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The following example is the simplest case to show equivalence between binary classification task using NN and calculation procedure for probability of a certain state of binary variable based on statistical mechanics model (Tanaka et al, 2021). For the more complex cases (e.g. deep neural networks), please see Tanaka et al. (2021).

Binary classification tasks using NN
Consider the simples NN (perceptron) consisting of two layers, such as an input layer consisting of two nodes with variables x = {x1, x2} and an output layer consisting of one node with variable d. Assume that variable d takes two values, 0 and 1, and then binary variable. Consider a binary classification task of the value of d with a given input value x. Let the weights of the adjustment parameters J between each node of the input and the output layers be J1 and J2, and the bias be J. The output X from the input layer is expressed as follows

X = J1 x1 + J2 x2 + J 　　　　　　　　　　　　　　　　(s1)

The output layer d is given by the following sigmoid function

d = 1/(1+Exp(-X)) 　　　　　　　　　　　　　　　　(s2)
　　　　
The above sigmoid function is called the activation function. The function takes the following values

limX->∞ d = 1, limX->-∞ d = 0.

That is, it takes the values 0-1. From the obtained values, a threshold value is set to classify them as 0 or 1.

Calculation procedure for probability of a certain state of binary variable based on statistical mechanics model
Consider a variable x = {x1, x2} that describes a system, and a binary variable d that describes also a system. x is given by externally, and d represent a freedom of the system. Consider a probability distribution QJ with these variables as random variables, where J is an adjustment parameter. The energy E corresponding to the state {x, d} of the system is defined as follows (the simplest case).

E = -(J1 x1 + J2 x2 +J)d  　　　　　　　　　　　　　   (s3)

When the state of the system is x, the probability that d = 1 is obtained by the following conditional probability.

QJ(d=1 | x) = Exp(-E)/(Σd=1,0 Exp(-E))

The right-hand term of the above equation is the Boltzmann distribution, of which factors of kB (Boltzmann constant) and T (absolute temperature) are included in the adjustment parameter J (Tanaka et al., 2021). Expanding summation of the right-hand side of the above equation,

QJ(d=1 | x) = 1/(1+Exp(E))

Using Eq. (s1) and (s3), 

QJ(d=1 | x) = 1/(1+Exp(-X)) 　　　　　　　   　　　　　 (s4)

The right-hand term of the above equation is sigmoidal function and also is the same as activation function of the binary classification task.

Conclusion
Equations (s2) and (s4) are equivalent. Therefore, the algorithms for eq (s2) and (s4) calculations are also equivalent.




Appendix B Values of geological variables

Values of geological variables, such as θage, θrock, and θlithology, are basically given by nine-digit codes defined in Japanese Industrial Standard A 0205 (JIS A 0205) (Japanese Industrial Standards Committee, 2012). The definition and terms of JIS A 0204 refer to IUGS standards and recommendations, such as IUGS geochronologic units (IUGS ICS, 2022), IUGS recommendation of igneous rock classification (IUGS Subcommission on the Systematics of Igneous Rocks, 2022), and IUGS recommendation of metamorphic rocks classification (IUGS Subcommission on the Systematics of Metamorphic Rocks, 2012). JIS A 0205 refers to typical sedimentary rock textbooks.
	Nine-digits codes are used by JIS A 0204. We used basically nine-digits codes of JIS A 0204. However, geochronologic unit codes and metamorphic rock codes are exceptional. We used mean age of start and end ages of each geochronologic unit of IUGC geochronologic unit as values of θage. We make new nine-digits for values of protoliths of metamorphic rocks based on digits for sedimentary and igneous rocks (Table s1). We used this code as values of θrock of metamorphic rocks.
Table s2 to s5 and table s6 to s9 show values of θage, θage, θrock, and θlithology of unstructured and structured 1:200,000 geological maps of northern Kyushu and unstructured and structured 1:50,000 geological maps of the Sasebo-Imari area (northwestern part of the northern Kyushu), respectively.
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Appendix C Data flow of neural network calculation

