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A Windows program (WinPLtb) has been developed to calculate wet-chemical and
microprobe pyroxene analyses based on the standard International Mineralogical
Association (IMA-88) nomenclature scheme. The program allows the user to enter
clinopyroxene, orthopyroxene and associated composition of liquid or whole-rock
and some calculated components in the Data Entry Screen as well as loading the
Microsoft® Excel files including pyroxene and liquid analyses. Although, WinPLtb
is essentially aimed to estimate the clinopyroxene-liquid and orthopyrpxene-liquid
thermobarometers it also calculates the clinopyroxene-based hygrometers and depths
where pyroxene-bearing rocks crystallized. Calculation of pressure- and temperature-
dependent thermobarometers is carried out using the previously entered input P-T'
values or calculated P-T values by program depending on the selected options from
pull-down menu. The input values for calculations are percentage of clinopyroxene and
orthopyroxene analyses, liquid or whole-rock compositions, P (GPa) for temperature-
dependent orthopyroxene-liquid thermometers, and 7' (K)-P (kbar) for clinopyroxene-
liquid thermobarometers. All the calculated results by program are stored in an output
Excel file. This file can be used for further general data manipulation and graphing
purposes. The compiled program described herein is distributed as a self-extracting
setup file, including the necessary support files used by program, a help file, and sample
data files.

Keywords: Pyroxene; liquid; classification; thermometer; barometer, hygrometer, depth;

software.

INTRODUCTION Because of its ubiquity in igneous and metamorphic

The study of earth materials from physicochemical point rocks, pyroxene composition as a significant rock-
of view has attracted attention of geologists to estimate forming ferromagnesian silicate phase, is used to
the pressure (P) and temperature (7) conditions of igneous understand the processes of magma generation and
and metamorphic rocks. Although early approaches were crystallization conditions. Thermobarometry, which is
mostly qualitative, the later studies which are based on the estimation of P-T conditions of rocks, can be used by
an experimental petrology allowed more quantitative conventional methods and pseudosection calculations.
evaluations to addressing the conditions of magmatic Over the past 45 year, a number of studies are focused on
and metamorphic processes (Winter, 2001). The P-T the P-T estimations for a single-clinopyroxene- and two-
studies, thus played an important role in igneous and pyroxene-bearing rocks (see references therein Yavuz,
metamorphic petrology as they provide critical evidence 2013).
in understanding of the tectonic, thermal structure, and Thermobarometry estimations are not only carried
history of Earth’s upper mantle compositions. on a single mineral or two mineral phases in a rock
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composition, but also are obtained from the liquid-
only and mineral-liquid components. Beattie (1993)
presented a thermometer based on orthopyroxene-liquid
equilibria using the empirical activity-composition
relationships. Putirka et al. (1996) developed a series of
thermobarometers for anhydrous systems including mafic
igneous rocks co-existing jadeite-diopside/hedenbergite
exchange equilibrium and liquid compositions based on
calibrations from existing earlier data and experimentally
produced new data at 8-30 kbar and 1100-1475 °C.
Using new experiments, Putirka et al. (2003) proposed
clinopyroxene-liquid thermobarometers for hydrous
systems that consist of mafic, evolved and volatile-
bearing lava compositions (up to 71.3 wt% SiO,) based
on the jadeite-diopside+hedenbergite exchange equilibria.
Putirka (2008) presented two new thermometers for
orthopyroxene-liquid and only- liquid components
to rectify the Beattie’s (1993) method in terms of over
estimations for hydrous and low estimations for some
anhydrous compositions. Putirka (2008) also proposed
two barometers for clinopyroxene and liquid components
to better describe hydrous samples using the H,O (wt%)
composition and one barometer based on the partitioning
of Al between clinopyroxene and liquid. The Jd-DiHd
exchange clinopyroxene-liquid thermometers developed
by Putirka et al. (1996, 2003) were subjected to global
calibrations using experimental studies at P<70 kbar to
reduce the temperature of uncertainties from 52-60 °C to
10-20 °C (Putirka, 2008). Masotta et al. (2013) presented
new thermometer and barometer based on clinopyroxene-
liquid equilibria to predict magmatic temperatures and
pressures of alkaline differentiated magmas. Neave and
Putirka (2017) tested the performance of commonly
used clinopyroxene-liquid barometers with data from
experiments on H,O-poor tholeiites and calibrated a new
barometer in the 1 atm to 20 kbar to improve the accuracy
of Jd-in-clinopyroxene barometry.

Although several computer programs have been
developed for pyroxene calculation and classification
purposes (McHone, 1987; Gomez, 1990; Yavuz, 2001;
Sturm, 2002), restricted attention was given on single-
clinopyroxene and two-pyroxene thermobarometers
as well as orthopyroxene-liquid and clinopyroxene-
liquid thermometers and barometers. Putirka (2008) and
Neave and Putirka (2017) developed Excel spreadsheets
on thermobarometers for clinopyroxene-only, two-
pyroxene and pyroxene-liquid analyses. Yavuz (2013)
presented a Visual Basic program, called WinPyrox, for
recalculation of multiple single-clinopyroxene and two-
pyroxene chemical analyses, providing various single-
clinopyroxene and two-pyroxene thermobarometers.

A Windows program, called WinPLtb, is developed to
estimate the P-T conditions of pyroxene-bearing rocks

based on pyroxene-liquid equilibria. Unlike the earlier
WinPyrox program, the current software calculates only
pyroxene-liquid thermometers and barometers using
clinopyroxene and orthopyroxene analyses and liquid or
whole-rock compositions equilibrated with clinopyroxene
and orthopyroxene.

DESCRIPTION OF PROGRAM

Although a variety of computer programs have been
published for calculation and classification of rock-
forming silicate minerals in recent years (e.g. Yavuz,
1999, 2001, 2003 a,b, 2007; Yavuz et al., 2006, 2014;
Locock, 2014), an increasing number of thermobarometry
software based on the mineral and mineral-liquid
chemistry were appeared in estimation the P-7 conditions
of igneous rocks (e.g. Soto and Soto, 1995; Yavuz, 1998;
Lepage, 2003; Hora et al., 2013; Yavuz, 2013; Masotta et
al., 2013; Lanari et al., 2014; Yavuz et al., 2015; Yavuz
and Doner, 2017; Neave and Putirka, 2017).

WinPLtb is a compiled program developed for the
Microsoft® Windows platform users. The program is
intended to calculate most widely used clinopyroxene-
liquid and orthopyroxene-liquid thermobarometers for
pyroxene analyses associated with chemical composition
of liquid or whole-rocks. Calculation of all pyroxene and
liquid compositions by WinPLtb is carried out in two
windows called the Data Entry Screen and Calculation
Screen, respectively. A list of the calculation steps in
the Calculation Screen of program is given in Table 1.
WinPLtb presents eight binary plots for the P-7 conditions
of pyroxene-liquid equilibria. These plots are displayed
by the Golden Software’s Grapher program by selecting
diagram types from the pull-down menu of Graph in the
Calculation Screen of WinPLtb.

In pyroxene-liquid thermobarometry, calculation of
pyroxene components require without normalization to
total four cations. However, by selecting options from
the pull-down menu of Normalization (Figure 1a) in the
Data Entry Screen, the program normalizes cations on the
basis of total four cations. The program separates ferric
and ferrous iron contents of electron-microprobe-derived
pyroxene analyses based on the Droop’s (1987) method, if
first option is selected from the pull-down menu of Ferric
Iron Estimation in the Data Entry Screen. Similarly, by
selecting second option from the pull-down menu of Ferric
Iron Estimation (Figure 1b) in the Data Entry Screen, the
program carries out ferric and ferrous iron separation
from total FeO content based on the Papike et al.’s (1974)
method. The temperature-dependent clinopyroxene-liquid
barometers and pressure-dependent clinopyroxene-liquid
thermometers are optionally estimated by selecting the
options from pull-down menu of Thermobarometers
(Figure Ilc), provided that these input 7 (K) and P (kbar)
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Table 1. Description of column numbers in the Calculation Screen window of WinPLtb program and an output Excel file.

Row  Explanations Column Numbers
1 Major oxide clinopyroxene analyses (wt%) 1-19

2 Recalculated cations of clinopyroxene analyses (apfit) 20-38
3 Clinopyroxene components [from Putirka (2008)] 39-45
4 Checking for clinopyroxene composition 46

5 Blank 47

6 Major oxide orthopyroxene analyses (wt%) 48-67
7 Recalculated cations of orthopyroxene analyses (apfi) 68-86
8 Orthopyroxene components [from Putirka (2008)] 87-93
9 Checking for orthopyroxene composition 94
10 Blank 95

11 Major oxide (wt%) liquid (glass or whole-rock) composition equilibrated with clinopyroxene 96-110
12 Calculated liquid cation fractions equilibrated with clinopyroxene 111-123
13 Blank 124
14 Clinopyroxene-liquid barometers (kbar) 125-138
15 Clinopyroxene-liquid thermometers (°C) 139-156
16 Blank 157
17 Depth (km) estimation based on clinopyroxene-liquid barometer (kbar) 158-160
18 Blank 161
19 Clinopyroxene-based hygrometer (H,O, wt%) 162-163
20 Blank 164
21 Major oxide (wWt%) liquid (glass or whole-rock) composition equilibrated with orthopyroxene 165-179
22 Calculated liquid cation fractions equilibrated with orthopyroxene 180-192
23 Blank 193
24 Orthopyroxene-liquid barometers (kbar) 194-196
25 Orthopyroxene-liquid thermometers (°C) 197-199
26 Blank 200
27 Input pressure (GPa) for orthopyroxene-liquid and liquid-only thermometers 201
28 Input temperature (Kelvin) for clinopyroxene-liquid barometers 202
29 Input pressure (kbar) for clinopyroxene-liquid thermometers 203

apfu = Atoms per formula unit.

values are typed in the last two columns of the Data Entry
Screen. By selecting the input or calculated clinopyroxene-
based P (kbar) option from the pull-down menu of Depth
(Figure 1d) in the Data Entry Screen, WinPLtb estimates
depth (km) values using the density-depth models (e.g.
Hill and Zucca, 1987; Mavko and Thompson, 1983
and DeBari and Greene, 2011; Prezzi et al., 2009). The
program estimates clinopyroxene-based hygrometers (e.g.
Armienti et al., 2013; Perinelli et al., 2016) by selecting
one of option from the pull-down menu of Hygrometers
(Figure le) in the Data Entry Screen. Calculation of
pyroxene analyses are carried out on the basis of six
oxygens. Selected options from the Data Entry Screen are
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displayed at the base of Calculation Screen.

