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Abstract 20 

Ignimbrite-hosted quartz phenocryst fragments contain much lower hydroxyl defect 21 

concentration than quartz in igneous rocks. Pre-eruptive and post-depositional loss of hydrogen 22 

were hypothesized as the main processes for lowering the initial magmatic concentrations of 23 
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hydroxyl defects. The aim of this study was to examine the hydroxyl defect concentration of 24 

quartz phenocryst fragments from various vertical positions above the base of pyroclastic density 25 

current (PDC) deposits. It aims to record the vertical variations of hydroxyl defect concentrations 26 

to have an insight into potential post-depositional hydrogen loss of PDC deposits. Ignimbrite-27 

hosted quartz phenocryst fragments were examined from two different ignimbrites in the Bükk 28 

Foreland Volcanic Area (North Hungary). Unpolarized micro-FTIR measurements on 23-35 29 

unoriented crystal fragments from each sample were performed representing 4 different vertical 30 

positions of each site. Present results imply that hydroxyl defect concentrations show a 31 

pronounced decrease upwards from the base of the deposits. The initial ~12 ppm hydroxyl defect 32 

concentration decreases to <3 ppm within <10 meters from the base. Ignimbrites with contrasting 33 

degree of welding are characterized by different hydroxyl defect concentrations of quartz 34 

phenocryst fragments at the same height above the base. Thus, post-depositional dehydration is 35 

supposed to be the main factor causing the observed vertical decreasing trend. The modelling of 36 

post-depositional dehydration by considering typical ignimbrite emplacement temperatures (300 - 37 

700°C) and thicknesses (20 - 50 m) revealed, that the different cooling rates and average crystal 38 

diameters only could not cause the observed decrease in hydroxyl defect concentrations in 39 

ignimbrites. Other factors, such as contrasting pre-depositional thermal history, presence of melt- 40 

and fluid inclusion and crack density of crystals could also play an important role in affecting the 41 

final hydroxyl defect concentrations.  42 

 43 
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Introduction 48 

Quartz is the second most abundant mineral in the continental crust after feldspar and is an 49 

abundant phase in Si-oversaturated magmatic systems. Its structure allows the incorporation of 50 

several trace elements via various substitutions: i) isovalent substitution of Ti4+ or Ge4+ for Si4+; 51 

ii) coupled substitution of P5+ + M3+ → 2Si4+; iii) heteroelectronic M3+ + M+ → Si4+ substitutions; 52 

iv) hydrogarnet substitution as 4H+ → Si4+, where M+ and M3+ are mono- and a trivalent cations; 53 

Götze et al. 2001, 2004; Müller et al. 2002, 2003; Stalder and Konzett 2012, Baron et al. 2015, 54 

Frigo et al. 2016). The most abundant impurities are the Al3+ + M+ → Si4+ heteroelectronic 55 

substitutions, where alkalis, such as Na+, K+, Li+ or commonly H+ have to be involved as charge 56 

compensating monovalent cations (Götze et al. 2001; 2004). In this way H+ is incorporated as 57 

hydroxyl defects (OH-) directly bonded to the silica framework. Hydrogen could also be present 58 

in quartz crystals as molecular water (H2O) in nanoinclusions (Stenina 2004) and fluid micro-59 

inclusions that represent on average by far the most abundant water species in quartz (Aines et al. 60 

1984; Stalder and Neuser 2013).  61 

Studying trace element concentrations of quartz in igneous and volcanic rocks to get information 62 

on petrogenetic conditions has become important recently. The titanium concentration of quartz 63 

may be used as a geothermometer (Wark and Watson, 2006; Huang and Audétat 2012) and 64 

allows outlining pre-eruptive thermal histories within the magma chamber (e.g., Shane et al. 65 

2008; Campbell et al. 2009; Matthews et al. 2012). Hydroxyl defect concentrations of quartz are 66 

also considered for petrogenetic investigations. The aluminum-related hydroxyl defect 67 

concentration and the concentration of hydrogarnet substitutions were proposed as good 68 

indicators of pressure during crystallization (Stalder and Konzett 2012; Baron et al. 2015). The 69 

amount of Al-related hydroxyl defects in quartz phenocrysts from experimental runs from the 70 

Qz–Ab–H2O and granite–H2O systems (at 5 and 25 kbar) ranged from ~40 to ~80 ppm H2O by 71 
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wt. (hereafter referred to as ‘ppm’ for short), and from ~100 to ~140 ppm respectively and 72 

showed a negative pressure-dependence (Stalder and Konzett 2012). On the other hand 73 

hydrogarnet substitution was positively correlated with pressure (Stalder and Konzett 2012; 74 

Baron et al. 2015). 75 

From a petrological point of view among olivine, pyroxene and feldspars quartz has a potential 76 

importance in volcanic systems, because it may record conditions just prior to eruptions (Charlier 77 

et al. 2012; Kilgour et al. 2014; Hartley et al. 2014, Weis et al. 2015, 2016). Hydroxyl defects in 78 

quartz are characterized by >6 x 10-13 m2/s diffusional speed at temperatures higher than 700°C 79 

(Kats 1962; Kronenberg et al 1986), thus hydroxyl defects are supposed to be sensitive to 80 

changes in pre-eruptive P, T or chemical activities. In spite of this, there are only sporadic data on 81 

the hydroxyl defect concentration in quartz crystals from volcanic systems. The first 82 

measurements of hydroxyl defect concentrations in ignimbrite-hosted quartz phenocryst 83 

fragments reported hydroxyl defect concentrations ranging from ~2.0 to ~4.1 ppm (Biró et al. 84 

2016), which is much lower than those in experimental quartz: 40 - 80 ppm from Qz–Ab–H2O 85 

and 100 - 140 ppm from granite–H2O systems or 6-12 ppm in quartz from plutonic rocks (Müller 86 

and Koch-Müller 2009; Stalder and Konzett 2012). Both syn- and post-eruptive processes are 87 

proposed as important factors causing these low concentrations (Biró et al. 2016). The diffusional 88 

loss of hydrogen during the eruption and after deposition is supposed to play the major role in 89 

lowering the ‘original’ hydroxyl defect concentrations.  90 

In this study measurements on hydroxyl defect concentrations within ignimbrite-hosted quartz 91 

phenocryst fragments were performed to probe the effect of post-depositional cooling on 92 

hydroxyl defect concentrations. For this purpose various vertical levels above the base of two 93 

ignimbrite deposits were considered.  94 

 95 
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 96 

Geological background, volcanology 97 

We investigated two ignimbrite deposits, which are located in the Bükk Foreland Volcanic Area 98 

in North Hungary (Fig. 1 a, Table 1). During the Tertiary – between 21 and 12 Ma – a 99 

widespread Si-rich explosive volcanism took place in the Carpathian-Pannonian Region (Fig. 1 a; 100 

Szabó et al. 1992; Pécskay et al. 2006). The extent, volume and source vents of the resulting fall 101 

and pyroclastic density current – hereafter PDC – deposits are poorly constrained, because most 102 

of the volcanic rocks have been buried by thick Quaternary sediments due to basin subsidence. 103 

However, a representative part of the volcanic succession crops out at the Bükk Foreland 104 

Volcanic Area in a ca. 40x10 km large area (Fig. 1 b), where volcanic products were deposited 105 

during a 7.5 My interval from 21 to 13.5 Ma and exceeds ~700 m in thickness (Szakács et al. 106 

1998; Pelikán 2005). Most of the deposits are thick subaerial ignimbrites displaying massive 107 

lapilli tuff facies. Three main successions, as Lower-, Middle-, and Upper Ignimbrites were 108 

distinguished via physical volcanological properties (Varga 1981; Capaccioni et al. 1995; 109 

Szakács et al. 1998; Lukács et al. 2010), paleomagnetic rotations (Márton 1990; Márton and 110 

Pécskay 1998; Márton et al. 2007), K/Ar age determinations (Márton and Pécskay 1998; Lukács 111 

et al. 2007, 2010), major and trace element compositions of minerals (Lukács et al. 2007) and 112 

matrix glass shards (Harangi 2005; Harangi and Lukács 2009; Lukács et al. 2009) and 113 

composition of quartz- and feldspar-hosted silicate melt inclusions (Lukács et al. 2002, 2005). 114 

