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INTRODUCTION 12 
 13 
Arc Basalt Simulator (ABS) is a petrologic and geochemical simulation program for 14 
basalt, high-Mg andesite, and adakitic dacite genesis in a subduction zone. ABS consists 15 
of two different calculation modules: (a) slab dehydration and melting along an 16 
appropriate subduction zone P–T path, and (b) melting of mantle wedge peridotite due to 17 
fluxing by slab-derived liquid (Fig. 1; Note: “slab” refers to the subducted oceanic plate 18 
lithosphere, igneous crust, sediment, and part of the mantle wedge that are dragged down 19 
with the oceanic plate slab). ABS is intended to be easy to use, requiring only a PC or 20 
Mac that can run Microsoft® Excel®. This tutorial is intended to introduce the interested 21 
geoscientist to ABS5, and to help them use it in their own research. The present version 22 
is ABS5 (November 2016) but this is updated from time to time. 23 

 24 
Fig. 1 Schematic cross-section of a subduction zone and the Arc Basalt Simulator version 5 model 25 
(Kimura, 2017). MwP: mantle wedge peridotite; SED: sediment; AOC: altered oceanic crust; LBAS: 26 
lower basalt; DIKE: dike; UGAB: upper gabbro; LGAB: lower gabbro; SlbP: slab peridotite. 27 
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The first half of this tutorial explains the fundamental parameters, assumptions, 28 
and calculations of the model. First, the general calculation scheme is presented, then 29 
each of the principal ABS5 calculation steps are outlined as follows: 1.1. Slab dehydration 30 
and melting simulation (comprising 1.1.1. Petrology of the slab in prograde 31 
metamorphism and 1.1.2. Trace element and isotope compositions of slab liquid); 1.2. 32 
Zone refining reaction between slab liquid and mantle (currently not frequently used); 1.3. 33 
Liquid-fluxed melting calculations for mantle peridotite (comprising 1.3.1. Mode and 34 
melt compositions for fluxed melting and 1.3.2. Trace element calculations for liquid-35 
fluxed open system melting); and 1.4. Use of forward model for inversion calculations. 36 

The second part of this tutorial explains how to use the ABS5 Excel spreadsheet. 37 
The third part describes the data structure and the roles of the worksheets. For further 38 
background, please read Kimura et al. (2009) for ABS2, Kimura et al. (2010) for ABS3, 39 
Kimura et al. (2014) for ABS4, Kimura and Nakajima (2014) for the relation to 40 
geophysical observations, and Kimura (2017) for ABS5 results (Kimura, 2017; Kimura 41 
et al., 2010; Kimura et al., 2003; Kimura and Nakajima, 2014; Kimura et al., 2009). These 42 
papers describe in full the concept and the calculation scheme and provide examples of 43 
how ABS is used to quantitatively address arc magmagenetic problems. Appropriate 44 
paper(s) should be cited in publications where ABS is used. 45 

 46 

 47 
Fig. 2 Flow diagram indicating the calculation modules used in the ABS5 model; follow processes 48 
counter crockwise from upper left. Large gray box shows the source compositions of eight slab layers: 49 
slab peridotite (SlbP), lower gabbro (LGAB), upper gabbro (UGAB), dike (DIKE), lower basalt (LBAS), 50 
altered oceanic crust (UBAS = AOC), and sediment (SED), plus metasomatized peridotite in the mantle 51 
wedge sole (MwP). Blue box shows the chromatographic reactions in the slab. Thin black vertical arrows 52 
show downgoing solids. The white horizontal arrows show upwelling slab liquids. Slab liquids are taken 53 
up from the slab as a mixture of AOC, SED, and MwP liquids (see panel c). Large yellow box shows the 54 
interaction of the slab liquids with subsolidus mantle modeled by zone refining. Large orange box shows 55 
fluxed mantle melting by addition of the slab liquid to the mantle wedge (Kimura et al., 2014). 56 
 57 
 58 
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1. GENERAL CALCULATION SCHEME 59 
 60 
The following sections describe the calculation scheme used in Arc Basalt Simulator 61 
version 5 (ABS5) (Fig. 2). 62 
 63 
1.1. Petrological Model for Slab Dehydration and Melting 64 
 65 
1.1.1. Petrology of the Slab in Prograde Metamorphism 66 
The slab dehydration calculations are based on the Perple_X version 5 thermodynamic 67 
model (Connolly and Kerrick, 1987; Connolly and Petrini, 2002). The model provides 68 
the amount of water dehydration and the residual mineralogic mode. This slab model was 69 
first established for ABS2 (Kimura et al., 2009) and later extended to the melting regime 70 
in ABS3 (Kimura et al., 2010). The modifications include slab melting, which uses 71 
experimental datasets for pelagic sediment (SED), igneous oceanic crust with mid-ocean 72 
ridge basalt (MORB) composition, and peridotite with depleted MORB-source mantle 73 
(DMM) composition (Grove et al., 2006; Moyen, 2009; Moyen and Stevens, 2006; 74 
Schmidt et al., 2004). Source compositions of the slab layers for Perple_X calculations 75 
are water-saturated. Three source compositions apply (Hacker, 2008): DMM for SlbP and 76 
MwP; MORB for LGAB, UGAB, DIKE, LBAS, and AOC; and pelagic sediment for SED 77 
(see Figs. 1 and 2 for slab layers). Chemical compositions of the GAB layers in the 78 
oceanic plates are MORB-melt component dominant (Adachi and Miyashita, 2003; Gillis 79 
et al., 2014); use of MORB composition for GAB is supported. The phase relations in Fig. 80 
3 are from the ABS5 slab model for SED, AOC, and DMM. Typical siliceous sediments 81 
(chert, terrigenous sediment, and clay) differ only in the abundance of quartz relative to 82 
other minerals (e.g., chlorite, amphibole, garnet, clinopyroxene, lawsonite). Although this 83 
affects the bulk partition coefficients between slab liquid and SED, the effects are limited 84 
due to extremely low partition coefficients in quartz for all incompatible trace elements 85 
(Kimura et al., 2010). Carbonate sediments are not considered. 86 

 87 
Fig. 3 Phase relations and maximum bound water content in igneous oceanic crust, sediment, and depleted 88 
peridotite. Example P–T paths are shown by rainbow-colored lines for MwP: mantle wedge peridotite; 89 
SED: sediment; AOC: altered oceanic crust; LBAS: lower basalt; DIKE: dike; UGAB: upper gabbro; 90 
LGAB: lower gabbro; and SlbP: slab peridotite (Kimura, 2017). 91 
   92 
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 93 
Fig. 4-1 Modal composition in pressure–temperature (P–T) space for a subducted slab. Slab materials are 94 
igneous oceanic crust (IOC), gabbro (GAB), sediment (SED), and depleted peridotite (PERID). Color 95 
maps indicate the modal compositions, with the gray field indicating the absence of phases. Thin lines 96 
indicate the slab P–T paths of eight slab layers calculated using the geodynamic model for the Nankai 97 
(SW Japan) subduction zone. The modal compositions are given by weight. Gt: garnet; Cpx: 98 
clinopyroxene; Ol: olivine; Opx: orthopyroxene; SiO2: silica minerals; Plag: plagioclase; Chl: chlorite; 99 
Bio: biotite; Phen: phengite; Amp: amphibole (Kimura, 2017). 100 
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  101 
Fig. 4-2 Slab modes calculated for NE Japan (NEJ) and SW Japan (SWJ) slab geotherms. The slab layers 102 
are MwP: mantle wedge peridotite; SED: sediment; AOC: altered oceanic crust (UBAS); DIKE: dike 103 
(LBAS); UGAB: upper gabbro; LGAB: lower gabbro; and SlbP: slab peridotite (oceanic lithosphere 104 
mantle). The mineral phases are given in the key (Kimura, 2017). 105 
 106 
Modal compositions of metamorphic minerals, H2O, and melt fractions in the slab are 107 
given in individual lookup tables for the P–T range 0.15–6 GPa, 100–1200°C in ABS5 108 
(Figs. 4-1 and 4-2). P–T paths of the slab layers are taken from a geodynamic model for 109 
56 subduction zones worldwide (Syracuse et al., 2010; van Keken et al., 2011) (Figs. 4-1 110 
and 4-2); using the lookup tables, the modal compositions and released water and melt 111 
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fractions are obtained along the designated P–T paths (Fig. 4-2). 112 
 113 
1.1.2. Trace Element and Isotope Compositions of Slab Liquid 114 
In ABS2–3, interactions between the released slab liquids and the overlying slab layers 115 
were only considered for the MwP layer using zone refining calculations. With the 116 
increase in number of slab layers to eight (ABS4–5), there is more interaction within a 1-117 
D vertical column (Fig. 2). In ABS5, all of the dehydration/melting reactions are treated 118 
as incremental batch calculations (Shaw, 2000) (Fig. 5). 119 

In the calculations, the fraction of melt or dehydrated fluid in any cell (area in 120 
P–T space in Fig. 5) is treated as F, and the additional fluid or melt fraction that is lost 121 
from the underlying cell in the 1-D column (Fx-1) is incrementally added to the overlying 122 
cell. Precipitation of minerals or increase in F due to the additional liquids is not 123 
considered either in the phase changes of the solids or changes in F in the cells. However, 124 
the composition of the liquid and solid in each cell changes because of the liquid addition, 125 
which results in considerable changes in both the trace element and isotopic abundances. 126 
Isotopic compositions are calculated using a computational solution that calculates 127 
isotopic abundances based on the isotope abundance ratios. H2O is treated as an 128 
incompatible element using D(H2O) = D(Ce) = 0.01 (Dixon et al., 2002). This is also 129 
applied to slab melting and H2O contents in the slab melts are calculated by XH2O/Xslab 130 
melt, assuming 100% solubility of water in slab liquid (Hermann et al., 2006). 131 

