhl unit are leucocratic granulites 
and migmatitic orthogneisses, while the Drosendorf unit 
is dominated by paragneiss, orthogneiss, marble, quartzite 
and amphibolite rocks.

The studied gold deposits can be classified as orogenic 
gold (ORG) or as intrusion-related gold (IRG) deposits, 
with some intermediate types (IRG/ORG). They differ in 
gold fineness, gold-associated metals (Au, Ag–Au, and 
Sb–Au) and ore mineralogy. The deposits were formed 
in similar to identical geological settings, over a rela-
tively brief period of time (350–335 Ma; Zachariáš and 
Stein 2001; Zachariáš et al. 2013, 2014; Ackerman et 
al. 2017); only the Roudný deposit is probably younger 

(~ 300 Ma). Most of them are hosted by granitoids of the 
CBPC (Mokrsko-West, Petráčkova hora, Krásná Hora and 
Příčovy deposits), while the Jílové deposit occurs in the 
TBU, however close to its contact with the CBPC. The 
Roudný deposit is hosted by the Moldanubian Unit and 
lacks any spatial/temporal relation to the CBPC. Table 1 
gives a brief summary of the individual deposits and 
distinguished quartz types, while the P–T conditions of 
quartz formation are summarized in Tab. 2. Electronic 
Annex (EA-1) provides a somewhat more detailed de-
scription of the deposits and quartz types.

3. Methods

The data used in this study (Tab. 2, Fig. 2a) represent 
part of the dataset published by Pacák et al. (2019). How-
ever, the data themselves have not yet been interpreted/
discussed in terms of Ti-in-quartz thermobarometry. 
The last two data rows in the Tab. 2 (Příčovy deposit, 
samples P2b, P2c) were originally excluded from Pacák 
et al. (2019) because the quartz was finely intergrown 
with zinkenite (Pb9Sb22S42; sample P2b) and dickite/ka-
olinite (Al2Si2O5(OH)4; sample P2c). As 29Si was used as 

Tab. 2 Summary descriptive statistics of Ti contents in the studied quartz types/veins (based on the dataset of Pacák et al. 2019). For the definition 
of X*, see the Discussion. MAD = median absolute deviation of the median; IQR = interquartile range (difference between 75th and 25th percentiles)

Deposit Dep. Quartz T P N Median Mean Min Max St. Dev. IQR MAD X*(TH10)
type type (°C) (kbar) (data) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ratio)