Overall data flow of neural network calculation used in this paper is shown in Fig.S2.
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Figure S1 Overall data flow in the neural network calculation procedure. The red box marked with a red star indicates the data flow when using the structured geological map proposed in this study. The dashed arrows above represent the data flow in the conventional approach using the unstructured geological map.
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Figure S2. Topographic explanatory variables for the Sasebo–Imari area. (a) Elevation. The legend shows the elevation in meters. (b) Slope. The legend shows the slope classes in degrees. (c) Aspect. The legend shows the aspect classes in degrees clockwise from north. (d) Profile curvature. The legend shows the profile curvature classes in radians. (a)–(d) Data generated from the DEM (GIS website; https://fgd.gsi.go.jp/download/mapGis.php?tab=dem) using QGIS plugins.
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Figure S3. Topographic explanatory variables in northern Kyushu. (a) Slope. The legend shows the slope classes in degrees. (b) Aspect. The legend shows the aspect classes in degrees clockwise from north. (c) Profile curvature. The legend shows the profile curvature classes in radians. (a)–(c) Data generated from the DEM (GIS website; https://fgd.gsi.go.jp/download/ mapGis.php?tab=dem) using QGIS plugins. 


Appendix F Learning curves

Typical learning curves for loss functions and accuracy increasing epochs are shown in the Fig. S3 figure. This learning curves when a structured geologic map is used for northern Kyushu.
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Figure S4 Learning curves (loss function and accuracy vs epochs) for calculating predicted probability of landslide occurrence in the Northern Kyushu. (a) 1 hidden layer and 5 nodes in hidden layer, total 46 parameters. (b) 3 hidden layers and 12 nodes in each hidden layer, total 421 parameters. (c) 5 hidden layers and 14 nodes in each hidden layer, total 967 parameters.


Appendix G Receiver operating characteristic (ROC) and precision-recall (PR) analysis

ROC and PR analyses are used when comparing the performance of prediction when random variable d takes two values, with and without landslides (e.g. Sergei). In both analyses, a critical predicted probability of landslide occurrence Pc is set and the following four values are used (Fig. s5). Using polygons which have actually landslides, 1) Ture Positive (TP) is proportion of polygons where PP ≥ Pc, 2) False Negative (FN) is proportion of polygons where PP < Pc. Using polygons which do not have actually landslides, 3) False Positive (FP) is proportion where PP ≥ Pc, 4) True Negative (TN) is proportion where PP < Pc. ROC analysis uses True Positive Rate (TPR) and False Negative Rate (FRP). These two values are

TPR = TP/(TP + FN),     (s5)
FPR = FP/(FP + TN).      (s6)

FRP versus TPR plots with decreasing Pc show a line with slope one or a convex curve at top left (Fig. s5). If predicted probability is random, that implies the model has no ability of prediction, The plots show a line with slope one. Increasing performance of prediction, more convex the curve is to the upper left (Fig. s5). The Area Under Curve (AUC) of ROC takes values between 0.5 and 1.0 and is an index of the performance of the prediction model. The higher AUC, the better the performance of prediction model. 
	PR analysis uses Precision (Pr) and Recall (Re) as follow,

Pr = TP/(TP + FP),    (s7)
Re = TP/(TP + FN).   (s8)