We sampled two different ignimbrites: Eger and Bogács (Fig. 2). In summary, the investigated 115 

succession at Eger shows a typical architecture of subaerial ignimbrites, deposited from the 116 

collapse of a Plinian eruption column. It starts with a well-sorted Plinian fall deposits and after 117 

that a cross-bedded, fine-grained and finally a thick, massive lapilli tuff from a PDC follows. 118 

This succession is a non-welded ignimbrite. At Bogács, the investigated ignimbrite is a slightly 119 
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welded PDC deposit, without initial Plinian fall deposit. At the latter site, only the lowermost, 120 

ground-hugging 0.2 m is non-welded. 121 

At Eger, samples from a typical, non-welded subaerial ignimbrite were collected which belongs 122 

to the Lower Ignimbrite Unit. This deposit overlies the Oligocene sediments, thus known to be 123 

one of the first products of the widespread intrabasinal Si-rich volcanism in the Carpathian-124 

Pannonian Region (Capaccioni et al. 1995; Szakács et al. 1998). Potassium/argon age 125 

determinations resulted 20.2±1.7 and 19.7±0.9 Ma (Márton and Pécskay 1998). At Eger the 126 

succession begins with a 0.2 m thick, very well-sorted, coarse tuff (Fig. 2). The layer has a 127 

constant thickness irrespective the paleotopography. Pumice fragments have maximum and 128 

average diameters of 2 and 0.5 cm, respectively. The lithics and crystals are smaller ~ 0.5 cm in 129 

diameter. Internal structure or bedding is not visible. On the basis of its sedimentological 130 

features, this layer is considered as a fall deposit (Capaccioni et al. 1995). The second layer is a 131 

very fine-grained, cross bedded fine ash tuff with 0.2 m in thickness, which cover the fall deposit 132 

with a sharp contact. Pumice fragments are rare and are 1 - 2 mm in diameter. This layer is 133 

suggested to be deposited from a dilute ‘surge’-like PDC. On top of it, with a transitional contact, 134 

a ~30 m thick, very poorly sorted, massive lapilli tuff was deposited. The average diameter of the 135 

pumices is 5 cm. The largest pumices exceed 20 cm in diameter. Lithics are rare and their 136 

diameter is up to ~15 cm. The matrix:clast ratio is approximately 80:20. This unit is suggested to 137 

be a non-welded ignimbrite. The upper contact of the ignimbrite succession could not be located, 138 

because its upper boundary is a recent erosional surface. 139 

At Bogács, samples were collected from a slightly welded ignimbrite. The age of this deposit is 140 

17.2±2.3 (Márton and Pécskay 1998). Detailed volcanology and petrology of this ignimbrite was 141 

given by Czuppon et al. (2012), who subdivided the deposit into two subunits based on color, 142 

degree of welding, and pumice characteristics. The Lower Welded Pyroclastic Unit (LWPU) is 143 
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characterized by a 8-9 m thickness, reddish grey color, ~40 cm maximum pumice diameter at the 144 

top, and increasingly welded appearance toward its upper contact. The Upper Mixed Ignimbrite 145 

Unit (UMIU) overlies the LWPU with a continuous transition. The UMIU is a 15-17 m thick, red 146 

massive lapilli tuff with a chemically bimodal pumice and glass shard populations. It contains 147 

pumice lapilli, scoria clasts, and mixed pumices (Czuppon et al 2012). At the site considered in 148 

this study the thickness of the ignimbrite is 6.5 m, thus covering the lower part of the LWPU of 149 

Czuppon et al. (2012). The upper boundary is an erosional surface, thus the original thickness of 150 

the deposit could not be constrained here either. The ignimbrite overlies a fine tuff unit with a 151 

sharp contact. From the base to the top of the outcrop a progressive variation in the degree of 152 

welding can be traced via the color and the hardness of the deposit. Just above the basal contact, 153 

the non-welded, friable lowermost part is 0.2 m in thickness. Above, the deposit becomes 154 

increasingly welded and its color changes from greenish grey to pinkish grey and red. The 155 

maximum size of the pumice lapilli are 2 cm along the investigated section. Lithics are rare and 156 

have a maximum diameter of 1 cm.  157 

 158 

 159 

Methods 160 

 161 

Sampling strategy 162 

The goal of the study was to examine the impact of sample position within the deposit – which 163 

could be translated to relative cooling rate – on the hydroxyl defect concentration of quartz 164 

phenocryst fragments. For this, we sampled two different ignimbrite units at the Bükk Foreland 165 

Volcanic Area at North Hungary (Fig. 1 b). Four samples from each natural vertical exposures 166 

were taken from various vertical positions above the base of the deposits. The sampled heights 167 
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are indicated in Table 1, and in Fig. 2. Samples from the lowermost part of the ignimbrites were 168 

collected in both sites. Other samples were collected from the following heights above the base: 169 

at Eger: 0.5 m, 1.2 m, 10 m; at Bogács: 0.5 m, 1.0 m, 6.5 m. 170 

 171 

Sample preparation 172 

At both sites the separation of the pumice clasts from the matrix was hindered by a resistant 173 

cementation. Only in the case of E-1, which was collected from the friable initial Plinian fall 174 

deposit at Eger individual crystals were picked. In all other samples quartz phenocryst fragments 175 

were collected from the crushed residue of the whole rock. As a result, phenocryst fragments 176 

could originate from the matrix or from the juvenile clasts, too. The matrix is supposed to contain 177 

quartz crystals from two different sources. The majority of these quartz crystals in the matrix 178 

originated from the fragmentation of pumice clasts during pyroclast transportation and represent 179 

a cogenetic population. In addition, there could be some phenocryst fragments which are not 180 

cogenetic and incorporated during PDC movement from the nearby formations. A steel crushing 181 

device was used to get blocks with approximately one centimeter in diameter, followed by further 182 

crushing using a ceramic crushing mortar. The residual debris was washed under running water 183 

and then dried at room temperature until most of the moisture disappeared. Further sample 184 

preparation to produce doubly-polished quartz wafers suitable for IR measurements was done 185 

according to the protocol described in Biró et al. (2016). 186 

 187 

Quartz characterization 188 

The size and shape of the crystals and the features of inclusions from the quartz phenocrysts were 189 

studied under a binocular microscope. The concentrations of 7Li, 23Na, 27Al, 39K, 49Ti were 190 

measured at the Geological and Geophysical Institute of Hungary by using a New WaveUP 213 191 
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laser ablation system coupled with a quadrupole ICP-MS, Perkin Elmer Elan DRCII and with the 192 

same measurement conditions as explained in Biró et al. (2016).  193 

 194 

Micro-FTIR methodology 195 

To get quantitative data on the hydroxyl defect concentration of quartz phenocryst fragments 196 

unpolarized micro-FTIR (Fourier Transform Infrared) measurements were carried out on 197 

unoriented quartz fragments. This methodology offers a practical, but still reasonably accurate 198 

tool for analyzing a large number of crystals. At least 23 phenocryst fragments from each 199 

sampling level were measured (Table 1). The measurements were carried out at the Hungarian 200 

Institute for Forensic Sciences by using a Bruker Vertex 70 spectrometer coupled to a Bruker 201 

Hyperion 1000 infrared microscope. Measurements were performed using a 100 μm x 100 μm 202 

squared aperture. Spectra were recorded with at least 64 scans between 400 and 4000 cm-1 with a 203 

nominal spectral resolution of 4 cm-1. Before each spectrum acquisition the quartz wafers were 204 

checked for visible mineral, melt or fluid inclusions. The spectra were recorded from sites where 205 

such inclusions were absent. The spectra were processed with the OPUS software. In some cases 206 

the Atmospheric Compensation tool of OPUS were applied to eliminate the unwanted 207 

contribution of atmospheric water vapor to the hydroxyl region. Background correction was 208 

performed on each spectrum by using a concave rubberband type correction including at least 2 209 

iterations and 64 fitting points. A comparison with manual background corrections indicated that 210 

the results are usually the same within analytical uncertainty (±5%; i.e. EA22 crystal fragment) 211 

and underestimations beyond analytical uncertainty by the concave rubberband correction may 212 

only be present for very hydroxyl- poor samples (i.e. UPM11 crystal fragment). Nevertheless, do 213 

not influence the main conclusions of the study. The application of uniform concave rubber band 214 

corrections for each sample guarantees more accurate relative comparison since the uncertainty 215 
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emerging from repeated manual background corrections can be omitted. Integration of hydroxyl 216 

defect-related absorbances was performed with the Integration tool of OPUS with "B method" 217 

which includes the area above a line connecting the intersections of the lower and upper limits of 218 

integration. Thickness of doubly-polished quartz wafers were determined by a MITUTUYO 219 

micrometer which has a precision of 1 µm. In some cases the thickness was calculated by using 220 

the relation between Si-O-related absorbances and effective sample thickness as described by 221 