 132 

 133 
Fig. 5 Incremental batch dehydration/melting reactions. Note that only a shallow depth range (0.5 and 0.6 134 
GPa) is shown. Figure from Kimura et al. (2014). 135 
 136 

The interaction between ascending slab liquids and their surroundings depends 137 
not only on the degree of dehydration or melting, but also on the nature of fluid flow, such 138 
as porous flow or fracture flow (Bebout, 2007). The differences in flow type cause 139 
different degrees of element redistribution. We model this by using the %Rslab factor to 140 
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modify the F parameter in the batch dehydration/melting/reaction calculations. This 141 
factor alters all F values used in the calculation matrix as F’x.x = Fx.x × %Rslab/100. It 142 
can be varied from 0 (no slab liquid movement) to several hundred. When %Rslab = 100, 143 
Fx.x values equal those determined by the ABS5 petrogenetic grids. That is, all liquid 144 
released from one cell moves to the cell above it. When %Rslab <100, Fx.x is smaller, 145 
which results in more effective extraction of elements from the solids. This simulates a 146 
reactive porous flow regime. The reverse is true for %Rslab >100, which simulates fracture 147 
(crack) flow. This particularly affects isotope ratios because it enhances or dilutes 148 
differences between source materials. Therefore, the match for isotope ratios can be 149 
improved without much change in element concentrations just by varying the %Rslab 150 
factor. Different %Rslab factors can be applied to the different slab layers, but we applied 151 
the same %Rslab factor to all layers. This function is available in ABS4–5 (Kimura et al., 152 
2014). 153 

Using the mineralogical mode and dehydration of the subducted slab, it is 154 
possible to calculate the slab-derived liquid composition (Figs. 4 and 5). Partition 155 
coefficients for slab liquids/minerals are similar to those used in ABS2. Due to the wide 156 
temperature range of 100–1200°C in the slab, temperature-dependent Dmineral/liquid values 157 
need to be used whenever available. These are available for garnet and clinopyroxene 158 
from experimental data (Kessel et al., 2005). Formulation of T–Dmineral/fluid relationships 159 
has been made as Dmineral/fluid = a × expbT, where ‘‘a’’ and ‘‘b’’ are constants for garnet and 160 
clinopyroxene (Kimura et al., 2009) (Table 1). ABS5 applies this simple extrapolation 161 
for the T-dependence of Dmineral/fluid to most of the elements, with some approximations 162 
for K, Pr, Tb, and Ho, which were not determined by Kessel et al. (2005). High field 163 
strength elements (HFSEs), such as Nb, are buffered by residual rutile due to an extremely 164 
high partition coefficient (Green, 1995). 165 

At low P–T conditions the element behavior in oceanic basalt is affected by 166 
numerous metamorphic minerals. ABS5 applies Dmineral/liquid for lawsonite, chloritoid, 167 
phengite (Green and Adam, 2002), and zoisite (Feineman et al., 2007) from experiments, 168 
and for lawsonite (Usui et al., 2007) from field studies. The values for olivine and rutile 169 
were taken from Ayers et al. (1997) and Ayers and Watson (1993) without consideration 170 
of temperature-dependence. We also use mineral/mineral partitioning for orthopyroxene 171 
Dopx/cpx (Spandler et al., 2004), amphibole Damphibole/cpx (Ionov and Hofmann, 1995), and 172 
chlorite Dchlorite/opx (Garrido et al., 2005). Partition coefficients (Ds) for amphibole, 173 
orthopyroxene, and chlorite were inferred from T-dependent Ds in clinopyroxene or 174 
garnet. The D values for silica minerals (quartz, coesite, stishovite) or aluminous minerals 175 
(such as sapphirine) are treated as Dmineral/liquid = 0. There are no data for serpentine 176 
minerals, such as talc and antigorite, available for the multiple element examination used 177 
in this study, which are also treated as Dmineral/liquid = 0 (Kimura et al., 2009) (Table 1). In 178 
addition, partition coefficients for melts are assumed to be 3-times those for aqueous 179 
fluids (Hermann et al., 2006). Comparison of these D values to the compiled Dbulk 180 
experimental data (Moyen and Stevens, 2006) shows the above assumptions to be valid. 181 
Examples of bulk partition coefficients for representative incompatible elements in 182 
representative slab layers are shown in Fig. 6. The change in Ds during prograde 183 
metamorphism depends both on the mineralogic modes in the residual slab layer and the 184 
temperature. 185 
 186 
 187 
 188 
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Table 1 Temperature-dependent partition coefficients, mineral/mineral partitioning ratios, and fixed 189 
partition coefficients used for slab minerals. 190 

 191 
Gar: garnet; cpx: clinopyroxene; opx: orthopyroxene; amp: amphibole; chl: chlorite; Ol: olivine; SiO2: 192 
silica minerals; Plag: plagioclase. Values from ABS5 (Kimura, 2017). 193 
 194 

To assess the behavior of HFSE-bearing minerals (including rutile and zircon), 195 
the residual modes of these minerals are treated as variable (manually adjusted for wt.% 196 
in slab SED) when slab melting occurs. This is because these minerals are highly soluble 197 
in melts and insoluble in aqueous fluids and thus largely T-dependent. Source 198 
composition also affects their modal composition. Therefore, the effects on bulk Ds for 199 
these minerals are difficult to constrain using the fixed slab composition in ABS. The 200 
important role and behaviors of these minerals are well-described by the solubility model 201 
for these minerals (Kimura et al., 2016; Xiong et al., 2011), making it difficult to model 202 
HFSE abundances and isotopes such as Hf (Tollstrup and Gill, 2005) without manual 203 
adjustment. This function is incorporated in ABS5. 204 
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 205 
Fig. 6 Examples of bulk partition coefficients of representative elements in slab layers. Partition coefficients 206 
are dependent on both temperature and residual mineralogy. Rapid bulk D changes at ~700 °C are associated 207 
with dry eclogite transformation in the SED and AOC layers. P–T paths of the slab layers are shown in the 208 
bottom right panel. The example is for the NE Japan Arc (Kimura, 2017). 209 
 210 

 211 
Fig. 7 Examples of slab liquid compositions released from the slab during prograde metamorphism 212 
calculated by ABS5 for SW Japan and NE Japan slab geotherms (Kimura, 2017). Normalization values 213 
from Sun and McDonough (1989). Slab liquid compositions are similar at a given slab temperature, 214 
irrespective of P–T path (see overlap between high-P NE Japan liquids (blue) with those of low-P slab 215 
liquids from SW Japan (red)). 216 
 217 
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Examples of calculated slab liquid compositions are shown in Fig. 7. It is notable that the 218 
slab liquid compositions are similar at similar slab temperatures, irrespective of the 219 
previous P–T path. This is due to a small loss of slab mass by dehydration/melting, 220 
confining the nearly-original bulk composition to depths greater than those of subduction 221 
zones (Kimura et al., 2016). 222 

 223 
1.2. Zone Refining Reaction Between Slab Liquid and Mantle 224 
 225 
ABS5 uses zone refining (ZR). In ABS5, the reaction degree (n factor) of ZR is simulated 226 
by the contribution of MwP fluid to pristine mantle peridotite (DMM). The calculation 227 
equations used for ZR are shown below.  228 
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where 230 
XFLUID’ : reacted liquid composition of an element 231 
XPERID‘ : metasomatized mantle peridotite composition of an element 232 
XFLUID : slab liquid composition of an element derived from Eq(1) 233 
DPERID/FLUID : partition coefficient of an element between mantle peridotite and liquid 234 
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Xa : modal composition of a residual mineral in PERID 236 
Da : distribution coefficient of a mineral 237 
n : reacted mass of mantle peridotite in multiples of liquid weight; in other word, 238 
peridotite-liquid mass ratio 239 

A zone-refining reaction is useful for modeling the mantle wedge sole because it 240 
can simulate slab liquid–PERID interactions, ranging from no reaction (n = 0) to full 241 
reaction (n = infinity). This function, however, is found not to be useful, suggesting almost 242 
no contribution of the subsolidus mantle to the slab liquids in the sole of the wedge 243 
beneath the partially molten mantle core (Fig. 1). This would suggest fissure (crack) flow 244 
liquid transportation rather than porous flow in this region. 245 
 246 
1.3. Liquid-Fluxed Melting Calculations for Mantle Peridotite 247 
 248 
1.3.1 Mode and Melt Compositions for Fluxed Melting 249 
Parameterizations of melting mode and melt composition are performed using the 250 
pMELTS thermodynamic model (Ghiorso et al., 2002) for fluid-fluxed melting with 251 
DMM source mantle (Workman and Hart, 2005). Using the results, lookup tables are 252 
generated as a function of pressure (Pperid) and melt fraction (Fperid). Modal and melt 253 
compositions for melt-fluxed melting at different melt flux fractions (Xmelt) are also 254 
calculated after additions of averaged felsic slab melt (Moyen and Stevens, 2006) in steps 255 
of 5 wt.%, from 0 wt.% to 25 wt.% (Kimura et al., 2010). Since there are systematic 256 
discrepancies between experimental results for both residual mode and melt compositions 257 
(Lambart et al., 2012), adjustments of the pMELTS results are made using empirical 258 
equations. The discrepancies in mode are adjusted by applying the correction factor,  259 
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Xol_corrected = Xol × 0.99 × exp[(–0.002 × P2 + 0.0135 × P – 0.0115) × F],  260 
and renormalization of the total sum of the modal composition. 261 

