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Abstract The present study deals with the possibilities of

applying the zircon saturation thermometry, which is based

on the equilibrium between the zircon crystals and the

melt, to strongly altered volcanic ashes—bentonites. It

proposes an alternative to a widely used method of calcu-

lating magma temperature from Zr content and major

component composition (Boehnke in Chem Geol

351:324–333, 2013), that is not suitable for bentonites, as

most of the major components have been largely altered in

these rocks. For calculating source magma temperatures in

strongly altered volcanic ashes, the exponential function

from the Zr (ppm)/Al2O3 (%) ratio with compositional

corrections from the TiO2/Al2O3 ratio was found applica-

ble. The idea to use the ratios of these elements is based on

the low mobility of these elements in the earth’s surface

conditions. Temperatures of magma, forming in the partial

melting process, are assessed from the bulk rock compo-

sition. Pre-eruption temperatures were estimated from the

composition of fine fractions of bentonites. The accuracy of

the new method was established from comparison with the

method by Boehnke et al. (Chem Geol 351:324–333,

2013). The difference between the two methods was mostly

less than ± 30� to ± 50�. The comparison with the magma

temperature, estimated from the sanidine composition,

revealed 13� lower values on average. Although the pro-

posed method for estimating the source magma tempera-

tures is less precise than the method of accounting for

detailed rock compositions, it can be used in strongly

altered rocks, where other methods are not usable. The new

method still enables differentiation between felsic source

magmas originating at low or high temperatures. Early

Palaeozoic bentonites in the Baltic Basin can be divided,

according to the source magma temperatures, into two

types: (1) Low temperature (650–790 �C), containing

potassium-rich sanidine and abundant biotite (S type), (2)

high temperature (770–850 �C) with sodium-rich sanidine

and scarce biotite (I type).

Keywords Zircon � Thermometry � Volcanic ash � K-

bentonite � Source magma � Sanidine

1 Introduction

1.1 Zircon saturation thermometry of source

magmas of igneous rocks

Partial fusion of rocks deep in the Earth�s crust is a process

feeding large reservoirs of liquid silicate magma under

volcanic areas. The intrusion of felsic melts into higher

levels of the crust has caused the formation of gigantic

granitic batholiths (Petford et al. 2000), accompanied by

the largest known explosive volcanic eruptions distributing

ash over a distance of hundreds to some thousands of

kilometres (Miller and Wark 2008). Temperature, along

with the pressure and the water content, is one of the key

parameters controlling the formation of silicate magmas.

Since the experimental work by Watson and Harrison

(1983), revealing the solubility of zircon in common types

of magmas occurring in the Earth�s crust, zircon saturation

thermometry has been widely used in the petrogenesis of

granitic rocks (Hanchar and Watson 2003; Miller et al.
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2003; Chappell et al. 2004; Watson and Harrison 2005).

The experimentally determined solubility of zircon in felsic

non-peralkaline melts is too low for the complete dissolu-

tion of zircon in most of the potential source rocks for

partial melting in the deep crust, and thus its saturation in

the melt is likely. Therefore, the concentration of zirco-

nium in zircon-saturated partial melt depends strongly on

the temperature and less on the composition of the melt. As

is discussed by Hanchar and Watson (2003), if we wish to

calculate temperature with an accuracy of ± 5�, we need to

consider inherited zircons and detailed rock compositions,

but for accuracy of ± 50�, we need to know only bulk-rock

zirconium content and general rock composition.

Thin layers of strongly altered volcanic ashes, occurring

in sedimentary sections of stable platforms, carry infor-

mation about volcanic processes in adjacent tectonically

active areas. Unfortunately, these layers have lost most of

their primary magmatic signatures, seriously complicating

the estimates of the source magma temperatures. In Kiipli

et al. (2020) the TiO2/Al2O3–Zr (ppm)/Al2O3 (%) ratio

chart with isotherms was proposed. This simplified

approximate application of zircon saturation thermometry

was applied to distinguish low-temperature (* 650 to

780 �C) and high-temperature (* 780 to 850 �C) mag-

matism in strongly altered volcanic ashes—bentonites,

where other methods are difficult to use (Kiipli et al. 2020).

In the present report, the idea will be presented in the form

of a mathematical function. Isotherms on the TiO2/Al2O3–

Zr (ppm)/Al2O3 (%) ratio chart will be refined and the

reliability of the method assessed.

1.2 Occurrence, importance, and composition

of the bentonites

Volcanic ashes spread over large distances from the source

areas, settling in a variety of natural environments. Conti-

nental shelf seas with stable accumulation of sediments,

located nearby volcanic zones, are the main storage areas

for the extrusive volcanic material. Volcanic ash interbeds

are the perfect marker horizons for correlation of the sed-

imentary sections (Bergström et al. 1995; Kiipli et al.

2008, 2010, 2011, 2013, 2015; Kiipli 2021; Batchelor

2009; Inanli et al. 2009; Ray et al. 2011; Sell et al. 2015).

Datings obtained from well-preserved phenocrysts in ash

beds help to construct and refine the geological time scale

(Bergström et al. 2008; Cramer et al. 2012; Feng et al.

2021; Zhang et al. 2021). The distribution of ash beds

indicates dominating winds and directions to the volcanic

sources (Huff et al. 1996; Trela et al. 2017; Badurina et al.