Biró et al. (2016).  222 

The theoretical background for quantitative unpolarized IR spectrometry was introduced by 223 

Sambridge et al. (2008) and Kovács et al. (2008), which assumes that the hydroxyl defect content 224 

is uniform within and among crystals and the analyzed crystals are unoriented. As we will 225 

demonstrate below these conditions are not met perfectly for each sample suite and there we 226 

should assume higher uncertainty. The absolute hydroxyl defect contents (in ppm H2O by weight) 227 

can be estimated then according to Equation 1: 228 

 229 

ைுܥ =  ∑ ஺೔ೠ೙೛೚೗೙೔సబ ௡ ∙ ݇ ∙ 3        (1) 230 

 231 

where ܣ௜௨௡௣௢௟ is an individual unpolarized integrated absorbance normalized to 1 cm thickness 232 

within a given sample suite, k is the calibration factor for polarized light (~0.072±0.0151 for 233 

quartz) and 3 is a constant which relates the average unpolarized integrated absorbance to total 234 

polarized absorbance (Kovács et al. 2008; Sambridge et al. 2008). Previous studies demonstrated 235 

that if a sufficient number of unoriented crystals is considered for a given minerals (quartz, Biró 236 

                                                            
1 this is calculated from the ε = 94 000±20 000 L/mol·cm-2 extinction coefficient of Thomas et al. (2009) assuming 
2650 g/L density for quartz according to k=௖∙ெಲఘ∙ఌ  where c = 106, and MA is the molar weight of water (18.02 g) 
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et al. 2016; olivine, Kovács et al. 2008, Bali et al. 2008) than the total polarized absorbance can 237 

be approximated within 10%. For some sample suites where deviations from the ideal 238 

distribution of unpolarized absorbance were found this uncertainty in the estimation of the total 239 

polarized absorbance can be up to 20%. Consequently, generally if conditions for the application 240 

of the unpolarized methodology are ideal the uncertainty in the absolute hydroxyl defect content 241 

should be lower, than 25% by using the error propagation formula of Liu et al. (2006), which 242 

includes the uncertainty of the individual measurements and the calibration factor as well.  243 

In addition, from a set of unpolarized absorbances the principal polarized absorbances can be 244 

estimated based on Equations 2 (i.e., Equations 70 in Sambridge et al. 2008): 245 

௨௡௣௢௟௔௩௚ܣ௔௣௢௟ = 3ܣ 246  ௨௡௣௢௟௠௔௫ܣ2 –  ௨௡௣௢௟௠௜௡ܣ)௕௣௢௟ = 2ܣ 247  ௨௡௣௢௟௠௔௫ܣ +  ௨௡௣௢௟௔௩௚ܣ3 – ( ௨௡௣௢௟௔௩௚ܣ௖௣௢௟ = 3ܣ 248 (2)       ௨௡௣௢௟௠௜௡ܣ2 –   249 

 250 

This permits to assess how well the estimated principal polarized absorbances for each quartz 251 

sample suite resembles the theoretical ones. For quartz which is dominated by Al-related 252 

hydroxyl defects it is known that there are equal principal polarized absorbances in the indicatrix 253 

section perpendicular to the c-axis, whereas there is no or only negligible absorbance parallel to 254 

the c-axis (Aines et al. 1984; Stalder and Konzett 2012; Fig. 3 a, b, c, d). From these estimated 255 

principal polarized absorbances unpolarized absorbances also can be calculated for any direction 256 

of the incident light applying Equation 3 (Fig. 3 e, f, g). 257 

 258 
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Aunpol(ϕ,ψ) = ½[ܣ௔௣௢௟ (cos2ϕcos2ψ + sin2ψ) + ܣ௕௣௢௟ (cos2ϕsin2ψ + cos2ψ) + ܣ௖௣௢௟sin2ϕ] 259 

 (3) 260 

 261 

Using this relation a Monte Carlo simulation can be implemented with the generation of random 262 

ψ and φ angles (Fig. 3 e) which define spatially uniform points on a sphere. These two angles 263 

represent the direction of the incident light with respect to the principal polarized absorbances. 264 

Supplementary Material 1 can generate unpolarized absorbances for random directions of the 265 

incident light. From these 10 000 calculated unpolarized absorbances a distribution plot can be 266 

generated which shows what the ideal theoretical distribution of unpolarized absorbances is. If 267 

this ideal distribution is compared to the empirical one it can be assessed how reliably the 268 

conditions for the application of the unpolarized methodology are fulfilled. Thus, it may be 269 

revealed if there are intra- and intergranular variations of hydroxyl defect concentrations and/or 270 

the crystals are not perfectly unoriented. In addition, to get information on the potential 271 

intragranular variations of hydroxyl defect concentrations measurements along transects on 272 

individual phenocryst fragments were done. During these measurements transects with 4 or 5 273 

points were analyzed. Each measurement point was carefully selected to avoid the contribution of 274 

visible fluid- and silicate melt inclusions. 275 

 276 

 277 

Results 278 

 279 

Quartz characterization and trace element concentrations 280 
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Basic characteristics of investigated quartz crystals are presented in Table 1. Representative 281 

microphotograps from quartz phenocrysts are presented in Fig. 4. At Eger  whole, euhedral 282 

phenocryst and fragments with abundant cracks are also common. Whole, bipyramidal crystals 283 

are rare in E-1 sample which was collected from the initial Plinian fall deposit. The phenocryst 284 

fragments are 1.9 mm on average, and the largest fragments are 4 mm in diameter in E-1. In the 285 

E-2, E-3 and E-4 samples phenocryst fragments are smaller, in general 1.4 - 1.5 mm in diameter. 286 

At Bogács, the quartz crystals are generally smaller than 1 mm. At the base of the ignimbrite, the 287 

average crystal size is 1 mm. BG-2, BG-3 and BG-4 samples from higher vertical positions are 288 

characterized by 0.6 - 0.8 mm average quartz diameter. At Bogács, fragments are rare, most of 289 

the grains are euhedral, bipyramidal crystals. Resorption at crystal margins can only be seen on 290 

the largest crystals from the base of the ignimbrite. Smaller crystals do not show such features. At 291 

Eger, these resorption features are absent. In the crystals from Eger rounded and hourglass melt 292 

inclusions are common especially in E-1 and E-2 samples. Melt and fluid inclusions are rarer in 293 

E-3 and E-4 samples. At Bogács, large, irregular melt inclusions are abundant in the quartz 294 

crystals from just above the lower contact, in the other levels (BG-2, BG-3, BG-4) inclusions are 295 

rare and small. Biotite inclusions are rare at both sites.  296 

The concentrations of alkaline elements as 7Li, 23Na, 39K, as well as 27Al and 49Ti along transects 297 

and relative standard deviations are presented in Supplementary Material 2. Systematic changes 298 

in the concentrations of certain trace elements along transects or between crystals from various 299 

height above the base were not observed. In most of the phenocryst fragments, the concentration 300 

of the measured elements (N) is generally below 500 N/106Si, except Li, which is always higher, 301 

than 860 Li/106Si. The relative standard deviations are generally higher than 20% for all elements 302 

except H, thus they display detectable inhomogeneities. The highest average trace element 303 

concentration was measured in BG-4 phenocryst fragments. The concentration of Al varies 304 
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between 140 and 1624 Al/106 Si and shows homogeneity along transects. However, some higher 305 

outlier values can be seen in nearly all phenocryst fragments. Ti concentrations vary between 33 306 

and 120 Ti/106Si. In BG-2 phenocryst fragment the concentration of Ti is as high as 110 Ti/106Si 307 

in the core, but ~35 Ti/106Si at themargins. The concentration of Ti is lower than 55 Ti/106Si in 308 

the BG-1 and BG-3 phenocryst fragments. In the case of alkalis the average concentrations are 309 

proportional to the atomic mass of the particular element. Among alkalis, potassium showed the 310 

smallest variation within the phenocryst fragments, the lowest concentration is 90 and the highest 311 

is 593 K/106Si. The concentration of Na is generally lower than 500 Na/106Si, however, in E-1 312 

and BG-4 phenocryst fragments there are some higher values too. Lithium shows an average 313 

concentration within all phenocryst fragments between 862 and 3938 Li/106Si, except BG-4, 314 

where its concentration is generally higher.  315 

 316 

Results of the FTIR measurements 317 

Main absorbance features. The average spectra for samples from various heights above the 318 

lower contact of the two ignimbrites are presented in Fig. 2. Supplementary Material 3 contains 319 

all the spectra for all analyzed phenocryst fragments. In all spectra the most pronounced 320 

absorption feature is the triplet centered around 3378 cm-1 with two minor bands at 3430 and 321 