Experimental adjustment is also needed for the SiO2 and MgO contents of the 262 
melts, owing to the overestimation of olivine stability in pMELTS at >1.0 GPa. 263 
Corrections are made by  264 

SiO2 correct = SiO2 × [0.05229 × P + 0.967133] and  265 
MgOcorrect = MgO × [– 0.11458 × P + 1.113095]  266 

with renormalization of the total sum of major elements (Kimura, 2017). The adjusted 267 
results are shown in Fig. 8 for an enriched mantle (primitive mantle: PM). The same 268 
adjustments are applied for slab melt-fluxed mantle. The results reproduce well the 269 
experimental results for melt-fluxed mantle melting of Mallik et al. (2016) (not shown; 270 
see {Kimura, 2017 #969}). Note that Na2O and K2O are not used for calculations of melt 271 
compositions. ABS5 treats K2O as an incompatible element. ABS5 does not calculate 272 
Na2O and uses the value in the primary magma examined. 273 

ABS5 treats the role of H2O in partial melting using the parameterization of Katz 274 
et al. (2003) based on experimental data rather than the results from pMELTS (Kimura et 275 
al., 2010). The degree of partial melting (Fperid) at given P–T–XH2O is calculated from 276 
the parameterization (Fig. 9) and replaces F in the lookup tables for simulating modes 277 
and melt compositions in both liquid- and melt-fluxed melting (Figs. 10 and 11). XH2O 278 
in the mantle peridotite is calculated based on the water content in the slab liquid and its 279 
flux fraction in the partially molten mantle (Xslab liquid). 280 
 281 

 282 
Fig. 8 Comparisons between model and experimental results of mantle melting. (a) Residual mode 283 
compositions of modified pMELTS and experimental results. (b) Melt compositions of modified pMELTS 284 
and experimental results. Experimental data from the literature (Baker and Stolper, 1994; Falloon et al., 285 
1999; Walter, 1998). Figure adopted from (Kimura, 2017). 286 
 287 
The corresponding residual mantle mode and major element composition of a primary 288 
magma are obtained using the lookup tables (Figs. 10 and 11) generated from pMELTS. 289 
Modal and melt compositions for conditions between those in the available lookup tables 290 
are calculated by linear interpolation as a function of P and F. 291 
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 292 
Fig. 9 Relations between P (vertical axis) – T (abscissa) and degree of partial melting F (color contours) at 293 
given XH2O (wt.% in five panels) in DMM. Calculations are from Katz et al. (2003). The same subsets are 294 
given for variously depleted mantle ranging from DMM (modal cpx = 0.15) to PM (modal cpx = 0.18). 295 

 296 
Fig. 10 Melting relation and residual mineralogic mode of DMM and DMM fluxed by slab melt at 0, 5, 10, 297 
15, and 20 wt.% of the mantle at given P–F conditions. Once the mantle P–T and F are given, the modal 298 
compositions (Xa) are obtained. The degree of melting (F = 0–56 wt.%) and modal compositions (0–1 299 
fraction) are shown by color maps; the gray field indicates the absence of phases. Ol: olivine; Cpx: 300 
clinopyroxene; Opx: orthopyroxene; Gar: garnet; Sp: spinel (Kimura, 2017). 301 
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 302 
Fig. 11 Melting relation and generated melt composition of depleted mantle. The five columns show melt 303 
compositions for SiO2, Al2O3, FeO, MgO, and CaO. Degree of melting (0–56 wt.%) and magma 304 
compositions (0–60 wt.%) are shown by color maps; gray fields indicate the absence of phases (Kimura, 305 
2017). 306 
 307 

Addition of H2O or felsic slab melt changes the modal composition of the 308 
residual mantle, particularly the proportions of olivine and orthopyroxene (Fig. 10). This 309 
does not strongly affect the bulk Ds of trace elements due to extremely low Ds in these 310 
minerals. However, calculated major element compositions are strongly affected by the 311 
decomposition of olivine and stabilization of orthopyroxene, which results in an increase 312 
in SiO2 in the primary magma. ABS5 uses a fixed slab melt composition (average of 313 
experimental melts), so the calculated major element composition in the primary basalt 314 
should have strong model dependence. However, the major element melt composition 315 
does indicate whether silica is over-saturated or under-saturated at the mantle melting 316 
conditions examined. This is an important factor for examinations of high-Mg andesite 317 
and adakitic dacite, and even for silica-deficient alkali basalts. The major element data 318 
are therefore particularly useful, as shown by examples from SW Japan using ABS4 319 
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(Kimura et al., 2014) and boninite from Izu using ABS5 (Kimura, 2017). 320 
 321 
1.3.2 Trace Element Calculations for Liquid-Fluxed Open System Melting 322 
Finally, the calculated modal composition of the mantle (Xa), the degree of partial melting 323 
(Fperid), and the composition of the mantle and the slab liquid are input into an open system 324 
melting equation along with partition coefficients from the hydrous melting experimental 325 
results of Green et al. (2000) (Table 2) (Kimura et al., 2009). The liquid fraction added 326 
to the mantle melting region is calculated using Fliq = β/F (Ozawa and Shimizu, 1995). 327 
The ABS5 model can deal with any primary high-Mg basalts, high-Mg andesites, and 328 
adakitic dacites formed by slab fluid-fluxed melting and slab melt-fluxed melting of up 329 
to 25% of the mantle mass and at P = 0.8–3.0 GPa (Kimura et al., 2014). 330 
 331 
Table 2 Partition coefficients of minerals and melt used for fluxed melting of a hydrous mantle. 332 

 333 
Ol: olivine; Opx: orthopyroxene; Cpx: clinopyroxene; Gar: garnet; Sp: spinel. Values from ABS5 (Kimura, 334 
2017). 335 
 336 

The calculation scheme assumes that open system melt-fluxed melting is 337 
identical to fluid-fluxed melting apart from the effect of slab-melt on residual mantle 338 
mineralogy (Ozawa and Shimizu, 1995; Shaw, 2000). The equation, after Zou (1998, 339 
1999), is as follows:  340 
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where  342 
XBAS : basalt melt composition of an element 343 
XPERID: source peridotite composition 344 
D : bulk melt distribution coefficient of an element determined by 345 

∑ ×=
n

DaXaD
1

 ∑ =
n

Xa
1

1 346 

Xa : modal composition of a residual mineral phase 347 
Da : melt distribution coefficient of a mineral 348 
P : contribution of consumed mineral 349 

∑ ×=
n

DaPaP
1

 ∑ =
n

Pa
1

1 350 

Pa : modal composition of a consumed mineral 351 
Da : melt distribution coefficient of a mineral 352 
α : interstitial melt weight volume determined by α＝φ/(1−φ) 353 
φ : porosity of melting system or residual melt mass fraction after melting 354 
β : mass fraction of fluid in generated melt (when fluid influx is constant) 355 
F : degree of partial melting 356 
Fc : defined by α/(α+β+1) 357 
XSlabliq: slab liquid composition 358 
 Porosity is set at φ = 0.01 throughout the calculation. Isotopic abundance ratios 359 
are also calculated with the same equation using each isotope as an element. These include 360 
slab liquids and mantle peridotite. The isotopes are subsequently ratioed to generate the 361 
isotopic composition in a primary magma. With this treatment, any complex calculation 362 
equations are applicable (Kimura et al., 2014; Kimura et al., 2009). The primary basalt 363 
compositions obtained are Rb, Ba, Th, U, Nb, Ta, K, La, Ce, Pb, Pr, Sr, Nd, Sm, Zr, Hf, 364 
Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, Lu, and 87Sr/86Sr, 143Nd/144Nd, 176Hf/177Hf, 206Pb/204Pb, 365 
207Pb/204Pb, 208Pb/204Pb. Major elements SiO2, TiO2, Al2O3, FeO, MgO, CaO, K2O, and 366 
H2O are obtained separately from the lookup tables in section 1.3.1 (Fig. 11). 367 
 368 
1.4. Use of Forward Model for Inversion Calculations 369 
 370 
Since ABS5 is a petrological and geochemical forward model to simulate slab 371 
dehydration/melting and liquid-fluxed mantle melting and calculates the compositions of 372 
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a primary arc magma, this model is useful to estimate the slab and mantle conditions. 373 
Estimation is accomplished by fitting the calculated magma composition to the observed 374 
composition. Necessary geochemical input data in ABS5 are the source compositions of 375 
the slab layers (MwP, LGAB, UGAB, DIKE, LBAS, AOC, SED, and MwP) and the 376 
mantle wedge (PERID). These should include 26 trace elements (Rb, Ba, Th, U, Nb, Ta, 377 
K, La, Ce, Pb, Pr, Sr, Nd, Sm, Zr, Hf, Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, Lu) and 87Sr/86Sr, 378 
143Nd/144Nd, 176Hf/177Hf, 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb isotopes. Major elements 379 
are unnecessary because fixed compositions are used in the ABS5 model. Instead, the 380 
primary magma composition should include SiO2, TiO2, Al2O3, FeO, MgO, CaO, K2O, 381 
H2O, Rb, Ba, Th, U, Nb, Ta, (K), La, Ce, Pb, Pr, Sr, Nd, Sm, Zr, Hf, Eu, Gd, Tb, Dy, Y, 382 
Ho, Er, Tm, Yb, Lu, and 87Sr/86Sr, 143Nd/144Nd, 176Hf/177Hf, 206Pb/204Pb, 207Pb/204Pb, 383 
208Pb/204Pb. 384 