If there is no prediction ability of the probability model, the Re versus Pr plot is an almost horizontal straight line with Pr = 0.5. As the performance of the prediction increases, the curve becomes convex on the right. The AUC of PR approaches one. When the probabilities of landslide occurrence and non-occurrence are comparable, the difference from the AUC of PR increases from 0.5 to 1.0, as does the AUC for ROC. On the other hand, the difference from the AUC of ROC is more pronounced for imbalances where the occurrence of landslides is a very rare phenomenon. Even in such an imbalance, the AUC of ROC is more pronounced for imbalances where the occurrence of landslides is a very rare phenomenon. Even in such an imbalance, the AUC of ROC hardly changes, while the AUC of PR is smaller. However, even in this case, the AUC of the PR increases as the performance of the prediction model increases. It can therefore be used to compare performance between prediction models.
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Figure S5 Kernel Density Estimation (KDE) of artificially generated predicted probability of landslide occurrence assuming Gaussian distribution. (a) Predicted probability generated by Gaussian distribution with mean µsl = 0.5 and standard deviation sd = 0.15 for landslide data and µnsl = 0.5 and sd =0.15 for no landslide data. (b) µsl = 0.5 and sd = 0.15, µnsl = 0.4 and sd = 0.15. (c) µsl = 0.6 and sd = 0.15, µnsl = 0.4 and sd = 0.15. (d) µsl = 0.5 and sd = 0.15, µnsl = 0.5 and sd = 0.15. (e) µsl = 0.5 and sd = 0.15, µnsl = 0.4 and sd = 0.15. (f) µsl = 0.6 and sd = 0.15, µnsl = 0.4 and sd = 0.15. (a)-(c): Balanced data set (number of landslide data: no landslide data is 500:500); (e) – (f) Imbalanced data set (number of landslide data: no landslide data is 9900:100). (g) Schematic diagram showing the relationship between the quantities required for ROC and PR analysis and density distribution of predicted probability of landslide occurrence. Vertical dashed lines and solid line indicate thresholds. The ROC and PR diagrams can be drawn by calculating the quantities while shifting the threshold value from the right to left, and plotting the values. Receiver Operating Characteristic (ROC), and Precision – Recall (PR). Pale red color distribution and pale blue distribution in KDE show density distribution of predicted probability for landslide and no landslide cases, respectively. auc: area under curve.
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‘Table S4 Codes of rock type and legend for 1:200,000 structured geological map of the northern Kyushu (code
‘numbers correspond to thoes in Fig. 2b) frock

Code Legend

100000000 Sediments
110000000 Clastic sediment and clastic sedimentary rock
111101002 Conglomerate

111200002 Sandstone (including alternating layers of sandstone and mudstone, sandstone and mudstone)
111300002 Mudstone

112170002 Muddy mixed rock

122000002 Limestone

131000002 Chert

219110000 Ultramafic rock

219122200 Granite

219122500 Granodiorite (including tonalite)

219124000 Diorite (including quartz diorite)

219125000 Gabbro

221200000 Volcanic deposits and voleanic rocks

221200700 Felsic volcanic rocks (dacite, rhyolite & trachyte)
221224300 Basalt

221224320 Alkali basalt

221224400 Basaltic andesite and andesite

221224600 Dacite and rhyolite

221225500 Trachyandesite

221225600 Trachyte

331200002 Metasandstone

331300002 Metamudstone

342000002 Marble

351000002 Metachert

389110000 Serpentinite

391224300 Metabasalt

400000000 Reclaimed land material
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Table 5 Codes of formational environment of rocks and strata for the structured geological
map of the northern Kyushu (Code numbers correspond to thocs of Fig. 2¢) Glithology

Code

Legend
100000400 terrace deposits
100061000 landslide deposits
100090000 Reclaimed land
110000000 non-marine sandstone
121000000 fan or talus deposits
121200000 natural levee deposits
122000000 valley floor, intermountain basin, river & coastal plain deposits
130000000 brackish, or marine & non-marine mixture
131800000 coastal or dune deposits
140000000 marine
150000000 deep sea
212010000 volcanic fan
220000000 large-scale pyroclastic flow
221020300 tuff
232100041 debris avalanche deposits
240000000 lava and pyroclastic rocks
250000000 intrusive
260000000 tectonic block
310000000 high P/T regional metamorphism
330000000 low P/T regional metamorphism
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Table S6 Symbols and Legend of 1:50,000 unstructured geological map of the Sasebo-Imari area (The symbols correspond to thoes in Fig. 3a) fgeology