3315 cm-1. In Eger samples a weak absorption feature at 3483 cm-1 could also be observed, which 322 

is absent in Bogács samples. A broad and weak absorbance feature at ~3200 cm-1 is typical in all 323 

samples. In BG-2 this very weak broad band is centered around 3250 cm-1. 324 

Correspondence between theoretical and estimated principal polarized absorbances. In the 325 

methodological section it was demonstrated how principal polarized absorbances can be 326 

estimated from the measured unpolarized absorbances according to Equation 2. For this 327 

estimation the maximum, minimum and average unpolarized absorbances can be calculated for 328 



15 
 

each sample. In Table 2 we estimated the principal polarized absorbances for each sample suite. 329 

The calculations yield very similar results. The results indicate that there are two, similar 330 

principal polarized absorbances and a third one which is consistently much less than these two 331 

and its absolute value is close to zero. These results resemble very closely the ideal principal 332 

polarized absorbances of quartz (Fig. 3 b). For a few samples, nevertheless, we experienced 333 

significant deviations from the ideal ratio of the principal polarized absorbances. It is particularly 334 

true for BG-1 and BG-2 samples, where the estimated values are very far from the ideal ones. 335 

Similar discrepancy is present for E-1, however, in this case the deviation is not as significant. 336 

For the BG-2 sample we found two extremely low unpolarized absorbances (11.5 and 11.7 cm-2) 337 

with which omission reasonable agreement is established between empirical and ideal principal 338 

absorbance values. Similarly if a very high outlier unpolarized absorbance (57.9 cm-2) is omitted 339 

for E-3, the correspondence between empirical and theoretical principal polarized absorbances 340 

becomes more encouraging. For these samples the overall analytical uncertainty in the hydroxyl 341 

defect concentrations is higher (~ 30 – 35%). 342 

Generally good correspondence was found between the calculated maximum principal polarized 343 

absorbances and the maximum unpolarized absorbances as well (Table 2).  344 

Distribution of unpolarized absorbances and its relation to the theoretical ones. In different 345 

indicatrix sections the unpolarized absorbance varies between a minimum and maximum value, 346 

when the infrared radiation travels perpendicular and parallel to the c-axis respectively. We used 347 

Equation 3 to generate 10 000 unpolarized absorbance values for randomly oriented directions of 348 

the incident light by using the Monte Carlo simulation in Supplementary Material 1. During this 349 

calculation we assumed that the maximum polarized principal absorbances are equal to the 350 

calculated average maximum principal polarized absorbances and the minimum polarized 351 

absorbance is zero (Table 2). The calculated theoretical distributions are then plotted 352 
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simultaneously with the empirical distributions for each sample (Supplementary Material 4). 353 

Empirical distributions were computed from the measurements on individual phenocryst 354 

fragments (Supplementary Material 5). Generally very good correspondence is found between the 355 

histograms of measured and theoretical unpolarized absorbances for the E-4, BG-4, BG-3 356 

samples. The correspondence is also reasonable for E-1 and E-2 samples. The other quartz suites 357 

show smaller or higher deviation from the expected theoretical distribution. If we do not consider 358 

the higher outliers in E-3 and the lower outlier values in BG-2 the difference between obtained 359 

and theoretical distributions are not very profound. The most significant deviation in the 360 

distribution of measured unpolarized absorbances from the theoretical predictions is present in 361 

the lowermost BG-1 sample at Bogács, which was collected from just above the base of the 362 

ignimbrite. 363 

Hydroxyl defect concentrations along transects. To check the intragranular variability of 364 

hydroxyl defect concentration we performed measurements along transects (Supplementary 365 

material 2 and 6). In general, the intragranular heterogeneity of the hydroxyl defect concentration 366 

is negligible. The relative standard deviations of hydroxyl defect concentrations are lower than 367 

10%. However, there are some phenocryst fragments, where the relative standard deviation is 368 

between 10 and 20%. The highest relative standard deviations can be observed for the E-4 369 

sample. 370 

Hydroxyl defect concentrations as a function of height above the base. Hydroxyl defect 371 

concentrations show a clear decreasing trend from the base of the deposits upwards (Fig. 2, Fig. 372 

5, Table 1). Results of measurements on individual phenocryst fragments are presented in 373 

Supplementary Material 5. At both sites the highest hydroxyl defect concentrations are observed 374 

in quartz phenocryst fragments from just above the lower contacts. The hydroxyl defect 375 

concentration at the base are 12.1 ppm at Eger and 12.8 ppm at Bogács. The lowest hydroxyl 376 
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defect concentrations were observed in the samples from the highest stratigraphic position above 377 

the base. The lowering of the hydroxyl defect concentrations with height above the base is 378 

different at the two sites. In the case of Eger this decreasing trend is more smooth and gradual 379 

(Fig. 5).  380 

 381 

 382 

Discussion 383 

Interpretation of the infrared spectra 384 

The average spectra from various heights above the lower contact of the two ignimbrites are 385 

presented in Fig. 2. Supplementary Material 3 contains the spectra for all analyzed phenocryst 386 

fragments. In all spectra the most pronounced absorption feature is the triplet centered around 387 

3378 cm-1 with minor bands at 3430 and 3315 cm-1 which are related to the substitution of H+ + 388 

Al3+ for Si4+ (Kats 1962; Thomas et al. 2009; Müller and Koch-Müller 2009). In Eger samples the 389 

weak absorption feature at 3483 cm-1 is caused by coupled Li-related hydroxyl defects (Aines and 390 

Rossmann 1984; Baron et al. 2015, Frigo et al 2016). This absorbance feature is absent in Bogács 391 

samples. The broad and weak absorbance feature at ~3200 cm-1 is typical in all samples. This 392 

band is possibly related to the absorption of water or hydroxyl on sample surface (Biró et al. 393 

2016). In the case of BG-2 a weak broad band centered around 3250 cm-1 is present. The sharp 394 

individual bands are situated on this broad feature, which is known to be related to bonding 395 

between hydrogens of molecular water and silica framework (e.g., Biró et al. 2016).  396 

 397 

Inter- and intragranular heterogeneity of hydroxyl defect concentrations 398 

Statistical evaluation of unpolarized absorbances. We considered the i) correspondence 399 

between theoretical and estimated principal polarized absorbances; ii) correspondence between 400 
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the distribution of measured unpolarized absorbances and the theoretical one from 10 000 random 401 

incidence directions. The calculated principal absorbances, besides the basal samples (E-1, E-2, 402 

BG-1, BG-2), are close to the theoretically expected relative values (Table 2). It implies, that 403 

generally the inter- or intragranular variations of hydroxyl defect concentrations as well as the 404 

deviation from the ideal unorientation of quartz crystals are negligible.  405 

Another way to assess whether intra- and intergranular heterogeneities in hydroxyl defect 406 

concentration are present and if quartz crystals are indeed unoriented is to look at the histograms 407 

showing the distribution of measured and theoretical unpolarized absorbances (Supplementary 408 

Material 4). Although, we could expect differences due to the relatively small unpolarized 409 

absorbance populations (~ 30) compared to the theoretical one (10 000) and the partial 410 

polarization of the unpolarized light the resemblance for the majority of the sample suites is 411 

encouraging. This implies, similar to the previous methodology, where principal absorbances are 412 

estimated from the unpolarized measurements that generally the quartz crystal are indeed 413 

unoriented and inter- and intragranular inhomogenity of hydroxyl defect concentration is not 414 

significant. However, the distribution of unpolarized absorbances for the basal samples (E-1; BG-415 

1) is further from the theoretically expected one which is most striking for BG-1. 416 