The program comes up with a self-extracting setup
file (14 Mb) by using the Inno Setup Compiler (version
5.5.9) developed by Jordan Russell (2018) (http:/www.
jrsoftware.org/isdl.php). WinPLtb runs as a single
executable file on a computer where the Microsoft®
Visual Studio (MVP) package is installed. However, with
the help of necessary “.ocx” and “.dll” support files in the
self-extracting setup file, the users can execute WinPLtb
without requiring the MVP package. WinPLtb runs
properly in a personal computer with the 32-bit operating
system. An execution of program in a personal computer
with the 64-bit operating system requires the registration
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@ WinPLtb el )
File Edit [ | Ferric Iron Estimation  Th Depths Hygrometers Calculate About Help
0O & ﬂ Structural formulae d| Zillwthtotl A cations a
= | without total 4 cations —
Win®Ltb: A 9 eyt Pyroxene-Liquid Thermobarometry Data Entry Screen
Row No| Samplefcpyx] | Sio2icpyx] |_Tio2lepyx) | A03[cpyx) | V203(cpyx) | Cr203icpyx] | Fe203icpyx] | FeOfepyx) |_MnOfepyx) | Niojepyx] [ CoOlepyx) |_znOfepyx] [ MgOfepyx] |_CaOfepyx] [ Na20jepyx] «
1 cpx1 51.2 0.33 725 0 5.89 0.16 17.7 175 0.4,
2 |cpx2 50.5 0.55' 7.06 0 5.25 0.13 16.5 189 0.3
@ WinPLtb el )
File Edit N (FerricIron ] Th Depths Hygrometers Calculate About Help
> E
bEd & ¥ Fe3+ estimation from Droop (1987) [Fe3+ =12* (1 - (4 / Total cations))] b
= v Fe3+ estimation from Papike et al. (1974)  [Fe3+ = AlIV + Na - AIVI- Cr-2* Ti]
WinE —— - ermobarometry Data Entry Screen

Row No| Samplefcpyx] | Sio2icpyx] |_Tio2lepyx) | A03[cpyx) | V203(cpyx) | Cr203icpyx] | Fe203icpyx] | FeOfepyx) |_MnOfepyx) | Niojepyx] [ CoOlepyx) |_znOfepyx] [ MgOfepyx] |_CaOfepyx] [ Na20jepyx] «
1 [epxt 512 033 7.25 0 589 0.16 177 175 0.4
2 |epx2 505 055 7.06 0 525 0.13 165 189 03
© WinPLtb [E=EN ™
File Edit Normalization Ferric Iron Estimation [Thermobarometers | Depths Hygrometers Calculate About Help
2 x. B v
Dl s BBX Y = | v Useinput P (GPa) for P-dependent orthop liquid th C
Use input T (K) for T-depend. li liquid b
7 6: i - Data Ent
WIn®PLLO : A Wit useinpup (o) forp-dependent i lquid th rometry a Entry Screen
Row No| Samplelcpyx] | Si02lcpyx] | Tiozlepyx] | A03icpyx) | v203(cpy | Cra0aicpyx) | Fe203jcpy] | FeOfcpyx) | MnOfcoyx) | Niojepyx] [ CoOlepys] [ znOlepyx] | MgOicpy) | CaOleoy | Na2Ojcpyx) =
1 [epxt 512 033 7.25 589 0.16 177 175 04
2 |epx2 50.5 055 7.06 0 525 013 165 189 03
@ WinPLtb ool )
File Edit Normalization FerricIron Estimation Thermobarometers [Depths | Hygrometers Calculate About Help
= -
b ﬂ @ & & ﬁ X |> I EE| & Use input P (kbar) typed in the Data Entry Screen d
= 3 v UseP (kbar) by Putirka et al. (2003)
| WIn®PLLb : A Windows Progi  user oo by putirks 2008; £q30) rometry Data Entry Screen
Use P (kbar) by Masotta et al. (2013)
Row Nol Sampelcpyd | si02cpyd] | TiO2ioyn] | A20%coyd | VZOUE 1 p (kb by Neave and Putirka (2017) Nofepy) |_CoOfepy) [ znOfepyn) | Mgiepy | CaOlepyx) [ Ne20jepy] 4
1 |epxt 512 0.33 725 177 175 0.4
2 cpx2 50.5 0.55 7.06 0 5.25 0.13 16.5 189 0.3
@ WinPLtb el )
File Edit Normalization FerricIron Estimation Thermobarometers Depths [Hygrometers| Calculate About Help
TG = - -
DEH HiBXY |z EEER O @ "‘ Use input P (kbar) and T (K) typed in the Data Entry Screen e
s 3 Use P (kbar) and T (K) by Putirka et al. (2003)
Win®PLtb : A Windows @rogmmj V| UseP (kbar; Eq30) and T (K; Eq.33) by Putirka (2008) Data Entry Screen
|
Use P (kbar) and T (K) by Masotta et al. (2013)
Row No| samplefcpyx] | Sio2icpyx] |_Tio2lepyx) | A03[cpyx) | V203(epyx) [ crl boyx] | znOjepyx) | MgOlepyx) | CaOlepyx) | Na20jepyx)
1 [epxt 512 033 7.25 0 5.89 0.16 177 175 0.4
2 |epx2 505 055 7.06 0 525 0.13 165 189 03

Figure 1. Screenshots of WinPLtb program showing the menu of (a) Normalization scheme, (b) Ferric Iron Estimation methods, (c)
Thermobarometers for calculations based on the typed input P-T values, (d) Depths using the input and estimated clinopyroxene-based
pressure values for depth estimations, (e) Hygrometers using the input and estimated clinopyroxene-liquid-based P-T values for water

content estimations.

of MSFLEXGRD.OCX component by users just after
an installation of WinPLtb (See Appendix). Following
an installation of WinPLtb setup file on the computer,
the start-up screen with various pull-down menus and
shortcuts appears on the screen. Execution of program
may also be started by clicking the WinPLtb icon from
All Programs options or program icon came-up with the
installation on the desktop.

Data entry of clinopyroxene, orthopyroxene and
compositions

The users of WinPLtb can edit pyroxene analyses
obtained from wet-chemical or electron-microprobe
techniques and liquid or whole-rock compositions
equilibrated with pyroxene by clicking the New icon on the
tool bar, by selecting New File from the pull-down menu
of File option or pressing the Ctrl+N keys. The standard 19
and 14 variables are defined by program for calculations
of pyroxene and liquid or whole-rock compositions as in

liquid
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the following order in Table 2. In the Data Entry Screen,
parameters that belong to these four groups are highlighted
by the light cyan, light green, faded pink and light yellow
colors (see Figure 2). Clinopyroxene, orthopyroxene
and liquid compositions typed in an Excel file with the
extension of “.xls” and “.xlsx” as in the order given in
Table 2, can be loaded into the program’s Data Entry
Screen by clicking the Open Excel File option from the
pull-down menu of File. By selecting the Edit Excel File
option from the pull-down menu of File, clinopyroxene,
orthopyroxene and liquid analyses can be typed in a blank
Excel file (i.e. WinPLtb), stored in a different file name
with the extension of “.xIs” or “.xlsx”, and then loaded
into the program’s Data Entry Screen by clicking the
Open Excel File option from the pull-down menu of File.
Additional information about data entry or similar topics
can be accessed by pressing the F1 function key to display
the WinPLtb.chm help file on the screen.

WORKED EXAMPLES
The following examples show how WinPLtb can
be used for a wvariety of orthopyroxene-liquid and

clinopyroxene-liquid thermobarometers in igneous rocks.
Thermobarometry, hygrometry and depth estimations
by program with explanations are listed in Table 3.
Validity of WinPLtb outputs has been tested (see
Tables 4 and 5) using data sets in Excel spreadsheets
developed by authors (e.g. Masotta et al., 2013; Putirka,
2018a, b; Neave and Putirka, 2017) for their different
thermobarometry models. Once the pyroxene and liquid
analyses are processed by clicking the Calculate icon (i.e.
>)) in the Data Entry Section of the program (see Figure
2a), all estimation parameters are displayed in columns
1-199 (see Table 1) of the Calculation Screen. Pressing
the Ctrl+F keys or clicking the Open File to Calculate
option from the Calculate menu also executes the data
processing for a selected data file with the extension of
“.pyx”. By clicking the Send results to Excel file icon in
the Calculation Screen, all calculations can be stored in
an Excel file (Output.xlsx) and then displayed by clicking
the Open and edit Excel file icon. In an output Excel file,
explanations can be displayed as comments provided that
mouse cursor is on the second row of each column (see
Figure 3).

Table 2. Data entry sequence of pyroxene analyses and liquid compositions in WinPLtb program.

First Group Second Group Third Group Fourth Group
Row Clinopyroxene Orthopyroxene/ Liquid-clinopyroxene ¥ Liquid-orthopyroxene /
1 Samplelery] SampleloPy*] SamplellePyx] Samplellopyr]
2 SiOZ[CPy"] SiOZ[opyX] SiOZUCPY"] SiOz[l"Py"]
3 TiO lepyx] TiO lopyx] TiO [lepyx] TiO [lopyx]
2 2 2 2
4 A1203[prX] A1203[0pyX] A1203[10py><] A1203[1°PYX]
5 V203[CP)’X] V203[0P}’X] CrzoB[ICPyX] Cr203[10py><]
6 Cr203[°py"] Cr203[0py>«] FeO(mtal)UCW"] Feo(mml)[lopm
7 Fe O [epyx] Fe O [opyx] MnOllepyx] MnOllopyx]
273 273
8 FeOlepyx] FeOQloryx] NiQllepyx] NiQllopyx]
9 MnOlepyx] MnOlopyx] MgOllepyx] MgOlery]
10 NiO[epyx] NiOlopyx] CaOllepyx] CaOllopyx]
11 CoOlepyx] CoOlopyx] Na Ollepyx] Na_Oflopyx]
2 2
12 ZnOlepyx] ZnOlopyx] K Ollepyx] K Ollopyx]
2 2
13 MgOlepyx] MgOleryx] P_Osltepyx] P_Oslloryx]
2 2
14 CaOlepyx] CaOloryx] Hzo[lcr’y)(] Hzo[lor’yﬂ
15 Na Olepyx] Na Olopyx]
2 2
16 K Olepyx] K Olopyx]
2 2
17 ZrQ [epyx] ZrQ_[opyx]
2 2
18 Sc_0 _fepyx] Sc_0 [oryx]
273 273
19 Li Olepyx] Li Olopyx]
2 2

i [PXl=Sample number and content of clinopyroxene analysis; j [°»*l=Sample number and content of orthopyroxene analysis; &
lepyxl=Sample number and content of liquid or whole-rock composition equilibrated with clinopyroxene; / 1PY*)=Sample number and
content of liquid or whole-rock composition equilibrated with orthopyroxene.

