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A B S T R A C T

PetroGram is an Excel© based magmatic petrology program that generates numerical and graphical models.
PetroGram can model the magmatic processes such as melting, crystallization, assimilation and magma mixing
based on the trace element and isotopic data. The program can produce both inverse and forward geochemical
models for melting processes (e.g. forward model for batch, fractional and dynamic melting, and inverse model
for batch and dynamic melting). However, the program uses a forward modeling approach for magma differ-
entiation processes such as crystallization (EC: Equilibruim Crystallization, FC: Fractional Crystallization, IFC:
Imperfect Fractional Crystallization and In-situ Crystallization), assimilation (AFC: Assimilation Fractional Crys-
tallization, Decoupled FC-A: Decoupled Fractional Crystallization and Assimillation, A-IFC: Assimilation and
Imperfect Fractional Crystallization) and magma mixing. One of the most important advantages of the program is
that the melt composition obtained from any partial melting model can be used as a starting composition of the
crystallization, assimilation and magma mixing. In addition, PetroGram is able to carry out the classification,
tectonic setting, multi-element (spider) and isotope correlation diagrams, and basic calculations including Mg#,
Eu/Eu*, εSr and εNd widely used in magmatic petrology.
1. Introduction

The chemical composition of magmatic rocks is controlled by a
number of petrological processes such as melting, crystallization,
assimilation, magma mixing. Although technical advances have
dramatically increased our ability to analyze the chemical composition of
magmatic rocks and to identify the role of these processes in their genesis
and evolution, the need for computer programs producing quantitative
models has become increasingly important. There are several compli-
mentary or commercial computer programs such as FC-Modeler (Keskin,
2002), PetroPlot (Su et al., 2003), GCDkit (Janou�sek et al., 2003, 2006),
GeoKit (Lu, 2004), PetroGraph (Petrelli et al., 2005), GeoPlot (Zhou and
Li, 2006), GCDPlot (Wang et al., 2008), FC-AFC-FCA and mixing modeler
(Ersoy and Helvacı, 2010), PETROMODELER (Ersoy, 2013),
AFC-Modeler (Keskin, 2013), GeoPyTool (Yu et al., 2019) and IgPet
(RockWare®) to produce petrological models and geochemical plots.
MELTS (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998) and Pet-
rolog (Danyushevsky and Plechov, 2011) represent another class of
computer programs designed to facilitate thermodynamic modeling of
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phase equilibria in magmatic systems. For the petrological processes
mentioned above, except IgPet, these computer programs do not either
include any petrological modeling option or only use a forward modeling
approach. Forward models are thought to be complex requiring more
parameters which govern the petrological process such as melting de-
gree, initial source concentrations and partition coefficients. However,
inverse geochemical models are simple models reducing the number of
parameters, and have attracted more attention in igneous petrology
during last years because of involving deciphering information from the
measured elemental abundances and isotope compositions (Zou, 2007).

Here we have developed an Excel-based magmatic petrology program
called PetroGram which can produce petrological models based on both
forward and inverse geochemical modeling that is not included in the
existing programs mentioned above by using whole-rock major oxides,
trace elements and isotopes. The program is also able to carry out the
classical diagrams for magmatic rock classification, tectonic setting,
multi-element (spider), isotope correlations (e.g. epsilon values (ε) and
initial ratios (i) for Nd, Hf, Sr isotopes and depleted mantle model ages
for Nd and Hf isotopes) and basic geochemical calculations widely used
June 2020
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Fig. 1. Schematic diagram summarizing the generation, migration, emplacement and differentiation of magma (after Marshak, 2008; Kumar, 2014).
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in magmatic petrology. Therefore, we think that PetroGram is very useful
for teaching conceptual problems in igneous petrology to graduate stu-
dents. The more advanced researchers can also benefit from the program
to some extent. This paper is organised as two main sections: the first
section focuses on "Magmatic Processes" giving a theoretical perspective.
The second section deals with "Program Structure" describing how to use
the programwith worked examples. PetroGram runs on all Excel versions
running under any Windows configuration, and occupies around 21 MB
disk space.

2. Magmatic processes

Magmas are commonly high-temperature silicate melts of wide
compositional range from ultrabasic to acidic types, and generated by
partial melting of upper mantle (e.g. McKenzie and Bickle, 1988) or crust
(e.g. Annen et al., 2008). The composition of a melt is determined by the
mineralogy and chemistry of the source rock, type of melting process and
degree of partial melting. Possible ways in which partial melting may
occur are lowering of pressure or decompression (e.g. mid-ocean ridge
basalt-MORB from oceanic rift, ocean island basalt-OIB from mantle
plume and continental flood basalt-CFB from continental rift), addition of
fluid phases or flux melting (e.g. arc basalt from subduction zone) and
increasing in temperature (e.g. granite from collision or subduction
zone). Magmas generated in the Earth’s mantle have lower density
compared to surrounding rocks, and generally rise to the Moho discon-
tinuity which represents the transition from mantle to crust, and also
known as "magma underplating". The melt fraction must increase suffi-
ciently to overcome the surface free energy in order to segregate from
magma source, but for some basaltic magmas, very small melt fractions
can be removed from their source region (McKenzie, 1985b). However,
some magmas can directly inject into the crust without stalling at the
Moho as in kimberlites due to their lower viscosities and higher buoy-
ancies that enable exceptionally rapid transport from the source region
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(Kamenetsky et al., 2011). The density contrast is an important factor to
rise magma, but this cannot be only factor and dynamic factors are likely
to be involved as well for the rise of a magma. Other factors are exso-
lution and expansion of bubbles in volatile-saturated magmas, and
magma overpressure (Marrett and Emerman, 1992). Magmas generally
form reservoirs as trans-crustal magma chambers at the base of crust to
the shallow level before reaching the Earth’s surface. Changing the
composition of the primitive parental magmas, differentiation takes
place in these chambers. Fractional crystallization (FC) is one of the most
powerful mechanism in magmatic differentiation where
early-crystallized minerals are assumed to become isolated from the re-
sidual melt and accumulate on the floor or walls of the magma chamber
as "cumulates" (e.g. the Kilaeua Iki lava lake; Helz, 1980). In fractional
crystallization, the cumulate mineral assemblage comprises plutonic
rocks, but volcanic rocks represent a minute fraction of residual melt that
have escaped to the surface. Although cumulate-forming process may be
inhibited due to high viscosity in SiO2-rich-felsic magmas, crystallization
on the side walls may result in the accumulation of crystalline materials
at the margin of the felsic magma chamber and generates highly evolved
melts as in in-situ crystallization. Mixing and assimilation of wall-rocks
are the other processes significantly changing the composition of
magmas. Assimilation coupled with fractional crystallization (AFC) can
be an important process in the evolution of much continental magmas
(e.g. the Pikes Peak batholith; Barker et al., 1975). On the other hand,
mixing can be viewed as replenishment of magma chambers by new
pulses of magma (e.g. Palisades sill; Shirley, 1987) or mixing between
different batch of mafic-felsic magmas (e.g. the central Sierra Nevada
batholith; Barbarin, 2005). Taken as a whole, crystallization, magma
mixing and assimilation are important differentiation processes oper-
ating either separately or commonly in combination in magma chambers
(Fig. 1). Here we briefly summarized the main magmatic processes from
the solid source through ascent to emplacement in the crust or eruption
onto the surface, all can be petrologically modelled by PetroGram using