The statistical evaluation of unpolarized IR results imply, that the unpolarized methodology is 417 

able to quantify accurately the hydroxyl defect concentration of quartz phenocryst fragments 418 

within ignimbrites. The presence of intergranular heterogenities of hydroxyl defect 419 

concentrations at the basal part of ignimbrites and the lack of such features in the uppermost 420 

samples (E-4, BG-4) imply the complex processes which play role in affecting the hydroxyl 421 

defect concentration of crystals in PDC deposits.  422 

Concentration of hydrogen and trace elements along transects. Intragranular variabilities of 423 

hydroxyl defect concentration via measurements along transects are presented on Fig. 6 and on 424 
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Supplementary material 2 and 6. In general, the intragranular heterogeneity of the hydroxyl 425 

defect concentration is negligible and only slightly exceeds 10% (but never 20%) in a few grains, 426 

which is only marginally above analytical uncertainty. There are slight inhomogeneities in 427 

samples E-2, E-3, E-4 and BG-2, where the relative standard deviation of hydroxyl defect 428 

concentration along transects slightly exceeds 10%. In the case of sample E-4, which was 429 

collected from the internal part of Eger ignimbrite the hydroxyl defect concentration is 3.3 ppm. 430 

Thus, here the higher relative standard deviations of hydroxyl defect concentration may be 431 

related to the challenge of analyzing accurately the concentration of hydroxyl defects at such low 432 

concentration level. For samples E-2, E-3 and BG-2 the slightly higher standard deviations in 433 

hydroxyl defect concentration may be the result of real inhomogenities, because the hydroxyl 434 

defect concentrations are higher (> 6.1 ppm) and as such less affected by the analytical error. 435 

Note that these are also the samples for which the distribution of unpolarized absorbances 436 

revealed more considerable deviations from the ideal one, confirming the existence of possible 437 

heterogeneities in hydroxyl defect concentrations.  438 

The substitution of Al3+ for Si4+ ideally requires an additional monovalent cation for charge 439 

compensation, such as K+, Na+, Li+ or H+ (e.g., Müller and Koch-Müller 2009). Based on 440 

Supplementary Material 2 there is no correlation between the concentrations of Al, K, Na, Li and 441 

hydroxyl defects. As we demonstrated above the concentration of hydroxyl defects is almost 442 

homogeneous and independent from other trace elements along transects. The relative standard 443 

deviation of hydroxyl defect concentration is generally lower, than 10%. On the contrary, other 444 

trace elements show pronounced heterogeneities and relative standard deviations higher, than 445 

20%. Present results confirm the observations of Biró et al. (2016), that in ignimbrite-hosted 446 

quartz phenocryst fragments the concentration of hydroxyl defect is low, homogeneous and do 447 

not depend on the concentration of other trace elements. These results imply that Al impurities 448 
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are generally compensated with monovalent alkalis, and only a minute amount of H could be 449 

incorporated in combination with Al. The concentration of H is always lower, than 90 H/106Si, 450 

while the bulk concentration of monovalent alkalis and lithium is between 1190 and 5610 451 

N/106Si, thus higher with two orders of magnitude.  452 

 453 

Decreasing amount of hydroxyl defect concentrations with height above the base of 454 

ignimbrites 455 

Implications on post-depositional diffusional loss of hydrogen from quartz phenocryst 456 

fragments. At both sites hydroxyl defect concentrations show decreasing trend as a function of 457 

height above the base (Fig. 2, 5). The lowering is more smooth at the non-welded Eger ignimbrite 458 

and more abrupt at Bogács. These features implies that phenocryst fragments could lost their 459 

initial hydroxyl defect concentration via diffusion after deposition at initially high typical 460 

ignimbrite temperatures (>500°C; Kent et al. 1981; McClelland and Druitt 1989; McClelland et 461 

al. 2004; Bardot 2000, Zanella et al. 2008). The highest hydroxyl defect concentrations, which 462 

are slightly higher, than 12 ppm can be seen at the base of the deposits, where the cooling was 463 

fast enough to prohibit significant hydrogen diffusion via the cooling effect of the underlying 464 

colder deposits. Relatively fast cooling may take also place in the uppermost part of the PDC 465 

deposit too due to contact with the atmosphere. This effect however could not be observed in the 466 

investigated ignimbrites, because uppermost layers were eroded and recent upper boundaries are 467 

erosional surfaces. Depositional temperature of ignimbrites can reach 850°C (e.g., Banks and 468 

Hoblitt 1981, 1996). High temperature emplacement of PDC deposits could be determined via 469 

identifying welding-related textural changes in the internal part of thick ignimbrites, which are 470 

the result of structural collapse of vesiculated pumices because of high temperature and mass 471 

load (McPhie et al. 1993). For example, welding is possible in the central part of thick 472 
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ignimbrites (at 30 - 40 bar pressure) at 500 - 650°C temperatures, if glass shards and pumices 473 

have calc-alkaline major element composition (Yagi 1966). If high emplacement temperature-474 

related textural changes are not visible emplacement temperature could be determined by using 475 

Natural Remanent Magnetization (NMR) measurements. Using NRM techniques many studies 476 

revealed that the temperature within thick non-welded ignimbrites ranges between 150 - 500°C 477 

(Kent et al. 1981; McClelland and Druitt 1989; McClelland et al. 2004; Bardot 2000, Zanella et 478 

al. 2008). Numerical modeling – based on typical ignimbrite temperatures, specific heat transport 479 

and thickness – also has shown, that high temperature (> 300°C) can be maintained for several 480 

hundred days in the internal part of thick ignimbrites (Riehle 1973; Riehle et al. 1995; Wallace et 481 

al. 2003). The cooling rate of ignimbrites varies from 10-1°C s-1 at the base to 10-6 to 10-8°C s-1 482 

(or 0.3°C year-1) in the interior of several tens of meters thick PDC deposits (Wallace et al. 2003). 483 

Above 400°C and presumably at much lower hydrogen activity the ‘original’ hydroxyl defects 484 

can diffuse out from the phenocryst fragments (Kronenberg et al. 1986). The diffusion speed of 485 

Al-OH hydroxyl defects in quartz as a function of temperature shows an Arrhenius relation (Kats 486 

1962; Kronenberg et al. 1986; Kronenberg and Kirby 1987). At 400 - 500°C, which is believed as 487 

a typical depositional temperature for non-welded ignimbrites the diffusivities of protons in 488 

quartz are 5 x 10-15 and 2.4 x 10-14 m2/s respectively (Kats 1962). The two ignimbrites are 489 

characterized by different physical volcanological properties as shown by different degree of 490 

welding, which imply different depositional temperatures. The contrasting degree of welding is 491 

coupled with contrasting amounts of hydroxyl defect deficit as a function of height above the 492 

base (Fig. 5). 493 

Modelling diffusional loss of hydrogen from quartz crystals during ignimbrite cooling. To 494 

test the effectiveness of diffusion induced dehydration after emplacement at typical ignimbrite 495 

temperatures a model describing the lowering of initial hydroxyl defect concentration (C0) of 496 
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quartz crystals has been constructed (Supplementary Material 7). This model calculates the ratio 497 

of the initial hydroxyl defect concentration at the time of hot deposition and the hydroxyl defect 498 

concentration during cooling (Ci/C0) at certain levels in the ignimbrite. Temperature (T) is the 499 

main factor affecting the diffusion coefficient (D) of hydrogen in quartz at constant pressure and 500 

hydrogen fugacity (Kats 1962, Kronenberg et al. 1986). Thus, first, the average temperature 501 

T(z,t) for discrete, 200 s time intervals for certain heights above the base within the ignimbrite 502 

were computed by using Equation 9 of Wallace et al. (2003): 503 

 504 ܶሺݖ, ሻݐ = ௔ܶ௧௠ + ೛்ି்ೌ ೟೘ଶ . ቂ݂݁ݎ ௭భష௭√ସ௄௧ + ݂ݎ2݁ ௭√ସ௄௧ − ݂ݎ݁ ௭భ√ସ௄௧ቃ + ೒்ି்ೌ ೟೘ଶ . ቂ݂݁ݎ ௭భା௭√ସ௄௧ − ݂ݎ݁ ௭భି௭√ସ௄௧ቃ.505 

 (4) 506 

 507 

,where T(z,t) is the temperature at a given height above the base at a given time (t), Tp, Tatm and 508 