2021). Volcanic ashes carry also valuable, well-ordered in

the geological time frame, information about magmatic

processes in the areas of their origin (Bastias et al. 2020;

Hannon and Huff 2019; Hannon et al. 2020; Huff 2016;

Kiipli et al. 2014; Li et al. 2021). The importance of this

aspect is increasing with the age of rocks and processes of

interest. For example, over 400 Ma old Caledonian mag-

matic rocks from Scandinavia, Svalbard, Scotland,

Greenland, and North America were deeply eroded during

the rise of mountain chains (Gee et al. 2008). Later, plate

movements shifted rocks far away from the areas of their

origin. Much of these rocks are now hidden under the shelf

seas and continental ice in Greenland. Significant portions

of the continental crust may have been subducted during

later tectonic events and are lost for study (Isozaki et al.

2010). In all these cases, volcanic ashes in stable platform

sections may represent the only or significant supplemen-

tary source of information.

Amorphous volcanic glass, making up the major part of

volcanic ash, is unstable in water-rich Earth surface envi-

ronments and converts easily to clay minerals and other

authigenic silicates (Christidis and Huff 2009; Spears

2012). Depending on the composition, the resulting clay-

rich sediments are called, for example, bentonites (smec-

tite–dominated clay), K-bentonites (illite–smectite–domi-

nated clay), tonsteins (kaolinite–dominated clay),

feldspathic tuffs (hard authigenic feldspar rich altered

volcanic ashes). Herein all these varieties are called ben-

tonites. These sedimentary-diagenetic materials have lost

20–70 % of the original SiO2, almost all Na2O, and CaO

and may have incorporated much of K2O, MgO, Fe2O3

from the surrounding environment (Huff et al. 1996).

Profound compositional changes eliminated the possibility

of using the whole-rock chemical composition of ben-

tonites for the tectono-magmatic interpretation of volcanic

sources. Among chemical elements, easily analysed by

XRF, only Zr, Nb, Th, TiO2 and Al2O3 are immobile in

sedimentary environments (Kiipli et al. 2017), and their

ratios can be used for the source magma interpretation.

Source magma temperatures are not previously estimated

from Palaeozoic bentonites, except in (Kiipli et al. 2020;

Kiipli 2021).

2 Materials and methods

2.1 Bulk rock and Zr analyses

For calculating a mathematical model, the major compo-

nent and Zr analyses of various well-preserved volcanic

rocks were used. These data were downloaded from the

GEOROCK database (http://georoc.mpch-mainz.gwdg.de/

georoc/) with published sources in Borg and Clynne

(1998), Borg et al. (1997), Clynne (1990), Clynne et al.

2008, Du Bray (1995, 2007), Du Bray et al. (2004),

Mamani et al. (2004, 2008, 2010), Peccerillo (2005). These

data include the subalkaline rocks of the western North and
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South American Cordilleras, representing the collision of

the continental and oceanic plates, and Mediterranian

rocks, representing continent–continent collision. Only

rocks with SiO2 contents above 60% and alkalinity index

below 0.92 are used. To avoid strong alterations, analyses

with LOI above 3% were excluded. Samples with a TiO2/

Al2O3 ratio above 0.05 are also excluded to constrain the

study to the rhyolitic and rhyodacitic compositions. In total

1064 whole-rock analyses were used.

Compositions of experimental glasses were used by

Boehnke et al. (2013). Also, from these glasses, only data

with SiO2 contents above 60%, alkalinity index below

0.92, and with TiO2/Al2O3 ratio below 0.05 were used. In

total 27 experimental glass compositions, representing

mostly high temperatures between 800 and 1020 �C, which

are rare in natural samples, were involved.

2.2 Separation of fractions

Separation of material for microanalyses of sanidine phe-

nocrysts was made from several bentonites of the Lower

Palaeozoic Baltic Basin (today’s East Baltic, Sweden,

southern Norway, north-eastern Poland). Good preserva-

tion of the sanidine in the central part of the Baltic Basin

(Estonia, Latvia) was indicated by several studies, based on

the X-ray diffractometry measurements (e.g. Kiipli et al.

2010). This part of the Baltic Basin has never been buried

deep and never underwent diagenetic heating. The fol-

lowing procedure was used: About 2 g of bentonite sam-

ples were disperged ultrasonically during 2 min in 50 mL

of 0, 1% Na- pyrophosphate solution. The remaining Na-

pyrophosphate suspension was poured slowly away. The

next step was adding 25 mL 1:4 HCl solution to the sep-

arated grain material for dissolving the carbonate minerals

and treating with ultrasound until the acid solution got

warm and started to slightly steam, the process took about

3 min. Grain material was sieved through a 40 lm sieve

and larger grains were used for microanalyses. Authigenic

K-feldspar forms mostly grains with the size around 10 lm

and concentrates mostly into finer fractions. Fractions for

XRF analyses were separated by settling after various time

intervals calculated from Stoke‘s law. The sieve was used

for the separation of the fraction with grain size above

20 lm.

2.3 Sanidine phenocryst composition

Grain material with the size of about 40–100 lm was

covered with epoxy and after hardening the preparation,

polished to the depth of exposing the middle of the grains.

Microanalyses of the sanidine grains were performed with

an energy-dispersive X-ray instrument, connected to the

scanning electron microscope, at low vacuum (30 Pa)

conditions. The electron beam was generated by 20 kV and

650 pA. The basaltic glass BBM-1G, distributed by the

International Association of Geoanalysts, was measured

together with the studied grains and used as a reference.

Based on these measurements major component concen-

trations were corrected linearly by a few percent of the

concentration. According to the repetitive measurements of

BBM-1G, the precision of the measurements was better

than 0.4%. Besides the important components of sanidine,

K, Na, Ca, Si and Al also Sr, Ba, Mn, and Fe were mea-

sured. Concentrations of these elements were always below

or near the detection limits (0.1%) and were not included in

the calculation of the sanidine composition. The compo-

sition of sanidine was calculated as an average of mea-

surements on many grains, forming the main cluster of the

results.