A P\
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© WinPLtb [E=yEer=)
File Edit izatic Ferric Iron Estie Depths. Calculate About Help
DE@uE s bBXY | I88= 2@ a
’ Win®@Lth: A Wissnehs Program for Pyroxene-Liquid Thermobarometry ’ Data Entry Screen
Rou o S02{cpyTO2lcpyx] A203icp V20Riepy]| Cr20%icoyx] Fe203icpy] Fefoyp MOl oy oiepyd] 2nfpyn MgOicey] [ Caicy Nazoiepy] k20iepyd]2r02lcoyx] sc203fop L2okay.
1 Pepx1 512 033 726 0 5.89 0.16 177 175 044
2 |Pepx2 505 055 7.06 0 525 013 16.5) 189 033
3 |Pepx3 493 037 18 017 511 0.14 182 155 05
4 |Pepxd 516 055 479 0.39 9.37 0.26 188 143 031
5 |Pepxs 532 038 4an 0.09 681 0.15 205 143 031
6 Pepx6 53.1 052 364 017’ mm 0.13 205 149 03
7 |Pepx? 528 065 445 0.13 643 0.17 201 15 037
8 |Pepx8 513 058 701 0.18 58 0.16 199 143 05
9  |Pepx9 508 098 6.97 0.15 758 0.19 183 142 0.59
10 |Pepx10 519 037 72 0.14 5.85 0.16 25 12 047
11 |Pepxt1 519 048 725 0.19 6.05 0.18 25 124 048
12 |Pepx12 50.5 068 8.42 0.1 7.66 0.18 193 126 067
13 |Pepx13 50.2 092 855 0.1 8.19 0.19. 189 129 065
@ C:\Program Files\WinPLtb\Data.pyx E 136 003208 @B )
© WinPLtb =)
File Edit izatic Ferric Iron Estimati Depths. Calculate  About Help
W EEIRLY SIEAE T T I b
Win®Ltb : A Windows Program for Pyroxene-Liquid Thermobarometry Data Entry Screen
Row Nof Sampefopy)[8102{opyx] 1102iopyx] A203{0py v203j0py] Cr203jopyx] Fe203lopy FeOtopysdMndjopydwolopyx]] Coolopyx] Zndtopyd] MgOtopyd Caofopyx] Na20jopy K20topypd [ 202iopy]| 200 =
1 POpx1 513 093 528 0.05 186 024 2 221 029 0
2 __|Popx2 525 068 216 001 199 025 28 1.66. 0.05 0
3 POpx3 50.2 124 472 0.05' 193 0.26 21 1.96 0.1 0
4  |POpxé 53.55. 0.06 395 095 12.59. 0.17 26.86. 251 0.01 0
5 |POpx5 5495 022 432 049 6.85 0 3059 238 02 0
6 |POpx6 53.93. 0.19 521 047 7.69 0 27 261 01 0
7__|POpx7 53.06° 046 641 0.04 9.55 0 2825 193 029 0
POpx8 566 022 308 001 795 013 319 188 0.07 0
POpx9 522 044 72 0.01 121 0.1 266 21 0.24 0
POpx10 53.22 0.07 528 087 513 0.13 31.79. 256 013 0
POpx11 55.9 0.09 47 021 6.24 0.07 322 165 0.09 0
POpx12 546 0.1 63 059 77 0.14 306 137 0.07 0
POpx13 51.81 013 1.09 0.02 2634 069 19.26 1.08 0.02 001
@ C:\Program Files\WinPLtb\Data.pyx m 1236 204208 (@B J
© WinPLtb [E=EE—>
File Edit Normalization Ferric Iron Estimation Thermobarometers Depths Hygrometers Calculate About Help.
DEEuE $RRXY| > SN0k C
Win®Ltb : A Windows Program for Pyroxene-Liquid Thermobarometry [ Data Entry Screen
Row Nof Sanpefepyq |_s02kcpyq [ To28cpyd | c FeOlipyx] | MnOfeoyd | nofepp | WgOtepy) | Caotiepyx] [ NazOtepy [ kzoleop [ P2osliey | Haotipy] 2
1 |Piq1 487 0.69 172 0 9.69 0.09 851 116/ 263 044 0.12 0.00
2 Pig2 482 098 16.7 0 9.83 017’ 8.13 18 264 042 0.23 0.00
3 |Pig3 488 058 192 0 849 02 101 16 274 0.08 0.16 0.00
4 |Pigs 481 1.35 144 0.04 134 0.25 791 103 236 0.2 on 0.00
5 |Pig5 499 074 166 0.02 858 021 849 105 284 0.12 0.06 0.00
6 |Pig6 50.1 1.15, 163 0.09 9.12 0.13 92.01 109’ 27 0.12 0.12 0.00
7 |Pig7 50.1 1.15, 16.2 0.07 893 0.12 926 " 276 0.13 0.09 0.00
8 Pig8 487 124 177 0.03 814 017, 9.56 105 314 0.14 0.13; 0.00
9 |Pig9 469 256 177 0 15 028 6.39) 79 5.05 04 04 0.00
10 _|Piq10 481 13 181 0.04 9.12 013 9.38 103 3 014 0.12 0.00
11 |Pigl1 438 113 16 004 851 0.19 114 108 272 013, 011 0.00
12 |Pig12 489 14 177 0 102 0.1 793 9.13 an 021 0 0.00
13 _|Pig13 48 142 193 0 103, 014 6.28 864 527 023 0.26 0.00
@ C:\Program Files\WinPLtb\ Data pyx E 236 BB ozos208 [@ p
© WinPLtb [E=ye)
File Edit izatic Ferric Iron Estie Depths. Calculate About Help
DEEaE s bBXY| > ZNE= e d
’ Win®Ltb : A Windows Program for Pyroxene-Liquid Thermobarometry | Data Entry Screen
|Row No Samplefopyn s<02fopy)| To2fopyx]] 4203fpy | r203fopy] Feotofopy Mnofopy [ fopyx] MgOfopyx) [Caofpye] Na20fiopyx] <20ty [P208fopyx 2oty |Picraiopyx][Tatepyx] Picanicopd] ~
1 Pig1 496 379 158 0 13 0.14 426 6.59 365 104 063 0 1 1531 1061
2 |Pig2 481 3388 132 0 164 0.16 402 651 336 1.36 159 0 07 1501 7.96]
3 |Puqgd 472 476 143 0 15 0.15 48 661 365 1.05 081 0 07 1584 1358
4 |Pugs 4266 0.66 9.36 033 2048 028 13.96 113 on 0.04 0 0 23 1512 8.36)
5 |PLigS 4864 1.16 1432 0.15 9.19 0 1349 10.19. 265 021 0 0 15 1526 7.87]
6 PLig6 4852 154 17.72 0.07 867 0 1037 943 3 0.28 0 0 15 1525 7.95]
7 |Pug? 49.09 218 193 0.03 824 0 729 595 704 088 0 0 15 1543 9.89]
8 PLig8 485 172 10.93 0.01 1178 0.09 16.06 856 1.59 022 023 0 22 1571 1262
9 |PLq9 453 36 1448 0 138 0.15 98 9 28 059 048 0 195 1500 10.80}
10 |PLg10 4691 064 1246 043 8.86 0.17 1822 10.86. 0.82 034 0 0 3 1572, 1235
11 |PUqi1 436 0.65 15.03' 0.07 774 [A}] 127 9584 24 0.12 01 68 2 1615 1473
12 |PLq12 462 068 18 0.06 64 0.08 848 8.82 3 044 022 787 12 1562, 1354)
13_|PLg13 7684 022 1147 0] 1.16 0.07 014 067 402 287 0 253 0.15 1512, 11.82)
@C:\Ploganils\WmPLtb\Dlupyx B = 04208 (FEL y

Figure 2. Screenshots of WinPLtb program showing (a) Clinopyroxene analyses with variables highlighted by light cyan color, (b)
Orthopyroxene analyses with variables highlighted by light green color, (c) liquid or whole-rock compositions equilibrated with
clinopyroxene with variables highlighted by faded pink color, (d) liquid or whole-rock compositions equilibrated with orthopyroxene
with variables highlighted by light yellow color. Last three columns highlighted by light salmon color show the input P-7 values
typed by user to be used in estimation of the P-dependent orthopyroxene-liquid thermometers, as well as the 7- and P-dependent
clinopyroxene-liquid thermobarometers.
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A Windows program for pyroxene-liquid thermobarometry

Table 4. Orthopyroxene-liquid thermobarometer estimations by WinPLtb program.

Row gﬁsgzﬁ;ﬁ:e Popxl Popx2 Popx3 Popx4 Popx5 Popx6 Popx7 Popx8 Popx9 Popxl0 Popxll Popxl12 Popx13
1 Si0, 51.30 5250 50.20 53.55 5495 5393 53.06 55.60 5220 5322 5590 54.60 51.81
2 TiO, 093  0.68 124 0.06 022 019 046 022 044 007 0.09 010 0.13
3 AL)O, 528 216 472 395 432 521 6.41 3.08 720 528 470 630 1.09
4 Cr,0; 0.05 0.0l 005 095 049 047 0.04 0.01 0.01 087 0.1 0.59  0.02
5 FeOryal 18.60 19.90 1930 1259  6.85 7.69  9.55 795 1210  5.13 624  7.70 26.34
6 MnO 024 025 026 0.17 0.00 000 0.00 013 010 013 007 0.14 0.69
7 MgO 22.00 22.80 22.10 26.86 30.59 29.70 2825 3190 26.60 31.79 3220 30.60 19.26
8 CaO 221 1.66 1.96 251 238 2.6l 1.93 1.88  2.10 2.56 1.65 1.37 1.08
9 Na,O 029  0.05 0.11 0.01 020 010 029 007 024 013 0.09 0.07 0.02
10 Total (Wt%) 100.90 100.01 99.94 100.65 100.00 99.90 99.99 100.84 100.99 99.18 101.15 101.47 100.45
Cations on the basis of 6 oxygens
11 Si 1.870 1.938 1.857 1904 1911 1.887 1.866 1924 1.841 1.861 1910 1.873 1.964
12 Ti 0.026  0.019 0.035 0.002 0.006 0.005 0.012 0.006 0.012 0.002 0.002 0.003 0.004
13 Al 0.227 0.094 0206 0.166 0.177 0215 0.266 0.126 0299 0.218 0.189 0.255 0.049
14 Cr 0.001 0.000 0.001 0.027 0.013 0.013 0.001 0.000 0.000 0.024 0.006 0.016 0.001
15 Fe* 0.002  0.000 0.026 0.000 0.000 0.000 0.000 0.029 0.018 0.061 0.000 0.000 0.026
16 Fe?* 0.565 0.614 0.571 0374 0.199 0225 0.281 0.201 0339 0.080 0.178 0.221  0.809
17 Mn 0.007 0.008 0.008 0.005 0.000 0.000 0.000 0.004 0.003 0.004 0.002 0.004 0.022
18 Mg 1.196 1.255 1.219 1424 1586 1.549 1481 1.646 1398 1.657 1.640 1.565 1.088
19 Ca 0.086 0.066 0.078 0.096 0.089 0.098 0.073 0.070 0.079 0.096 0.060 0.050 0.044
20 Na 0.020 0.004 0.008 0.001 0.013 0.007 0.020 0.005 0.016 0.009 0.006 0.005 0.001
21 Total (apfir) 4.001 3998 4.009 3.998 3995 3.998 3999 4.010 4.006 4.021 3.994 3991 4.009
Orthopyroxene components
22 NaAlSi,Oq 0.020 0.004 0.008 0.001 0.013 0.007 0.020 0.005 0.016 0.009 0.006 0.005 0.001
23 FmTiAlSiOg 0.026  0.019 0.035 0.002 0.006 0.005 0.012 0.006 0.012 0.002 0.002 0.003 0.004
24 CrAl,SiOq4 0.001 0.000 0.001 0.027 0.013 0.013 0.001 0.000 0.000 0.024 0.006 0.016 0.001
25 FmAL,SiOg 0.075 0.028 0.054 0.043 0.061 0.082 0.110 0.045 0.123 0.046 0.087 0.107 0.011
26 CaFmSi,O¢ 0.086  0.066 0.078 0.096 0.089 0.098 0.073 0.070 0.079 0.096 0.060 0.050 0.044
27 Fm,Si,04 0.792 0.882 0.829 0.832 0.815 0.795 0.783 0.880 0.772 0.834 0.835 0.815 0.944
28 Total 1.000  0.999 1.004 0.999 0.997 0.999 0.999 1.005 1.003 1.010 0.997 0.996 1.004
Liquid compositions
29 SiO, 49.60 48.10 4720 42.66 48.64 4852 49.09 4850 4530 4691 43.60 4620 76.84
30 TiO, 379 388 476  0.66 1.16 1.54 218 1.72 3.60 064 0.65 0.68 022
31 ALO; 1580 1320 1430 936 1432 1772 1930 1093 1448 1246 1503 18.00 11.47
32 Cr)0; 0.00 0.00 000 033 015 007 0.03 0.01 0.00 043 0.07 006 0.00
33 FeOryal 13.00 1640 1500 2048 9.19 867 824 11.78 13.80 886 7.74  6.40 1.16
34 MnO 0.14 016 015 028 0.00 000 0.00 009 015 017 0.11 0.08  0.07
35 MgO 426 4.02 480 1396 1349 1037 729 1606 9.80 1822 12.70 848 0.14
36 CaO 6.59 651 6.61 11.13 10.19  9.43 5.95 855 9.00 1086 984 882 0.67
37 Na,O 3.65 336  3.65 0.11 2.65 3.00 7.04 1.59 280 082 241 3.00 4.02
38 K,0 1.04 1.36 1.05  0.04 021 028 088 022 059 034 012 044 287
39 P,05 0.63 1.59  0.81 0.00 0.00 0.00 000 023 048 0.00 0.21 022 0.00
40 H,O 0.00 0.00 000 000 0.00 000 0.00 000 000 000 680 7.87 253
41 Total (Wt%) 98.50 98.58 98.33 99.01 100.00 99.60 100.00 99.68 100.00 99.71 99.28 100.25 99.99
.; PM
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Table 4. ... Continued

Orthopyroxene

Row »
compositions

Popxl Popx2 Popx3 Popx4 Popx5 Popx6 Popx7 Popx8 Popx9 Popx10 Popxll Popx12 Popx13