Tg is the temperature of the PDC deposit, the ambient atmosphere and the underlying ground, z1 509 

is the thickness of the PDC deposit, z is the difference between the height of the particular level 510 

above the ground and the height of the upper boundary of the PDC deposit above the ground, K is 511 

a thermal diffusivity constant and t is the elapsed time since emplacement. Post depositional 512 

thermal history of the sampled heights above the base (Eger: z1-z=0.05, 0.5, 1.2, 10.0 m; Bogács: 513 

z1-z=0.05, 0.5, 1.0, 6.5 m) were determined. Several model runs had constructed with different 514 

thickness (z1) and initial temperatures (T0), which were selected by considering the actual – 515 

erosion-related – deposit thicknesses as minimum original thicknesses and typical ignimbrite 516 

emplacement temperatures (Kent et al. 1981; McClelland and Druitt 1989; McClelland et al. 517 

2004; Bardot 2000, Zanella et al. 2008). T(z,t) were determined for Eger ignimbrite for z1=30, 40, 518 

50 m and T0=300, 400, 500, 600°C and for the Bogács ignimbrite for z1=20, 30, 40 m and T0= 519 
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400, 500, 600, 700°C. The same heat conductivity constant (K=0.003) for the ignimbrites as in 520 

Wallace et al. (2003) was used. After that, D (m2/s) for each 200 s time interval were determined 521 

by extrapolating the D values of Kats (1962) and Kronenberg et al. (1986). Equation 2 in Ingrin 522 

et al. (1995) was used to calculate the loss of hydroxyl defect concentration relative to the 523 

concentration of the previous bin (Cn/Cn-1). During the calculation for simplicity we assumed that 524 

the D values can be taken as constant in the 200 seconds long bins: 525 

஼೙஼೙షభ = గ଼మ ቂ݁݌ݔ ቀ− గమ௧ସ௅మቁ ܦ + ଵଽ ݌ݔ݁ ቀ− ଽగమ௧ସ௅మ ቁ ܦ + ଵଶହ ݌ݔ݁ ቀ− ଶହగమ௧ସ௅మ ቁ ܦ + ⋯ + ଵଽଵ଻ ݌ݔ݁ ቀ− ଽଵ଻గమ௧ସ௅మ ቁ  ቃ526ܦ

 (5) 527 

According to Equation 5 the Cn/Cn-1 ratio is affected by D (m2/s), t (s) and 2L (m), which is the 528 

average crystal diameter in meters. Average crystal diameters were determined for each analyzed 529 

grain with an optical microscope (Table 1). In the model runs a uniform C0 was suggested in the 530 

entire deposit at the time of deposition which was taken as the highest hydroxyl defect 531 

concentrations just above the lower contacts as 12.1 at Eger and 12.8 ppm at Bogács were used as 532 

C0. All model runs were 8 day long, which is enough time for the cooling of the entire deposit 533 

below 100°C. Under 100°C D become <1.2 x 10-17, consequently the further dehydration is 534 

negligible. 535 

The final Ci/C0 ratio was calculated by simply multiplying the Cn/Cn-1 values for all respective 536 

200 s bins: 537 ஼೔஼బ =  ஼మ஼భ × ஼య஼మ × … × ஼೙஼೙షభ (6) 538 

Thus, the lowering of the initial hydroxyl defect concentration for the investigated heights above 539 

the base could be determined for each combination of T0 and z1. The calculation and the results 540 

of all runs are presented in Supplementary Material 7. 541 
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Measured and modelled hydroxyl defect concentrations for investigated heights above the base of 542 

Eger and Bogács ignimbrites are presented in Fig. 5. The results of modelling show, that at 543 

typical emplacement conditions for ignimbrites if T0 is 500°C and z1 is 40 m Ci could be ~60 - 544 

50% of C0 at 10.0 (Eger) and 6.5 m (Bogács) respectively. This implies, that post-depositional 545 

dehydration could describe the upward decreasing trend of hydroxyl defect concentrations within 546 

ignimbrites. However, all modelled relative concentration differences between E-2 and E-3 and 547 

BG-2 and BG-3 are significantly lower than 10%, while measured ratios are significantly higher: 548 

~50 and 70% respectively. The modelled dehydration could not account for the low values a (~3 549 

ppm) at the uppermost levels. These differences between measured and modelled values imply, 550 

that contrasting post-depositional thermal histories and different average crystal diameters only 551 

could not cause such difference in hydroxyl defect concentration between 0.5 and 1.0 and 1.2 m 552 

levels above the base. Besides the contrasting depositional temperature, which is evident from 553 

ignimbrite textures possibly the lower average diameter of crystals at Bogács, than at Eger (Table 554 

1) also contribute to the more abrupt decrease of structural hydroxyl concentration at Bogács.  555 

The clear inverse relation between the concentration of hydroxyl defect content of quartz crystals 556 

and height above the base could imply the dominant but not exclusive role of post-depositional 557 

dehydration.  558 

The possible role of pre-eruptive and pre-depositional history and phenocryst 559 

characteristics on final hydroxyl defect concentration. Several additional factors could 560 

contribute to the observed difference between measured and modelled hydroxyl defect 561 

concentrations at a particular height above the base in pyroclastic successions. Both the initial 562 

concentration of structural hydroxyl (i.e. that in the magma chamber) and effective diffusional 563 

loss of hydrogen could be different at various heights above the base of the deposit. This is 564 
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because of initial zonation in the magma chamber, contrasting pre-depositional thermal history 565 

and fracture and melt or fluid inclusion density in quartz crystals.  566 

The concentration of hydroxyl defects in quartz crystals in magma chambers is controlled 567 

principally by pressure, temperature and hydrogen activity (Stalder and Konzett 2012). Because 568 

large silicic magma chambers show zonation in pressure, temperature (Hildreth 1979) and 569 

hydrogen activity (Anderson et al. 1989, Dunbar et al. 1992, Wallace et al. 1999) differences in 570 

hydroxyl defect concentration of quartz crystals prior to eruption are likely to occur. The 571 

temperature and pressure decrease while the hydrogen activity is usually increases towards the 572 

upper and peripheral parts of the magma chamber. This results in higher structural hydroxyl 573 

defect content of (quartz) phenocryst in the upper and peripheral parts of the magma chamber. In 574 

addition it is also very likely that melt inclusions are more frequently entrapped in these 575 

presumably more rapidly and readily crystallizing zones. This is in accordance with the 576 

experimental findings that the Al-related hydroxyl defect concentration negatively correlate with 577 

pressure and temperature (Stalder and Konzett 2012, Baron et al. 2015), resulting in higher 578 

concentration of hydroxyl in the relatively cold uppermost part of silicic magma chambers. The 579 

observed difference in distribution, shape and composition of quartz-hosted melt inclusions also 580 

reflect similar tendencies in hydrogen activity according to the position in the magma chamber 581 

(Anderson et al. 2000, Peppard et al. 2001). Melt inclusions from the Bishop Tuff show 582 

decreasing total H2O content (which includes both molecular H2O and OH-) from ~6 wt. % at the 583 

upper part to ~4 wt. % at the lower part of the magma chamber (Skirius et al. 1990).  584 

Thus, in a huge silicic magmatic system with significant vertical extensions quartz phenocrysts 585 

from different depths of the magma chamber possibly take up contrasting amount of hydrogen. 586 

After eruption the deposition of explosive volcanics may reverse this original zonation of 587 

hydroxyl defect and water content in the magma chamber. This is because the upper parts of the 588 
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magma chamber will be erupted and then re-deposited first followed by the deeper parts. 589 

Consequently quartz crystals at the lowermost part of the succession will contain the highest 590 

amount of hydroxyl defects.  591 

In addition to the pre-eruptional zonation in the magma chamber structural hydroxyl defect 592 

concentrations in quartz crystals can be modified also during eruption and pyroclastic 593 

transportation prior to PDC deposition. The Arrhenius relation between temperature and D (m2/s) 594 

of Al-OH hydroxyl defects in quartz (Kats 1962; Kronenberg et al. 1986; Kronenberg and Kirby 595 

1987) highlight the potential of effective dehydration upon initial >600°C temperature during and 596 

just after the eruption. Eruption temperatures in Plinian eruptions related to silicic caldera 597 

systems can be as high as 700-850°C according to Ti-in-quartz thermometry (e.g. Wark et al. 598 