2.4 X-ray fluorescence analyses

XRF analyses were performed in the Department of

Geology at Tallinn University of Technology (TUT) on a

Bruker S4 Pioneer spectrometer. The X-ray tube with Rh-

anode and maximum working power of 3 kW was used.

Eight grams of fine powder from the samples were mixed

with 8 drops of 5% Mowiol solution and pressed. Pellets

were dried for 2 h at 105 �C. The samples were measured

and preliminary results were calculated by using the

manufacture’s standard method MultiRes. Ten interna-

tional and in-house reference materials were used to refine

analytical results by up to a few per-cents of the

concentration.

Repetivity of XRF analyses according to 20 measure-

ments during a long period (few years) of the in-house

reference material Es-15 (altered volcanic ash, Kiipli et al.

2000) is following: TiO2 reference value—0.196% (std

0.016) average in TUT 0.217 (std 0.002); Al2O3 reference

value—18.05 (std 0.22) average in TUT 18.08 (std 0.063);

Zr reference value 111.4 ppm (std 9.75) average in TUT

116.0 (std 1.0). Comparison with the analyses of fused

discs has shown that using pressed powders of fine-grained

(mostly less than 2 microns) bentonite materials for XRF

analyses of major components is giving reliable results.

Separated fine fractions were analysed by XRF from thin

specimens. For calculation of concentrations in Bruker

MultiRes software, weight per surface area of the speci-

mens was used for corrections.
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3 Results

3.1 The mathematical model for deriving source

magma temperature from the immobile element

TiO2/Al2O3 and Zr(ppm)/Al2O3(%) ratios

For calculating a new mathematical model, at first, the

zircon saturation temperatures were calculated from more

than 1000 whole rock data of well-preserved volcanic

rocks, applying Zr and all major components according to

the model by Boehnke et al. (2013). Then, the best rela-

tionship between these temperatures (? high temperature

experimental data) and Zr(ppm)/Al2O3(%) ratio was sear-

ched, leading to the exponential function. Grouping data

according to TiO2/Al2O3 ratios revealed the possibility for

compositional refinement of the formula (Fig. 1). In the

Fig. 1 exponential functions were calculated for five TiO2/

Al2O3 ratio intervals: 0–0.01, 0.01–0.02, 0.02–0.03, 0.03–

0.04 and 0.04–0.05. As for intervals 0–0.01 and 0.01–0.02

show relatively similar curves on the chart, their coeffi-

cients and exponents were averaged in Fig. 2. Similarly,

the coefficients and exponents were averaged between

intervals 0.02–0.03 and 0.03–0.04. Correlating coefficients

and exponents with TiO2/Al2O3 ratio corrections to the

exponential function were derived (Fig. 2). The resulting

formula for calculation of source magma temperatures is:

t ¼ 538 � 800 � að Þ � bð0:094�a þ 0:137Þ ð1Þ

where t is magma temperature in oC, a is TiO2/Al2O3 ratio,

b is Zr(ppm)/Al2O3(%) ratio.

Table 1 lists the comparison with the model by Boehnke

et al. (2013), which is different from formula (1), has taken

the major component composition in detail into account.

Data in Table 1 show good correspondence within ± 30�

between the two models in low temperatures below

800 �C. At high temperatures, above 800�, the uncertainty

between the two models increases, but still retains a high

probability for uncertainty between ± 50�. The probability

in Table 1 for predefined uncertainty (± 30 and ± 50) was

calculated as a ratio between samples within a specific

uncertainty interval, divided with all samples (%). Formula

(1), derived from the compositions of well-preserved vol-

canic rocks, uses only elements immobile in sedimentary

environments and can therefore be applied also to strongly

altered volcanic ashes—bentonites.

It is important to state that magma temperature, esti-

mated from bulk rock composition, belongs to the partial

melting of source rocks in the deep crust. The temperatures

of partial melting of source rocks can be higher than the

pre-eruption temperatures of volcanic rocks, and therefore

direct comparison with the other methods, with the aim of

reliability check, is principally not reasonable.

3.2 Estimating the pre-eruption temperatures

from the TiO2/Al2O3–Zr(ppm)/Al2O3 (%) ratios

Using the zircon saturation method, the pre-eruption tem-

perature can be calculated from the composition of vol-

canic glass. In the case of bentonites, the approximate

representation of the original volcanic glass is the fine

fraction without phenocrysts. In the present study, fine

fractions of bentonites are involved in two ways—from

laboratory and natural separations. In the laboratory, fine

fractions of three samples are separated by the faster set-

tling of larger grains in distilled water. Results of the XRF

analyses of the fractions and the pre-eruption zircon satu-

ration temperatures according to the formula (1) are in

Table 2.

Data in Table 2 show, that there is no difference in

which fraction below 20 lm is used for estimation of the

zircon saturation temperature. Higher Zr contents in grain

fractions above 20 lm occur due to the presence of zircon

phenocrysts. The search of zircons under the microscope

revealed abundant prismatic crystals in the Kinnekulle

Bentonite and no zircons in B II Bentonite. The occurrence

of Zr as a major component in these crystals was checked

by EDS microanalyses. From the 1 kg of the Viki Ben-

tonite, only a single zircon crystal was found. Rounded

corners of that crystal possibly indicate melting and sug-

gest an inheritance from the source rock. The sample was

taken from the lower air-fall part of the ash bed, therefore

rounding during the re-deposition of material is less likely.