Cation fractions of liquid compositions

42 Xsion 0.4760 0.4700 0.4570 0.4070 0.4400 0.4430 0.4370 0.4440 0.4220 0.4230 0.4240 0.4530 0.7390
43 Xrion 0.0270 0.0290 0.0350 0.0050 0.0080 0.0110 0.0150 0.0120 0.0250 0.0040 0.0050 0.0050 0.0020
44 Xalo15 0.1790 0.1520 0.1630 0.1050 0.1530 0.1910 0.2020 0.1180 0.1590 0.1330 0.1720 0.2080 0.1300
45 Xcrols 0.0000 0.0000 0.0000 0.0020 0.0010 0.0010 0.0000 0.0000 0.0000 0.0030 0.0010 0.0000 0.0000
46 Xreo 0.1040 0.1340 0.1210 0.1630 0.0690 0.0660 0.0610 0.0900 0.1070 0.0670 0.0630 0.0520 0.0090
47 XMno 0.0010 0.0010 0.0010 0.0020 0.0000 0.0000 0.0000 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010
48 Xmgo 0.0610 0.0590 0.0690 0.1990 0.1820 0.1410 0.0970 0.2190 0.1360 0.2450 0.1840 0.1240 0.0020
49 Xca0 0.0680 0.0680 0.0690 0.1140 0.0990 0.0920 0.0570 0.0840 0.0900 0.1050 0.1030 0.0930 0.0070
50 XNa00.5 0.0680 0.0640 0.0690 0.0020 0.0460 0.0530 0.1210 0.0280 0.0510 0.0140 0.0450 0.0570 0.0750
51 Xko00.5 0.0130 0.0170 0.0130 0.0000 0.0020 0.0030 0.0100 0.0030 0.0070 0.0040 0.0010 0.0060 0.0350
53 Xpo2s 0.0030 0.0070 0.0030 0.0000 0.0000 0.0000 0.0000 0.0010 0.0020 0.0000 0.0010 0.0010 0.0000
54 Total 1.000 1.001 1.000 0.999 1.000 1.001 1.000 1.000 1.000 0.999 1.000 1.000 1.000

Orthopyroxene- liquid barometers (kbar)

55 Plpos pqoa 71p0s E@sa 116 077 103 172 158
56 P2pos pqob ripos psa 114 095 120 208 1.56
57 Ppog pqoe miv0s Epsa 091 026 091 230 1.79

Orthopyroxene-liquid thermometers (°C)

1.25 1.73 1.67 1.81 2.13 1.85 1.51 n.d.
1.29 1.37 2.05 1.86 248 1.53 1.16  0.15

1.47 .17 236 1.58 3.74 1.23 0.85 0.64

58 Tios pimput 1194 1174 1181 1449 1383
59 Tlpog pqase piaput 1195 1197 1197 1479 1376
60 T2p0 £qash Proput 1169 1147 1172 1489 1388

1331 1316 1485 1350 1554 1413 1292 1083
1321 1251 1495 1365 1611 1254 1130 844
1330 1259 1480 1353 1508 1257 1139 868

Notes: Orthopyroxene (rows 1 to 9) and liquid (rows 29 to 40) compositions are taken from Excel sheets of Putirka (2016). apfu=atomic per
formula unit; Ferric iron (Fe’*, see row 15) calculation is from Droop (1987) by clicking the Ferric iron estimation option in the Data Entry
Screen; Orthopyroxene component (NaAlSi,O4 to Fm,Si,Og in rows between 22 and 27) estimation method is taken from Putirka (2008); Xsio,
to Xpo, s=Cation fractions of liquid (glass or whole-rock, etc.) compositions (see rows 42 to 53); Plpog gq20a Tip0og (row 55) from Putirka (2008)
using 71 (°C; Eq.28a) by Putirka (2008), P2pog gqaon T1p08_Eq28a (TOW 56) from Putirka (2008) using 71 (°C; Eq.28a) by Putirka (2008), P3pg gqooc
T1P08_Eq2sa (Tow 57) from Putirka (2008) using 71 (°C; Eq.28a) by Putirka (2008); Tgo3 pipu (row 58) from Beattie (1993) using input P (GPa),
T1pog gqosa_pinput (row 59) from Putirka (2008) using input P (GPa), T2pog gqas6_pinput (oW 60) from Putirka (2008) using input P (GPa); n.d.=not

determined.

Thermobarometry

Thermobarometer is the estimation procedure of
temperature (°C) and pressure (kbar) conditions of
metamorphic and igneous rocks based on the mineral
and liquid components or phases. An application of many
experimentally calibrated thermodynamic models for
estimating the equilibration temperatures and pressures
of natural samples may not be successful if the textural
evidence for equilibrium between the phases of interest
is ignored (Blundy and Cashman, 2008). In general, a
practical good thermometer uses reactions with large
enthalpy changes (4H,), while a barometer requires a
reaction with large-volume changes (4V,). These reactions
are temperature-dependent, and show often steep slopes
in the P-T diagrams. In thermobarometric studies,
thermodynamic data used to estimate the equilibrium

constant (K,,) may be obtained by calorimetric studies or
using empirical equations. In both cases, the relationship
between activity and composition (a-X) is essential to
define the equilibrium constant from natural mineral
or melt compositions (Blundy and Cashman, 2008).
Clinopyroxenes are widespread in igneous rocks and
their crystal-chemical compositions play an important
role in estimating the P-T conditions. Consequently, a
great number of thermometers and barometers that use
single-clinopyroxene and two-pyroxene compositions
(see references therein Yavuz, 2013) have been developed
and used by earth scientists in understanding the
thermobarometric structure and history of the Earth’s
crust and upper mantle.

A pM



A Windows program for pyroxene-liquid thermobarometry

Table 5. Clinopyroxene-liquid thermobarometers, clinopyroxene-based hygrometers and depth estimations by WinPLtb program.

Row S;ﬁggzirt?;el?e Pcpxl  Pcpx2 Pcpx3  Pcpx4 Pcpx5 Pepx6 Pepx7 Pcpx8 Pcpx9 Pepx10 Pepxll Pcpx12 Pcpx3
1 SiO, 51.20 50.50 4930 51.60 5320 53.10 52.80 51.30 50.80 51.90 5190 50.50 50.20
2 TiO, 0.33 0.55 037 055 038 052 065 058 098 037 048 068 092
3 Al O4 7.25 7.06 11.80 479 471 3.64 445 7.01 697 720 7.25 8.42 8.55
4 Cr,04 0.00 000 017 039 0.09 017 0.13 018  0.15 0.14  0.19 0.10 0.10
5 FeOroal 589 525 5.11 937 6.8l 7.11 6.43 580 758  5.85 6.05 7.66  8.19
6 MnO 0.16  0.13 0.14 026 015 013 017 016 019 o016 0.18 018 0.19
7 MgO 17.70  16.50 1820 18.80 20.50 20.50 20.10 1990 1830 21.50 21.50 1930 18.90
8 CaO 17.50 18.90 1550 1430 1430 1490 15.00 1430 1420 12.00 1240 12.60 12.90
9 Na,O 0.44 033 0.50 031 0.31 030 037 050 059 047 048 0.67 0.65
10 Total (Wt%) 100.47 99.22 101.09 100.37 100.45 100.37 100.10 99.73 99.76 99.59 100.43 100.11 100.60
Cations on the basis of 6 oxygens
11 Si 1.847 1.848 1.752 1.880 1.907 1914 1.903 1.848 1.846 1.858 1.847 1.820 1.807
12 Ti 0.009 0.015 0.010 0.015 0.010 0.014 0.018 0.016 0.027 0.010 0.013 0.018 0.025
13 Al 0.308 0.304 0.494 0206 0.199 0.155 0.189 0.298 0298 0.304 0304 0.358 0.363
14 Cr 0.000 0.000 0.005 0.011 0.003 0.005 0.004 0.005 0.004 0.004 0.005 0.003 0.003
15  Fe** 0.016 0.000 0.017 0.022 0.000 0.009 0.000 0.006 0.000 0.000 0.005 0.015 0.023
16 Fe* 0.161 0.171 0.134 0264 0.225 0.205 0204 0.168 0.240 0.190 0.175 0.216 0.224
17 Mn 0.005 0.004 0.004 0.008 0.005 0.004 0.005 0.005 0.006 0.005 0.005 0.005 0.006
18 Mg 0.952 0900 0.964 1.021 1.095 1.101 1.080 1.069 0.991 1.147 1.141 1.037 1.014
19 Ca 0.676  0.741 0.590 0.558 0.549 0575 0.579 0.552 0.553 0.460 0473 0.486 0.498
20 Na 0.031 0.023 0.034 0.022 0.022 0.021 0.026 0.035 0.042 0.033 0.033 0.047 0.045
21 Total (apfu) 4.005 4.007 4.006 4.007 4.014 4.003 4.007 4.002 4.006 4.010 4.002 4.005 4.008
Clinopyroxene components
22 Jd 0.031 0.023 0.034 0.022 0.022 0.021 0.026 0.035 0.042 0.033 0.033 0.047 0.045
23 CaTs 0.124 0.129 0.212 0.064 0.084 0.047 0.066 0.111 0.103 0.129 0.118 0.131 0.125
24 CaTi 0.014 0.012 0.018 0.028 0.005 0.020 0.016 0.020 0.026 0.007 0.017 0.025 0.034
25 CrCaTs 0.000 0.000 0.002 0.006 0.001 0.002 0.002 0.003 0.002 0.002 0.003 0.001 0.001
26  DiHd 0.538 0.600 0.358 0.461 0459 0506 0496 0418 0422 0323 0335 0.330 0.337
27  EnFs 0.296 0230 0379 0423 0420 0405 0.389 0.413 0400 0.500 0.493 0.469 0.462
28  Total 1.003  0.995 1.004 1.003 0.991 1.001 0.994 1.000 0.994 0.993 0.999 1.002 1.005
Liquid compositions
29 SiO, 48.70 4820 48.80 48.10 4990 50.10 50.10 48.70 46.90 48.10 48.80 4890 48.00
30 TiO, 0.69 098  0.58 135 0.74 1.15 1.15 124 2.56 1.30 1.13 1.40 1.42
31 ALO; 1720 16.70 1920 1440 16.60 1630 1620 17.70 17.70 18.10 16.00 17.70 19.30
32 Cry04 0.00 0.00 0.00 004 0.02 009 0.07 003 000 004 004 0.00 0.00
33 FeOrpa 9.69  9.83 849 1340 858 912 893 8.14 1150  9.12 851 1020 10.30
34 MnO 0.09 0.17 020 025 021 0.13 012 017 028 0.13 0.19 0.10 0.14
35 MgO 8.51 813 10.10 791 849  9.01 926 956 639 938 1140 793 6.28
36  CaO 11.60 11.80 11.60 1030 10.50 1090 11.00 10.50 7.90 10.30 10.80  9.13 8.64
37  NaO 2.63 264 274 236 284 277 276 3.14 5.05 3.33 272 411 5.27
38 K,0 044 042 008 020 0.12 012 0.13 014 040 0.14 0.13 0.21 0.23
39 P,Os 0.12 023 0.16  0.11 006 0.12 009 0.13 040 0.12 0.11 0.00  0.26
40  Total (Wt%) 99.67 99.10 101.95 98.42 98.06 99.81 99.81 99.45 99.08 100.06 99.83 99.68 99.84
C4
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Table 5. ... Continued

Clinopyroxene

Row i,
compositions

Pcpxl  Pcpx2 Pcpx3  Pcpx4 Pcpx5 Pepx6 Pepx7 Pcpx8 Pcpx9  Pepx10 Pepxll Pcpx12 Pcpx3