Table 1
Definition of terms used in equations for models.

C0 Concentration of a trace element in the original unmelted solid
source rock in melting or initial trace element concentration of
the parental magma in fractional crystallization

Ca Concentration of an element in the assimilating wall-rock
material in AFC and A-IFC

Cf Result of the fractional crystallization in decoupled assimilation-
fractional crystallization

CI Concentration of a trace element in instantaneous melt
CL Concentration of a trace element in accumulated melt
CƖ Concentration of a trace element in the liquid produced in

crystallization
CA ;CB Concentrations of element A and B of melt in inverse melting and

magma mixing
C0
A;C

0
B Source rock element concentrations of inverse batch melting and

inverse dynamic melting
CS, CR Concentration of a trace element in the residual solid and total

residual, respectively after melting
CA ; ICA , CB , ICB Elemental concentrations and isotope ratios of the end-member A

and B, respectively in magma mixing
C0
m , C

0
l , C

0
x Original (initial) concentration of an element in the magma,

liquid and suspended crystals, respectively in A-IFC
CA-IFC
m , CA-IFC

l ,
CA-IFC
x

Concentration of an element in the magma, liquid and suspended
crystals, respectively in A-IFC

Cɱ, ICɖ Elemental concentration and isotope ratio in two-component
mixture, respectively in magma mixing

D Bulk partition coefficient of the fractionating assemblage during
crystallization or bulk partition coefficient of the original solids in
during melting

F Weight fraction of liquid produced in melting or the fraction of
melt remaining in fractional crystallization

ƒ Fraction of the melt that returns to the magma chamber out of the
solidification zone in In-situ crystallization

IC0, ICa Isotope ratios of the melt and assimilated material, respectively in
AFC

δC0, δCa Stable isotope concentrations of the melt and assimilated
material, respectively in AFC

Kd Partition coefficient of an element in a mineral phase
ma;mc Mass of the assimilated and crystallized material, respectively in

AFC
Mc Mass of the solid removed in decoupled assimilation-fractional

crystallization
P Bulk partition coefficient of the minerals entering the melt in non-

modal melting
QA; QB Ratio of highly incompatible element (A) to less incompatible

element (B) in inverse melting
r, ra Ratio of the assimilation rate to the crystal fractionation rate in

AFC and A-IFC, respectively
X Percentage of melt fraction in dynamic melting or mixing fraction

in magma mixing
δ Weight fraction of the suspended crystals in imperfect fractional

crystallization and A-IFC
ε0m , ε

0
l , ε

0
x Original (initial) isotopic ratio of the magma, liquid and

suspended crystals, respectively in A-IFC
εm ;εl , εx, εa Isotope ratios in the magma, liquid, suspended crystals and

anatectic wall-rock melt, respectively in A-IFC
ρf , ρs Density of melt and solid, respectively in dynamic melting
ϕm ; ϕv Mass and volume porosity, respectively in dynamic melting
Δ Mineral-melt fractionation factor for stable isotope

Output parameters in equations are shown as bold, input parameters as normal.

Fig. 2. Diagram showing batch, fractional and dynamic melting models (after
Zou, 2007).
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geochemical data.
Partition coefficient (Kd) is one of the most important geochemical

parameters to model magmatic processes. It is defined as the ratio of
concentration of trace element in the solid phase (i.e. mineral) to that in
the liquid phase (i.e. melt). Therefore, the partition coefficients are used
in the description of many petrological phenomena from partial melting
to crystallization and assimilation. Bulk partition coefficient is calculated
by

D¼ xa � Kda þ xb � Kdb þ…þ xn � Kdn (1)

where D is the bulk partition coefficient, x is the weight fraction of the
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mineral phase and Kd is the partition coefficient of any element in
mineral phase (Table 1).
2.1. Partial melting

Partial melting can be modelled by both forward and inverse
geochemical approach. There are three different forward (Fig. 2) and two
different inverse partial melting models based on the geochemical
equilibrium between the solid source and melt (Zou, 2007). Forward
partial melting models can be classified as the forward batch melting
model, forward fractional melting model (Schilling and Winchester,
1967; Gast, 1968; Shaw, 1970) and forward dynamic melting model
(Langmuir et al., 1977; McKenzie, 1985a; Zou, 1998, 2000; Zou and Reid,
2001).

These forward partial melting models are divided into two sub-types:
"modal" (non-common melting type) and "non-modal" (common type of
fusion). In the case of modal melting, when any solid source rock un-
dergoes partial melting, the minerals undergoing melting are propor-
tional to the primary modal mineralogical composition. But, the mineral
proportions in the melt are different from the source in non-modal
(eutectic) melting models (Wilson, 1989; Rollinson, 1993). Bulk parti-
tion coefficient of the trace element of the minerals entering the melt is
calculated by

P¼ ya � Kda þ yb � Kdb þ…þ yn � Kdn (2)

where, P is the weight fraction of the mineral entering the melt phase, y is
the weight fraction of the mineral phase and Kd is the partition coeffi-
cient of any element in mineral phase.

Two different types of inverse modeling are treated in PetroGram;
inverse batch melting (IBM) and inverse dynamic melting (IDM). Inverse
modeling is highly important and useful for gechemical investigations.
The aim of inverse geochemical modeling is to approach the source rock
geochemistry before partial melting by selecting suitable samples (Zou
and Zindler, 1996; Zou, 2007). Inverse geochemical models are very
useful to investigate of element abundance in source rocks because
geochemical investigations generally are based on the element abudance
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and isotope compositions (Zou, 2007). However, results of inverse
geochemical models can not be used to create forward geochemical
models (e.g. crystallization, assimilation and mixing) because they are
higly complex models, and contain more parameters than inverse
geochemical models.