Slightly higher Zr contents in grain fractions of B II and

Viki Bentonite indicate the presence of small amounts of

zircon crystals, being possibly broken during a volcanic

eruption and are difficult to distinguish under the

microscope.

Fig. 1 Exponential relationship between Zr(ppm)/Al2O3(%) and

source magma temperature. 1—TiO2/Al2O3 = 0–0.01, 2—TiO2/Al2-

O3 = 0.01–0.02, 3—TiO2/Al2O3 = 0.02–0.03, 4—TiO2/Al2O3-

= 0.03–0.04, 5—TiO2/Al2O3 = 0.04–0.05
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Fig. 2 Corrections to the

exponential formula for

calculation of source magma

temperature. Left – correction to

the coefficient, right—

correction to the exponent

Table 1 Comparison between new model and model by Boehnke et al. (2013)

Temperature

interval

Average t (�C), Boehnke

et al. (2013)

Average t (�C), new

model

Average

difference (�)

Difference less

than ± 30� (%)

Difference less

than ± 50� (%)

650–699 676 682 6 96.4 99.5

700–749 722 720 - 2 93.6 99.7

750–799 767 759 - 8 88.5 96.2

800–1100 888 872 - 17 65.2 88.8

Table 2 Composition of separated fractions of three bentonites and pre-eruption zircon saturation temperatures according to formula (1)

Drill core Kuressare K-3 Kuressare K-3 Meiuste

Depth (m) 368.7 368.7 368.7 368.7 314.4 314.4 314.4 44.1 44.1 44.1

Bentonite name Kinnekulle Kinnekulle Kinnekulle Kinnekulle Viki Viki Viki

Bentonite ID XXII XXII XXII XXII B II B II B II ID475 ID475 ID475

Fraction (lm) \ 1 \ 5 \ 20 [ 20 \ 10 \ 20 [ 20 \ 1 \ 20 [ 20

Content (%) 55.53 82.20 86.30 13.67 79.80 85.44 20.20 nd 89.40 10.60

SiO2 (%) 54.14 54.27 54.69 60.00 50.77 50.89 60.00 52.67 53.50 62.00

TiO2 (%) 0.08 0.14 0.16 0.98 0.28 0.27 0.15 0.81 0.94 0.63

Al2O3 (%) 21.39 21.33 21.15 15.43 17.42 17.46 15.47 23.76 22.53 16.39

Fe2O3 (%) 2.05 2.10 2.13 6.96 3.85 3.96 2.87 2.09 1.85 2.22

MnO (%) 0.00 0.00 0.00 0.05 0.00 0.00 0.01 0.00 0.00 0.01

MgO (%) 4.87 4.84 4.71 1.88 11.53 11.63 5.32 3.64 3.02 1.03

CaO (%) 0.23 0.28 0.28 0.46 0.10 0.10 1.44 0.20 0.20 2.04

Na2O (%) 0.16 0.32 0.31 0.36 0.16 0.14 0.48 0.20 0.12 0.86

K2O (%) 5.92 6.04 6.29 11.25 4.40 4.60 11.14 6.23 7.83 11.87

P2O5 (%) 0.24 0.17 0.17 0.30 0.49 0.42 0.07 0.33 0.23 0.55

Cl (%) 0.22 0.15 0.15 0.04 0.67 0.43 0.04 0.36 0.11 0.04

S (%) 0.01 0.01 0.03 1.32 0.03 0.07 0.70 0.01 0.06 0.66

Nb (PPM) 4 8 10 45 28 29 15 27 37 24

Th (PPM) 3 6 7 51 48 45 32 32 32 46

Zr (PPM) 88 92 94 847 342 344 398 733 742 933

t (�C), (1) 650 652 653 793 794 826 826
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Natural separations of fine fractions of volcanic ash

occur during air transport. Smaller glass particles, formed

from the melt, stay longer in the air and larger phenocrysts

settle faster. Therefore, we see the frequent accumulation

of biotite, zircon, and other phenocrysts in the bottom of

ash layers (Dahlquist et al. 2012; Siir et al. 2015). Upper

parts of layers contain fewer phenocrysts and are charac-

terised accordingly by lower contents of Ti and Zr. It can

be presumed, that these upper parts of the layers were

derived mostly from original volcanic glass and can be

used to estimate the pre-eruption temperatures by the zir-

con saturation method. In Table 3 are selected samples

with minimum Zr contents in the available dataset within

some eruption layers from the Baltic Basin. From the

thicker bentonite layers (20–50 cm), samples from the

upper part of the layer were selected. In the case of thinner

layers (5–10 cm), samples with the minimum of Zr/Al2O3

ratios in the dataset were selected, considering that random

sampling through many years in several drill cores repre-

sents all parts of the particular layer. Assignment of a

sample to the particular eruption layer in different locations

was proved by previous careful correlation studies using

mineralogical-geochemical criterions and biostratigraphy

(Kiipli et al. 2010, 2011, 2015, 2020).