Cation fractions of liquid compositions

41 Xsio, 0.449 0448 0435 0457 0466 0461 0460 0.445 0434 0438 0444 0448 0437
42 X, 0.005 0.007 0.004 0.010 0.005 0.008 0.008 0.009 0.018 0.009 0.008 0.010 0.010
43 Xao, 5 0.187 0.183 0.202 0.161 0.183 0.177 0.175 0.191 0.193 0.194 0.172 0.191 0.207
44 Xco, s 0.000  0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
45 Xpeo 0.075 0.076  0.063 0.106 0.067 0.070 0.069 0.062 0.089 0.069 0.065 0.078 0.078
46 Xwmo 0.001  0.001 0.002 0.002 0.002 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001
47 Xueo 0.117 0.113 0.134 0.112 0.118 0.124 0.127 0.130 0.088 0.127 0.155 0.108 0.085
48 Xcao 0.115 0.118 0.111 0.105 0.105 0.107 0.108 0.103 0.078 0.100 0.105 0.090 0.084
49 Xnaog s 0.047 0.048 0.047 0.043 0.051 0.049 0.049 0.056 0.091 0.059 0.048 0.073 0.093
50 Xkogs 0.005 0.005 0.001 0.002 0.001 0.001 0.002 0.002 0.005 0.002 0.002 0.002 0.003
51 Xeo, 0.001  0.002 0.001 0.001 0.000 0.001 0.001 0.001 0.003 0.001 0.001 0.000 0.002
52 Total 1.002 1.001 1.000 0.999 0.998 1.000 1.001 1.000 1.001 1.000 1.001 1.001 1.000
Clinopyroxene-liquid barometers (kbar)
53 Plpog 11po6 10.61 796 1358 836 787 795 989 12.62 10.80 1235 14.73 1354 11.82
54 P2pog 11p96 11.03 838 1399 875 828 838 1031 1296 10.10 12.64 1514 13.52 10.77
55 Plyis rimis pos 630 585 661 579 553 565 603 635 547 613 675 615 554
56 P2yu3 7imi3_pos 635 599 653 613 567 583 616 623 506 598 678 582 502
57 Ppos_11po6 949 7.10 13.18 825 750 7.78 930 1248 12.11 12,60 14.72 1324 1141
58 Ppos_7p03_lteratively 935 757 1324 931 8.04 825 970 1243 11.44 1291 1539 1336 11.14
59 Ppos_gq30 T1P%6 864 622 1323 785 773 754 921 11.72  9.79 1191 14.10 12.87 11.33
60 Ppos Eq31_7T1P96 10.31 8.14 1450 880 878 815 986 13.01 11.30 1332 1522 1446 1193
61 Ppos_rq32b_71P96 10.15 817 1135 7.74 9.05 7.67 941 11.73  9.57 1220 13.65 1227 9.77
62 Ppos gq32c_71p9% 936 757 1419 799 7.87 788 928 12,63 1030 11.87 1559 13.67 11.24
63 Pumi3 Bq32c 71P9%6 7.86 745 9.1 7.02 728 723 7.67 834 6.60 804 924 812 714
64 Py 733 605 845 690  6.01 6.31 7.02 777 586 693 9.05 759  6.10
65 Pxpi7_1p08_Eq33 9.11 6.50 1294 641 641 593 746 1095 11.01 11.83 11.88 12.83 13.08

66 Pupi7 pos pq temivety 847 662 1244 671 634 585 724 1059 1094 1172 1165 1273 13.17

Clinopyroxene-liquid thermometers (°C)*

67 Tlpog 1257 1228 1311 1238 1253 1252 1270 1298 1226 1299 1341 1289 1239
68 T2pos pivos 1263 1232 1313 1234 1247 1246 1267 1298 1231 1295 1337 1289 1246
69 T2pos phos nemivey 1257 1230 1311 1238 1248 1248 1267 1297 1234 1298 1341 1288 1243
70 Tpos 1274 1270 1320 1257 1278 1258 1279 1296 1225 1301 1349 1281 1233
71 Thpog pro 1236 1218 1278 1216 1229 1228 1245 1270 1223 1267 1308 1258 1221
72 Thoo ppo3 feratively 1267 1247 1317 1269 1263 1267 1278 1303 1251 1307 1342 1292 1244
73 Ths ripe 1067 1064 1082 1044 1069 1070 1073 1078 1030 1072 1086 1055 1038
74 Tz i 1016 1017 1028 998 1026 1024 1024 1028 997 1026 1029 1013 1006
75 Dwis e 1015 1006 1055 960 1014 1001 1005 1035 994 1036 1022 1017 1017
76 Thyys povis 898 898 933 848 914 896 891 920 913 928 889 915 940

77 Toos peos 1267 1241 1322 1267 1269 1267 1285 1300 1203 1311 1366 1289 1227
78 Thos £qss pros 1250 1221 1298 1231 1240 1249 1269 1299 1231 1301 1346 1285 1244
79 Toos pqws pipos neravey 1192 1226 1264 1251 1249 1248 1260 1280 1229 1290 1327 1290 1258
80 Tpos pqss pap17 1192 1233 1255 1260 1234 1240 1248 1267 1224 1291 1325 1276 1253
81 Toowirs eqss pros 1264 1295 1262 1258 1280 1313 1315 1304 1204 1285 1313 1232 1190
82 Tpos pqss rp0s 1261 1236 1307 1241 1240 1247 1265 1294 1239 1290 1334 1276 1233
83 Toos £qss pipos ey 1169 1236 1258 1272 1261 1251 1251 1261 1230 1273 1300 1274 1247
84 Ty 1174 1140 1498 1229 1273 1231 1252 1406 1343 1698 1680 1555 1460
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Table 5. ... Continued

Clinopyroxene

Row »
compositions

Pcpxl Pcpx2 Pcpx3  Pcpx4 Pcpx5 Pcpx6 Pcpx7 Pcpx8 Pcpx9  Pepx10 Pepxll Pcpx12 Pcpx3

Clinopyroxene-based hygrometers (H,O, wt%)

85 Input P (kbar) 10.61 7.96  13.58 836 787 795 989 12,62 10.80 1235 14.73 1354 11.82
86  Input T (K) 1531 1501 1585 1512 1527 1525 1543 1571 1500 1572 1615 1562 1512

87  Hap 286  3.18  2.08 1.94 249 231 242 212 210 1.94 1.73 1.76 1.58
88  Hpyg 0.94 149 0.26 .00  0.77 072 075 095 0.63 1.71 2.02 1.35 1.06

Depth (km) estimations based on clinopyroxene-liquid barometer'

89  Dyzgy 22.84 1945 2553 21.72 1934 20.17 22.05 2392 1892 21.80 26.84 2349 19.59
90  Dwmrss peaii 2625 21.89 30.03 2478 21.75 2278 2520 27.73 2123 2488 32.02 27.13 22.06
91 Dpoo 27.51 2289 31.52 2595 2274 2384 2640 29.08 2220 26.05 33.63 2845 23.07

Notes: (*)=Clinopyroxene-liquid thermometers were converted from Kelvin (K) to santigrade (°C); (#)=Clinopyroxene-liquid baramometer developed
by Masotta et al. (2013) was used in depth estimations; Clinopyroxene (rows 1 to 9) and liquid (rows 29 to 39) compositions are taken from Excel sheets
of Putirka (2016). apfu=atomic per formula unit; Ferric iron (Fe**, see row 15) calculation is from Droop (1987) by clicking the Ferric iron estimation
option in the Data Entry Screen; Clinopyroxene component (Jd to EnFs in rows between 22 and 27) estimation method is taken from Putirka (2008);
Xsio, to Xpoa.s=Cation fractions of liquid (glass or whole-rock, etc.) compositions (see rows 41 to 51); Plpgg 7ipos (row 53) from Putirka et al. (1996)
using 71 (°C) by Putirka et al. (1996), P2pos 71pgs (row 54) from Putirka et al. (1996) using 71 (°C) by Putirka et al. (1996), Ply3 7imi3 pos (row 55)
from Masotta et al. (2013) using recalibrated 71 (°C) by Masotta et al. (2013) after Putirka et al. (1996), P2y13 71m13 pos (tow 56) from Masotta et al.
(2013) using recalibrated 71 (°C) by Masotta et al. (2013) after Putirka et al. (1996), Ppo3 71pos (row 57) from Putirka et al. (2003) using 71 (°C) by
Putirka et al. (1996), Ppo3 7p03 rtcratively (fow 58) from Putirka et al. (2003) using 7' (°C) byiPutirka et al. (2003), Ppog gq30 71p96 (tow 59) from Putirka
(2008; Equation 30) using 71 (°C) by Putirka et al. (1996), Ppog gq31_r1p9s (tow 60) from Putirka (2008; Equation 31) using 71 (°C) by Putirka et al.
(1996), Ppog Eq326_T1p96 (row 61) from Putirka (2008; Equation 32b) using 71 (°C) by Putirka et al. (1996), Ppog gq32c_11p96 (tow 62) from Putirka (2008;
Equation 32c) using 71 (°C) by Putirka et al. (1996), Py13 gq32¢ 71p96 (tow 63) from Masotta et al. (2013) using recalibrated 7' (°C; Equation 32c¢) by
Masotta et al. (2013) after Putirka et al. (1996), Py;;3 (row 64) from Masotta et al. (2013), Pxp17_7pos_gq33 (fow 65) from Neave and Putirka (2017) using
T (°C; Equation 33) by Putirka (2008), Pxp17 7p08_Eq33_Tteratively (oW 66) from Neave and Putirka (2017) using 7 (°C; Equation 33) by Putirka (2008);
Tlpgg (row 67) from Putirka et al. (1996), T2pgs pipgs (row 68) from Putirka et al. (1996) using P1 (kbar) by Putirka et al. (1996), T2pos ppo3_ticratively
(row 69) from Putirka et al. (1996) using P (kbar) by Putirka et al. (2003), 73pgs (row 70) from Putirka et al. (1996), T4pgs ppo3 (row 71) from Putirka et
al. (1996) using P (kbar) by Putirka et al. (2003), Tpog ppo3 freratively (toW 72; clinopyroxene-liquid saturation temperaturej from Putirka (1999) using P
(kbar) by Putirka et al. (2003), T1y;13 71pgs (row 73; recalibrated temperature after Putirka et al., 1996) from Masotta et al. (2013), 72yj3 popiiz (row 74)
from Masotta et al. (2013) using P2 (kbar) by Masotta et al. (2013) after Putirka et al. (1996; i.e. 72), T3\113 73p96 (row 75; recalibrated temperature after
Putirka et al., 1996) from Masotta et al. (2013), 74y;13 ppmi3 (row 76) from Masotta et al. (2013) using P27(kbar) by Masotta et al. (2013) after Putirka
etal. (1996; i.e. T4), Tpy3 ppo3 (row 77) from Putirka et al. (2003) using P (kbar) by Putirka et al. (2003), Tpog gq33 ppo3 (row 78) from Putirka (2008;
Equation 33) using P (kbar) by Putirka et al. (2003), Tpos £q33_p1po6_teratively (foW 79) from Putirka (2008; Equation 33) using P1(kbar) by Putirka et al.
(1996), Trog Eq33_pnp17 (row 80) from Putirka (2008; Equation 33) using P (kbar) by Neave and Putirka (2017), Tponi3 gq33_pog (row81) from Putirka
(2008; Equation 33) using recalibrated P2 (kbar) by Masotta et al. (2013), Tpgg gq34 ppo3 (row 82) from Putirka (2008; Equation 34) using P (kbar) by
Putirka et al. (2003), Tpog gq34 P1P96_Iteratively (row 83) from Putirka (2008; Equation 34) using P1 (kbar) by Putirka et al. (1996), Ty (row 84) from
Masotta et al. (2013); Input P (kbar) for hygrometer estimation (row 85), Input 7' (K) for hygrometer estimation (row 86), Hp 3 (row 87) from Armienti
etal. (2013), Hp) (row 88) from Perinelli et al. (2016); Dyyzg7 (row 89) from Hill and Zucca (1987), Dyirgs ppgi1 (row 90) from Mavko and Thompson
(1983) and DeBari and Greene (2011), Dpgg (row 91) from Prezzi et al. (2009).

Orthopyroxene-liquid thermobarometers empirical constants and thermodynamic parameters
Beattie (1993) developed an equation for the calculation (in Table 1 and Table 2 by Beattie, 1993). The NF
of temperature based on orthopyroxene-liquid equilibria. (network formers) component in Eq. 1 is the chemical

constituents that consist of a silicate network in the liquid.