Petráčkova hora IRG Qgrnd 650 3.5 6 74.6 71.0 53.7 88.8 14.3 24.9 9.5 0.49
Petráčkova hora IRG Qapl 600 3.0 8 77.3 76.8 52.2 90.5 12.6 16.2 8.0 0.73
Petráčkova hora IRG Q1 510 2.5 9 14.6 14.7 11.7 18.3 2.4 5.2 2.5 0.35
Petráčkova hora IRG Q2 470 2.0 11 20.0 18.9 11.1 25.5 5.1 10.3 4.2 0.71
Petráčkova hora IRG Q2–3 470 2.0 11 28.0 29.5 20.8 41.8 5.5 6.1 2.1 0.99
Petráčkova hora IRG Q4 450 2.0 21 15.6 16.6 11.0 26.2 4.4 4.2 1.9 0.74
Petráčkova hora IRG Q5 450 1.7 9 31.1 31.3 21.7 41.5 7.3 12.3 6.3 1.34
Mokrsko-West IRG Qgrnd 680 4.0 17 47.5 56.8 38.0 84.7 16.2 30.2 5.5 0.26
Mokrsko-West IRG Qpeg 600 4.0 17 11.3 11.5 5.1 17.9 3.1 4.4 2.4 0.14
Mokrsko-West IRG Q0 550 4.0 17 21.5 21.4 18.1 26.0 2.7 4.6 2.6 0.46
Mokrsko-West IRG Q1 500 3.2 116 9.4 10.0 3.8 20.4 3.5 4.5 2.3 0.31
Mokrsko-West IRG Q1–2 460 3.0 171 10.3 13.2 3.4 35.0 7.8 11.7 3.8 0.56
Mokrsko-West IRG Q2 450 3.0 154 8.5 8.8 2.0 17.0 2.9 3.7 1.8 0.53
Mokrsko-West IRG Q3 400 2.8 11 5.7 5.9 4.0 7.9 1.2 1.7 0.9 0.76
Jílové ORG Q1a 350 2.0 5 1.8 1.8 1.6 2.3 0.3 0.3 0.2 0.48
Jílové ORG Q1b 350 2.0 6 1.7 1.9 1.7 2.5 0.4 0.5 0.1 0.46
Jílové ORG Q2 380 2.0 7 4.9 4.6 4.0 5.2 0.6 1.1 0.3 0.73
Jílové ORG Q3 250 0.1 4 2.2 2.1 2.0 2.5 0.3 0.4 0.2 2.66
Roudný ORG Q1 550 2.5 13 30.9 31.6 25.2 39.8 4.4 6.4 3.0 0.45
Roudný ORG Q1–2 450 1.75 10 9.1 9.0 7.6 10.4 0.8 0.9 0.5 0.4
Roudný ORG Q2 355 0.45 25 2.4 2.6 1.6 4.8 0.9 1.0 0.5 0.34
Roudný ORG Q3 320 0.10 12 3.0 2.6 1.7 3.2 0.7 0.9 0.3 0.75
Krásná Hora ORG Q1 450 2.5 25 18.0 23.2 11.7 53.5 10.2 12.0 4.2 0.98
Krásná Hora ORG Q2 350 1.0 86 2.9 3.5 1.8 9.9 1.6 1.8 0.7 0.54
Příčovy ORG Q2a 300 1.0 5 24.8 25.0 19.9 31.2 4.4 4.7 2.7 13.43
Příčovy ORG Q2b 300 1.0 4 1.1 1.1 0.8 1.4 0.3 0.5 0.3 0.60
Příčovy ORG Q2c 300 1.0 31 1.6 2.8 0.9 15.6 3.2 2.9 0.8 0.87
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an internal standard and SiO2 content was normalized to 
99.95 wt. %, the presence of zinkenite does not affect 
the calculated Ti content of quartz (P2b sample). On the 
other hand, submicroscopic inclusions of dickite/kaolin-
ite dilute the 29Si signal and the calculated Ti content of 
P2c sample is slightly lower than it would correspond to 
“pure” quartz. As the two samples demonstrate the effect 
of the quartz growth rate on its Ti content, we decided to 
include them in the current dataset.

The Ti abundances were established by the LA-ICP-
MS technique at the Institute of Geochemistry, Mineral-
ogy and Natural Resources at the Faculty of Science, 
Charles University, using the New Wave UP “213” laser 
ablation system (Nd:YAG 213 nm) coupled with the 
Thermo Scientific “iCAP Q” mass spectrometer. Data 
were acquired as 49Ti isotope using ablation line 1 mm 
in length, 80 µm in width and about 40 µm in depth. The 
external calibration was performed using the Standard 
Reference Material NIST 612 and 610 (National Institute 
of Standards and Technology, USA) with an internal 
standardization using 29Si by normalizing to 99.95 wt. % 
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Fig. 3 Overview of the P–T condition of formation of the studied 
quartz vein types.
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SiO2. Mean detection limit is 1.1 ppm Ti (n = 1049). For 
a detailed description of the analytical settings, data ac-
quisition and processing, see Pacák et al. (2019).

The median values of the Ti abundances (Tab. 2) are 
used through this paper for all the calculations of aTiO2

 
during the formation of quartz vein. We believe they best 
represent the Ti content of the most abundant quartz grain 
population of a hydrothermal quartz gangue sample.

The P–T conditions (Tab. 2 and Fig. 3) of formation of 
the individual vein types (or quartz generations) are largely 
based on a combination of O-isotope thermometry (quartz–
scheelite, quartz–hornblende and K-feldspar–hornblende 
pairs), fluid inclusion isochores and arsenopyrite thermom-
etry, as reported in the original papers summarized in Tab. 1.