2.1.1. Forward batch melting
Melt maintains chemical equilibrium with solid, and stays with solid

until the final extraction during batch melting (Zou, 2007). It is more
effective during partial melting of the crustal rocks, in which more
viscous, felsic melts with higher permeability threshold are produced
(Rollinson, 1993). Modal batchmelting can bemodelled as instantaneous
CBM
I or accumulated CBM

L by using

CBM
I ¼CBM

L ¼ C0

F þ Dð1� FÞ ¼
C0

Dþ Fð1� DÞ (3)

Non-modal batch melting can be modelled as instantaneous CBM
I or

accumulated CBM
L by using

CBM
I ¼CBM

L ¼ C0

Dþ Fð1� PÞ (4)

Modal batch melting residual solid CBM
S and total residual CBM

R can be
modelled by using

CBM
S ¼CBM

R ¼ DC0

Dþ Fð1� DÞ (5)

Non-modal batch melting residual solid CBM
S and total residual CBM

R

can be modelled by using

CBM
S ¼CBM

R ¼ D� FP
1� F

C0

Dþ Fð1� PÞ (6)

C0 is the concentration of the trace element in the source rock (starting
composition), F is the fraction (%) of liquid produced during melting.

2.1.2. Forward fractional melting
Melt is extracted as soon as it is generated, and only the last drop of

extracted melt is in equilibrium with the solid during fractional melting
(Wilson, 1989; Zou, 2007). Modal fractional melting can be modelled as
instantaneous CFM

I or accumulated CFM
L by using

CFM
I ¼C0

D
ð1� FÞ1D�1 (7)

CFM
L ¼C0

F

0
@1�ð1� FÞ1

D

1
A (8)

Non-modal fractional melting can be modelled as instantaneous CFM
I

or accumulated CFM
L by using

CFM
I ¼C0

D

�
1� FP

D

�1
P�1

(9)

CFM
L ¼ C0

F

0
B@1�

�
1� FP

D

�1
P

1
CA (10)

Modal fractional melting residual solid CFM
S and total residual CFM

R can
be modelled by using

CFM
S ¼CFM

R ¼C0ð1� FÞ1
D�1 (11)

Non-modal fractional melting residual solid CFM
S and total residual

CFM
R can be modelled by using
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CFM
S ¼CFM

R ¼ C0
�
1� FP

�1
P

(12)

1� F D

2.1.3. Forward dynamic melting
In the dynamic melting model, the extracted melt is in equilibrium

with the solid source until the critical value. When the degree of partial
melting is greater than the critical value, any extra melt is extracted
(Shaw, 2000; Zou, 2007). Modal dynamic melting can be modelled as
instantaneous CDM

I or accumulated CDM
L by using formula following

CDM
I ¼ C0

ϕm þ ð1� ϕmÞD
ð1� XÞ 1

ϕmþð1�ϕm ÞD�1 (13)

CDM
L ¼C0

X

0
B@1�ð1� XÞ 1

ϕmþð1�ϕm ÞD

1
CA (14)

The mass porosity (ϕm) and percentage of melt fraction (X) to be left
behind (i.e. trapped melt) in the residual rock are calculated in order to
create dynamic melting model. Mantle melting frequently invokes
porosity which controls the velocity of the melt relative to the solid, and
the rate of melting and volume porosity are constant and finite in dy-
namic melting (McKenzie, 1984; Sims et al., 1999).

ϕm ¼
ρfϕv

ρfϕv þ ρsð1� ϕvÞ
(15)

X¼F � ϕm

1� ϕm
(16)

where ϕv is the volume porosity, ρf is the density of melt, ρs is the density
of solid.

Non-modal dynamicmelting can bemodelled as instantaneous CDM
I or

accumulated CDM
L by using

CDM
I ¼ C0

Dþ ϕmð1� PÞ
�
1� XðPþ ϕmð1� PÞÞ

Dþ ϕmð1� PÞ
� 1

ϕmþð1�ϕm ÞP�1

(17)

CDM
L ¼C0

X

0
B@1�

�
1� XðPþ ϕmð1� PÞÞ

Dþ ϕmð1� PÞ
� 1

ϕmþð1�ϕm ÞP

1
CA (18)

Modal dynamic melting residual solid CDM
S and total residual CDM

R can
be modelled by using

CDM
S ¼DCDM

I (19)

CDM
R ¼ϕmC

DM
I þ ð1�ϕmÞCDM

S (20)

Non-modal dynamic melting residual solid CDM
S and total residual CDM

R

can be modelled by using

CDM
S ¼D� PðX þ ϕmð1� XÞÞ

ð1� XÞð1� ϕmÞ
CDM

I (21)

CDM
R ¼ð1�ϕmÞCDM

S þ ϕmC
DM
I (22)

2.1.4. Inverse batch melting
In the batch melting, concentrations of elements in the melt (CA and

CB) are calculated for highly incompatible element-A and less incom-
patible element-B by using

CA ¼ C0
A

DA þ Fð1� PAÞ (23)
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CB ¼ C0
B

DB þ Fð1� PBÞ (24)
F1 and F2 are melt fractions, and enrichment ratio of low-F/high-F for
highly incompatible elements (QA) and less incompatible elements (QB)
are calculated by using

QA ¼C1
A

C2
A
¼ DA þ F2ð1� PAÞ

DA þ F1ð1� PAÞ (25)

QB ¼C1
B

C2
B
¼ DB þ F2ð1� PBÞ

DB þ F1ð1� PBÞ (26)

F1 and F2 values can be solved from the system of the above equations
based on the approximation of Maaløue (1994). But, Zou and Zindler
(1996) argued that this approximation is specific, and they proposed
other formulations: F1 and F2 are calculated for the batch melting as
follow,

F1 ¼DAð1� PBÞð1� QAÞ � DBð1� PAÞð1� QBÞ
ðQA � QBÞð1� PAÞð1� PBÞ (27)

F2 ¼QBðDB þ F1ð1� PBÞÞ � DB

1� PB
(28)

2.1.5. Inverse dynamic melting
Enrichment ratio of low-F/high-F for highly incompatible elements

(QA) and less incompatible elements (QB) are calculated by using
following equations (Zou and Zindler, 1996; Zou, 2000),

QA ¼C1
A

C2
A
¼ X2

X1

1� ð1� X1Þ1=ðϕmþð1�ϕmÞDAÞ

1� ð1� X2Þ1=ðϕmþð1�ϕmÞDAÞ (29)

QB ¼C1
B

C2
B
¼ X2

X1

1� ð1� X1Þ1=ðϕmþð1�ϕmÞDBÞ

1� ð1� X2Þ1=ðϕmþð1�ϕmÞDBÞ (30)

For the equation, both highly incompatible and less incompatible
elements have to be selected because these elements have different
enrichment rates (Q) in magmas generated by different degrees of partial
melting. The important feature of QA and QB is that they are independent
of the source concentration (Q0). The formulas form series of nonlinear
equations with two unknowns as X1 and X2. These can be solved by
Newton-Raphson’s system of nonlinear equations (see "worked
examples").