(1) Tlﬁis component is calculated from the NF=7/2*In(1-

Caio; 5*)+7*ln(1-0%i02*) equation, where all liquid

components are based on cation fractions. Beattie’s

where AH, AS and AV are the enthalpy, entropy and (1993) orthopyroxene-liquid thermometer estimation

volumes of fusion, 7 (K) and P (GPa) are the temperature model by WinPLtb is listed in column number 197 both in

and pressure, and R is the gas constant. In Eq. 1, M and the Calculation Screen window and an output Excel file
the superscript L show the divalent cations (e.g. Mg, Fe, (see row 58 in Table 4).

Mn, Ca) and melt phase (i.e. liquid), respectively. The Although Beattie’s (1993) model works well for some

Dg,[pr and Cfy, components are estimated by using the orthopyroxene-liquid compositions, Putirka (2008)

AHY" | R+(P(GPa)—10°)*AV”" / R
ASP*/ R+2In DF +2InCy,, — (NF)

[T " (K) =

8 PM
A 4

—
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i a2 | 143 |
WinPLtb e Bl M13-CpxLiq T WinPLtb b -Cpr-Lig ‘
10,61 I 6.35 949 1257 Lt 74 1236
7.9 T-dependent 599 7.10 1228 : - 70 1218
1358 C[inopyro?(ene.l_iquid 653 1318 131 CI'"(’WOXG"G’L'Q“Ld 20 1278
836 Barometer (P1, kbar) 613 825 1238 Thermometer (T1,°C) 57 1216
787 Using T1 (Kelvin) 567 750 1253 {t())o;vgrted from Kelvin} 78 1229
795 by Putrka etal (1996) 583 778 1252 yPurkaetal (199)  }eg 1228
080 (See Equation 11in Paper) |_616 930 1270 (See Equation 7in Papef) 1245
1262 6.23 1248 1298 bo6 1270
1080 10.10 547 506 121 1226 1231 1234 1225 1223
1235 1264 6.13 598 1260 1299 1295 1298 1301 1267
1473 1514 675 678 1472 1341 1337 1341 1349 1308
1354 1352 6.15 582 1324 1289 1289 1288 1281 1258
1182 1077 554 502 1141 1239 1246 1243 1233 1221
‘ [PPO8(1 )E Opx-Liq WinPLbt C px-Lig](kbar) ‘ [TBS x Liq WinPLbt d px Lig](oC)

17(')6378 T-dependen_t _ 11;‘ P~dependem - ;;

s Orthopyroxene-Liquid 1449 Orthopyroxene-Liquid

1551 Barometer (P, kbar) 1383 Thermometer (T, °C)

1249 by Putrka (2008, Eq. 29&) 1331 Using Input

7% (See Equation 4 in Paper) 1316 Orthopyroxene-Liquid P (Gpa)

1664 5 1485 by Beattie (1993)

18.09 TO5T TS: 1350 (See Equation 1in Paper)

2107 24.05 33.22 1554 08

1852 15.29 12.34 1413 — 57

15.06 1162 854 1292 1130 1139

166 6.82 1083 839 368

Figure 3. Screenshots of an output Excel (i.e. Output.xlsx) file along with explanations of (a) clinopyroxene-liquid barometers, (b)
clinopyroxene-liquid thermometers, (c) orthopyroxene-liquid barometers, (d) orthopyroxene-liquid thermometers.

proposed two new thermometers for orthopyroxene-liquid
(Eq. 2) and only-liquid (Eq. 3; to be used a liquid should
become saturated with orthopyroxene) components to
correct over estimations for hydrous and low estimations
for some anhydrous compositions.

10

g~ 4070329 [P(GPa)l+ 0.1 2*[H,0%]
P08_Eq28a

opx
Fm,Si,Of

+0.567 *In| —; : : — |-3.06* [ Xy
(K ) (Kl + K+ X | 0 0]
—6.17*[ Xl 1+1.89%[Mgh"']+2.57*[ X "] )

5573.8+587.9% P(GPa) — 61*[ P(GPa)T’

[Tz]h’q (° O)= -
T 5320633 n(Mg#") =397 (Ch, )+ 0.06*

5573.8+587.9* P(GPa) - 61*[ P(GPa)]’
NF +24.7*%(X)* +0.081*H,0" +0.156* P(GPa)

(€))

In these thermometers (see columns 198 and 199 in
the Calculation Screen and rows 59 and 60 in Table 4),
the term Xy, si,0, indicates the mole fraction of enstatite

+ferrosilite (EnFs), C wShowsthe concentrationofnetwork
modifying cations (Cyy=Xnigo T Xnio +XFr0 T XCho+Xni0)s
and Mg#@ states the magnesium number of cation
fractions in liquid compositions [Mg#lia= ﬁ’go/(X%oJf
X#ZO)]. Comparison of orthopyroxene-liquid temperature
estimations (i.e. Eqs. 2 and 3) by WinPLtb with an output
by Putirka’s (2018) Excel spreadsheet is shown in Figure
4a and Figure 4b, by applying the correlation coefficient
and liner regression analysis techniques. It is evident that
WinPLtb estimates the orthopyroxene-liquid temperature
models by Putirka (2008) with high correlation
coefficients. According to Putirka (2008), the range
of applicability for orthopyroxene-liquid thermometer
(Eq. 2), as well as only-liquid thermometer (Eq. 3), is
T (°C)=750-1600 (26 °C tox41 °C for the calibration
data and test data, respectively), P (GPa)=0.0001-11.0,
Si0, (Wt%)=33-77 and H,O (wt%)=0-14.2.

Using the FmAI,SiO4 and NaAlSi,O¢ components of
orthopyroxene compositions, as with the clinopyroxene
equilibria, Putirka (2008) proposed two orthopyroxene-
liquid (Eq. 4 and Eq. 5) and a single orthopyroxene
barometers (Eq. 6).

o
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Figure 4. Comparison of orthopyroxene-liquid thermobarometers with an output by WinPLtb program for (a) Temperature estimation
model by Putirka (2008; Eq. 28a), (b) Temperature estimation model by Putirka (2008; Eq. 28b), (c) Pressure estimation model by
Putirka (2008; Eq. 29b), (d) Pressure estimation model by Putirka (2008; Eq. 29¢). Data used in these figures are taken from Putirka

(2018a).
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[PI: oo (Kbar) = 2064 +0.321%T(°C) - 343.4 *In* T(°C)
+3152% (X 2)—12.28% (X ") =290 % (X )

+1.54%In (X2 =177.2% (X2 —0.1715)

“372% (X" =0.1715)* (X" - 0.0736) (6)

These barometers (see columns 194 to 196 in the
Calculation Screen and rows 55 to 57 in Table 4) that
based on the orthopyroxene-liquid equilibria were derived
from global calibrations of nearly 600 experiments. The
SEE of orthopyroxene-liquid barometers are low (£ 2.6
kbar) when compared to the clinopyroxene-liquid models
and these equations (Eq. 4 and Eq. 5) underestimate
pressure at P> 30 kbar. According to Putirka (2008), Eq. 4
yields more accurate pressures for hydrous data (SEE+2.1
kbar) presumably reflecting more rapid orthopyroxene
equilibration if H,O is available in the system. Although
orthopyroxene barometry model (Eq. 6) shows much less
systematic error to 70 kbar for anhydrous data, the model
exhibits high SEE (+4.1 kbar) for hydrous data. Similarly,
comparison of pressure estimations (i.e. Eqs. 5 and 6)
by WinPLtb with an output by Putirka’s (2018a) Excel
spreadsheet is shown in Figure 4c and Figure 4d with high
correlation coefficients.

Clinopyroxene-liquid thermobarometers

Models for estimating the P-T conditions of igneous
rocks from co-existing clinopyroxene and liquid
components were calibrated by Putirka et al. (1996)
based on existing and experimentally produced data on
several mafic bulk compositions at 8-30 kbar and 1100-
1475 °C. The jadeite (Jd)-diopside/hedenbergite (DiHd)
exchange equilibrium between clinopyroxene and liquid
is temperature sensitive and proposed 71 thermometer
(see Figure 5a) estimates temperature to =27 K.

4 px % (M, lig % lig
10 _673-026%1n | 24" TCaTFmT
(T2 (K) DiHd”* *Na™ * AI"
M lig )
~0.86*In | —— £ | 40.52%In[Ca"] )
Mg" +Fe™

Similar approach on clinopyroxene-liquid equilibria
resulting in 72 thermometer (see Figure 5b) which
reduces the standard error estimate (SEE) from 27 to 24
K, but requires an empirical pressure (kbar) value as an
input in temperature estimation.

10*
[T2]5 " (K)

Jd" *Ca" * Fm"
DiHd”" *Na'* * Al } ®

=6.59—0.16*ln[

lig

_ _ | +0.23*1In [Ca”" ] —0.02* P(kbar)
Mg" + Fe'™

Putirka et al. (1996) also proposed two another
clinopyroxene-liquid thermometers, 73 and 74, based on
the calibration of DiHd-CaTs equilibrium.

4 cpx % Qilig % lig
Y _69n-.1gxn| 2 TS T
(73], (K) DiHd™ [ A" |

liq
0.84%In| — & | _029%In| )
Mg™ + Fe™ I:Alliq:l

10*
[T4] 6 " (K)

px % Qilig % lig
=7.20—0.04=*=1nlc’ﬂ1TS St TFm } (10)

DiHd" * [Al"q ]2

lig
—0.59*11{ Mg }—0.18*1{ L

— . —0.03* P(kbar)
Mg" +Fe™ [Al”"]

In these equations (see columns 139 to 143 in the
Calculation Screen and rows 67 to 71 in Table 5),
the terms Jd**, DiHd* and CaTs?* show the mole
fractions of jadeite, diopsidet+hedenbergite and calcium
tschermak’s components, Xj" denotes the cation fraction of
i in phase j, and Fm indicates the sum MgO"4+FeOQ"4.
Putirka et al. (1996) stated that models 71 and 72 which
using the DiHd-Jd components are somewhat better
than models 73 and 74 with the DiHd-CaTs components
based on regression analysis and statistical evaluations.
Calculated SEEs for the pressure-independent (71 and
T3) and pressure-dependent (72 and 74) models are 40
K and 30 K, respectively. Hence, temperature estimations
based on the pressure-dependent models (72 and 74) may
show slightly more accurate results when compared to the
pressure-independent (71 and 73) models.

The Jd-lig equilibrium, which has a high AV, is
considered as a useful barometer. Compared to the Jd-
DiHd exchange equilibrium between clinopyroxene and
liquid, the equilibrium constant for jadeite formation is
more sensitive to pressure, thus resulting in a temperature-
dependent barometers (Putirka et al., 1996; see columns
125 and 126 in the Calculation Screen and rows 53 and
54 in Table 5).