2007; Shane et al. 2008; Matthews et al. 2012). At such high temperatures hydrogen diffusion in 599 

quartz is 3 x 10-12 and 2 x 10-11 m2/s respectively (Kronenberg et al 1986). Thus, it is obvious that 600 

limited diffusional loss of hydrogen may also occur during the eruption and before final 601 

deposition. Hovewer, the ratio of hydroxyl defect concentration before the eruption and at the 602 

time of emplacement is possibly different for particular heights above the base of the pyroclastic 603 

succession. The hydroxyl defect content, which is the closest to the concentration was 604 

equilibrated in the magma chamber could be measured at the base of PDC deposits or in fall 605 

deposits, where the cooling rate can be as fast as 1–10°C s–1 during pyroclast transportation 606 

(Wallace et al. 2003). It is likely that the original hydroxyl defect content of phenocrysts with 607 

slower cooling rate may only be constrained by rehydration experiments as presented by Weis et 608 

al. (2015) and Weis et al. (2016) in the case of volcanic pyroxenes. 609 

Contrasting pre-depositional thermal histories of quartz crystals are suggested to be more 610 

important at Eger, where E-1 was collected from the initial Plinian fall layer, E-2 from just above 611 

the initial cross-bedded PDC deposit and E-3 and E-4 from the main massive lapilli tuff mass of 612 
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the ignimbrite. The three distinct parts of the ignimbrite succession are possibly characterized by 613 

particular pre-depositional thermal histories. The initial 700 - 800°C temperature of Plinian 614 

eruption columns able to cooling rapidly with 1 – 10°C s–1 cooling rate upon pyroclast 615 

transportation in ambient air (Wallace et al. 2003). The cooling was also relatively fast during the 616 

flowage of the initial dilute, ‘surge-like’ phase of the PDC event, where the turbulent PDC mixed 617 

with the ambient air (Branney and Kokelaar 1992). On the contrary, during large-scale PDC-618 

forming explosive eruptions quartz crystals are supposed to be transported in a ground-hugging, 619 

much more dense regime, which do not mix significantly with ambient air, thus loose only the 620 

fraction of the initial heat (Branney and Kokelaar 1992). During the 1980 eruption of Mt. St. 621 

Hellens temperature within the PDC dropped immediately to ~700°C from the magmatic 950°C 622 

within few hundreds of meters, but remained constant at 700°C during further flowage (Banks 623 

and Hoblitt 1981). It is possible, that original hydroxyl defect concentration (C0) was different for 624 

different parts of the Eger deposit because of the contrasting thermal histories prior to deposition. 625 

A higher C0 for the Plinian fall layer (E-1) and for the initial dilute, surge-like part (E-2) and a 626 

lower one for the main mass of the PDC (E-3 and E-4) is conceivable. These differences in C0 627 

could cause the observed abrupt change between the hydroxyl defect content of E-2 and E-3.  628 

The modification of original magmatic hydroxyl defect content of quartz crystals during and after 629 

PDC emplacement is a complex issue, in which hydrogen-leakage from fluid and melt inclusions, 630 

shortening of effective diffusion paths according to crystal size or by the presence of microcracks 631 

could all have their influence on the variation of structural hydroxyl content. Melt and fluid 632 

inclusions are typical in both investigated ignimbrites, especially at the two lowermost levels just 633 

above the base (E-1, E-2, BG-1, BG-2). The fact that melt inclusions are more abundant at the 634 

base may reflect the original magma chamber zonation where the entrapment of inclusions was 635 

more probable at the upper part of the chamber where crystallization was more intense due to the 636 
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higher temperature gradient and lower pressures. Hydrogen can leak from fluid and melt 637 

inclusions into the quartz host, especially when dislocations, imperfections or microcracks are 638 

present in the crystals (Bakker and Jansen 1990, 1994; Heggie 1992; Mavrogenes and Bodnar 639 

1994; Severs et al. 2007, Bakker 2009). At the base of the PDC deposits (E-1, E-2, BG-1, BG-2) 640 

besides the incorporation of xenocrystals with contrasting hydroxyl defect content, hydrogen 641 

leakage from abundant melt and fluid inclusions may also account for the observed 642 

heterogeneities in structural hydroxyl content (Supplementary Material 4). The presence of slight 643 

inhomogeneities of hydroxyl defect concentration especially in BG-2, BG-3 crystals along 644 

transects also confirm the possibility of hydrogen leakage from melt and fluid inclusions. Results 645 

of diffusion modelling (Fig. 5) demonstrate, that the pronounced difference of the hydroxyl 646 

defect content of quartz crystals between E-2 and E-3 and BG-2 and BG-3 samples could not be 647 

the result only of contrasting cooling histories and average grain sizes. This difference may also 648 

be the result of the gain of hydrogen from melt and fluid inclusions in E-2 and BG-2 quartz 649 

crystals.  650 

 651 

 652 

Implications 653 

This study demonstrates that hydroxyl defect content of quartz phenocryst fragments within two 654 

Miocene ignimbrites show decreasing trend with height above the base from ~12 to ~3 ppm. The 655 

rate of concentration lowering with height above the base is contrasting at the two deposits. The 656 

slightly welded ignimbrite, which believed to deposited at higher temperature show more abrupt 657 

lowering of hydroxyl defect concentration with height above the base. This imply, that the 658 

lowering of hydroxyl defect content of quartz crystals towards the middle of thick ignimbrites is 659 

mainly driven by post-depositional dehydration via diffusional loss.  660 
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Several model runs on dehydration were performed by considering typical ignimbrite 661 

temperatures (T0=300-700°C) and thicknesses (z1=30-50 m) to investigate the amount of 662 

hydrogen loss during cooling at the investigated heights above the base of the ignimbrites. The 663 

results demonstrate, that only the contrasting cooling rate and average crystal diameters of 664 

different vertical levels within the ignimbrites could not describe their relative hydroxyl defect 665 

contents. This imply, that besides the principal role of post-depositional dehydration other 666 

factors, such as magma chamber zonation, syn-eruptive and pre-depositional thermal history and 667 

inclusion and microcrack density of phenocrysts could all play an important role in affecting the 668 

final amount of hydroxyl defects in quartz.  669 
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 982 

Figure captions 983 

Figure 1. The location of the Bükk Foreland Volcanic Area (a) with Eger and Bogács sampling 984 

localities (b). (a) The location of the Bükkalja Volcanic Field in the Carpathian-Pannonian 985 

Region. The map was modified after Kovács et al. (2007). 1 - Middle Miocene- subrecent 986 

volcanic rocks (exposed/subcrop); 2 - Early Miocene igneous rocks (exposed/subcrop); 3 - 987 

Paleogene igneous rocks (exposed/subcrop); 4 - Main faults (exposed/subcrop); 5 - European 988 

Foreland; 6 - Alcapa Units; 7 - Alpine-Carpathian Foredeep; 8 - Tisza-Dacia, Serbo-Macedonian 989 

Units; 9 - Alpine-Carpathian Flysch Belt; 10 - Southern Alpine, Dinaric, Adriatic Platform Units; 990 

11 - Mesozoic mélange and ophiolites; 12 - Bosnian Flysch 991 

(b) The Bükk Foreland Volcanic Area with Eger and Bogács sampling localities. 1 - Lower, 2 - 992 

Middle, 3 - Upper Ignimbrites. Other colors refer to Mesozoic and Cenozoic sedimentary 993 

formations. See text for detailed volcanology. 994 

 995 

Figure 2. Lithology of the investigated ignimbrites with sample locations and baseline corrected 996 

average IR spectra. At Eger (a) the succession starts with a 0.2 m thick, well-sorted Plinian fall 997 

deposit. Above, firstly a 0.3 m thick, cross-bedded fine tuff and then a ~30 m thick massive lapilli 998 

tuff was deposited. At Bogács (b), except the lowermost 0.2 m thick basal contact the ignimbrite 999 

show increasing slightly welded character upwards. At both sites the uppermost part of the 1000 

ignimbrites are recent erosional surfaces coated by soil. Between 3000 and 3550 cm-1 the main 1001 

absorbance features are the Al-OH-related sharp bands at 3378, 3430, 3315 cm-1 which show 1002 

clear decreasing absorbances as a function of height above the base. Above each spectrum, the 1003 