3.3 Estimating pre-eruption temperatures

from the sanidine phenocryst composition

Magma thermometry according to Nekvasil (1992) works

on two mineral equilibria—so besides sanidine, also pla-

gioclase phenocrysts must occur. In bentonites from the

middle of the Baltic Basin, sanidine is well-preserved

(Kiipli et al. 2010), but plagioclase has been mostly con-

verted into clay. In rare cases, remnants of plagioclase were

Table 3 XRF data of naturally separated fine-grained parts of bentonites and pre-eruption zircon saturation temperatures according to formula

(1)

Bentonite name Kinnekulle Osmundsberg Tehumardi Nurme Ruhnu Aizpute Lusklint Grötlingbo

Bentonite ID XXII B II ID851 ID744 ID731 ID494 ID311 ID150 GB

System Ordovician Ordovician Silurian Silurian Silurian Silurian Silurian Silurian Silurian

Stage Sandbian Katian Telychian Telychian Telychian Telychian Sheinwoodian Sheinwoodian Homerian

Selection

principle

Upper

fine-

grained

Upper

fine-

grained

Upper fine-

grained

MIN in

dataset

MIN in

dataset

MIN in

dataset

MIN in

dataset

MIN in

dataset

Upper

fine-

grained

Number of

samples in

selection

1 1 11 3 5 4 1 3 5

Number of

samples in

dataset

8 8 58 13 37 26 5 11 20

LOI_920 7.50 13.59 3.03 4.99 6.06 4.17 8.25 17.05 8.50

SiO2 (%) 54.86 45.20 59.54 54.72 54.48 58.39 52.73 43.63 53.54

TiO2 (%) 0.22 0.24 0.32 0.38 0.47 0.31 1.01 0.91 0.38

Al2O3 (%) 20.52 15.52 20.43 21.98 23.24 21.16 31.56 25.93 24.61

Fe2O3 (%) 2.39 3.51 2.46 6.37 4.29 1.33 2.07 5.22 1.76

MnO (%) 0.01 0.02 0.01 0.01 0.01 0.00 0.03 0.01

MgO (%) 4.96 11.40 1.11 3.26 3.42 2.49 1.84 1.77 4.40

CaO (%) 0.64 5.52 0.57 0.56 0.57 0.69 0.55 3.24 1.00

Na2O (%) 0.43 0.25 0.31 0.46 0.53 0.16 0.28 0.34

K2O (%) 6.86 5.44 12.34 7.63 7.17 11.20 3.22 4.04 5.55

P2O5 (%) 0.01 0.01 0.04 0.07 0.10 0.04 0.11 0.34 0.08

Cl (%) 0.04 0.01 0.08 0.04 0.07 0.02 0.10 0.07

S (%) 0.15 0.10 0.17 0.03 0.13 0.10 0.04 0.58 0.12

Nb (PPM) 12 24 10 31 27 33 45 26 33

Th (PPM) 15 28 26 35 39 29 58 33 32

Zr (PPM) 147 213 120 221 324 299 590 385 213

t (�C), (1) 695 755 672 722 752 759 772 745 709
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detected by the EDS microanalyses showing high contents

of Na and Ca in some grains (Kiipli et al., 2012); thus, a

previous existence of plagioclase in most of the bentonites

in the Baltic Basin is likely. Therefore using sanidine for

estimating the magma temperature can be considered most

reliable. Sanidine compositions from several volcanic ash

layers of the Baltic Basin are in Table 4. Pre-eruption

temperatures of source magmas are read from Fig. 3.

Studied volcanic ash beds divide into two groups (Fig. 3):

1. Ash beds with potassium-rich sanidine indicate rela-

tively low pre-eruption magma temperatures (650–790 �C)

and 2. Ash beds with sodium-rich sanidine indicate higher

pre-eruption temperatures (770–830 �C).

3.4 Comparison of zircon saturation thermometry

from formula (1) with other methods

The comparison of zircon saturation temperatures accord-

ing to the formula (1) with magma temperatures from the

sanidine composition (Table 5, Fig. 4) reveals that,

according to the laboratory separations, zircon saturation

temperatures are in average lower by 11� varying from

- 48� to ? 11� and natural separations in average lower

by 15� varying from - 35� to ? 12�. This comparison

does not prove which method is more accurate. Although

differences between the two methods do not exceed the

general uncertainty of both methods, it is clear that at lower

temperatures systematic difference between methods

exists. If future studies confirm it, temperature from for-

mula (1) can be corrected according to the equation in

Fig. 4. The composition of volcanic glass from the early

Bishoff Tuff (Schmitt and Simon 2004) indicates, accord-

ing to the formula (1), the temperature at 673 �C on

average. Ghiorso and Evans (2008), using the Fe-Ti oxide

method, determined magma temperature on average

710 �C. Zircon saturation temperature according to

Boehnke et al. (2013) is 704 �C. So, the differences do not

exceed the general uncertainty of the method under study.

In Fig. 5 isotherms calculated from the formula (1) are

shown together with temperatures from other methods. The

isotherms extend from the rhyolite field to the middle of the

dacite field as previous studies have shown, that zircon

saturation thermometry can be used in evolved igneous

rocks (Clemens et al. 2012). All methods show lower

temperatures at lower Zr(ppm)/Al2O3(%) ratios and higher

temperatures at higher ratios.

3.5 Zircon saturation temperatures of source

magma generation in partial melting of rocks

according to the compositions of some well-

known bentonites from the Baltic Basin

Figure 6 are shown all available data of the four well-

studied bentonites from the Baltic Basin. Before plotting,

XRF data were screened for the CaO and Cr content, and

samples with elevated contents of these components,

indicating a mixture with host sediment, were excluded

Table 4 Composition of

sanidine phenocrysts
Drill core Depth, m Bentonite name ID KAlSi3O8 NaAlSi3O8 CaAl2Si2O3 t �C, Fig. 3