Symbol Legend
A Neogene Tertiary Sasebo group Ainoura formation Sandstone, mudstone, siltstone, tuff and coal
a Cenozoic Quaternary Holocene Alluvium Sand, gravel and clay

Al Quatemary Imari andesites Volcanic breccia
A2 Quatemary Imari andesites Homblende-pyroxene andesite, pyroxene-olivine andesite, pyroxene dacite and biotite dacite

Ad  Cenozoic Neogene Late Miocene Himosashi Andesites Dike and sheet Augite-hypersthene andesite and augite-olivine basaltic andesite

Al Cenozoic Neogene Early Miocene Ainoura Group Amagata Formation Sandstone and sandy shale with coal

AIf  Cenozoic Neogene Late Miocene Himosashi Andesites Lava flow Hypersthene-augite andesite

Am  Cenozoic Neogene Early Miocene Ainoura Group Kashimae Formation Alternation of sandstone, shale and conglomeratic sandstone

Au  Cenozoic Neogene Early Miocene Ainoura Group Tajimadake Formation Medium-grained sandstone, sandy shale and shale with coal

Av_ Cenozoic Neogene Late Miocene Himosashi Andesites Pyroclastics Tuff breccia, lapilli tuff and tuff

Bl Cenozoic Neogene Late Miocene Kita-Matsuura Basalts Early porphyriic basalts Augite-olivine basalt and olivine basalt

B2 Cenozoic Neogene Late Miocene Kita-Matsuura Basalts Early porphyritic basalts Olivine dolerite

B2d  Neogene Tertiary Nishigatake basalts Early porphyritic basalts Pyroxene-olivine dolerite, olivine dolerite, their dykes and sheets (B2d)

B3 Cenozoic Neogene Late Miocene Kita-Matsuura Basalts Early nonporphyritic basalts Hypersthene andesite

B4 Cenozoic Neogene Late Miocene Kita-Matsuura Basalts Early nonporphyritic basalts Olivine basalt and olivine-augite basalt

B4d  Neogene Tertiary to Quaternary Nishigatake basalts Early nonporphyritic basalts Olivine basalt, olivine-pyroxene basalt, pyroxene basalt and their dyke (B4d)

BS  Neogene Tertiary to Quaternary Nishigatake basalts Middle porphyriic basalts Pyroxene-olivine basalt (bearing no plagioclase phenocryst)

B6  Cenozoic Neogene Late Miocene Kita-Matsuura Basalts Middle porphyritic basalts Augite-olivine basalt and olivine basalt

B6d  Neogene Tertiary to Quaternary Nishigatake basalts Middle porphyritic basalts Pyroxene-olivine basalt, pyroxene-olivine-quartz basalt, olivine basalt and their dyke (B6d)
B7  Quatemary Nishigatake basalts Late nonporphyritic basalts Olivine basalt, olivine dolerite and pyroxene-olivine basalt

B7-8  Cenozoic Neogene Late Miocene Kita-Matsuura Basalts Late porphyritic basalts Olivine basalt and quartz-bearing augite-olivine basalt

B8  Quatemary Nishigatake basalts Late porphyritic basalts Pyroxene-olivine basalt, olivine basalt, pyroxene-olivine-quartz basalt and pyroxene basalt

B9 Quatemary Nishigatake basalts Dacite dyke

Bd  Cenozoic Neogene Late Miocene Kita-Matsuura Basalts Dike and sheet Pyroxene-olivine basalt, olivine basalt and quartz-bearing augite-olivine basalt

Br  Neogene Tertiary Nishigatake basalts Pyroclastics Volcanic breccia, tuff-breccia and tuff

DI Cenozoic Paleogene Oligocene Kishima Group Daito Formation Minashima Sandy Mudstone Member Sandy mudstone, fine-grained sandstone and tuffaceous conglomeratic sandstone
Dp  Cenozoic Neogene Late Miocene Diorites Diorite porphyrite