44 
 

number of analyzed phenocryst fragments (N) and the hydroxyl defect concentrations are also 1004 

indicated. The lowering of the initial hydroxyl defect content is more gradual at Eger and more 1005 

abrupt at Bogács in accordance with their different degree of welding. 1006 

 1007 

Figure 3. The polarized and unpolarized absorbance indicatrices of Al-related hydroxyl defects 1008 

in quartz with formulas for calculating polarized and unpolarized absorbances. (a) The ideal 1009 

crystal form of quartz with principal crystallographic axes (a, b, c). (b) The polarized absorbance 1010 

indicatrix of Al-related hydroxyl defect in quartz, which shows strong anisotropy. While the 1011 

principal absorbances in the isotropic section are equal (Aa
pol = Ab

pol), the third principal 1012 

absorbance which is parallel to c is zero (Ac
pol = 0). If the polarized light travels perpendicular to 1013 

c (c) the polarized absorbance ranging between 0 and a maximum value as the orientation of the 1014 

electric vector (E) varies with respect to Aa
pol. If the polarized light travels parallel to c (d), the 1015 

polarized absorbance is maximal, regardless the direction of E. 1016 

The polarized absorbance indicatrix can be converted to an unpolarized one assuming, that in 1017 

each indicatrix section Aunpol = 1/2(Amax
pol + Amin

pol), where Aunpol is the unpolarized absorbance; 1018 

Amax
pol and Amin

pol are the maximum and minimum polarized absorbances in a given indicatrix 1019 

section (e). The unpolarized absorbance is equal to the length of the vector between the centroid 1020 

and the surface of the absorbance indicatrix for any arbitrary directions of the incoming radiation. 1021 

If the unpolarized radiation travels perpendicular to c (f) the unpolarized absorbance will be only 1022 

the half of the polarized absorbances (Aa
pol, Ab

pol) in the isotropic section. If the unpolarized 1023 

radiation travels parallel to c (g) the unpolarized absorbance is the same as the polarized 1024 
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absorbances in the isotropic section of the polarized absorbance indicatrix (Ac unpol = Ab
pol = 1025 

Aa
pol).  1026 

 1027 

Figure 4. Representative quartz phenocrysts from the investigated samples. Big melt and fluid 1028 

inclusions are abundant at the lowermost samples (E-1, BG-1). In samples from higher levels 1029 

above the base melt and fluid inclusions are smaller and generally rarer. Black bars are 500 1030 

micrometers in length.  1031 

 1032 

Figure 5. Measured and modelled decrease of hydroxyl defect concentrations within quartz 1033 

phenocrysts as a function of height above the base at Eger (a) and Bogács (b). Thickness is 1034 

assumed to be 40 m in all model runs. The duration of all runs were 8 days. After 8 days the 1035 

whole deposits cooled below 100°C, thus D became <1.2 x 10-17, consequently the dehydration 1036 

was negligible. Initial temperatures are marked by different colours. Ci/C0 refers to the ratio of 1037 

initial and final amount of structural hydroxyl expressed in percents. dav is the average crystal 1038 

diameter that is used in modelling for a particular height above the base. 1039 

 1040 

Figure 6. Representative concentration of trace elements and hydroxyl defects along transects in 1041 

two phenocryst fragments from E-3 and BG-4 samples. Hydroxyl defect concentration shows 1042 

very low and homogeneous concentrations. In contrast, for other trace elements their 1043 

concentrations and variations are generally higher with two orders of magnitude. 1044 

 1045 
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Table 1. Main characteristics of the investigated localities and quartz phenocrysts. N - number of 1046 

analyzed phenocryst fragments by Micro-FTIR spectroscopy; Fp - feldspars; Q - quartz; Bt - 1047 

biotite; Opx - orthopyroxene; dav – average grain diameter; n.o. - not observed 1048 

 1049 

Table 2. The measured maximum, minimum and average unpolarized absorbances and the 1050 

calculated principal polarized absorbances for each sample suite. The principal polarized 1051 

absorbances were calculated using Equations 2 (see also Equations 70 in Sambridge et al. 2008). 1052 

N - number of analyzed phenocryst fragments; Out - number of outliers, which were excluded 1053 

from the calculation of principal polarized absorbances; Amax
unpol, Amin

unpol, Aavg
unpol - measured 1054 

maximum, minimum and average unpolarized absorbances; Aa
pol, Ab

pol, Ac
pol - calculated 1055 

principal polarized absorbances. Values in italic and marked with * symbol for E-3 and BG-2 1056 

were calculated by omitting the outlier values.  1057 

 1058 
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unpol unpolA  = Aa b

 

 

unpolAb

unpolAc  
unpolA  = c

pol polA  = Aa b

When unpolarized light is considered the absorbance 
is equal with the length of the vector for any
arbitrary defined by the centroid and the surface
of the unpolarized absorbance indicatrix (thick, dashed
grey line). 

ϕ ψ,  

polAa  

polAb  

pol polA Aa b = 

polAa

E

The polarized absorbance indicatrix can
be converted into an unpolarized one
assuming, that in each indicatrix section:

Figure 3









Table 1. Main characteristics of the investigated localities and quartz phenocrysts. 

 

Outcrop Quartz crystals 

Locality  
N 

(dec. 
deg.) 

E (dec. 
deg.) Sample 

Height 
a. b. 
(m) 

Phenocrysts Source 
Max 

d. 
(mm) 

dav 
(mm) Appearance Resorption Inclusions N 

Average hydroxyl 
defect  conc. 

(ppm H2O by wt.) 

Average hydroxyl 
defect conc. (H / 

106 Si) 

 
 
 
 

Eger 

 
 
 
 

47.885 

 
 
 
 

20.404 

E-4 10.0 

Fp>Q>Bt 

from 
pumices 

and 
matrix 

3 1.4
fragments of 

euhedral, 
bipiramidal 

phenocrysts; 
fractures are 

abundant 

n.o. 

rounded and hourglass melt 
inclusions are abundant just 

above the lower contact, 
however melt inclusions are 
more and more rare upward 

the succesion 

35 3.3 22.0 

E-3 1.2 3 1.4 23 6.1 40.6 

E-2 0.5 3 1.5 23 11.4 75.9 

E-1 0.0 individual 
crystal 

fragments

4 1.9 
27 12.1 80.6 

 
 
 

Bogács 

 
 
 

47.923 

 
 
 

20.508 

BG-4 6.5 Fp>Bt>Q>Opx; 
the amount of Q 

is decreasing 
upward; the 

amount of Opx 
is increasing 

upward 

from 
pumices 

and 
matrix 

1 0.8 
euhedral, 

bipiramidal 
phenocrysts; 

fragments 
are rare 

on the 
largest 
crystals 

irregularly shaped melt 
inclusions are abundant just 

above the lower contact, 
however melt inclusions are 
more and more rare upward 

the succesion 

29 2.8 18.6 

BG-3 1.0 1 0.7 29 2.8 18.6 

BG-2 0.5 1 0.6 30 9.6 63.9 

BG-1 0.1 2 1 28 12.8 85.2 

 

 



Table 2. The measured maximum, minimum and average unpolarized absorbances and the calculated principal polarized absorbances 
for each sample suite. 

 

Sample N Out 
Measured unpolarized absorbances Calculated principal polarized absorbances 

Aavg
unpol

 (cm-2) Amin
unpol

 (cm-2) Amax
unpol

 (cm-2) Aa
pol

 (cm-2) Ab
pol

 (cm-2) Ac
pol

 (cm-2) (Ab
pol

 + Ac
pol

 /2) (cm-2) 

E-4 35 - 14.55 9.14 23.09 -2.53 20.81 25.38 23.09 
E-3* 22 - 26.96 18.37 45.30 -9.71 46.45 44.15 45.30 
E-3 23 1 28.31 18.37 57.86 -30.81 67.54 48.18 57.86 
E-2 23 - 53.78 42.22 76.31 8.71 75.72 76.89 76.31 
E-1 27 - 58.17 42.87 77.88 18.74 67.01 88.75 77.88 

BG-4 29 - 13.51 10.19 19.35 1.82 18.55 20.14 19.35 
BG-3 29 - 13.48 10.83 21.61 -2.78 24.45 18.78 21.61 

BG-2* 28 - 47.65 34.36 67.46 8.05 60.68 74.23 67.46 
BG-2 30 2 45.25 11.46 67.46 0.83 22.09 112.83 67.46 
BG-1 28 - 58.91 44.96 66.02 44.69 45.23 86.81 66.02 
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