4. Results

4.1. Brief description of studied quartz veins 
and quartz gangue

The studied samples represent typical massive quartz 
gangue from several ORG and IRG Bohemian gold 
deposits formed over a wide range of P–T conditions 

(Fig. 3, Tab. 2). Classification of quartz veins (Q1, Q2, 
etc.) is based on macrostructural criteria and crosscut-
ting relationships on a deposit scale. Up to eight samples 
of each vein type were analyzed at some deposits (e.g., 
Mokrsko). These can be easily recognized by a large 
amount of data (Tab. 2). If a particular vein type ex-
hibited marked textural (e.g., grain size) or paragenetic 
variability, quartz was categorized into subtypes. For 
example, three subtypes of Q2 quartz were distinguished 
at the Příčovy deposit: the Q2a quartz, although α-quartz, 
is extremely fine-grained (median 30 µm; Fig. 4a), 
compared to the Q2b (median 200 µm; Fig. 4b), and Q2c 
(median 147 µm; Figs. 4c and 4e) quartz subtypes.

Generally, anhedral quartz grains of variable size pre-
dominated in the quartz gangue, while euhedral crystals 
were almost absent. Most samples showed evidence of 
low to moderate ductile deformation, such as undulatory 
extinction, the presence of subgrains, or grain-boundary 
migration. There were practically no strain-free samples. 

A single quartz generation predominated in the in-
dividual vein samples and we tried to avoid analysis 
of mixed quartz generations (e.g., microveinlets with 
younger quartz). The homogeneity of the quartz gangue 
was further checked by optical cathodoluminescence. No 

a)

d) e)

Q2a

Q2b
Q2c

Q2a

median 30 m�
min         7 m�
max      90 m�

b)

Q2b

median 200 m�
min         88 m�
max      680 m�

c)

Q2c

median 147 m�
min         59 m�
max      291 m�

Fig. 4 Grain-size characterization of quartz types from the Příčovy Sb–Au deposit: a – grain size distribution of Q2a quartz (~25 ppm Ti); b – Q2b 
quartz (~1.1 ppm Ti); c – Q2c quartz (~1.6 ppm Ti). Lognormal distribution curve is shown for comparison. Note that Q2a and Q2b quartz types 
come from the same vein (sample KH-74). d–e – Optical microscope photographs documenting grain-size differences and vein quartz texture 
(crossed-nicols, scale bar is 0.5 mm).
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growth zones or grain clusters with substantially different 
CL-luminescence color and intensity were identified, but 
a few samples from the Krásná Hora Au-Sb deposit (Q2) 
exhibited subtle sector zoning.

4.2. Overview of variations in Ti abundances

Figure 2a and Table 2 summarize the main descriptive 
statistic parameters of the measured Ti abundances indi-
vidually for each quartz vein type. Titanium abundances 
approach right-skewed lognormal distribution in most 
quartz vein types (Fig. 2b). Variations in the measured 
Ti abundances, expressed as “median absolute deviation” 
(MAD) of the median, and the interquartile range (IQR) can 
be found in Table 2. The MAD and IQR values increase 
with both increasing pressure and increasing temperature.

4.3. Estimation of aTiO2
 using the Thomas et 

al. (2010) calibration

Figure 5 shows plots of aTiO2
 values based on the median 

and minimum Ti contents of the studied quartz samples, 
independently established P–T conditions and equation of 
Thomas et al. (2010). The error bars associated with the 
aTiO2

 values were calculated from the overall uncertainty 
in the P and T estimates, as ± 20 % of the P-value and as 
± 5 % of the T value. For example, the uncertainty was 
set at ± 0.6 kbar and ± 15 °C for quartz formed at 3 kbar 
and 300 °C. The data are plotted with respect to the quartz 

formation temperature. Data without error bars plotted at 
aTiO2 

 = 1 resulted in aTiO2
 > 1, theoretically not realistic (and 

may indicate kinetic effects or disequilibrium in general).