Du  Cenozoic Paleogene Oligocene Kishima Group Daito Formation Furukawa Shale Member Alternation of shale and sandstone

Et Cenozoic Neogene Early Miocene Sasebo Group Yunoki Formation Eri Tuff Breccia Rhyolite tuff breccia
F Cenozoic Neogene Middle Miocene Nojima Group Fukazuki Formation Alternation of sandstone and shale with tuff breccia
Fk  Cenozoic Neogene Early Miocene Sasebo Group Fukui Formation Coarse- to medium-grained sandstone and shale with tuff breccia and coal

HA  Paleogene Tertiary Kishima group Haruake tuff Tuff, tuffaceous sandstone and tuffaceous mudstone
Hg  Cenozoic Neogene Late Miocene Hachinokubo Gravel Bed Gravel, Sand, mud and tuff
Hh  Paleogene Tertiary Kishima group Hatatsu shale Mudstone, siltstone and sandstone

HI  Cenozoic Paleogene Oligocene Kishima Group Haiki Formation Kamikotakajima Sandstone Member Fine-grained muddy sandstone with tuff and tuffaceous sandstone
HO  Paleogene Tertiary Kishima group Hotokenohara silistone Siltstone
Hs  Paleogene Tertiary Kishima group Hatatsu sandstone Siltstone, sandstone and tuff

Ht  Cenozoic Neogene Early Miocene Sasebo Group Hongaura Tuff Rhyolite tuff and tff breccia
Hu  Cenozoic Paleogene Oligocene Kishima Group Haiki Formation Nagashima Sandstone Member Coarse- to fine-grained sandstone and alternation of shale and sandstone

1t Cenozoic Neogene Early Miocene Ainoura Group Ishidake Tuff Rhyolite tuff
K Cenozoic Neogene Middle Miocene Sasebo Group Kase Formation Conglomeratic sandstone and sandstone with black shale
KI  Paleogene Tertiary Kishima group Kishima formation Siltstone, mudstone sandstone and conglomerate

KO Paleogene Tertiary Kishima group Komanaki sandstone Conglomeratic sandstone
Ks  Cenozoic Paleogene Oligocene Kishima Group Magarikawa Formation Kihara Sandy Shale Member Alternation of sandy shale and fine-grained sandstone with pumice and glauconite

Kib  Cenozoic Neogene Middle Miocene Nojima Group Kojimazaki Tuff Breccia Rhyolite tuff and tuff breccia

MA  Neogene Tertiary Mayuyama homblende andesite Biotite-hornblende-pyroxene andesite, hornblende-pyroxene andesite and pyroxene-olivine andesite

MD  Neogene Tertiary Mayuyama dacite Biotite-hornblende dacite

Ml Cenozoic Paleogene Oligocene Kishima Group Mikawachi Formation Shimokotakajima Sandstone Member Fine-grained sandstone with tuff, tuffaceous granule conglomerate and mudstone

Mu  Cenozoic Paleogene Oligocene Kishima Group Mikawachi Formation Shimokotakajima Alternation Member Alternation of shale and fine-grained sandstone with tuff and tuffaceous granule conglomerate
N Cenozoic Neogene Early Miocene Sasebo Group Nakazato Formation Sandstone and sandy shale with coal

O Cenozoic Neogene Middle Miocene Nojima Group Oya Formation Medium- to fine-grained sandstone, sandy mudstone, mudstone, tuff and tuff breccia with coaly shale

r Reclaimed land

RO Quatemary Arita rhyolites Obsidian Biotite rhyolite, gamet rhyolite and nonporphyritic rhyolite

Rl Quatemary Arita rhyolites Pyroclastics Voleanic breceia, tuff-breccia and tuff

R2  Quatemary Arita rhyolites Gamnet rhyolite Gamet thyolite

R3  Quatemary Arita rhyolites Biotite thyolite Biotite rhyolite

R4 Quatemary Arita rhyolites Nonporphyritic rhyolite Biotite-bearing rhyolite and its pyroclastics