Primary magma compositions can be estimated using models for fractional 385 
crystallization in a crustal magma chamber. Useful models are PRIMACALC2 (Kimura 386 
and Ariskin, 2014) and PRIMELT3 (Herzberg and Asimow, 2015). In particular, the 387 
former model is tuned for arc basalts, including crystal fractionation in a magma chamber 388 
under a pressure range of 0–0.1 GPa using a thermodynamic model for water-bearing 389 
systems. Estimation of mantle equilibrium for the calculated primary basalt is also made 390 
using experimental phase equilibrium data, which are tuned for water-bearing peridotite 391 
systems. Estimations of primary magmas for high-Mg andesite and adakitic dacite are 392 
more difficult. These are not discussed here and readers should refer to the relevant paper 393 
(Kimura et al., 2014). 394 
 395 
Table 3 ABS5 parameters that control primary magma composition and are used as fitting parameters in 396 
inversion calculations. 397 

 398 
Once a primary magma composition is available, ABS5 can simulate the magma 399 

compositions. The major parameters that control magma composition are listed in Table 400 
3. Some examples of fitting results are shown in Fig. 12. Fitting is explored by two 401 
methods. The parameters in Table 3 are altered manually by input or automatically using 402 
Monte Carlo calculations in ABS5. The entire magma chemistry, including major 403 
elements, trace elements, and isotope ratios, is explored simultaneously. Obtained 404 
parameters that result in a reasonable fit are considered to represent slab and mantle 405 
conditions. The parameters include geophysical intensive and extensive variables; 406 
therefore, this inversion approach provides unique implications for geodynamics using 407 
the geochemical mass balance model, namely Chemical Geodynamics. 408 
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 409 
Fig. 12 ABS5 calculation results and comparisons with target magmas. (a)–(e) show trace elements. Black 410 
solid lines indicate target magmas; red lines with open circles indicate ABS5 calculation results; and thin 411 
red lines indicate minimum and maximum values. The values are normalized to the primitive mantle 412 
composition results of Sun and McDonough (1989). (f)–(i) show isotopes. Solid symbols represent 413 
observed values, and open symbols represent those calculated by ABS5. Error bars are two standard 414 
deviations. Min: minimum; Max: maximum; Avg: average; OBS: observed; CALC: calculated; LKTH: 415 
low-K tholeiite; MKCA: medium-K calc–alkaline; HMA: high-Mg andesite; ADK: adakitic dacite; BON: 416 
boninite (Kimura, 2017). 417 
 418 

ABS5 does not facilitate sophisticated Monte Carlo calculations, such as MCMC 419 
(Markov Chain Monte Carlo) calculations. This is partly because of the very narrow range 420 
of the fitting results. The relatively rigid (fixed) ABS5 petrological model reduces the 421 
dimension and parameters explored to only 8 for 32 elements/isotope data. In many cases, 422 
simple Gaussian distributions are obtained with the fitting windows. In some cases, 423 
bimodal solutions are obtained for some parameters, such as Fperid. Further refinement is 424 
available using the results recorded in the [SUMMARY] worksheet. Once users obtain 425 
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result values in the [SUMMARY] worksheet, one can narrow the statistical conditions by 426 
examining the % relative deviation (%RD) values recorded for all the trace elements. 427 
Filtering is accomplished by using the SORT function in the Excel spreadsheet applied 428 
to each %RD value.  429 

Tighter windows for LREEs (e.g., La, Ce), MREEs (Nd, Sm), and HREEs (Yb, 430 
Lu) are the first priority because REEs are critical for constraining the melting depth, 431 
degree of partial melting, slab liquid fraction, and degree of depletion in the source mantle 432 
peridotite. This treatment improves significantly the fitting results from Monte Carlo 433 
calculations. 434 

Second priority is given to HFSEs, such as Nb–Ta. Larger errors are expected 435 
for LILEs, and sometimes for HFSEs, due to large variations in source compositions for 436 
LILEs and uncertainties in residual slab minerals (i.e., zircon or rutile) for HFSEs. The 437 
recommended “good fit” is usually <10%RD for HREEs, <15%RD for MREEs, and 438 
<20%RD for LREEs. U and Th should be <10%RD but sometimes larger. LILEs, such as 439 
Rb, Ba, K, Sr, and Pb, can be >50%RD or more.  440 

Then, SiO2 should be examined to determine whether the result satisfies the 441 
major element constraints. SiO2 should be within ±3 wt.% of the target composition. 442 
Isotope ratios are usually consistent with the target when the trace element mass balance 443 
is satisfactorily established and the assumed source material compositions are sound (Fig. 444 
12). Other major element compositions of Al2O3, TiO2, FeO, MgO, and CaO are usually 445 
consistent with the target when the mass balance of trace elements plus SiO2 is reasonably 446 
established (Kimura, 2017; Kimura et al., 2014). 447 

Isotopic compositions are also useful for further narrowing of the fitting results. 448 
However, when a reasonable fit is made using the trace elements and major elements, the 449 
isotopes are naturally within a reasonable range, which is no surprise due to the role 450 
of %Rslab. 451 

Histograms of the fitting parameters are also useful to evaluate their statistical 452 
distribution. Narrow unimodal distributions are the preferred solutions. When bimodal 453 
results appear, one can further narrow the results by removing the least important fitting 454 
results, if the selection criteria are met with reasonable statistics and petrological criteria.  455 

The ABS5 model derives fairly narrow fitting results (e.g., <10%RD and <3 456 
wt.% SiO2) showing relatively rigid behavioral features. This is understandable due to the 457 
strong reduction in dimension by applying the tightly confined (fixed) petrological model. 458 
Introduction of more variables is possible but may lead to diffused solutions. 459 

460 
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2. OPERATING ABS5 461 
 462 
The basic function of the ABS5 model is to fit a magma composition using sequential 463 
calculations to match the major and trace elements and Sr–Nd–Hf–Pb isotope 464 
compositions of a target primary arc magma. This is achieved by altering intensive and 465 
extensive variables in the [CONTROL PANEL] worksheet (Fig. 13). Pre-defined and 466 
adjustable parameters are separated in order to save calculation steps and thus time. Color-467 
coded yellow cells with red characters are input values that can be adjusted by the user. 468 
Each of these parameters is explained below. New users may notice that there are 14 469 
different worksheets in the ABS5 Excel workbook, but most of these are used for 470 
calculations and should not be changed. Only yellow cells with red characters in the 471 
[CONTROL PANEL] and [DATA INPUT] worksheets should be changed. Users are 472 
encouraged to examine all of the spreadsheets but be sure to keep a back-up copy of ABS5 473 
in case of inadvertently changing one of the parameters in other worksheets! 474 
 475 

 476 
 477 
Fig. 13 Screenshot of the [CONTROL_PANEL] worksheet in Arc Basalt Simulator version 5.00 (ABS5) 478 
(Kimura, 2017). 479 
 480 
2.1. How to Adjust Parameters for ABS5 Forward Modeling 481 
Five Pre-Defined Model Conditions (denominator, sample composition, slab solidus 482 
model, peridotite model, slab P–T Model) and nine Fitting Parameters (Slab P, liquid 483 
fraction from SED Fliq(SED), liquid fraction from MwP Fliq(MwP), slab reaction 484 
parameter %Rslab, n factor of zone refining, source mantle depletion %MORBext., melting 485 
pressure of mantle Pperid, melting temperature of mantle Tperid, and fraction of slab liquid 486 
in the mantle Fslbliq.%) are required for ABS modeling. These are discussed further below. 487 
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2.1.1 Pre-defined Model Conditions 488 
The inputs are found in the large green box in the [CONTROL PANEL] worksheet. At 489 
the top left, DENOMIN is the denominator composition in multielement plots. Users can 490 
choose MORB, primitive mantle (PM), or depleted MORB-source mantle (DMM) 491 
compositions by typing M, P, or D, respectively. Secondly, users can choose one of five 492 
primary magma compositions to model. Primary magma compositions are found in the 493 
[DATA INPUT] worksheet. The present spreadsheet (ABS5 Software DR1 in Kimura et 494 
al., 2017) contains five samples: IWT (Iwate) and SAN (Sannomegata) from the NE Japan 495 
Arc, ADK (Daisen adakite) and HMA (Setouchi high-Mg andesite) from the SW Japan 496 
Arc, and BON (boninite) from the Izu–Bonin–Mariana (IBM) Arc (Kimura, 2017). The 497 
user must then choose one SAMPLE from these by typing the number corresponding to 498 
that sample column from the [DATA INPUT] worksheet. The user must choose a SLAB 499 
SOLIDUS MODEL; either Wet solidus or Dehydration solidus. Solidus curves from 500 
Hermann and Spandler (2008), for wet solidus, and Schmidt et al. (2004), for dehydration 501 
solidus, are used. “W” is recommended for most arc magmas. The “D” model may be 502 
important for some arcs, such as the Izu volcanic front, where very high H2O (>5 wt.%) 503 
is expected in the primary basalt. The user should also choose one of four model peridotite 504 
compositions (PERID) by typing W (Workman and Hart, 2005), S (Salters et al., 2011), 505 
PM (Sun and McDonough, 1989), or U for “user-defined” composition. These trace 506 
element compositions are found in the [Per_Dep] worksheet and are changeable by the 507 
user. SLAB P–T MODEL defines the P–T paths of eight slab layers for the slabs in 56 508 
subduction zones worldwide (Syracuse et al., 2010; van Keken et al., 2011), which are 509 
denoted by separate numbers in the [Slb_PT(PvK2011)] worksheet. Users must choose 510 
the most appropriate of these by  511 
 512 