4.3.1. Mokrsko-West Au deposit

The calculated aTiO2
 values are lowest for the quartz of 

magmatic origin, representing the host granodiorite (aTiO2
 

= 0.26–0.21; for median and minimum Ti abundance in 
Qgrnd, respectively) and a small pegmatite body (aTiO2

 = 
0.14–0.06; Qpeg) at its exocontact. On the other hand, the 
aTiO2

 values of the ore-bearing hydrothermal veins (Q1 
to Q3) increase gradually from 0.31 to 0.76. This trend 
reflects both decreasing age and temperature. The P–T 
conditions of the barren pre-ore Q0 veins were arbitrarily 
set at 550 °C and 4 kbar, as there is textural evidence for 
thermally driven solid-state recrystallization of the Q0 
quartz (i.e., contact metamorphism).

4.3.2. Petráčkova hora Au deposit

Magmatic quartz (Qgrnd) of the host granodiorite yielded 
aTiO2

 = 0.48–0.35. Two other samples, associated with the 
same magmatic stage/event, resulted both in larger (aTiO2

 
= 0.73–0.50; Qapl; quartz lens enclosed in an aplite dyke) 
and smaller (aTiO2

 = 0.35–0.28; Q1; early quartz vein with 
high-temperature alteration rims) values. All the other 
quartz veins (Q2–Q5) yielded larger aTiO2

 values than the 
granodiorite (Qgrnd).
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Fig. 5 Calculated aTiO2
 values, based on the calibration of Thomas et al. (2010), during quartz formation at the Mokrsko-West (a), Petráčkova hora 

(b), Roudný (c), Krásná Hora and Příčovy (d), and Jílové (e) deposits. Black-filled diamond and open-circle (yellow) symbols differentiate among 
data based on median and minimum Ti abundances, respectively.
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4.3.3. Roudný Ag–Au deposit

The aTiO2
 values of the barren pre-ore veins (Q1) and ore-

bearing veins (Q1-2, Q2) exhibit a slight decrease from 
0.45–0.24 to 0.34–0.22 with decreasing temperature and 
towards late veins. If uncertainty associated with aTiO2

 es-
timation is included, then the aTiO2

 values of all the above-
mentioned vein types are statistically indistinguishable. 
Late quartz (Q3), however, has an aTiO2

 value that is about 
twice as large (aTiO2

 = 0.75–0.42).

4.3.4. Krásná Hora and Příčovy Sb–Au deposits

Pre-ore barren veins (Q1) at the Krásná Hora deposit 
have an aTiO2

 = 0.98–0.64. All kinds of the ore-bearing 
quartz (Q2a, Q2b, Q2c) of the Příčovy deposit suggest dis-
equilibrium Ti content. On the other hand, Q2 quartz of 
the main-ore-stage at Krásná Hora exhibits intermediate 
values (aTiO2

 = 0.54–0.33).

4.3.5. Jílové Au deposit

The most abundant vein quartz (Q1) yielded aTiO2
 values 

between ~ 0.4 and ~ 0.5. Unusual, molybdenite-bearing 
quartz (Q2) sample had a larger aTiO2

 value (0.73–0.57). 
The latest (i.e., youngest) quartz (Q3), associated with 
deposition of native arsenic, indicates disequilibrium 
conditions. The relative chronology of the molybdenite-
bearing quartz vein with respect to the other vein types 
is uncertain (i.e., Q2 may be older or younger than Q1).

5. Discussion

5.1. Sensitivity of Ti-in-quartz thermobaro-
metry to changes in P, T, aTiO2

Figure 6 summarizes the relative changes in Ti abundanc-
es of the quartz (calculated after Thomas et al. 2010) to 
moderate changes in the pressure, temperature and aTiO2

. 

The results are expressed as the relative percentages of 
the initial Ti content (representing 100 %) of the previ-
ous calculation step (the calculation steps were equal to 
0.1 aTiO2

 in Fig. 6a or to 25 °C in Figs. 6b–c). First, the 
absolute Ti abundances were calculated for all the pos-
sible combinations of T (200–900 °C, step 25 °C), P (1–8 
kbar, step 0.25 kbar) and aTiO2

 (0.05–1.0, step 0.05). Then 
the relative changes (rel. %) in the Ti abundances were 
calculated by comparing the data representing conditions 
when two variables stayed fixed (e.g., P, T), while the 
third variable could vary as indicated in the label box 
for each figure.