Weight % Weight % Weight %

Hunninge 1 Grötlingbo GB 92.8 5.3 1.84 700

När 328.1 Lusklint ID150 70.8 26.4 2.80 770

När 333.4 Aizpute ID311 62.4 34.5 3.09 800

Meiuste 44.1 Viki ID475 61.6 34.8 3.54 815

Tinuri 38.8 Viki ID475 62.8 33.2 4.01 830

Ruhnu 500 473.7 Ruhnu ID494 54.1 43.4 2.50 790

Ventspils 837.2 Nurme ID731 62.4 35.2 2.38 770

Ventspils 838.4 Tehumardi ID744 74.1 23.7 2.17 740

Aizpute 41 964.4 Osmundsberg ID851 79.0 20.1 0.97 660

Kuressaare 314.4 BII 57.7 39.8 2.57 790

Kuressaare 368.7 Kinnekulle XXII 75.3 23.0 1.73 700

Fig. 3 Composition of sanidine phenocrysts, from the Ordovician

and Silurian volcanic ash beds, on the K-Na-Ca feldspar ternary

diagram. Isotherms are after Nekvasil (1992). Only the K-feldspar

corner of the diagram is shown in the figure. Black symbols represent

ash beds where the comparison with zircon saturation temperature

(Table 2 and 3) is possible. Rings represent other ash beds from the

Baltic Basin
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from the selection. Also, the Nb (ppm)/Al2O3 (%) ratio of

bentonites was checked and in all samples it was below 1.7,

indicating subalkaline nature of source magmas. The dis-

tribution of the samples in Fig. 6 reveals similar features

for all four bentonites. All have the main cluster of data

with smaller clusters at lower (black symbols) and higher

values of Zr/Al2O3 and TiO2/Al2O3 ratios. Studies of ele-

ment distribution in the vertical section of the bentonites

revealed that higher values belong to the bottom layers of

the bentonite beds, originating from the accumulation of

phenocrysts (Dahlquist et al. 2012; Siir et al. 2015). A

cluster of lower values represents samples from the upper

parts of bentonite beds containing less phenocryst material.

Using the mean value of all whole rock data for deter-

mining the temperature of magma generation in partial

melting of source rocks is the best approach applicable for

bentonites. A cluster of lower values represents approxi-

mately part of the bentonite formed from the volcanic glass

and can be used for the estimation of pre-eruption

temperatures.

The distribution of data in the main cluster enables us to

estimate the precision of the method of temperature

determination from Fig. 6 when using a random single

sample from the middle of the ash bed. According to the

Table 5 Comparison of pre-eruption temperatures between different methods

Bentonite

name

Bento-

nite ID

Fraction

(lm)

TiO2/

Al2O3

Zr (ppm)/

Al2O3 (%)

t (�C), zircon

saturation, (1)

t (�C), sanidine

composition,

Fig. 4

Difference (�C)

Separated fine fractions

Kinnekulle XXII \ 5 0.0065 4.34 652 700 - 48

Kinnekulle XXII \ 20 0.0076 4.44 653 700 - 47

B II \ 10 0.0159 19.61 793 790 3

B II \ 20 0.0154 19.71 794 790 4

Viki ID475 \ 1 0.0342 30.87 826 815 11

Viki ID475 \ 20 0.0417 32.94 826 815 11

Average difference 2 11

Natural separations

Kinnekulle XXII 0.0108 7.16 695 700 - 5

B II 0.0155 13.72 755 790 - 35

Osmundsberg ID851 0.0159 5.96 672 660 12

Tehumardi ID744 0.0172 10.05 722 740 - 18

Nurme ID731 0.0202 14.03 752 770 - 18

Ruhnu ID494 0.0147 14.10 759 790 - 31

Aizpute ID311 0.0320 18.70 772 800 - 28

Lusklint ID150 0.0362 14.89 745 770 - 25

Grötlingbo GB 0.0154 8.66 709 700 9

Average difference 2 15

Early Bisoff Tuff 0.0058 5.46 673 710 2 37

Fig. 4 Comparison of zircon saturation temperatures according to the

formula (1) (horizontal axes) with other methods. Rhombs—labora-

tory separations of fine fractions, quadrangles—natural separations of

fine fractions. On the vertical axes are temperatures according to the

sanidine phenocryst composition (rhombs and quadrangles) and

temperature from the Fe-Ti oxide method (triangle)
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data of four beds in Fig. 6 source magma temperature of

partial melting using a single sample from the middle of

the bed can be determined within ± 30� to 50�. This ran-

domness can be minimised by sampling the full thickness

of the ash bed excluding the upper redeposited (if present)

layer. Another possibility is to use an average from large

datasets.

In Table 6, temperatures of magma generation in partial

melting of source rocks are assessed from the average of all

data for a particular eruption layer. Pre-eruption tempera-

tures are estimated from the average of some samples with

minimum Zr/Al2O3 values. Pre-eruption temperatures

occur to be 10�–50� lower than partial melting tempera-

tures. The temperatures estimated from the sanidine com-

position, theoretically, must be closer to the pre-eruption

temperatures determined by the zircon saturation method.

In reality, we see that all temperature estimates occur

within 50�, and sanidine temperatures are sometimes closer

to the zircon saturation pre-eruption, in other cases, to

partial melting values. Some systematic differences

between the two methods and the relatively low precision

of both methods confuse the picture. Still, it is clear, that

Ca-Na in sanidine and Zr-Ti in bulk rock originate from the

same cause – the source magma temperature.

4 Discussion

Volcanic ashes are often transported to distances of hun-

dreds of kilometres into platform seas and likely originate

from felsic magmas with high viscosity, giving explosive

eruptions. Felsic volcanic rocks are appropriate materials

for temperature estimates using the zircon saturation ther-

mometry, due to the frequent occurrence of zircon crystals

among the phenocrysts and in the source rocks of magma.