[PIE " (kbar) = ~54.3+ 209 L&) | 36 45 TE),,
10 10
Jd# ; i
ln |:[S-qu]2 *N lig *Alhq :| +367 *[Nal" *Allq] (1 1)
1 a
(P21 (kbar) = —50.7+ 304 * L&), 36 45 T,
10 10 (12)
cpx
In| —— Jd li — |—20.0* T(IE) *n . 1 .
[S] 1‘1] * Na ' * A1 10 Nalzq *All,q

A pM



A Windows program for pyroxene-liquid thermobarometry

1400

20

1400
a Thypp = 1.000457 * T, - 0.642620 b T2yupu = 0.997850 * T2, + 2.78009 C Pyyopup = 1.000244 * P1,. - 0,003507
— R?=0.999 — R?=0.999 R?=0.999
1360 —| 1360 — 1
s # T 15
.x§= 1320 — ; 1320 — g -
ISR [N 2 a
b ~ g 7 g
=
'5;'_ 1280 — 'g_ 1280 b
’ 1 i 1 5 10
1240 — N 1240 —
1200 T T T T T T T T T 1200 T T T T T T T T T s
1200 1240 1280 1320 1360 1400 1200 1240 1280 1320 1360 1400 ' f ' f '
cpreliaT], (oc) pxeliaT (uc) 5 10 15 20
P96 P96 CPX"'qup% (kbar)
20 1450 1400
d Pyyupusy = 1.000557 * P, - 0.007051 e Tunpus = 1.000183 * T, - 0.240176 f Tynpus = 0.999381 * Tyop (., +0.794457
R?=0.999 7 R?=0.999 i R?=0.999
4 1400 —
— 15 1350 — .
& ] 2
e} £ =
= = .
R & 1300 $
£ £ £
& 5 H
5 104 1250 —
i 1200 —
s 1150 — T T T T 1200 T T T T T T T
' I ' T j 1150 1200 1250 1300 1350 1400 1450 1200 1250 1300 1350 1400
5 10 15 20 cpxeliq o cpxel o
cp)«liqpPDS (kbar) Tpua (°C) P quMiEq_u (°C)
900 5 1 1 1 -
g Tunpus = 0999197 * Ty, + 0.448905 h Pyyopus = 0.998212 * P, . +0.004228 Flgqre 5. Comparlson of c}mopyroxene
R?=0.999 4 R?=0.999 liquid thermobarometers with an output
1 4 by WinPLtb program for (a) Temperature
(T1) estimation model by Putirka et al.
55507 T (1996), (b) Temperature (T2) estimation
£ €37 model by Putirka et al. (1996), (c) Pressure
O ey . . o
< ] . (P1) estimation model by Putirka et al.
H &, | (1996), (d) Pressure estimation model
800 — 5 by Putirka et al. (2003), (e) Temperature
estimation model by Putirka et al. (2003), (f)
1 1 Temperature estimation model by Putirka
4 (2008; Eq. 34), (g) Temperature estimation
750 T T T T T 0 model by Masotta et al. (2013), (h) Pressure
— 77 o
750 800 850 900 0 1 5 3 N s estimation model by Masotta et al. (2013).

cpx'thr\mz (°C)

According to Putirka et al.

Figure 5c) that calculates pressure to 1.4 kbar represents
compositional dependencies in their empirical form, while
P2 model uses the explicit activity-modifying form. In
comparison of models on the basis of regression analysis
and statistics, P1 model has been proposed by Putirka et

wx_liqPMlS (kbar)

(1996), P1 model (see

al. (1996) in clinopyroxene-liquid pressure estimation due

to the lowest SEE.

Considering most of clinopyroxene-liquid thermo-

Data used in Figs. a-f and Figs. g-h are taken
from Putirka (2018b) and Masotta et al.
(2013), respectively.

barometers have been calibrated from basaltic liquid
compositions, Putirka et al. (2003) suggested new thermo-
barometers (see Fig. 5 d,e) using new experiments that
contain hydrated and SiO,-rich liquids.

[P (kbar) = —88.3+2.82 %107 *T(K) *

3]

+2.19%107*T(K) —25.1*

In

8 PM
A 4

—
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In[ Ca"™ *Si" |+7.03*[ Mg" [+12.4*In[Ca" ] (13)

10*
[TToes " (K)
[J d *Ca" *Fm™ ]
In - -
[DinCp" *Na' * All’q]

=4.60-4.37*107"*

]—6.54*101 *In[ Mg" |

-3.26*10" *In[ Na" |- 6.32*#10 *[ P(kbar)] - 0.92*

In[Si" | +2.74*10™ *In[ Jd" | (14)

The SEEs for proposed barometer (see columns 129 and
130 in the Calculation Screen and rows 57 and 58 in Table
5) and thermometer (see column 149 in the Calculation
Screen and row 77 in Table 5) are 1.7 kbar and 33 K,
respectively. Although these thermobarometers seem
more complex when compared to the models by Putirka et
al. (1996), they estimate the P-T conditions successfully
for a wide range of rock compositions.

To better define hydrous samples, Putirka (2008)
calibrated previous clinopyroxene-liquid barometers (e.g.
Putirka et al., 1996, 2003) using the H,O (wt%) content in
liquid as an input variable in the following equations (see
columns 131 and 132 in the Calculation Screen and rows
59 and 60 in Table 5).

cpx—li T(K) T(K
[P]P%S_Ezm (kbar) =—48.7+271* W +32% W *
X IiIZ;ISiZOS i
" {X oyl (yli )2 —8.2%In(Xpe) +4.6*
NaOy 5 AlO, 5 Sio,

In(Xyio) =0.96* (X )=2.2%In(X7,) —31% (Mgh'*)

+56* (Xilo, +Xh )+0.76*(H,0") (15)
e T(K T(K

[Pl (kbar) = —40.73 +358* 1(04) +21.69*%*

In Hawsio ~105.7* (X" y~165.5% (X"
Ko, ¥ X o, * (Xgo)? o T

+ X{;"{)M ) —50.15% (X;"g,z )*¥ (Xl + Xyho) =3.178*In(X 2,

EnFs

~2.205%In(X %) +0.864 % In(X ") +0.3962 % (H,0™)  (16)

To improve the precision of Nimis (1995) model with
removing the systematic error, Putirka (2008) proposed
a barometer (see column 133 in the Calculation Screen
and rows 61 in Table 5) requiring an estimate of the
H,0 (wt%) content of the liquid in equilibrium with the
clinopyroxene composition and additional estimations for
the fractions of Fe (apfu) and Mg (apfu) in the M1 and
M2 sites.

[P]25  (Kbar) =1458+0.197*T(K) - 241*In(T(K)

P08_Eq32b

F0.453% (H,01) + 55.5% (X75,) +8.05* (XI) =277 *(X ")

ALY

F18F (X P +44.1% (X2 ) +2.2%In(XT) =27.7* (X F)?

DiH

+97.3% (X2 )2 +30.7* (X ) =27.6% (X))’ (17)

A new barometer (Eq. 18; see column 134 in the
Calculation Screen and rows 62 in Table 5) based on the
partitioning of Al contents between clinopyroxene and
liquid is also developed by Putirka (2008) with the SEE
== 1.5 kbar.

[Pl (kbar) =—57.9+0.0475* T(K) —40.6* (X}%)

P08_Eq32c
—47.T*(X ) +0.67*(H,0™) —153% (X4, * X )
cpx
+6.89%| AN (18)
XA]Ol.s

Putirka (2008) reported that the previous Jd-DiHd
exchange clinopyroxene-liquid thermometers (i.e. Putirka
et al., 1996; 2003) reproduce temperature to + 52-60 °C,
but uncertainties at these thermometers were reduced to
10-20 °C by using the global calibrations for experiments
conducted at P<70 kbar (see columns 150 to 155 in the
Calculation Screen and rows 78 to 82 in Table 5 for
different pressure values).

1 4 chx *Xcliq *Xliq
— 7.53—0.14*1{—5 oo Xen
[T]P087Eq33(K) XDin XNa X

+0.07*(H,0™) ~14.9% (X4, * X% ) ~0.08*In(X"4, )

—3.62% (X, + Xih,,) ~1.1* (Mg#') —0.18*In(X L)
—0.027* P(kbar) (19)
__ 100 =6.39+0.076*(H,0") —5.55% (X" * xla

i = 0. . 2 . CaO Sio,
[T ]1’387&{34 (K)

—0.386*In(X,,) —0.04* P(kbar) +2.2*10™* *[ P(kbar) |’

g
(20)

Temperature estimation (see Figure 5f), which is based
on a liquid saturated with clinopyroxene composition (i.e.
Eq. 20) can be used to test the calibrations (e.g. Eq. 19)
derived from clinopyroxene-liquid equilibria (Putirka,
2008).

Masotta et al. (2013) proposed a new thermometer (Eq.
21; see column 156 in the Calculation Screen and rows
73 in Table 5) and barometer (Eq. 22; see column 136
in the Calculation Screen and rows 84 in Table 5) based
on clinopyroxene-liquid equilibria that were calibrated by
using regression analyses of experimental dataset from
literature and new experiments for alkaline differentiated
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magmas with clinopyroxene-bearing trachytic and
phonolitic melt compositions (i.e. Si0,=53-69 wt% and
Na,O0+K,0=10-17 wt%), equilibrated at 700-1000 °C and
0.5-3.0 kbar conditions.

1 4 X *X[I'Z *XIIZI

cpv?liq =2.91-0.4%In ( jdx Cli l‘Ii )
735" (K) (X5 =3 X )
Xl
Xliq + Xliq

Mg Fe

(Xiha)

1+0.038*

]
(H,0")—1.64* X ]—0,22*

+101*[W

ox
Xy
Xl ylin ) ( xlia 2
Na ‘XAl Si

In(X7)+0.47*In

] +1.62*(1<;¢;;{;;g))

+2339%( X *XY) @1

px
[P]Z*." (kbar) = —3.89+0.28 * _ X_Jd — |
(X=X )*(x7)
(22)
0.074*(H O/iq +5.01% XII\IIZ +6.39% Krpx—liq )
+U. ( 2 ) : (XI[\II‘: +X][(iq) : ( D(Fe-Mg)

In these equations, the terms Kg{{;’f_Mg) and X\/

(XX show the Fe-Mg exchange based on molar ratio
of (Fe/Mg)®*/(Fe/Mg)"® and Na-number (i.e. Na#'4),
respectively. The use of these terms in the temperature
estimation has improved the precision from SEE;=18.2
°C to about 6-15 °C with respect to the standard error of
estimate of recalibrated equations. According to Masotta
et al. (2013), the new thermometer (see Figure 5g) and
barometer (see Figure 5h) can be used reliably to estimate
the magmatic P-7 conditions in alkaline magma reservoirs
feeding highly explosive eruptions.

Masotta et al. (2013) also recalibrated previous
clinopyroxene-liquid models developed by Putirka et al.
(1996) for T'1 to T4 (see Eq. 23 to 26; see columns 145 and
148 in the Calculation Screen and rows 73 and 76 in Table
5) and P1 and P2 (see Eq. 27 and Eq. 28; see columns 127
and 128 in the Calculation Screen and rows 55 and 56 in
Table 5) and by Putirka (2008) for Eq. 32c (see Eq. 29;
see column 135 in the Calculation Screen and row 63 in
Table 5) and Eq. 33 (see Eq. 30; see column 153 in the
Calculation Screen and row 81 in Table 5), because of their
common applications to volcanogenic studies and their
calibrations at P-T conditions including a typical of alkaline
differentiated magma suit (e.g. Mollo et al., 2010 a,b).
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EnFs

According to Masotta et al. (2013), the recalibrated
equations 71 and 72 (i.e. Eq. 23 and Eq. 24) show much
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lower errors than those from the original equations
developed by Putirka et al. (1996) with the SSEx=31.6 °C
and SSEp»=31.2 °C, respectively. On the other hand, the
recalibrated temperature estimation (i.e. Eq. 30) by Masotta
et al. (2013) based on clinopyroxene-liquid equilibria gives
the best precision (SEE;33=24.0 °C) when compared their
other recalibrated temperature equations (i.e. Egs. 23 to 26).
Masotta etal. (2013) pointed out that due to relatively narrow
pressure range of the experimental dataset between 0.5 and
3.0 kbar, the recalibration of the pressure estimations did
not show an improved precision. However, using additional
clinopyroxene-liquid pairs for peralkaline rocks, as well
as basaltic to rhyolitic rocks with both alkaline and sub-
alkaline affinity from the Library of Experimental Phase
Relations (LEPR) dataset, they significantly improved the
precision of previous clinopyroxene-liquid barometers
developed by Putirka et al. (1996) and Putirka (2008). Their
recalibrated pressure equations (i.e. Eq. 27 and Eq. 28) give
two to five times lower SSE than those of Putirka et al.’s
(1996) models (SSEp;=1.71 kbar; SSEp,=1.70 kbar) and
a better SEE;=1.67 kbar (see Eq. 29) for Putirka’s (2008)
model (i.e. Eq. 32¢), which is based on the partitioning of
Al between clinopyroxene and liquid equilibria.