For an initial value of aTiO2
 in the range 1.0 to 0.5, a 

decrease in aTiO2
 by a value of 0.1 leads to a reduction 

in the Ti concentration to 90–80 % of its original value 
(Fig. 6a). If the initial value of aTiO2

 is smaller than 0.5, 
then the relative decrease in Ti is larger (Fig. 6a). In 
contrast, a decrease in pressure at constant temperature 
and constant aTiO2

 leads to an increase in the Ti content. 
A pressure decrease of 1 kbar increases the Ti content to 
up to 120 % of its initial value at the high-temperature 
settings and up to 140 % at low-temperature settings.  
A decrease in temperature, at constant pressure and 
constant aTiO2

, leads to a decrease in the Ti content. For 
example, a temperature decrease by 10 °C results in a de-
crease in the Ti content to 90 –70 % of the original value, 
with the exact value depending on the initial temperature 
(Fig. 6c). Minor to moderate variations in P, T and aTiO2

 
can thus easily fully or partly contribute to the observed 
range of Ti abundances in a single quartz vein sample.

The Figure 7 documents the variability of the mea-
sured Ti abundances expressed as the relative difference 
between the minimum or maximum values and the mean 
Ti value for a given vein type (using the median instead 
of mean values does not substantially affect the plot). 
We can see that the relative differences tend to increase 
towards lower temperatures and pressures. The trend of 
natural data (Fig. 7) is thus similar to that of the theoreti-
cal ones (Fig. 6b–c).

The Ti abundances for individual quartz vein types 
tend to approach lognormal distribution skewed toward 

22

a) b) c)change in aTiO  only change in pressure only change in temperature only2

initial aTiO2

Fig. 6 Relative changes in the initial Ti abundance (expressed as 100 %) with moderate changes in the aTiO2
 (a), pressure (b) and temperature (c). 

All the calculations are based on the Thomas et al. (2010) relationship between the Ti abundance and P, T and aTiO2
.
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higher concentration (Fig. 2b herein, or Fig. 2 in Pacák 
et al. 2019). This is in line with the exponential effect of 
temperature on Ti concentration. However, if the quartz 
crystallized in a normal distribution around the median 
temperature (in temperature space), a skew right distri-
bution of Ti abundances is the result. This suggests that 
intra-vein variations in the quartz crystallization tempera-
ture are probably the main cause of observed variations 
in Ti abundances. In the end, larger relative uncertainties 
in measured Ti also likely play a role in increasing (rela-
tive) scatter of data at low Ti concentrations (and low T).

5.2. Apparent disequilibrium due to kinetics 
effects

Another possible source of Ti-abundance variations on 
the sample scale is quartz disequilibrium formation due to 
a variable/faster growth rate. Huang and Audétat (2012) 
identified up to about 2.5 times greater Ti abundance 
in rapidly grown quartz (~110 µm/day) compared to a 
slowly grown sample (~4 µm/day). Therefore, they used 
the Ti concentration of the most slowly grown quartz 
samples for calibration of their thermobarometry. Acosta 
et al. (2020) give a more in-depth discussion of various 
kinetic effects. These are, however, difficult to employ in 
the study of natural samples.

In order to quantify the apparent degree of disequilib-
rium, we propose following relationship:

 X* =
 Timeasured

     Ti*
eq

    (1)

where Timeasured refers to the measured Ti concentration in 
a quartz sample (we used the median value of measured 
Ti concentration as a representative value for each vein-
type), while Ti*

eq refers to “the equilibrium” Ti content in 
quartz calculated using the corresponding thermobarom-
eter – X*(TH10) – Thomas et al. (2010) – for a given P–T 
and assuming aTiO2

 = 1. 
For example, the application of the calibration of 

Thomas et al. (2010) predicts 32.34 ppm Ti (aTiO2
 = 1.0), 

or 16.17 ppm Ti (aTiO2
 = 0.5) for quartz formed at 500 °C 

and 3 kbar. Let us consider a natural sample formed 
at 500 °C and 3 kbar, however at unknown aTiO2