F1 and F2 calculated from the concentration method for inverse batch
melting (IBM), can be used as a good initial estimate for the numerical
solution of the equation system in the inverse dynamic melting model
(IDM) (Zou, 2007). After obtaining X1 and X2, the partial melting degree
(F) can be calculated by using

F¼ϕm þ ð1�ϕmÞX (31)

Inverse dynamic melting model, the source concentration can be
calculated by using

C0
A ¼

CAX

1� ð1� XÞ1=ðϕmþð1�ϕmÞDAÞ (32)

C0
B ¼

CBX

1� ð1� XÞ1=ðϕmþð1�ϕmÞDBÞ (33)

2.2. Crystallization and assimilation

Crystallization takes place as temperature falls in magma, resulting in
the formation of solid mineral phases and changing in the composition of
melt. Crystallization models given here are treated as closed (i.e. no
85
material exchange) and the proportions of mineral crystallizing and
partition coefficients are constant (Shaw, 2006). Assimilation is an
open-system differentiation in the magma chamber. While magma rises
from deeper to shallow crustal levels, it can change the composition by
dissolving the wall rocks.

C0 is the initial trace element composition of the magma, D is the bulk
partition coefficient in the all crystallization and assimilation processes. F
is defined as the fraction (%) of the initial magma remaining after frac-
tional crystallization (Zou, 2007).

2.2.1. Equilibrium crystallization
During equilibrium crystallization, crystals continuously react and re-

equilibrate completely with melt as pressure, temperature and compo-
sition change. The physical process leading to equilibrium crystallization
is the condition that solid-state diffusion in the crystal is faster than the
timescale of crystallization such that the entire crystal equilibrates with
the new melt composition at every time step (Shaw, 2006).

The trace element composition of the equilibrium crystallization CEC
Ɩ

is calculated by using

CEC
Ɩ ¼ C0

F þ Dð1� FÞ (34)

2.2.2. Fractional crystallization
Fractional crystallization process will develop if the formed crystals in

the melt are prevented from reacting with the melt. It occurs when the
formed crystals are separated from the magma chamber without reacting
with the melt. Crystals may be separated physically from melt (e.g.
gravitational segregation or crystal settling) or alternatively, diffusion in
the crystal is so slow with respect to crystallization rate that re-
equilibration is precluded.

The trace element composition of the fractional crystallization CFC
Ɩ is

calculated by using

CFC
Ɩ ¼C0FD�1 (35)

2.2.3. In-situ crystallization
In-situ crystallization takes place in the side wall of the magma

chamber. This crystallization model was developed instead of the fact
that the crystals were gravitationally separated by fractional crystalli-
zation from the melt (Langmuir, 1989). The trace element composition of
the in-situ crystallization CIn-situ

Ɩ is calculated by using

CIn-situ
Ɩ ¼ C0F

ƒðD�1Þ
Dð1�ƒÞþƒ (36)

where ƒ is the fraction of the melt that returns to the magma chamber out
of the solidification zone.

2.2.4. Imperfect fractional crystallization
The presence of suspended crystals in the magma chamber greatly

influences the change to quantity of compatible elements (Nishimura,
2009). Accordingly, the equilibrium crystallization-imperfect fractional
crystallization modeling was developed by assuming the perfect balance
between the suspended crystals (δ: fraction (%) of suspended crystals)
and melt (Nishimura, 2009).

The trace element composition of the imperfect fractional crystalli-
zation CEC-IFC

Ɩ is calculated by using

CEC-IFC
Ɩ ¼ C0F

�
D

1�δþδD

�
�1

(37)

However, volcanic rocks often contain zoned phenocrysts that reflect
the absence of solid state equilibrium. Zoned crystallization-imperfect
fractional crystallization model was developed by Nishimura (2009).
The trace element composition of the zoned crystallization-imperfect
fractional crystallization CZC-IFC

Ɩ is calculated by using
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CZC-IFC
Ɩ ¼ C0

�
F

1�δ
δ þ ð1� δÞD

1� δD

�
FD�1 � F

1�δ
δ

��
(38)
Fig. 3. Schematic illustrations of the A-IFC model proposed by Nishimura
(2013). (a) Combined assimilation, perfect equilibrium crystallization, and
partial settling. The suspended crystals and liquid remain in perfect chemical
equilibrium with each other. (b) Combined assimilation, surface equilibrium
crystallization, and partial settling. Chemical zoning is produced by surface
equilibrium crystallization of the suspended crystals, but there is no constraint
to what extent the crystal is zoned in this model. A certain amount of crystals is
suspended for a period that is sufficient to enable re-equilibration with the
surrounding liquid in (a), but not in (b).
where δD 6¼ 1 (δD is algebraic multiplication of δ and D) and δ 6¼ 0
in the case of δD ¼ 1

CZC-IFC
Ɩ ¼ C0FD�1

�
1þ ð1� DÞ

�
1� 1

D

�
lnF

�
(39)

2.2.5. Combined assimilation-fractional crystallization
During the fractional crystallization, the crystallizing magmas may

assimilate country rocks. This process is called as assimilation-fractional
crystallization (AFC) (DePaolo, 1981). The trace element composition of
the assimilation-fractional crystallization CAFC

Ɩ is calculated by using

CAFC
Ɩ ¼ C0

�
F�Z þ

� r
r þ D� 1

� Ca

C0
ð1�F�ZÞ

�
(40)

r¼ma

mc
(41)

z¼ r þ D� 1
r � 1

(42)

in the case of rþ D ¼ 1

CAFC
Ɩ ¼C0

�
1þ

� r
r � 1

�Ca

C0
lnðF�ZÞ

�
(43)

where Ca is the concentration of the element in the assimilating material,
r is the ratio of assimilated material ðmaÞ to crystallized material ðmcÞ.