RS Quatemary Arita rhyolites Homblende rhyolite Biotite-hornblende rhyolite, biotite rhyolite and hornblende dacite

s Cenozoic Neogene Early Miocene Sasebo Group Sechibaru Formation Sandy shale, mudstone and sandstone with coal

SA  Paleogene Tertiary Kishima group Sari sandstone Sandstone

t Cenozoic Quaternary Holocene Talus deposits Gravel, sand and clay

Tb  Cenozoic Neogene Middle Miocene Nojima Group Minamitabira Formation Alternation of sandstone and mudstone with coal
e Cenozoic Quaterary Pleistocene Terrace deposits Sand, gravel and clay
H  Cenozoic Neogene Late Miocene Hirado Formation Arkose sandstone, mudstone and tuff

Ut Cenozoic Neogene Early Miocene Sasebo Group Utagaura Tuff Breccia Rhyolite tuff and tuff breccia
Vp  Cenozoic Neogene Late Miocene Kita-Matsuura Basalts Pyroclastics Agglomerate, lapillituff, tuff, volcanic breccia and scoria tuff

Vi Cenozoic Neogene Late Miocene Kita-Matsuura Basalts Pyroclastics Agglomerate, lapilli tuff, tuff, volcanic breccia and scoria tuff
Y Neogene Tertiary Sasebo group Yunoki formation Sandstone, siltstone, mudstone and coal

YK Paleogene Tertiary Kishima group Yukiaino sandstone Sandstone

Yl Cenozoic Neogene Early Miocene Sasebo Group Yunoki Formation Lower part Alteration of fine-grained sandstone and shale with coal

YO Paleogene Tertiary Ochi group Yoshinotani formation Sandstone, siltstone, mudstone and coal
Yu  Cenozoic Neogene Early Miocene Sasebo Group Yunoki Formation Upper part Medium- to fine-grained sandstone and shale with tuff breccia and coal
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Table 87 Codes of formational age of rocks and strata for the 1:50,000 structured
geological map of the sascbo-Imari area (The code numbers correspond to thoes in
Fig. 3b) fage

Code
0.0025
0.0059

0.20
2.19
491
11.27
13.80
17.87
2427
31.00
40.85

Legend

Cenozoic Quaternary late Holocene

Cenozoic Quaternary Holocene

Cenozoic Quaternary late Middle Pleistocene - Holocene
Cenozoic Quaternary Pleistocen Gelasian

Cenozoic Neogene Miocene Messinian - Pliocene

Cenozoic Neogene Miocene late Langhian - Tortonian
Cenozoic Neogene Miocene late Langhian - early Serravallian
Cenozoic Neogene Miocene Burdigalian - carly Langhian
Cenozoic Paleogene Oligocene Chattian - Neogene Miocene Aquitanian
Cenozoic Paleogene Oligocene Rupelian

Cenozoic Paleogene Eocene Lutetian - Priabonian
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Table S8 Codes of rock type for the 1:50,000 structured geological map of the
Sasebo-Imari area (Code numbers correspond to thoes of Fig. 3c) frack

Code Legend

100000000 Sedimentary rock (including sediments)
110000000 Clastic rock

111101001 Conglomerate (unconsolidated)
111200002 Sandstone

111220002 Coarse-grained sandstone
111230002 Medium-grained sandstone
111240002 Fine-grained sandstone
111300002 Mudstone

111300012 Shale

111400002 Siltstone

112190002 Gravel sandstone

112220012 Sandy shale

219124000 Dioritoid

221200700 Felsic volcanic rock
221224320 Alkali basalt

221224500 Andesite

221224700 Rhyolite

400000000 Artificial modification
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Table S9 Codes of formational environment of rocks and strata for the 1:50,000
structured geological map of the Sasebo-Imari area (Code numbers correspond to
thoes of Fig. 3d) Olithology
Code Legend