 513 
 514 

Fig. 14 Pre-defined conditions in ABS5 shown in the [CONTROL_PANEL] (Kimura, 2017). 515 
 516 
typing the corresponding number in the Model cell (e.g., inputting 48 chooses the 517 
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N_Honshu subduction zone P–T path) (Fig. 14). 518 
Other pre-defied parameters are the SLAB LAYER MODEL, which defines the 519 

thickness of each slab layer. The thickness (T km) assigned to each layer does not make 520 
a significant change in the calculations, so those used are the default. Only the SED layer 521 
thickness is from the geophysical database, linked with the choice of slab P–T model 522 
(Syracuse et al., 2010). %Rslab is shown for each layer but these are uniform reflecting the 523 
fitting parameter (see below). %mlt shows the degree of melting of the slab layer obtained 524 
from the slab P–T model and the slab solidus model (Fig. 14). The GABBRO 525 
COMPOSITION defines the trace element composition in the LGAB and UGAB layers 526 
as times X(DIKE), where the X(DIKE) composition represents normal (N)-MORB in the 527 
[DATA_INPUT] worksheet. In some cases, a better fit is obtained by using a hotter/colder 528 
slab P–T. The SLAB T-FACTOR (cell $I$15) lets the user adjust the slab P–T by simple 529 
multiplication at all depths (1 is the default value). The SLAB D FACTOR manually 530 
alters the partition coefficients of the slab minerals. The XD(fluid/mlt) parameter alters 531 
the solid/melt partition coefficients of large ion lithophile elements (LILEs), rare earth 532 
elements (REEs), and U and Th between dehydration and melting modes (0.3 times is 533 
default), and the XDHSFE(fl/mlt) parameter is for HFSEs (0.2 times is default); these 534 
values are approximated by experiments (Hermann and Spandler, 2008). The Xres Rutile, 535 
Xres Allanite, and Xres Zircon parameters artificially add residual minerals in modal 536 
wt.% in the slab SED using the fixed Ds in Table 1. These last three factors are for 537 
evaluation of residual accessory minerals in the slab and are usually set at default values 538 
of 0. The H2O FRACTION IN FLUID artificially alters the water content in the slab 539 
liquid to observe the effect of water flux on mantle melting (1 is default). The red–orange 540 
cells with red text here are the changeable boxes. 541 
 542 
2.1.2 Fitting Parameters 543 
The second set of inputs concerns the dark blue box FITTING PARAMETERS in the 544 
[CONTROL PANEL] worksheet (Fig. 15). This includes the SLAB FLUX P–T 545 
CONDITION, inputting the pressure of the slab where the slab liquid is derived, defined 546 
by Slab P(GPa) correlating to the depth of the slab surface. This is an important ABS5 547 
model parameter used to explore the depth of slab defluxing required to generate the 548 
designated arc magma examined. Pressure is related to depth by the following 549 
relationship: P (GPa) ~ depth (km)/33 (cell $D$16); the user needs an independent way 550 
to estimate depth, for example by referring to compilations of the slab depth (h) beneath 551 
volcanic arcs (Syracuse and Abers, 2006), or alternatively can freely alter the value with 552 
full trust in the geochemical mass balance model. ABS5 simulates the composition of 553 
either fluid or melt derived from the slab at P between 0.5 GPa (~17 km deep) and 6.0 554 
GPa (~200 km deep) at 0.1 GPa steps. Reasonable values are always between 2.8 (~90 555 
km) and 6.0 GPa. Inputting the chosen depth produces a slab surface temperature (SST) 556 
at this point, determined from the SLAB P–T Model and the SLAB T-factor. This depth 557 
is shown graphically by the diamond in the subduction zone graphic to the immediate 558 
right (Fig. 15). 559 

The SLAB LIQ FRACTION/REACTIVITY box, shown in Fig. 15, also 560 
determines the chemistry of the slab liquid. Liquid fractions of slab AOC, SED, and MwP 561 
are used to simulate a mixed slab liquid composition with fractions Fliq(AOC) + Fliq(SED) 562 
+ Fliq(MwP) = 1 (Fig. 2). The top three slab layers are thought to comprise the region of 563 
slab liquid release via crack flow (Kimura and Nakajima, 2014) because of the dominant 564 



22 
 

intra-slab seismicity and low seismic velocity in the upper portion of the subducted slab 565 
beneath the volcanic front (Kita et al., 2006; Saita et al., 2015; Shiina et al., 2013). Inputs 566 
are made for Fliq(SED) and Fliq(MwP) only. Slab liquid reactivity controlled by porosity 567 
of the slab is defined by %Rslab, as noted above (Fig. 5), and is defined here. The ZONE 568 
REFINING box defines the n factor for the reaction of slab liquid and peridotite (see 569 
above). The DMM POROSITY defines the porosity φ (given in %) for the open system 570 
melting in the mantle in the [OSM] worksheet, which is fixed as 1%. Another user-571 
adjustable parameter is the degree of source mantle depletion, as in the DMM 572 
DEPLETION box. This is controlled by altering %MORBext., which alters the percentage 573 
of MORB melt extraction from the mantle, from 0–25% in 0.1% steps. This parameter 574 
calculates the source mantle compositions that are more depleted than the model PERID 575 
chosen in cell $E$7 (Fig. 15). This adjustment is necessary for some arc magmas because 576 
sometimes the mantle source is more depleted than even the MORB source, perhaps as a 577 
result of earlier melting under a back-arc basin. Calculations are made in the [Per_Dep] 578 
worksheet. Due to the change in residual clinopyroxene caused by this depletion, the cpx 579 
mode in the depleted mantle is calculated in the cpx mode box below. This value 580 
originates from the [Per_Dep] worksheet and is used for calculations of the degree of 581 
peridotite melting in the [Katz+] worksheet. 582 
 583 

 584 
 585 
Fig. 15 Fitting parameters in ABS5 shown in the [CONTROL_PANEL] (Kimura, 2017). 586 
 587 
The three parameters in the OPEN SYSTEM MELTING boxes (Fig. 15) relate to 588 
conditions in the melting mantle, which is modeled as open system liquid-fluxed mantle. 589 
This means that fluids and mantle are continuously flowing into the melting region at the 590 
same time as melt is flowing out of it (see Fig. 9 in Shaw (2000)). Parameters that can be 591 
adjusted are melting pressure P (GPa) (cell $C$27), temperature of melting T(°C) (cell 592 
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$C$28), and liquid fraction fluxing into the peridotite source Fslb liq.% (cell $C$29). 593 
Acceptable ranges are 1–3 GPa, 1000–1450°C, and 0–30 wt.% fraction, respectively. 594 
Users should have some independent idea about the depth of melt generation, for example 595 
from mantle tomography or inferences from REE patterns. Otherwise, ABS5 finds fitting 596 
results which are, in most cases, reasonable (Kimura, 2017; Kimura et al., 2014; Kimura 597 
and Nakajima, 2014). Note that the depth of mantle melting is shown graphically as a red 598 
dot in the panel immediately to the right (Fig. 15). Similarly, the user should use what 599 
they think is the mantle temperature at this depth, perhaps from their understanding of 600 
mantle potential temperatures or published thermal models for the mantle wedge. These 601 
parameters define the effect of H2O and/or slab melt on the melting modes as well as the 602 
composition of the mantle source. The calculations also define the degree of partial 603 
melting F(%)PERID, percent liquid fraction in the partially melted mantle β(%), H2O in 604 
the slab liquid H2O%slbliq., and H2O in the generated magma H2O%BAS. Note that the 605 
H2O content H2O%slbliq. is always much less than 100%. This is because even low-T 606 
hydrous fluid includes a lot of dissolved elements. H2O content in slab melt is far less 607 
than this. There are two checkboxes (indicated by pink background and CHK) in the 608 
melting calculations. One is F(%)PERID, which should be 30% by the limit of ABS5 model, 609 
and the other is H2O%BAS indicating whether or not the primary magma is oversaturated 610 
with H2O (Fig. 15). 611 
 612 

 613 
 614 
Fig. 16 Diagrams showing multielement plots, and Nd–Sr, Nd–Hf, and Pb–Pb isotope plots, plus a table 615 
showing major element composition and residual mantle mineralogy in ABS5 (Kimura, 2017). 616 
 617 
2.1.3 Graphical and Numerical Evaluation of the Fitting Results 618 
The fitting calculations are made by manually altering the input parameters. Model 619 
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outputs can be found in several tables and figures to the right of the [CONTROL PANEL]. 620 
To evaluate the fitting results, ABS5 modeled outputs include plots of trace element 621 
concentrations and Sr–Nd–Pb–Hf isotope compositions, and a table that shows the major 622 
element composition of the primary magma and the mineralogic mode of the residual 623 
mantle (Fig. 16). Users can observe changes in these diagrams and the values in the table 624 
to find the closest fit. The slab mode is shown at the depth where the slab liquid is 625 
defluxed, which is also in the lower portion of the [CONTROL_PANEL] worksheet (Fig. 626 
17). 627 
 628 