. If the 
sample contains 32.34 ppm Ti, value X*(TH10) = 1 (i.e., 
32.24/32.34), if the Ti content is lower, e.g., 16.17 ppm, 
then value X*(TH10) = 0.5 (i.e., 16.17/32.34). On the 
other hand, 50 ppm Ti results in X*(TH10) = 1.55 (i.e., 
50/32.34). The latter content (50 ppm) is higher than the 
maximum solubility of Ti in quartz for a given P–T after 
the model of Thomas et al. (2010) and is therefore theo-
retically unrealistic. Value X* = 1 implies that the quartz 
grew at aTiO2

 = 1 in equilibrium with the model. Note that 

for X* ≤ 1, the X* values are identical with the estimation 
of aTiO2

 following the model, while X* > 1 implies over-
saturation of the quartz with respect to rutile (for a given 
P–T) and represents a measure of the relative Ti disequi-
librium enrichment compared to the model (Thomas et 
al. 2010 in our case).

Figure 8 summarizes the X*(TH10) data for all the 
studied quartz vein types taken from selected Bohe-
mian gold deposits. The value X* = 1 is highlighted by 
a red dashed line. Data plotted to the left of the red line  
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Fig. 7 The measured maximum (a) and minimum (b) Ti abundances 
are expressed as their relative difference to the mean values (mean = 
100 %). The magnitude of the relative differences tends to increase 
with decreasing temperature, schematically highlighted by the shad-
owed area.
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(X* = 1) thus correspond to maximum aTiO2
 for a given 

vein type, while those plotted to the right (X* > 1) indi-
cate apparent Ti-oversaturation. Most of our data exhibit 
X* ≤ 1, notably those for the IRG deposits (Mokrsko and 
Petráčkova hora).

There is a general tendency towards a gradual increase 
in X* values as the quartz formation temperature (and 
pressure) decrease(s). This is clearly discernible for both 
IRG deposits (Mokrsko and Petráčkova hora) and certain 
ORG deposits (Jílové). The anomalous “behavior” of the 
Q1 data from the Roudný ORG deposit (Fig. 8c) may be 
related to the formation of these veins from genetically 
distinct metamorphic fluids. A single quartz type/sample 
– Q2a – quartz from the Příčovy Sb–Au deposit – deviates 
substantially from the other data, exhibiting much higher 
X* values, ranging from 13.4 at 300 °C (Fig. 8d) to ~47 at 
250 °C. It differs substantially from the X* values of veins 
Q2b (X* = 0.9 to 2.1) and Q2c (X* = 0.9 to 3.0) from the 
same deposit calculated for the same temperature range 
(Fig. 8d). Note also that Q2a and Q2b quartz types occur 
together in a single vein/sample (Fig. 4d). The quartz 
grain size is the main difference between the Q2a and 
Q2b–Q2c quartz types. The Q2a quartz, although α-quartz, 
is extremely fine-grained (median 30 µm; Fig. 4a), 
compared to the Q2b (median 200 µm; Fig. 4b), and Q2c 
(median 147 µm; Figs 4c and 4e) samples. They are all 

intergrown with Sb-bearing phases, thus confirming af-
filiation to the same paragenetic stage and consequently 
formation under the same/similar P–T conditions. These 
are estimated to be at least about 250 °C and 1–0.6 kbar, 
based on homogenization temperatures of primary fluid 
inclusions in Q2b (195 ± 21 °C; see Figs 11 and 14 in 
Němec and Zachariáš 2018).

This all demonstrates that parameter X* is an appro-
priate measure of quartz disequilibrium formation rela-
tive to the used experimental or thermodynamic model. 
The much higher Ti content (20 to 31 ppm Ti) of the 
extremely fine-grained Q2a quartz, compared to the more 
coarse-grained Q2b and Q2c quartz (~ 1 to ~ 4 ppm Ti), 
can be best explained by its sudden grain nucleation, 
faster growth rate and precipitation from a supersaturated 
solution. This resulted in its chalcedony-like appearance, 
although it is α-quartz. We are unaware of such extreme 
Ti enrichment (19 × to 28 ×; based on the ratio of median 
Ti abundances) in quartz because of its rapid growth rate.