Partial melting and closed system differentiation processes (e.g.
fractional crystallization) do not change isotope ratios of the initial
magma. But, assimilation changes isotope ratios of the melt as an open
system process. The isotope ratios of the assimilation-fractional crystal-
lization ICAFC

Ɩ is calculated by using

ICAFC
Ɩ ¼

�
r

r�1

��
Ca
z

�
ð1� F�ZÞICa þ C0F�Z IC0

�
r

r�1

��
Ca
z

�
ð1� F�ZÞ þ C0F�Z

(44)

This can also be written

ICAFC
Ɩ ¼

�
1� C0

CAFC
Ɩ

F�Z

�
ðICa � IC0Þ þ IC0 (45)

where IC0 is the isotope ratio of the melt, ICa is the isotope ratio of the
assimilated material. For light stable isotopes such as oxygen (i.e. δ18O)
of the assimilation-fractional crystallization δCAFC

Ɩ is calculated by using

δCAFC
Ɩ ¼

�
δCa � δC0 � Δ

r

�
ð1� F�ZÞ þ δC0 (46)

it is assumed that D ¼ 1 for δ18O
where δC0 is the stable isotope concentration of the melt, δCa is the stable
isotope concentration of the assimilated material. Δ value is the mineral-
melt fractionation factor for stable isotope.

2.2.6. Decoupled assimilation-fractional crystallization
Cribb and Barton (1996) suggested that the assimilation and frac-

tional crystallization are not fully related in a magma system. They
argued that the assimilated mass can be separated from the crystallized
mass and change independently. This process is defined as Decoupled
Assimilation-Fractional Crystallization (FC-A). The trace element
composition of the FC-A

�
CFC-A
Ɩ

�
is calculated by using
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CFC-A
Ɩ ¼ ðCarMcÞ þ Cf ð1�McÞ

F
(47)
have to be F > r

Mc ¼ 1� F � r
1� r

(48)

Cf ¼C0FD�1 (49)

where Mc is the mass of solid removed, Cf is the result of fractional
crystallization.

2.2.7. Assimilation-imperfect fractional crystallization
Conventional geochemical models assume that crystals are removed

instantaneously from the magma body as they are produced (Nishimura,
2012). In recent years, the assimilation-imperfect fractional crystalliza-
tion (A-IFC) model based on a mass-balance calculations has been
developed by Nishimura (2012, 2013), showing the effects of the sus-
pended crystals on the whole rock composition in the magma chamber.
The A-IFC model considering two end-member cases is different from the
conventional AFC model of DePaolo (1981), in which the path of liquid
evolution is used to reproduce whole-rock chemical trends. The first
end-member is assimilation, perfect equilibrium crystallization (e.g.
producing homogeneous crystals) and partial settling (Fig. 3a). The
second one is assimilation, zoned crystallization (e.g. fractional crystal-
lization by incomplete chemical reaction, producing zoned crystals), and
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partial settling (Fig. 3b). The A-IFC model shows chemical evolution
paths of bulk crystals, liquid and magma for both homogeneous and
zoned crystal cases (see worked examples).

In the case of homogeneous crystal and ra 6¼ 1, the trace element
compositions ðCA-IFCÞ of the A-IFC are calculated by using

CA-IFC
m ¼ ra

ra � 1
Ca

ί
ð1� F�ί Þ þ C0

mF
�ί (50)

CA-IFC
l ¼ CA-IFC

m

1� δþ δD
(51)

CA-IFC
x ¼DCA-IFC

l (52)

in the case of homogeneous crystal and ra 6¼ 1, isotope ratios ðεA-IFCÞ of
the A-IFC are calculated by using

εm ¼
�
1� C0

m

CA-IFC
m

F�ί

��
εa � ε0m

�þ ε0m (53)

In this homogeneous crystal case, the isotope ratio of the liquid εl and
that of the bulk suspended crystals εx are identical to εm (Nishimura,
2013).

εm ¼ εl ¼ εx (54)

where ί

ί ¼ 1þ D
ðra � 1Þð1� δþ δDÞ (55)

in the case of zoned crystal and ra 6¼ 1, the trace element compositions
ðCA-IFCÞ of the A-IFC are calculated by using

CA-IFC
l ¼ aþ �

C0
l � a

�
F�b (56)

CA-IFC
x ¼ aD� cD

�
C0

l � a
�

b� c
F�b þ

�
C0

x � aDþ cD
�
C0

l � a
�

b� c

�
F�c (57)

CA-IFC
m ¼ð1� δÞCA-IFC

l þ δCA-IFC
x (58)

C0
l ¼C0

mð1� δÞD�1 (59)

C0
x ¼C0

m

1� ð1� δÞD
δ

(60)

where C0
l is the initial elemental concentration of the liquid, C0

x is the
initial elemental concentration of the suspended crystals. In the case of
zoned crystal and ra 6¼ 1, isotope ratios ðεA-IFCÞ of the A-IFC are calculated
by using

εl ¼ aεaFb � aεa þ C0
l ε

0
l

aFb þ C0
l � a

(61)

εx ¼
aDεa � cDðC0

l ε
0
l �aεaÞ

b�c F�b

CA-IFC
x

þ

�
C0

xε
0
x � aDεa þ cDðC0

l ε
0
l �aεaÞ

b�c

�
F�c

CA-IFC
x

(62)

εm ¼ð1� δÞCA-IFC
l εl þ δCA-IFC

x εx
CA-IFC

m

(63)

where a, b and c

a ¼ raCa

ðδra þ 1� δÞDþ ð1� δÞðra � 1Þ (64)
87
b ¼ ðδra þ 1� δÞD
ð1� δÞðra � 1Þ þ 1 (65)
c ¼ δra þ 1� δ

δðra � 1Þ (66)

where ra is ratio of the rate of assimilation to the rate of crystal frac-
tionation, δ weight fraction of suspended crystals, D bulk crystal/liquid
partition coefficient for the element.