Taking into account some inaccuracies on commonly
used clinopyroxene-liquid barometers with data from
experiments on H,O-poor tholeiites in the range of 1 atm
to 10 kbar, Neave and Putirka (2017) proposed a new
barometer that was calibrated from experimental data in
the 1 atm to 20 kbar range to improve the accuracy of Jd-
in-clinopyroxene barometry.

[P]%: 74 (kbar) = —26.27 +39.16* % *

cpx
In| — XM — |-4.22%In (X,

X, * Xio,, *(X55,)
+78.43% X1, +393.81%(xle, *xl ) 31)

This clinopyroxene-liquid barometer (see columns 137
and 138 in the Calculation Screen and rows 65 and 66 in
Table 5), with a SEE of 1.4 kbar, can be used for hydrous
and anhydrous samples from ultramafic to intermediate
in compositions. However, Neave and Putirka (2017)
advised to use clinopyroxene-liquid barometry with
caution below 1100 °C and at oxygen fugacities greater
than one log unit above the quartz-fayalite-magnetite
(QFM) buffer conditions. According to Neave and
Putirka (2017), current barometer offers a significant
improvement in accuracy when compared to previous
versions of clinopyroxene-liquid barometers.

Clinopyroxene-based hygrometers and depth estimations
Magma transport and storage conditions are necessary

criteria for the history of magma evolution, crystallization,
and eruption processes. Of the storage conditions, pressure
can effect main aspects of magma crystallization period
and, thus plays an important role in understanding the
crustal conditions where the magmas evolve (Harmon etal.,
2018). Pressures of crystallization, for instance, estimated
from pyroxene-liquid thermobarometers can be translated
into magma staging depths and then used to constrain the
magma transport and storage conditions (Putirka, 1997).
WinPLtb estimates three magma depths (km) using the
pressure (kbar) obtained from clinopyroxene-liquid
barometer for the density model of Hill and Zucca (1987;
see Eq. 32) and density-depth models by Mavko and
Thompson (1983) and DeBari and Greene (2011; see Eq.
33) and Prezzi et al. (2009; see Eq. 34).

DHZS77PNP17 (km) = —277*10'5*[P4(kbar)]—20* 10-3*
[P3(kbar)]-4.88%10-2* [P2(kbar)]+3.6* P(kbar)-6.34*1072
(32)

Dyrrssencii_pnpi7 (km) =-2.4%*10*[P3(kbar)]-2.11%102*
[P2(kbar)]+3.6* P(kbar)+0.46
(33)

Dpgo pxpi7 (km) = 4.88+3.30%P(kbar)-0.0137*[P(kbar)
-18.01] 2
(34)

The program calculates magma depths (km) using
the input P (kbar) typed in the Data Entry Screen, from
clinopyroxene-liquid barometers developed by Putirka
et al. (2003; see Eq. 13), Putirka (2008; see Eq. 15) and
Masotta et al. (2013; see Eq. 22) if one of these options
is selected from the Depths menu in the Start-up or Data
Entry Screen and lists them (see rows 89 to 91 in Table 5)
between columns 158 and 160 in the Calculation Screen
and an Excel output file.

Although volatiles are only present in small amounts in
magmas, their influence is great for the volcanic eruptions.
The solubility of volatile species (e.g. H,O, CO,, S, Cl,
and F) in magmas is a pressure-sensitive phenomenon
that affects the compositional range of the gas phase as a
function of depth and magma degassing process (Armienti
et al., 2013). Hence, the presence of dissolved volatiles,
especially H,O and to a lesser extent CO,, in silicate
melts controls the density, as well as the abundance and
composition of crystal phases in magma during cooling and
decompression (Edmonds and Wallace, 2017). Armienti et
al. (2013) investigated the deep portion of the Mt. Etna
magma feeding environment and proposed a method to
estimate the magma ascent rates at greater depths of a
volcano plumbing system. Their approach is essentially
based on the calculation of P-T conditions of Mt. Etna
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magmas using clinopyroxene-liquid thermobarometry
by Putirka et al. (2003) and developing an empirical
hygrometer for Mt. Etna lavas to estimate the water contents
(H,0O wt%) obtained from clinopyroxene compositions.

19.45*DiHd - 0.62*EnFs + 8.39*CaTs
3.92
+49.33*Jd - 86.02*CaTi - 0.37*P (GPa) - 0.37*T"'(°C)
3.92

H,0,; (Wt%) =

(35)

According to Armienti et al. (2013), the presented
empirical hygrometer recovers water contents of the
calibrating experiments with low SEE of +0.5 wt% and
is restricted only to clinopyroxenes in equilibrium with
trachybasaltic and hawaiitic melts. Their model works for
the P-T-H,O-CO, path of fluid-undersaturated magmas
feeding some important eruptions having the clinopyroxene
liquids that constrained within the 500-900 MPa, 1100-
1180 °C, 3-4 %wt H,0, and 0.23-0.31 wt% CO, ranges.

Because Eq. 35 does not successfully predict the melt-
H,O content in equilibrium with clinopyroxenes from
Etnean trachybasalts, Perinelli et al. (2016) proposed a
new hygrometer to improve the ability to predict water
contents for a broader range of melt and clinopyroxene
compositions.

H,0p,o(Wt%)=39.60*DiHd+29.48*EnFs+41.76*CaTs+
39.58*Jd+0.44*CaTi+0.14*InP(MPa)-0.01*T(°C)-27.53
(36)

Clinopyroxenes used in the Perinelli et al. (2016) model
were equilibrated upon H,O-undersaturated and H,O-
saturated conditions with Etnean melts consist of basalt,
trachybasalt, and basaltic trachyandesite compositions
containing water contents within the range of 1-5 wt% and
experimental conditions at P (MPa)=27-800, T (°C)=1000-
1175, and fO,=QFM (quartz-fayalite-magnetite)-NNO+2
(nickel-nickel oxide) buffers. WinPLtb calculates
two hygrometers (wt%) using the pressure (kbar) and
temperature (K) values obtained from clinopyroxene-liquid
thermobarometer. The program estimates hygrometers
(Wt%) using the input P (kbar) and 7 (K) values entered
in the Data Entry Screen, from clinopyroxene-liquid
thermobarometers developed by Putirka (2008; see Eq.
15 and Eq. 19), Putirka (2008; see Eq. 15) and Masotta et
al. (2013; see Eq. 21 and Eq. 22) if one of these options
is selected from the Hygrometers menu in the Start-up or
Data Entry Screen and lists them (see rows 87 and 88 in
Table 5) in columns 162 and 163 in the Calculation Screen
and an Excel output file.

SUMMARY AND AVAILABILITY OF THE PROGRAM
WinPLtb is developed for personal computers running

in the Windows operating system to estimate the P-T
conditions of pyroxene-bearing rocks based on pyroxene-
liquid equilibria. The program calculates multiple
clino- and orthopyroxene analyses on the basis of six
oxygens, obtained both from wet-chemical and electron-
microprobe techniques, using different normalizations
(e.g. structural formulae with/without total four cations)
and ferric iron (e.g. Droop, 1987; Papike et al., 1974)
estimation methods.

The program generates two main windows. The first
window (i.e. Start-up/New File/Data Entry Screen)
appears on the screen with several pull-down menus and
equivalent shortcuts. By selecting options or clicking
buttons on the Start-up screen, the user can enter new or
load previously typed pyroxene and liquid analyses into
the data entry section for a desired calculation scheme.
Mainly four group analyses including clinopyroxene,
orthopyroxene and liquid compositions equilibrated with
clino- and orthopyroxenes can be entered in a new file
with variables highlighted by light cyan, light green, faded
pink and light yellow colors. The last three columns (i.e.
P(GPa)lopyx] - T(K)llepyx] - p(kbar)[P¥x]) with edited P-T
data in the New File/Data Entry Screen, enable to estimate
the P-dependent orthopyroxene-liquid thermometers
as well as the 7- and P-dependent clinopyroxene-liquid
thermobarometers by selecting the second and third
options from the pull-down menu of Thermobarometers.
WinPLtb also calculates clinopyroxene-based depths (km)
and clinopyroxene-liquid hygrometers (wt%) for different
P (kbar) and P-T (kbar, K) values by selecting options
from the pull-down menu of Depths and Hygrometers
in the Data Entry Screen, respectively. By clicking the
Calculate icon (i.e. ))) in the Data Entry Screen, all
calculated parameters by program are transferred to the
second window (i.e. Calculation Screen).

The second window (i.e. Calculation Screen) allows
the user to display these parameters on screen including
major oxide pyroxene and liquid compositions (Wt%),
recalculated cations (apfu) of pyroxene analyses,
clino- and orthopyroxene components, liquid cation
fractions equilibrated with clino- and orthopyroxenes,
clinopyroxene-liquid and orthopyroxene-liquid thermo-
barometers (°C, kbar), depth (km) values based on
clinopyroxene-liquid barometer, and clinopyroxene-
based hygrometers (wt%). WinPLtb reports these
parameters, together with the input P-7 values that
used for orthopyroxene-liquid and clinopyroxene-liquid
thermobarometers, in a tabulated form between column
numbers 1 and 203 in the Calculation Screen window.
Clinopyroxene-, orthopyroxene-, liquid-clinopyroxene-
and  liquid-orthopyroxene-related  parameters  are
highlighted by the light cyan, light green, faded pink and
light yellow colors in the Calculation Screen, respectively.
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All data in the Calculation Screen can be sent to a
Microsoft® Excel file (i.e. Output.xlsx) by clicking the
Send Results to Excel icon or selecting same option from
the pull-down Excel menu. Similarly, an output Excel file
can be displayed by clicking the Open Excel file option
from the pull-down menu of Excel. WinPLtb is a compiled
program that consists of a self-extracting setup file,
including support files for the Microsoft® Visual Studio
package not installed on the computer, help file, data files
(e.g. pyx, xls, and xIsx), and Grapher plot document files
(e.g. grf files). By clicking the setup file, the program and
its associated files are installed into the directory of “C:\
Program Files\WinPLtb” in the 32-bit system or “C:\
Program Files (x86)\WinPLtb” in the 64-bit system. The
self-extracting setup file is approximately 14 Mb and can
be obtained from the journal server or from corresponding
author on request.
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Filters \v/

O &
Best match a

Command Prompt

1 5 Run as administratd. | <—
APPS 1 Open file location

BLL 4= Pin to Start
BLL -= Pin to taskbar

Documents (5+)

At Command Prompt, click on the right mouse button
and run cmd.exe as administrator.

L cmd <€— Type

APPENDIX

WinPLtb runs properly in a personal computer with
the 32-bit operating system. An execution of program in
a personal computer with the 64-bit operating system,
however requires the following steps by users for
registration of the MSFLXGRD.OCX component.

i) Click the “Start” button and type cmd.exe in the
search box (see Figure a ).

i1) Run cmd.exe as administrator (see Figure a).

ii1) Type regsvr32 /u “C:\Program Files (x86)\WinPltb\
MSFLXGRD.OCX and press ENTER key (see Figure b).

iv) Type regsvr32 “C:\Program Files (x86)\WinPltb\
MSFLXGRD.OCX and press ENTER key (see Figure b).

v) Click the WinPLtb icon on desktop to execute the
program (see Figure b).

Figure a,b. Screen captures showing the registration of
MSFLEXGRD.OCX component in a personal computer using
Windows 10 with the 64-bit operating system.

regsvr32 /u "C:\Program Files (x86)\WinPLtb\MSFLXGRD.OCX

(2) Press ENTER

RegSvr32

“ DllUnregisterServer in C:\Program Files
(x86)\WinPLtb\MSFLXGRD.OCX succeeded.

Click OK Button —}

regsvr32 "C:\Program Files (x86)\WinPLtb\MSFLXGRD.OCX

(4) Press ENTER

RegSvr32

succeeded.

0 DlIRegisterServer in C:\Program Files (x86)\WinPLtb\MSFLXGRD.OCX

b

MSFLXGRD.OCX file is registered.

Click WinPLtb icon on Desktop to execute the program. =—————pp lemiattd