 629 
 630 
Fig. 17 Table showing residual slab and mantle mineralogies and conditions (Kimura, 2017). 631 
 632 
 Important values that need to be worked with are found in the FITTING 633 
PARAMETERS, once the subduction setting is defined for a designated arc in the PRE-634 
DEFINED MODEL CONDITIONS. In the case that the subduction conditions are not 635 
well known, such as an ancient arc, arc conditions that are expected for the target can be 636 
chosen (Kimura et al., 2016). Alternatively, all the typical arc conditions, such as hot SW 637 
Japan and cold NE Japan, are explored as extreme cases. A successful manual fitting 638 
process may begin with abundances of REEs, because REEs have the most well-639 
constrained partition coefficients of the elements used. Moreover, the abundances and 640 
slopes of REEs in the multielement plot are the key to seeking the source conditions and 641 
compositions. Key factors are the degree of partial melting (Fperid) and amount of slab 642 
liquid (Fslab liq.). These are controlled by the parameters Pperid, Tperid, and Fslab liq.. An 643 
additional control is the depth of slab liquid defluxing (Pslab). This produces large 644 
variations in the slab-derived liquid (Fig. 7). 645 

Relative depletion in HFSEs, such as Nb–Ta, is usually linked to HREE 646 
abundances (Kimura, 2017). Therefore, these are explored in terms of the degree of 647 
melting (Fperid) and of depletion in the source mantle (%MORBext.). Detailed LILE profiles 648 
also depend on the depth of slab liquid release (Pslab), but the mixing rates of AOC, SED, 649 
and MwP liquids (Fslab(AOC), Fslab(SED), Fslab(MwP)) are additional factors. Isotope 650 
ratios are fundamentally controlled by the Fslab(AOC) – Fslab(SED) – Fslab(MwP) mixing 651 
ratio, but are also significantly affected by slab liquid reactivity (%Rslab). 652 
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Finally, even if the above parameters are met for a reasonable fit, the major 653 
element composition may show a large discrepancy. Adjustment of the major element 654 
composition is often made in the final step. Usually, an increase in the slab melt fraction 655 
(Fslab liq.) decreases the degree of partial melting of the mantle (Fperid). Shallowing the 656 
mantle melting depth (Pperid) helps to increase SiO2 in the primary magma (Kimura et al., 657 
2014). These trends are suggested by the lookup table for major elements (Fig. 11). Each 658 
fitting parameter (Table 3, Fig. 14) can be explored independently with the other 659 
parameters set as fixed. Balancing the element mass balance for 30 elements and 4 isotope 660 
systems is not an easy task. However, a reasonable fit is eventually accomplished in most 661 
cases. Fine adjustment can be made by altering the SLAB FACTOR boxes after the 662 
overall fit is accomplished. This will particularly adjust the abundances of HFSEs (Nb, 663 
Ta, Zr, and Hf), and U and Th. 664 
 665 
2.1.4 Automated Fitting and Statistical Evaluations of the Fitting Results 666 
ABS5 allows the computer to automatically choose a best-fit model (Macintosh users 667 
need to install Windows OS to enable the use of Windows Excel including the original 668 
macro script). For automated fitting, the minimum (MIN) and maximum (MAX) values 669 
and the calculation step (STEP) of each parameter are set in the AUTO-FIT 670 
PARAMETERS boxes in the [CONTROL PANEL] worksheet (Fig. 18). The 671 
calculations use random numbers generated automatically by the computer based on the 672 
settings (Monte Carlo calculations). Calculations commence when the [ABS5 Macro] 673 
button is pressed. Results are saved in the [SUMMARY] worksheet when a reasonable fit 674 
is achieved. Tables in the [SUMMARY] worksheet are automatically erased at the 675 
beginning of autofitting for new samples. Therefore, users need to ensure that the previous 676 
results have been saved or copied to a different file before running the macro. 677 
 678 

 679 
 680 
Fig. 18 Auto-fit parameters and fitting windows used for Monte Carlo calculations (Kimura, 2017). 681 
 682 
 For automated fitting, users must set statistical filters. These are input as Limit 683 
values in the FITTING WINDOWS boxes, which delimit the maximum deviation (%) 684 
allowed from the target basalt composition. All trace elements are used and the Limit 685 
values need to be set in the boxes with red numbers and yellow background. Blue numbers 686 
with blue background below the input boxes are the calculated (Calc.) values for the 687 
current fitting conditions (Fig. 18). One can adjust the Limit values guided by the Calc. 688 
values. For SiO2 and the five isotope ratios of 87Sr/86Sr, 143Nd/144Nd, 176Hf/177Hf, 689 
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207Pb/204Pb, and 208Pb/204Pb, minimum (Min) and maximum (Max) values should be 690 
given (Fig. 18). Target isotope compositions are shown below these input boxes as a guide 691 
(Fig. 18). It is recommended to obtain a “reasonable fit” manually before setting up these 692 
inputs in the AUTO-FIT PARAMETERS and FITTING WINDOWS. Alternatively, 693 
the full range of the auto-fit parameters, with wide ranges and coarse step intervals, can 694 
be used to explore the entire range of the eight control parameters, which is time 695 
consuming. Since the calculations are made using a Monte Carlo approach, users can 696 
finish the calculations whenever required. To do this, simply hit the [ESC] key on the 697 
keyboard. Users need to check the results in the [SUMMARY] worksheet and save. 698 
 699 
Note: New users of ABS5 are strongly advised to change the parameters manually to 700 
better understand how changing the most important parameters listed in the [CONTROL 701 
PANEL], found in the large colored boxes “Pre-Defined Model Conditions” and “Fitting 702 
Parameters,” affects the model results. 703 
 704 

 705 
Fig. 19 Data input fields for target magma compositions and SlbP, DIKE, AOC, SED, and MwP 706 
compositions. Boxes with red/purple/green/blue text and yellow background are the areas for data input 707 
(Kimura, 2017). 708 
 709 
2.2. Input Primitive Magma and Source AOC, SED, and PERID Compositions 710 
To generate a model appropriate for samples, users must input primitive (or near-711 
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primitive) magma compositions. Primary magma composition means the composition 712 
generated by melting of mantle peridotite. Primary magmas include high-Mg basalt and 713 
high-Mg andesite, and adakitic dacite melt. Once reasonably primitive arc magma 714 
compositions are obtained, the user should type the major, trace, and Sr, Nd, Pb, and Hf 715 
isotope data into the [DATA INPUT] worksheet (Fig. 19). 716 
Target primary magma compositions are from observed data with back calculations for 717 
mantle equilibrium. See relevant papers for a discussion of primary magma composition 718 
(Kimura and Ariskin, 2014; Kimura et al., 2014). The trace element compositions of the 719 
source materials are assumed from the geochemistry of the subducting materials, such as 720 
ocean sediment for SED (Plank and Langmuir, 1988), altered oceanic crust for AOC 721 
(Kelley et al., 2003), back-arc basin (BAB) mantle composition using BAB basalt 722 
chemistry for MwP (Hirahara et al., 2015), and non-altered MORB composition for the 723 
oceanic plate for SlbP (Class and Lehnert, 2012; Jenner and O'Neill, 2012). Isotopic 724 
compositions also vary for these materials (Fig. 19). 725 

Local geochemical data are always useful for determining the source materials 726 
in a particular subduction system. This implies that ABS5 critically represents the mass 727 
balance of subduction zones (Kimura, 2017; Kimura et al., 2010; Li et al., 2013). Major 728 
element compositions and petrological models for the source materials are fixed in ABS5. 729 
This assumption may be an oversimplification. However, the element and isotope mass 730 
balance built on this simple model is still able to explain the geochemical variations in a 731 
wide range of subduction zones. Intensive and extensive variables obtained from the 732 
inversion calculations also provide reasonable results comparable with geophysical 733 
observations (Kimura, 2017; Kimura et al., 2010; Kimura et al., 2014; Kimura et al., 2016; 734 
Kimura and Nakajima, 2014; Li et al., 2013). 735 
 736 

 737 
 738 
Fig. 20 Data output fields for various intermediate and final liquid and melt compositions shown in the 739 
[RESULT_COMP] worksheet (Kimura, 2017). 740 
 741 
2.3. Data Output 742 
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Calculation results for the slab liquid composition at the depth of slab defluxing, the slab 743 
liquid composition after zone refining, and the calculated arc magma composition are 744 
shown in the [RESULT_COMP] worksheet (Fig. 20). One can copy the data from this 745 
worksheet. When an automated fit is performed, the fitted results are recorded in the 746 
[SUMMARY] worksheet along with statistical information. 747 
 748 

749 
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3. DATA STRUCTURE AND CALCULATION WORKSHEETS 750 
 751 
This section briefly describes the data structure and the roles and relationships of the 752 
worksheets in ABS5. This will help to understand the link between the calculation scheme 753 
(section 1) and data handling (section 2). Users who are interested to see the calculation 754 
details, and extract the intermediate data such as D values and mode in the lookup tables, 755 
are advised to go through this section. 756 
 757 