100061000 Landslide deposit

100092000 Reclamation land

110000000 Non-marine sediments

122000000 Valley plain, mountain basin, river, costal plain deposits

130000000 Brackish, mixtures of marine and non-marine sediments

140000000 Marine sediments (shallow marine)

210020600 Volcanic breccia

220020000 Pyroclastic rock

221020300 Tuff

222020600 Tuff breccia

240000000 Lava

250000000 Intrusive rock

250000020 Dyke
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Number of landslide data: number of no Landslide data is 500:500=1:1 (balanced data)
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Table S1 Codes of rock type for metamorphic rocks (protoliths of metamorphic
rocks) of the 200,000 structured geological map of the northern Kyushu (Code
numbers correspond to thoes of Fig. 2b) frock

code name

331101002 Metacongromerate
331200002 Metasandstone

331300002 Metamudstone

351000002 Metachert

342000002 Marble

391224300 Metabasalt

391224500 Metaandesite

391200700 Metamorphosed felsic rock

389125503 Metadorelite

389125000 Metagabbro

389124000 Metadiorite

389124000 Metaquartzdiorite

389122600 Metatonalite

389122200 Metagranite

389110000 Metamorphosed ultramafic rock

389990000 Metamorphosed hornbledite and polymetamorphosed amphibolite
332300002 Polymetamorphosed pelitic gniess
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Table S2 Codes for the 200,000 unstructured geological map and legend for the northern Kyushu (The code numbers correspond to thoes in Fig. 1a) fgeology