CA-IFC
l ;CA-IFC

x and CA-IFC
m are the concentrations of an element in the

liquid, bulk suspended crystals and magma, respectively. εl, εx and εm are
the isotope ratios in the liquid, crystal and magma, respectively. ε0l is the
initial isotopic ratio of the liquid, ε0x is the initial isotopic ratio of the
suspended crystals and ε0m is the original isotope ratio in the magma. The
isotopic composition of the initial suspended crystal is assumed to be
identical to that of the initial liquid ðε0x ¼ ε0l Þ. In the formula, Ca is
concentration of the element in the melt derived from wall-rock melting,
εa is isotope ratio of anatectic wall-rock melt.

2.3. Magma mixing

The magma mixing is defined as interaction of two different magmas
giving a mixture with the characteristics of both magmas (Powell, 1984).
This process may occur either as a mixture of magma from two different
sources or between different compositional zones in themagma chamber.
The trace element composition in the magma mixing, Cɱ is calculated by
using

Cɱ ¼CAX þ CBð1�XÞ (67)

The isotope ratios of the magma mixing ICɱ is calculated by using

ICɱ ¼ ICA

�
CAX
Cɱ

�
þ ICB

�
CBð1� XÞ

Cɱ

�
(68)

where CA is the trace element concentration of the first endmember, CB is
the trace element concentration of the second end member. ICA is the
isotope ratio of the first end member, ICB is the isotope ratio of the second
end member, and X is the mixing fraction. The element ratios (e.g. La/
Sm-Nb/Zr) of the magma mixing is calculated by using

A1X1 þA2X2 ¼ A (69)

B1X1 þB2X2 ¼ B (70)

C1X1 þC2X2 ¼ C (71)

D1X1 þD2X2 ¼ D (72)

have to be X1 þ X2 ¼ 1

X1 ¼ A� A2

A1 � A2
¼ B� B2

B1 � B2
¼ C � C2

C1 � C2
¼ D� D2

D1 � D2
(73)

where A1; B1; C1 and D1 are the trace element concentration of the first
end member. A2; B2; C2 and D2 are the trace element concentration of the
second end member. X1 and X2 are the mixing rate.

αðx-axisÞ ¼ A
B

and βðy-axisÞ ¼ C
D

(74)

the hyperbolic value of the resulting curve can be calculated by the
following formula

βðA2D1 �A1D2ÞþαðB2C1 �B1C2Þ þ αβðD2B1 �D1B2Þ þ ðC2A1 �C1A2Þ ¼ 0

(75)



Fig. 4. Total alkali-silica diagram (Le Bas et al., 1986) with the dashed line
separating alkaline-subalkaline compositions (Irvine and Baragar, 1971). Data
used in this classification were entered in "Group 1 to 4" of "Geochemical data"
sheet in PetroGram, and are from Gündüz (2017) and Asan et al. (2019).
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in the case that the result is "0" magma mixture model with linear di-
rection will be formed (Shaw, 2006).

3. Program structure

PetroGram is a Microsoft® Excel© workbook that is specifically
designed for the needs and demands of researchers working on magmatic
petrology. It has been designed on ten Excel sheets: "Geochemical data",
"Parameters", "Classification", "Tectonic setting", "Models", "Spiders",
"Isotopes", "XYZ plot", "Assimilation-IFC" and "Output". In the following,
we summarize the function of the sheets by combining some of them.
3.1. Geochemical data

The data (e.g. major oxide (wt.%), trace element (ppm), isotope ratio
and age inMa) should be entered into the rows and columns of the groups
within the "Geochemical data" spreadsheet. In addition, you can easily
change contents of the yellow boxes which are for algebraic calculations
in the "OTHERS" section.

Following the data entry, basic geochemical calculations (Mg#, Eu/
Eu*, εSr, εNd, etc.) and CIPW (%) results are automatically calculated by
the program within the "Geochemical data" spreadsheet. Finally, repre-
sentations of the each sample on the diagrams can be done by entering "0"
or "1" values into the cell under the sample number.
3.2. Parameters

"Parameters" spreadsheet is mainly designed for the entrance of
values used in "Models" spreadsheet. All values (i.e. source rocks,
normalizing values and Kd’s) can be modified in the spreadsheet ac-
cording to the purpose of users. In addition, inverse geochemical
modeling can be performed by calculating partial melting degrees (%F)
and by entering appropriate data in this spreadsheet.
3.3. Classification and tectonic setting

It is possible to use important rock classifications such as total alkali
(K2O þ Na2O)-silica (SiO2) diagram (Le Bas et al., 1986) and tectonic
setting diagrams within these spreadsheet (Fig. 4). The samples on these
diagrams can be easily removed through the check boxes in the rock
groups of "Geochemical data". The symbol of samples on the diagrams
can be changed by using properties of Excel.
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3.4. Spiders

In magma series, the enrichment and depletion of elements can be
seen by creating spider diagrams. It is also possible to compare the rocks
derived from different mantle sources and the magmatic rocks repre-
senting different tectonic setting. "Spiders" sheet is flexible that users can
arrange their element order. The normalizing values of each groups can
be selected from the drop-down menu to create spider diagrams. The
mostly used normalizing values (MORB, OIB, Chondrite, Primitive
mantle etc.) have already been entered as default in PetroGram, but users
can enter their values by replacing with the entered ones in "Parameters"
sheet.

3.5. Models

The magmatic processes such as partial melting, fractional crystalli-
zation, assimilation-fractional crystallization and magma mixing can be
easily modelled from the "Models" spreadsheet (Fig. 5). Bivariate X-Y
diagrams can also be created in the same spreadsheet.

The "Models" sheet contains four sections and two diagrams. These
are models of Partial Melting, Rock Groups, X-Y Diagrams and Modeling
on the X-Y Diagrams. The diagrams are divided into multi-variate and
multi-element. Models are made by using different methods on each di-
agram. The axes of the diagrams can be set up as linear or logarithmic
scales from the Excel’s axis options. The groups of sample are chosen by
using "Rocks Groups" sections on the related check boxes in order to plot
them on the diagrams (Fig. 5-1).

In order to create forward partial melting models, you need to choose
source rocks and the partition coefficient (Kd) in the combo box (Fig. 5-
2a). The source rock compositions and partition coefficient can be
changed from the "Parameters" spreadsheet. Also the names of the
normalizing values in the combo box can be updated by users from the
"Parameters" spreadsheet. The fractions (F) and normalizing values of the
models can be changed in the combo boxes (Fig. 5-2b, 5-2c). You need to
enter mineral modes in the related Excel cells at "Models" spreadsheet
(Fig. 5-2d). In order to exhibit of the partial melting models on the dia-
grams, you need to choose the related check boxes (Fig. 5-2e). The pro-
portions of mixing line can be shown by choosing in the combo box
(Fig. 5-2f) which is related to partial melting models on the X-Y diagram.
The melt fraction (X) of dynamic melting can be calculated by entering of
the porosity of mantle (ϕv), density of solid (ρs) and density of liquid (ρf )
from the related spin buttons (Fig. 5-2g, 5-2h, 5-2i).