5.3. Quartz formation under open and clo-
sed system conditions 

Two patterns seem to reflect aTiO2
 evolution trends among 

the studied deposits. These patterns can be recognized on 
both the aTiO2

 – T (Fig. 5) and X* – T plots (Fig. 8). The 

Mokrsko-W
a)

Petráčkova hora

Roudný

Příčovy

Krásná Hora

b)

c) e)
d)

Jílové

Fig. 8 Apparent measure of equilibrium/disequilibrium Ti content (see the discussion for the definition of X*) in quartz samples from various gold 
deposits: a – Mokrsko-West (IRG); and b – Petráčkova hora (IRG); c – Roudný (ORG); d – Krásná Hora (ORG Sb–Au) and Příčovy (ORG Sb–Au); 
and e – Jílové (ORG). Values X* > 1 imply disequilibrium quartz formation, values X* ≤ 1 correspond to the hypothetical maximum aTiO2

 value for 
the given quartz type (suggesting that calibration of Thomas et al. (2010) represents equilibrium Ti contents).
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patterns seem to reflect mainly decreasing temperature 
during vein formation and, to a lesser extent, also the 
genetic type of a gold deposit (IRG vs. ORG).

The Petráčkova hora and Mokrsko-West deposits can 
be considered to be the most typical representatives of 
IRG deposits in the Bohemian Massif. They indicate 
spatial and temporal relationships to a magmatic body/
suite, the high-temperature nature of early fluids/veins, a 
large abundance of the Bi–(Te) phases and the absence of 
wide-spread intense hydrothermal alteration. The values 
of aTiO2

 and X* of the vein quartz of IRG deposits sys-
tematically increase over time as the parent fluid cools. 
The latest (i.e., youngest) quartz veins exhibit the largest 
aTiO2

 or X* values. This suggests apparent saturation of the 
fluid with respect to rutile, most likely due to a decrease 
in the solubility of rutile at lower temperatures (Antig-
nano and Manning 2008). The trend can be interpreted 
as quartz vein formation under closed-system conditions 
(i.e., without equilibration between the fluid and the sur-
rounding rocks). This suggestion is further supported by 
the high variability of the calculated aTiO2

 or X* values, in 
spite of vein quartz precipitation within a geochemically 
and mineralogically “homogeneous” granodiorite body.

The evolutionary pattern of the aTiO2
 or X* values of the 

ORG deposits is less obvious. The data display a slight 
gradual decrease in aTiO2

 or X* values, along with decreas-
ing temperature of the vein formation. This trend is dif-
ficult to assign to either open or closed system behavior 
because it is probable that these veins were formed from 
more than a single fluid source. The difference in aTiO2

 
or X* patterns, between the IRG and ORG deposits, is, 
however, evident.

6. Conclusions

The titanium content of quartz vein samples from five 
Variscan Bohemian gold deposits with known P–T history 
were used to calculate the titanium oxide activities (aTiO2

) 
of hydrothermal quartz grown naturally in the absence 
of aTiO2

 buffering phases at 250–550 °C and 0.1–4 kbar. 
Variations in Ti abundances in the studied quartz reflect 
variations in all the potential variables (P, T, aTiO2

 and 
quartz growth rate). Despite this complexity, our calcu-
lations also support significant variations in aTiO2

 during 
the vein formation. In addition, we found evidence for 
the formation of quartz veins at intrusion-related gold 
deposits under closed-system conditions. This suggests 
the absence/minimum of fluid equilibration with the host 
rocks along the fluid ascending path. Most of our data 
are consistent with the Thomas et al. (2010) solubility 
model and suggest quartz formation in a systematically 
undersaturated system with respect to rutile. Finally, we 
proposed a new formula for quantifying the degree of 

quartz disequilibrium precipitation regarding Ti abun-
dance in quartz. The formula was successfully applied to 
a natural quartz sample showing textural and grain-size 
evidence of rapid non-equilibrium crystallization.
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