Fig. 5 TiO2/Al2O3–Zr (ppm)/Al2O3 (%) diagram of volcanic rocks

with rock fields (Kiipli et al. 2020) and isotherms calculated

according to the formula (1) in the present study. The position of

the rings on the chart is according to the TiO2/Al2O3 and Zr (ppm)/

Al2O3 (%) ratios in laboratory separations of fine fractions (derivates

of volcanic glass) of particular volcanic ash beds. The position of the

crosses on the chart is according to the TiO2/Al2O3 and Zr (ppm)/

Al2O3 (%) ratios in naturally separated fine fractions during air

transport from the upper parts of the ash beds. Numbers at the rings

and crosses are pre-eruption magma temperatures according to the

sanidine composition of the volcanic ash bed. The position of the

rhombs on the chart is according to the TiO2/Al2O3 and Zr (ppm)/

Al2O3 (%) ratios in glasses used in the experimental laboratory study

by Boehnke et al. (2013). Numbers at the rhombs are experimental

run temperatures. Triangles—volcanic glass from the early Bishoff

Tuff (Schmitt and Simon 2004) with Fe–Ti oxide temperature

(Ghiorso and Evans 2008)

Fig. 6 Some bentonites of the Baltic basin on the TiO2/Al2O3–

Zr (ppm)/Al2O3 (%) diagram. Analyses of all samples, collected

through the years, are shown. Triangles—Kinnekulle Bentonite,

rhombs—Osmundsberg Bentonite, quadrangles—Nurme Bentonite,

rings—Viki Bentonite. Black symbols represent samples with min-

imum values of the Zr (ppm)/Al2O3 (%) ratios used for interpreting

pre-eruption temperatures
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In the present study, the TiO2/Al2O3 and Zr (ppm)/

Al2O3 (%) ratios are used to show that the Zr/Al ratio

depends significantly on the magma temperature and Ti/Al

ratio represents, to some extent, other needed composi-

tional parameters, such as SiO2 content and M value or

aluminum saturation index. To exclude alkaline source

magmas, the Nb/Al2O3 ratio was used, as the evolved

subalkaline rocks have Nb (ppm)/Al2O3 (%) ratios com-

monly below 1.7–1.8 (Kiipli et al. 2020).

In using the whole-rock compositions for calculating

magma temperatures, uncertainties arise from the unknown

content of zircons inherited from the source rocks. Under-

saturation, caused by the low content of zircon in some

source rocks and the low dissolution kinetics of zircon in

short-lived magmatic events, may also cause uncertainty.

Comparing Zr in fraction [ 20 lm in the Viki Bentonite,

representing most likely zircons, with Zr in frac-

tion \ 20 lm (Table 1), we see that most of the Zr prob-

ably occurs as a trace element in clay minerals of fine

fractions. As zircon that is inherited from the source rocks

of magma, occurs as cores in larger zircon crystals, the

uncertainty caused by old zircon, is less than total Zr in

zircon. Thus the overestimation of the magma generation

temperature, due to inherited zircon in the Viki Bentonite,

probably does not exceed 15�, which is much less than the

general uncertainty of the method. Bergström et al. (2008)

dated zircons in two Silurian bentonites (including the

Osmundsberg Bentonite) and established the presence of an

inherited zircon core in two of the studied twelve grains.

Cramer et al. (2012) analysed 44 zircon grains from four

Silurian bentonites (including the Ireviken and Grötlingbo

bentonites) and found the inherited zircon component in six

grains. The presence of inherited zircon indicates that

during magma generation, the melt was saturated relative

to zircon and the temperature can be properly interpreted

from Zr contents. Small concentrations of the zircon phe-

nocrysts and even smaller contents of inherited zircon

indicate that the presence of older zircon causes commonly

relatively small errors in calculations of partial melting

temperatures. For the refined magma thermometry, the

content of inherited zircons is needed for subtraction.

Larger particles, including the phenocrysts of volcanic

ash, tend to fall first and accumulate in the bottom layers of

the ash beds. As a result, Zr contents decrease upwards. For

example, Dahlquist et al. (2012) established 1.5 times

higher Zr contents in the lower part of the Grötlingbo

Bentonite of Gotland (Sweden) than in its middle part. The

upper part of the bentonite was redeposited and mixed with

sedimentary material. So, to calculate the magma temper-

ature in its forming process during partial melting, it is

reasonable to sample the full thickness of the air-fall part of

the bentonite, excluding the upper mixed layer if it is

present. Minimum temperatures, calculated from the upper

parts of the ash layers with relatively low contents of

phenocryst, are likely close to the pre-eruption tempera-

tures. In using Zr and Ti ratios with Al it is important to

avoid very thin (less than 1–2 cm) bentonite layers where

Table 6 Summary of magma temperatures of some bentonites from the Baltic Basin

Sample for study of sanidine composition Bentonite name Bed ID Biotite Partial melting temperature Pre-eruption temperature

Zr–Ti–Al Zr–Ti–Al Sanidine

Homerian

Hunninge-1 Grötlingbo GB Abundant 741 709 700

Sheinwoodian

När, 328.1 m Lusklint ID150 Few flakes 776 735 770

När, 333.4 m Aizpute ID311 Rare 780 772 800

Telychian

Meiuste, 44.1 m Viki ID475 Rare 814 794 815

Tinuri, 38.8 m Viki ID475 Rare 814 794 830

Ruhnu, 473.7 m Ruhnu ID494 Absent 769 760 790

Ventspils, 837.2 m Nurme ID731 Rare 777 743 770

Ventspils, 838.4 m Tehumardi ID744 Rare 730 722 740

Aizpute, 964.4 m Osmundsberg ID851 Abundant 709 672 660

Katian

K-3, 314.4 m BII Absent 769 755 790

Sandbian

K-3, 368.7 m Kinnekulle XXII Abundant 710 682 700
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some Al may have been lost during digenesis (Kiipli et al.