For inverse partial melting model, you need first to enter two samples
the best representing your melt composition from your data set and bulk
partition coefficients (D) in "Parameters" spreadsheet. Then, F1 and F2
values for inverse batch melting, and X1 and X2 values for inverse dy-
namic melting need to be specified in "Parameters" spreadsheet. Lastly,
the F value for inverse batch and dynamic melting needs to be entered
based on the calculation of the average F1 and F2 by the program. The
results of calculation can be exhibited by using of check boxes (Fig. 5-2j)
on the multi-element diagram in the "Models" spreadsheet.

The crystallization processes and magma mixing can easily be
modelled by using "Modeling on the X-Y Diagrams" section in the
"Models" spreadsheet. First, you need to select starting sample or
composition (C0) from the check box (Fig. 5-4a). The starting composi-
tion can be chosen as samples or melting results from the option buttons
and combo boxes (Fig. 5-4b, 5-4c). Bulk partition coefficients (D) have to
be entered for all selecting elements in the related Excel cells where are in
below of the starting compositions (Fig. 5-4d). After determining the
starting composition, the bulk coefficient and F values (Fig. 5-4e), the
desired models can be selected by choosing the related check boxes
(Fig. 5-4f). For assimilation models, you need to choose an assimilant
material (Ca) from related combo boxes (Fig. 5-4g). The "δ" (Fig. 5-4h)
value for the EC-IFC and ZC-IFC, the "ƒ" value (Fig. 5-4i) for the In-situ
crystallization and the "r" value (Fig. 5-4j) for the assimilation can be
set up by using related spin buttons. Magma mixing can be modelled by



Fig. 5. Screenshots of "Models" sheet of PetroGram showing the main panels: Models of Partial Melting, Rocks Groups, X-Y Diagrams and Modeling on the X-
Y Diagrams.
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choosing related buttons (Fig. 5-4k) and second sample (Fig. 5-4l). Also it
can be modelled on the REE diagram by choosing the percentage of
mixing ratio (Fig. 5-4e).

3.6. Isotopes and XYZ plot

The isotope correlation diagrams given in the "Isotope" spreadsheet
are based on the isotope ratios of Zindler and Hart (1986) and Hofmann
(2007). The samples on these diagrams can be easily removed through
the check boxes in the rock groups. They can also be created from
multivariate diagrams in the "Models" spreadsheet. On the other hand,
triangle and bivariate diagrams can be created by using in "XYZ plot"
spreadsheet. In order to change the elements on a triangle or bivariate
diagram, you need to click the combo boxes in spreadsheet.

3.7. Assimilation-IFC

Assimilation-imperfect fractional crystallization (A-IFC) modeling is
an assimilation model used to understand the effects of suspended
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crystals on element abundances in the magma chamber. When the x-axis
is selected as a trace element, the y-axis should be an isotope value of this
trace element to create an A-IFC model. In this sheet, after the entering of
initial (C0

m and ε0m) and assimilant (Ca and εa) values, A-IFC modeling can
be created by entering the ratio of the rate of assimilation to the rate of
crystal fractionation (ra), weight fraction of suspended crystals (δ) and
bulk crystal/liquid partition coefficient for the element (D). If ra < 1, the
Final F have to be F < 1 and ra > 1, the Final F have to be F > 1. When
ra ¼ 1, the FinalMa/Mm value is required (Nishimura, 2013) (see worked
examples).

3.8. Output

The "Output" spreadsheet consist of partial melting results. The results
mainly occur as modal and non-modal partial melting and residual solid,
total residual. The analytical data can be used by choosing in the X-Y or
REE diagrams. The porosity (ϕm) value of the dynamic melting data can
be changed within the "Models" spreadsheet.



Fig. 6. Non-Modal Batch melting model produced by PetroGram on the Sm/Yb
vs. La/Sm bivariate plot for the Karacada�g volcano basalts, Eastern Anatolia.
Please see Fig. 14 of €Ozdemir and Güleç (2014) for comparison. Data used in
this modeling were entered in "Group 7" of "Geochemical data" sheet
in PetroGram.

Fig. 7. FC model produced by PetroGram on the Nb vs. Sr bivariate plot for the
Pahranagat Formation pumices, Nevada. Please see fig. 15 of Best et al. (1995)
for comparison. Data used in this modeling were shown on this figure.
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4. Worked examples

The best way to test and learn PetroGram is to remodel the data from
the published studies. Here we reprocess examples of the melting, frac-
tional crystallization and assimilation by utilizing PetroGram.

For forward partial melting model, we reprocess here the Karacada�g
volcano (Eastern Anatolia, Turkey). €Ozdemir and Güleç (2014) showed
that basaltic rocks from the Karacada�g volcano are consistent with
various degrees of melting between 1% and 2% and have a garnet peri-
dotite contribution of more than 80% in their petrogenesis based on the
non-modal batch melting. To construct the partial melting model in
PetroGram, you need to enter spinel and garnet lherzolite values into
"Parameters" sheet and the Karacada�g volcano data into "Geochemical
data" sheet. In "Parameters" sheet, Kd1 and Kd2 are already entered for
partial melting models. But, the users can manually change Kd values if
desired. Next, you should go to "Models" sheet to construct bivariate X-Y
plot. Then, the element ratios Sm/Yb and La/Sm should be chosen for X-
and Y-axis, respectively, using the drop-down menu at the upper right
corner. At this step, you need to click instantaneous (CI) or accumulated
(CL) checkbox and to define mineral and melting modes to be automat-
ically calculated D and P values by the program. You also need to select F
values from the drop-down menu and to click the spinel and garnet
lherzolite check boxes at the middle of left panel. Lastly, model vectors
will be shown when you click the Non-Modal BM checkbox at the middle
of right panel (Fig. 6). You can also plot mixing lines on the same plot by
clicking selecting this feature.
Table 2
Comparison of inverse dynamic melting (IDM) model results between Zou and Zindl

Zou and Zindler (1996)

D Sample 1 Sample 2 Q

Th 0.0010 9.6 2.1 4.57
La 0.0021 90.1 21 4.29
Ce 0.0041 160 44 3.63
Nd 0.0095 66.7 22 3.03
Sm 0.0180 15.2 5.91 2.57
Eu 0.0228 4.49 1.98 2.26
Tb 0.0330 1.64 0.81 2.02
Yb 0.2644 1.8 1.6 1.12
Lu 0.4460 0.26 0.25 1.04
Ave.