 758 
 759 
Fig. 21 The [CONTROL_PANEL] worksheet in ABS5 (Kimura, 2017). 760 
 761 
3.1. CONTROL_PANEL 762 
The [CONTROL_PANEL] worksheet (Fig. 21) is the main dashboard for ABS5 763 
operation. All pre-defined and fitting parameters relevant to the ABS5 calculations are 764 
controlled from this worksheet. See section 2 for details of each parameter. In the green 765 
panel, the SLAB LAYER PROFILE diagram shows the subduction zone conditions 766 
including the locations of slab defluxing and mantle wedge melting. Slab layers in 767 
supersolidus condition are shown by small dots. In the yellow panel, the multielement 768 
plot shows the compositions of the target primary magma (thick black line), calculated 769 
primary magma (thick red line), slab liquid (thin blue line), and source mantle (MwP: 770 
thick yellow line). Compositional ranges of the fitting windows are also shown by black 771 
horizontal bars. Also in the yellow panel, three isotope plots show 87Sr/86Sr versus 772 
143Nd/144Nd, 143Nd/144Nd versus 176Hf/177Hf, and 206Pb/204Pb versus 208Pb/204Pb. 773 
Compositions of MwP (DMM: large red dot), SED (large blue dot), and AOC (large green 774 
dot) indicate the sources. Subduction-modified MwP (small red dot), SED (small blue 775 
dot), AOC (small green dot), mixed slab liquid (small light blue dot), and primary magma 776 
(large open red dot) compositions are from ABS5. The target primary magma 777 
composition is shown by a large black open square. Ranges of isotope ratios determined 778 
in the fitting windows are shown by four black cross symbols. All of the symbols from 779 
the calculations move when the controlling parameters are altered. Users can immediately 780 
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see the effects graphically. While the automated fit macro is running, the panel is frozen 781 
or even shows an irregular image. Users can confirm the progress from the indication in 782 
the bottom left outer frame, shown as “50 cycles done 2 fits / Total 5000000.” 783 
Caveat: Do not alter the fields outside of the area and boxes shown in Fig. 21 other than 784 
those with red text with yellow and orange backgrounds. 785 
 786 
3.2. DATA_INPUT 787 
The function of the [DATA_INPUT] worksheet (Fig. 19) has been explained above and 788 
is not repeated here. This worksheet also provides a database of the source compositions 789 
for SED, AOC, DMM, and PM. 790 
Caveat: Do not alter the colored cells other than data input fields with red text and yellow 791 
background. 792 
 793 
3.3. RESULT_COMP 794 
The function of the [RESULT_COMP] worksheet (Fig. 20) has been explained above. 795 
Caveat: Do not alter any cells. Only data copy is allowed in this worksheet. 796 
 797 
3.4. FIT_PARAM 798 
The function of the [FIT_PARAM] worksheet is currently NOT used in ABS5. 799 
Caveat: Do not alter any cells. 800 
 801 

 802 
 803 
Fig. 22 The [Slb_PT(PvK2011)] worksheet in ABS5 (Kimura, 2017). 804 
 805 
3.5. Slb_PT(PvK2011) 806 
The [Slb_PT(PvK2011)] worksheet contains a database of slab P–T paths for the eight 807 
slab layers in 56 subduction zones worldwide, used in van Keken et al. (2011) and 808 
modified from Syracuse et al. (2010) (Fig. 22). The left-hand vertical column shows the 809 
ID numbers of the subduction zones. Lookup table data on the right show slab T (°C) at 810 
given pressure P (GPa) for each 0.1 GPa step between 0.4 and 6.0 GPa. 811 
Caveat: Do not alter any cells. Only data copy is allowed in this worksheet. 812 
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 813 
 814 
Fig. 23 The [Slb_Mode] worksheet in ABS5 (Kimura, 2017). 815 
 816 
3.6. Slb_Mode 817 
The [Slb_Mode] worksheet (Fig. 23) includes lookup tables of metamorphic minerals for 818 
DMM, MORB, and SED using the Perple_X thermodynamic model (Connolly and 819 
Kerrick, 1987; Connolly and Petrini, 2002) with replacement of the values between 820 
solidus–liquidus intervals organized based on experimental data. Dehydration solidus and 821 
vapor-saturated solidus modes are available. See Kimura et al. (2010) for details. 822 
Mineralogic modes are for Gt (garnet), Cpx (clinopyroxene), Ol (olivine), Opx 823 
(orthopyroxene), SiO2 (silica minerals), Pl (plagioclase), Chl (chlorite), Bio (biotite), 824 
Phen (phengite), Amp (amphibole), Sheet (sheet silicates for SED and AOC; serpentine 825 
minerals, including antigorite, chrysotile, and lizardite, for MwP), PhA (phase A), Law 826 
(lawsonite), Zo (zoisite), and TiO2 minerals (rutile, titanomagnetite, and ilmenite). H2O 827 
and slab melt (including H2O) fractions are also shown in the lookup tables below line 828 
130. Modal compositions and slab fluid/melt and H2O in the slab liquids are calculated 829 
along the given slab P–T paths for the eight layers. The calculations and results are shown 830 
in lines 71–128. The results are shown in the panels in lines 2–65 (Fig. 23). 831 
Caveat: Do not alter any cells. Only data copy is allowed in this worksheet. 832 
 833 
3.7. SDMS4.0 834 
The [SDMS4.0] worksheet (Fig. 24) is the calculator of the slab dehydration/melting 835 
simulation for 26 trace elements Rb, Ba, Th, U, Nb, Ta, K, La, Ce, Pb, Pr, Sr, Nd, Sm, Zr, 836 
Hf, Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, Lu, and H2O, and Sr–Nd–Hf–Pb isotopes in the 837 
eight slab layers of MwP, SED, UBAS, LBAS, DIKE, UGAB, LGAB, and SlbP in 838 
descending order. Calculation matrices are divided into two areas: Area 1. Modal and 839 
elemental calculation area in columns A to BL; Area 2. Bulk partition coefficient 840 
calculation area in columns BK to IV. 841 

Area 1 comprises the modal compositions of each slab layer (lines 62–215), 842 
dehydration rate (lines 217–227), melt fraction in each slab layer (lines 229–239), XH2O 843 
in melt in each slab layer (lines 241–251), increment of melting degree (lines 253–263), 844 
increment of defluxing (lines 265–275), total sum of slab liquid (lines 277–287), bulk 845 
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partition coefficient by element in each slab layer (lines 289–499), source slab 846 
composition including original Cs0 and modified Csx by element for each layer (lines 847 
568–778), slab liquid composition CLx by element for each layer (lines 780–990), source 848 
slab isotopic composition including original Cs0 and modified Csx by element for each 849 
layer (lines 992–1174), and finally the calculation matrix for isotope ratios (lines 1076–850 
1158). All of the above values are calculated along the P–T path of each slab layer 851 
between 0.5 and 6.0 GPa at 0.1 GPa steps (columns E–BH). 852 
 853 

 854 
 855 
Fig. 24 The [SDMS4.0] worksheet in ABS5 (Kimura, 2017). 856 
 857 

Area 2 calculates the bulk partition coefficients for MwP (lines 62–124), SED 858 
(lines 125–187), AOC (lines 188–250), LBAS (lines 251–313), DIKE (lines 314–376), 859 
UGAB (lines 377–439), LGAB (lines 440–502), and SlbP (lines 503–565). All D values 860 
are calculated along the P–T path of each slab layer between 0.5 and 6.0 GPa at 0.1 GPa 861 
steps for the minerals (Gt, Cpx, and TiO2) available for temperature-dependent Ds (Table 862 
1) and Amp, Opx, and Chl available indirectly with mineral/mineral Ds (Table 1) 863 
(columns CF–EI, EL–GO, and GR–IU). Minerals with fixed Ds are tabulated in columns 864 
BM–CC (Table 1). Partition coefficients are adjusted using different fluid/melt modes 865 
given in the top line of each calculation matrix, corresponding to XD(fluid/mlt) in the 866 
[CONTROL_PANEL]. Ds for accessory minerals are calculated manually with the given 867 
modal composition in the [CONTROL_PANEL]. Other metamorphic mineral modes are 868 
from the [Slb_Mode] worksheet; these are summarized in lines 62–215 in Area 1 of this 869 
worksheet. The bulk Ds at each slab depth and in each slab layer are calculated by 870 
integration of these Ds and Xas and are shown in lines 289–409 of Area 1. Area 1 also 871 
calculates the solid and liquid composition in each prograde metamorphic step following 872 
the chromatographic calculations (Fig. 5). 873 