2017).

The abundance of biotite in bentonites can be considered

as an indicator of the content of water and mafic compo-

nents in source magma. Potassium-dominated source

magmas in the Baltic Basin, indicated by potassium-rich

sanidine phenocrysts, can be assigned to the S types formed

through melting of sedimentary rocks, as potassium con-

centrates in weathered clays and sodium tends to be

washed out. These statements correspond well with the

result that bentonites containing more biotite have origi-

nated from cooler source magmas (partial melting at

695–745 �C, Table 5), as higher water content lowers rock

melting temperatures. These source magmas correspond

well to ‘‘cool’’ granite source magmas according to Miller

et al. (2003) and may have been generated under the

influence of fluid influx from under-thrusted sediments.

The presence of sodium-rich sanidine among phe-

nocrysts of other bentonites indicates under-saturation by

water (Kiipli et al. 2014). These bentonites contain only a

few flakes of biotite or no biotite at all. Partial melting

temperatures of these bentonites are higher, ranging from

770 to 850 �C. Source magmas of these bentonites corre-

spond well to the ‘‘hot’’ granite source magmas of North

America (Miller et al. 2003) and originate probably from

igneous source rocks (I type).

5 Conclusions

Zircon saturation thermometry using the TiO2/Al2O3 and

Zr(ppm)/Al2O3(%) ratios can be used for estimating tem-

peratures of magma that are forming during partial melting

of source rocks and pre-eruption temperatures. Using the

method is effective in strongly altered volcanic ashes

(bentonites), where more precise methods are difficult to

use. For excluding alkaline source magmas, Nb/Al2O3 ratio

can be used. Comparing the method with the magma

temperature from the sanidine phenocryst composition, the

Fe-Ti oxides and with experimental data from Boehnke

et al. (2013), reveals uncertainty within ± 50�, which still

enables to distinguish between low temperature

(650–780 �C) and high temperature ([ 780 �C) rhyolitic

and rhyodacitic source magmas. At temperatures below

750 �C, the systematic difference with other methods is on

average 20�. This difference is less than the general

uncertainty of the methods.

Early Palaeozoic bentonites in the Baltic Basin can be

divided into two types according to the source magma

temperatures: (1) Low temperature, containing potassium-

rich sanidine and abundant biotite, S type, and (2) high

temperature with sodium-rich sanidine and scarce biotite, I

type.
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Katian (Ordovician) bentonites in the East Baltic, Scandinavia

and Scotland: geochemical correlation and volcanic source

interpretation. Geol Mag 152:589–602

Kiipli T, Einasto R, Kallaste T, Nestor V, Perens H, Siir S (2011)

Geochemistry and correlation of volcanic ash beds from the
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del Perú, Publicación Especial no 5: pp 157–174

Mamani M, Tassara A, Wörner G (2008) Composition and structural

control of crustal domains in the Central Andes. Geochem

Geophys Geosyst. https://doi.org/10.1029/2007GC001925

Mamani M, Wörner G, Sempere T (2010) Geochemical variations in

igneous rocks of the Central Andean orocline (13�S to 18�S):

tracing crustal thickening and magma generation through time

and space. Geol Soc Am Bull 122:162–182. https://doi.org/10.

1130/B26538.1

Miller CF, McDowell SM, Mapes RW (2003) Hot and cold granites?

Implications of zircon saturation temperatures and preservation

of inheritance. Geology 31:529–532

Acta Geochim (2022) 41(3):406–418 417

123



Miller CF, Wark DA (2008) Supervolcanoes and their explosive

supereruptions. Elements 4, Special issue: Supervolcanoes:

11–16

Nekvasil H (1992) Ternary feldspar crystallization in high-tempera-

ture felsic magma. Am Miner 77:592–604

Peccerillo A (2005) Plio-Quaternary volcanism in Italy—petrology,

geochemistry, geodynamics. Springer, Berlin, p 364

Petford N, Cruden AR, McCaffrey KJW, Vigneresse J-L (2000)

Granite magma formation, transport and emplacement in the

Earth‘s crust. Nature 408:669–673

Ray DC, Collings AVJ, Worton GJ, Jones G (2011) Upper Wenlock

bentonites from Wren‘s Nest Hill, Dudley; comparisons with

prominent bentonites along Wenlock Edge, Shropshire, England.

Geol Mag 148:670–681

Sell BK, Samson SD, Mitchell CE, McLaughlin PI, Koenig AE,

Leslie SA (2015) Stratigraphic correlations using trace elements

in apatite from Late Ordovician (Sandbian-Katian) K-bentonites

of eastern North America. GSA Bull 127:1259–1274

Siir S, Kallaste T, Kiipli T, Hints R (2015) Internal stratification of

two thick Ordovician bentonites of Estonia: deciphering primary

magmatic, sedimentary, environmental and diagenetic signa-

tures. Est J Earth Sci 64:140–158

Schmitt AK, Simon JI (2004) Boron isotopic variations in hydrous

rhyolitic melts: a case study from Long Valley, California.

Contrib Miner Petrol 146:590–605

Spears DA (2012) The origin of tonsteins, an overview, and links with

sea-tearths, fireclays, and fragmental clay rocks. Int J Coal Geol

94:22–31
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