*ϕv ¼ 1.0%, ρs ¼ 3.3 and ρf ¼ 2.8. Data used in this modeling were entered in "D
PetroGram.
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Estimation for the mantle composition and melting degrees of the
Honolulu volcanics from Hawaii (USA) appears to provide a good
example for inverse dynamic melting of Zou and Zindler (1996). To
recalculate the partial melting degrees and mantle source compositions
by using inverse dynamic melting in PetroGram, you need to enter D
values for REE (rare earth elements) and two basaltic samples from
dataset into "Parameters" sheet. The program calculates Q and ϕm values.
By using these values, you should manually calculate X1 and X2 values
from the Newton-Raphson method or use the given excel sheet as a
separate file that we called "IBM_IDM Calculator" based on the concen-
tration ratio method of Maaløue (1994). In the left panel of IDM sheet of
this calculator, the users should enter concentration ratios (Q) of highly
incompatible elements (e.g. "Th" as "QA" for the selected case) and less
incompatible elements (e.g. "REEs" as "QB") from two basaltic samples,
their bulk partition coefficients (DA, DB) and mass porosity (ϕm). Then,
the users need to click "Reset" and "Results" button respectively, and the
calculator will produce X1 and X2 values to be entered in PetroGram. At
this step, the user should check whether the Qn value in the right panel
approximately equals to the QB in left panel. If not, the users need to
decrease the range between Initial-X1 and Final-X1 in the left panel by
considering the calculated X1 value in the right panel, for example if the
calculated X1 value is 1.51%, Initial-X1 and Final-X1 may range from 1 to
2. Now, the users have X1 and X2 values produced by "IBM_IDM Calcu-
lator" to be entered into PetroGram. After entering X1 and X2 values into
PetroGram, the program calculates F1 and F2 values. You need manually
to enter the F value ranging between F1 and F2 values in "Parameters"
sheet. Then, you need to go to "Models" sheet to change the porosity of
mantle (ϕv), density of solid (ρs) and liquid (ρf ). The calculated C0 values
er (1996)* and PetroGram.

PetroGram

F1 F2 C0 C0

1
0 1.9% 7.7% 1.59 1.614
6 1.2% 6.0% 3.11 3.152
2 1.8% 7.7% 1.63 1.649
2 2.3% 9.2% 0.50 0.500
8 2.2% 8.8% 0.17 0.169
5 2.5% 9.7% 0.08 0.078
5 2.8% 11.0% 0.50 0.495
0 2.0% 8.2% 0.12 0.118

2.1% 8.5%

ynamic Melting Inverse Geochemical Modeling (IDM)" of "Parameters" sheet in



Fig. 8. Sr vs. 87Sr/86Sr plot showing A-IFC model (homogeneous or zoned crystal) produced by PetroGram. Please see fig. 4 of Nishimura (2013) for comparison. Data
used in this modeling were already entered as default in "Assimilation-IFC sheet" of PetroGram.
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are shown in "Parameters" sheet. The comparison of inverse dynamic
melting (IDM) model results between those of Zou and Zindler (1996)
and PetoGram is given Table 2.

For fractional crystallization, we remodel geochemical variations in
the pumices from the Pahranagat Formation, Nevada. The pumices
experienced fractional crystallization of two feldspars, quartz, biotite and
Fe-Ti oxides were modelled by Best et al. (1995) on the Nb-Sr bivariate
plot with starting compositions (C0) for Sr: 660 ppm and Nb: 7.5 ppm,
bulk partition coefficients (D) for Sr: 4.0 and Nb: 0.1. To reproduce the FC
model on Nb-Sr plot one should enter or copy and paste the Nb-Sr data
into "Geochemical data" sheet of PetroGram. After entering data, one
needs to go to "Models" sheet to construct X-Y diagram. Then, the ele-
ments Nb and Sr should be chosen for X- and Y-axis, respectively, using
the drop-down menu at the upper right corner. Next, one should click
"Starting Composition" (C0) and choose a sample from groups for
parental magma. One can also choose a starting composition from any
melting results if previously produced in PetroGram. At this step, in the
middle of right panel of the sheet, you need to enter manually D values
for each element used in modeling. F values should be defined from the
drop down menu just below D values. Lastly, a model vector for which
you entered D values will be shown when you click the FC (Fractional
Crystallization) checkbox at middle of right panel of the sheet (Fig. 7).
The users can also plot the other model trajectories (e.g. EC, AFC, FCA,
magma mixing etc.) on the same bivariate plot by clicking the relevant
checkbox.

Another model reproduced by PetroGram is the A-IFC model of
Nishimura (2012, 2013). For this, we reprocessed a conceptual model on
the Sr vs. 87Sr/86Sr bivariate plot given by Nishimura (2012, 2013) using
initial magma and assimilant composition of DePaolo (1981). To produce
Assimilation-IFC model in PetroGram, one needs to go to "Assim-
ilation-IFC" sheet to construct X-Y diagram. Then, the trace element Sr
and isotope ratio 87Sr/86Sr should be chosen for X- and Y-axis, respec-
tively, using the drop-down menu at the upper right corner. At this step,
you need to enter manually the relevant values (e.g. ra, Ca, D etc.) used in
A-IFC modeling at the left panel of the sheet. Lastly, a model trajectory
for which you entered the relevant values will be shown when you click
the checkboxes (i.e. Liquid, Bulk crystals, Magma) at lower corner of left
panel of the sheet (Fig. 8).

5. Conclusions

PetroGram is an Excel© based, open and free magmatic petrology
program. PetroGram is mainly designed to model petrological processes
(e.g. partial melting, crystallization, assimilation and magma mixing),
but it can also be used for classical geochemical plots (e.g. Rock
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classification, REE, Spider, Geotectonic setting diagrams etc.) and cal-
culations (Mg#, Eu/Eu*, εSr, εNd, CIPW etc.). The main difference in
PetroGram from the existing programs is that it can produce inverse
geochemical models in addition to traditional forward geochemical
models. The produced graphical and numerical output from the program
can easily be exported as "gif/jpeg/tiff" files and tables.
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