The final calculation result for the slab liquid is given in the top left corner of the 874 
[SMDS4.0] worksheet along with graphical plots for the trace element compositions in 875 
the slab liquids and in the residual solids (Fig. 24). 876 
Caveat: Do not alter any cells. Only data copy is allowed in this worksheet. 877 
 878 
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 879 
 880 
Fig. 25 The [ZRef] worksheet in ABS5 (Kimura, 2017). 881 
 882 
3.8. ZRef 883 
The [ZRef] worksheet calculates zone refining reactions in the subsolidus mantle between 884 
MwP and the mantle wedge (Fig. 25). The n factor and compositions of the slab liquid 885 
and depleted mantle are introduced from the [CONTROL_PANEL], and the [SDMS4.0] 886 
and [Peri_Dep] worksheets, respectively. Calculations are made according to the zone 887 
refining equation given in section 1.2. 888 
Caveat: Do not alter any cells. Only data copy is allowed in this worksheet. 889 
 890 
3.9. Per_Dep 891 
The [Per_Dep] worksheet calculates depletion of a mantle peridotite by extraction of 892 
partial melts at a given degree of melting F = %MORBext. The mantle composition is 893 
determined from the [CONTROL_PANEL] for “W” (Workman and Hart, 2005), “S” 894 
(Salters et al., 2011), “P” (Sun and McDonough, 1989), and “U”-ser. The melting 895 
calculations use equilibrium batch melting (Shaw, 2000) with melting mode calculated 896 
from pMELTS (Ghiorso et al., 2002). Calculations use parameterized values at each 0.1% 897 
melting step given in the [Per_Dep] worksheet (Fig. 26). 898 
Caveat: Do not alter any cells. Only data copy is allowed in this worksheet. 899 
 900 
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 901 
 902 
Fig. 26 The [Per_Dep] worksheet in ABS5 (Kimura, 2017). 903 
 904 
 905 

 906 
 907 
Fig. 27 The [Kaz+] worksheet in ABS5 (Kimura, 2017). 908 
 909 
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3.10. Kaz+ 910 
The [Kaz+] worksheet calculates the degree of partial melting of a mantle peridotite with 911 
various degrees of depletion (c.f., various modal cpx compositions) at given Pperid, Tperid, 912 
and XH2Operid. Pperid and Tperid are obtained from the [CONTROL_PANEL], whereas 913 
XH2Operid is from [SDMS4.0]. The index of source mantle depletion given by the cpx 914 
mode is derived from the [Peri_Dep] worksheet and is input to the calculations in this 915 
worksheet via cell $C$8. The effect of an increase in Fperid by addition of slab melt is 916 
considered (columns U–AF) and the difference in Fperid is added to the results from Katz 917 
et al. (2003) (columns A–N). The dark gray field in columns H–N (Fig. 27) is the solver 918 
(minimum finder) matrix for solution of an equation in the calculations of Katz et al. 919 
(2003). Since the P–T relations with F in pMELTS calculations do not always follow 920 
those of the experimental results (Lambart et al., 2012), ABS5 uses the P–T–F relation 921 
from the parameterization of Kats et al. (2013). Once Fperid is determined for a given 922 
Pperid–Tperid–XH2Operid plus Cs (effect of slab melt addition), Fperid is used for calculations 923 
of the trace element mass balance using an open system melting equation in the [OSM] 924 
and [IOSM] worksheets. 925 
Caveat: Do not alter any cells. Only data copy is allowed in this worksheet. 926 

 927 

 928 
 929 
Fig. 28 The [Per_Mode_Melt] worksheet in ABS5 (Kimura, 2017). 930 
 931 
3.11. Per_Mode_Melt 932 
The [Per_Mode_Melt] worksheet is a new feature in ABS5. This worksheet calculates the 933 
modal composition of the residual mantle and melt compositions during flux melting. 934 
Calculations are made using pMELTS with DMM and PM mantle compositions with 935 
addition of 0–25% slab melts to the sources at each 5% step (Kimura, 2017). The 936 
calculated modal and melt compositions are then stored in lookup tables with given Pperid, 937 
Fperid, and Xslab liq. (Figs. 10 and 11). Tables are shown in the [Per_Mode_Melt] worksheet 938 
separately for DMM and PM with each dataset at different slab melt addition (0–25%, at 939 
each 5% step in columns B–EH), in the areas in lines 23–848 for modal compositions and 940 
lines 851–1698 for melt compositions (Fig. 28 lower panel). Integration of the lookup 941 
tables is made in cell fields $B$1–$W$21. The final calculation results at the given Pperid, 942 
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Fperid, and Xslab liq. in cells $B$4, $D$4, and $G$4 are given in cell fields $Y$2–$AB$15 943 
(green box) of the [Per_Mode_Melt] worksheet (Fig. 28). 944 
Caveat: Do not alter any cells. Only data copy is allowed in this worksheet. 945 
 946 

 947 

 948 
 949 
Fig. 29 The [OSM] (upper panel) and [IOSM] (lower panel) worksheets in ABS5 (Kimura, 2017). 950 
 951 
3.12. OSM 952 
The [OSM] worksheet (Fig. 29) calculates the final step of the trace element calculations 953 
for Rb, Ba, Th, U, Nb, Ta, K, La, Ce, Pb, Pr, Sr, Nd, Sm, Zr, Hf, Eu, Gd, Tb, Dy, Y, Ho, 954 
Er, Tm, Yb, and Lu in the melt and residual mantle formed by flux melting of the mantle. 955 
Pperid, Tperid, and Xslab liq. are from [CONTROL_PANEL] inputs, Fperid is from the [Katz+] 956 
worksheet, and the mineralogic modes Xa are from the [Per_Mode_Melt] worksheet. 957 
Mantle peridotite composition Cs is from the [Peri_Dep] worksheet, and slab liquid 958 
compositions are from the [SDMS4.0] worksheets. The partition coefficients of the 959 
mantle minerals are from Table 2 (Kimura, 2017; Kimura et al., 2009). Calculations are 960 
made for each element in lines 69–48 using an open system melting equation (Zou, 1998, 961 
1999). Porosity is assumed to be constant at φ = 0.01. The results are summarized in 962 
[RESULT_COMP] and graphically shown in [CONTROL_PANEL]. 963 
Caveat: Do not alter any cells. Only data copy is allowed in this worksheet. 964 
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3.13. IOSM 965 
The [IOSM] worksheet (Fig. 29) does the same for the melt and residual mantle 966 
compositions of the 87Sr/86Sr, 143Nd/144Nd, 176Hf/177Hf, 206Pb/204Pb, 207Pb/204Pb, and 967 
208Pb/204Pb isotope ratios. 968 
Caveat: Do not alter any cells. Only data copy is allowed in this worksheet. 969 
 970 

 971 
 972 
Fig. 30 The [SUMMARY] worksheet in ABS5 (Kimura, 2017). 973 
 974 
3.14. SUMMARY 975 
Derivations of the calculated results in the [SUMMARY] worksheet (Fig. 30) are: 976 
- Major element: [Per_Mode_Melt] 977 
- Trace element: [OSM] 978 
- Isotopes: [IOSM] 979 
Those for residual mantle composition are: 980 
- Trace element: [OSM] 981 
- Isotopes: [IOSM] 982 
- Mode: [Per_Mode_Melt] 983 
Residual slab and slab liquid compositions are: 984 
- Trace element: [SDMS4.0] 985 
- Isotopes: [SDMS4.0] 986 
- Mode: [Slb_Mode] 987 

The [SUMMARY] worksheet consists of a large data table showing 1. Melting 988 
conditions, 2. Melt composition, 3. Fitting statistics (given by %RD), 4. Mantle mode, 5. 989 
Slab liquid composition, and 6. Residual mantle composition. These are as follows: 990 
1. Melting conditions: 991 
Pslab (GPa), Tslab (°C), %Rslab, Fliq(AOC), Fliq(SED), Fliq(DMM), n(PERID), Pperid (GPa), 992 
Tperid (°C), %MORBext., Fslb liq.%, H2O% in slab liquid, H2O% in PERID, Fperid (%), and β 993 
(%). 994 
2. Melt compositions: 995 
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SiO2, TiO2, Al2O3, FeO, MgO, CaO, K2O, H2O, Rb, Ba, Th, U, Nb, Ta, K, La, Ce, Pb, Pr, 996 
Sr, Nd, Sm, Zr, Hf, Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, Lu, and 87Sr/86Sr, 143Nd/144Nd, 997 
176Hf/177Hf, 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb. 998 
3. Fitting statistics %RD are given for: 999 
Rb, Ba, Th, U, Nb, Ta, K, La, Ce, Pb, Pr, Sr, Nd, Sm, Zr, Hf, Eu, Gd, Tb, Dy, Y, Ho, Er, 1000 
Tm, Yb, and Lu. 1001 
4. Mantle modes: 1002 
Ol, Opx, Cpx, Gar, and Sp. 1003 
5. Slab liquid compositions: 1004 
SiO2, TiO2, Al2O3, FeO, MgO, CaO, K2O, H2O, Rb, Ba, Th, U, Nb, Ta, K, La, Ce, Pb, Pr, 1005 
Sr, Nd, Sm, Zr, Hf, Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, Lu, and 87Sr/86Sr, 143Nd/144Nd, 1006 
176Hf/177Hf, 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb. 1007 
6. Residual mantle compositions: 1008 
Rb, Ba, Th, U, Nb, Ta, K, La, Ce, Pb, Pr, Sr, Nd, Sm, Zr, Hf, Eu, Gd, Tb, Dy, Y, Ho, Er, 1009 
Tm, Yb, Lu, and 87Sr/86Sr, 143Nd/144Nd, 176Hf/177Hf, 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb. 1010 

 1011 
The “ease of use” provided by the Excel spreadsheet is an advantage for 1012 

improving access to the software for education purposes. Nevertheless, student users are 1013 
strongly recommended to read through the relevant papers and petrological/geochemical 1014 
textbooks for a critical understanding of the background to the calculations. 1015 
Caveat: Do not alter indications in lines 1–3. No data links in this worksheet. 1016 
 1017 
 1018 
  1019 
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