Cod Legend

1 Paleozoic Carboniferous Mississippian Serpukhovian - Permian Cisuralian, basalt oceanic middle to late Permian aceretionary complex
2 Paleozoic Carboniferous Mississippian Serpukhovian - Permian Guadalupian, chert middle to late Permian accretionary complex
3 Paleozoic Carboniferous Mississippian Serpukhovian - Permian Guadalupian, marine limestone middle to late Permian accretionary complex
4 Paleozoic Cambrian, massive granodiorite & tonalite island arc & continental
5 Paleozoic Late Devonian - Permian Cisuralian, calcareous schist garnet zone of high P/T regional metamorphic rocks
6 Paleozoic Late Devonian - Permian Cisuralian, mafic schist chlorite zone of high P/T regional metamorphic rocks
7 Paleozoic Late Devonian - Permian Cisuralian, mafic schist garnet zone of high P/T regional metamorphic rocks
8 Paleozoic Late Devonian - Permian Cisuralian, pelitic schist chlorite zone of high P/T regional metamorphic rocks
9 Paleozoic Late Devonian - Permian Cisuralian, pelitic schist garnet zone of high P/T regional metamorphic rocks
10 Paleozoic Late Devonian - Permian Cisuralian, serpentinite chlorite zone of high P/T regional metamorphic rocks
11 Paleozoic Late Devonian - Permian Cisuralian, serpentinite garnet zone of high P/T regional metamorphic rocks
12 Cenozoic Quaternary Holocene, valley floor, intermountain basin, river & coastal plain deposits
13 Cenozoic Quaternary Holocene, coastal or dune deposits
14 Cenozoic Quaternary Holocene, natural levee deposits
15 Cenozoic Quaternary Holocene, volcanic rocks debris avalanche deposits
16 Cenozoic Quaternary Holocene, dacite & rhyolite lava & pyroclastic rocks
17 Cenozoic Quaternary Holocene, basalt lava & pyroclastic rocks
18 Cenozoic Quaternary Holocene, andesite & basaltic andesite lava & pyroclastic rocks
19 Cenozoic Quaternary late Holocene, Reclaimed land
20 Mesozoic Jurassic Early - Middle Bajocian, mixed rock Early to Middle Jurassic accretionary complex
21 Mesozoic Early Cretaceous Berriasian - Barremian, non-marine conglomerate
22 Mesozoic Early Cretaceous Berriasian - Barremian, non-marine sandstone & mudstone
23 Mesozoic Early Cretaceous Aptian - Albian, mafic gneiss & amphibolite garnet-cordierite zone of low P/T regional metamorphic rocks
24 Mesozoic Early Cretaceous Aptian - Albian, pelitic gneiss & migmatite garnet-cordierite zone of low P/T regional metamorphic rocks
25 Mesozoic Early Cretaceous Aptian - Albian, pelitic gneiss & migmatite orthopyroxene zone (granulite facies rocks) of low P/ regional metamorphic rocks
26 Mesozoic Early Cretaceous Aptian - Albian, mafic gneiss, amphibolite & mafic migmatite garnet-cordierite zone of low P/T regional metamorphic rocks
27 Mesozoic Early Cretaceous Aptian - Albian, mafic schist biotite zone of low P/T regional metamorphic rocks
28 Mesozoic Early Cretaceous Aptian - Albian, pelitic schist biotite zone of low P/T regional metamorphic rocks
29 Mesozoic Early Cretaceous Aptian - Albian, calcareous gneiss & schist garnet-cordierite zone of low P/T regional metamorphic rocks
30 Mesozoic Early Cretaceous Aptian - Albian, calcareous gneiss & schist orthopyroxene zone (granulite facies rocks) of low P/ regional metamorphic rocks
31 Mesozoic Early Cretaceous Aptian - Albian, ultramafic gneiss & schist garmet-cordierite zone of low P/T regional metamorphic rocks
32 Mesozoic Early Cretaceous Aptian - Albian, ultramafic gneiss & schist sillimanite-Kfeldspar zone of low P/T regional metamorphic rocks
33 Mesozoic Early Cretaceous Aptian - Albian, pelitic schist, granofels, gneiss & migmatite sillimanite-Kfeldspar zone of low P/T regional metamorphic rocks
34 Mesozoic Early Cretaceous Aptian - Albian, serpentinite biotite zone of low P/T regional metamorphic rocks
35 Mesozoic Early Cretaceous Aptian - Albian, massive granite island arc & continental
36 Mesozoic Early Cretaceous Aptian - Albian, diorite & quartz diorite island arc & continental
37 Mesozoic Early Cretaceous Aptian - Albian, gabbro island arc & continental
38 Mesozoic Early Cretaceous Aptian - Albian, massive granodiorite & tonalite island arc & continental
39 Mesozoic Early Cretaceous Aptian - Albian, brackish, or marine & non-marine mixture alternation of sandstone & mudstone or sandstone & mudstone
40 Mesozoic Early Cretaceous Aptian - Albian, non-marine sandstone
41 Mesozoic Early Cretaceous Aptian - Albian, marine alternation of sandstone & mudstone
42 Mesozoic Early Cretaceous Aptian - Albian, andesite & basaltic andesite intrusive rocks
43 Mesozoic Early Cretaceous Aptian - Albian, andesite & basaltic andesite lava & pyroclastic rocks
44 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, mafic gneiss, amphibolite & mafic migmatite amphibolite or granulite facies rocks of high P/T regional metamorphic rocks
45 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, calcareous schist chlorite zone of high P/T regional metamorphic rocks
46 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, mafic schist albite-biotite zone of high P/T regional metamorphic rocks
47 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, mafic schist chlorite zone of high P/T regional metamorphic rocks
48 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, mafic schist ganet zone of high P/T regional metamorphic rocks
49 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, pelitic schist albite-biotite zone of high P/T regional metamorphic rocks
50 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, pelitic schist chlorite zone of high P/T regional metamorphic rocks
51 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, pelitic schist garnet zone of high P/T regional metamorphic rocks
52 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, psammitic schist chlorite zone of high P/T regional metamorphic rocks
53 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, siliceous schist chlorite zone of high P/T regional metamorphic rocks
54 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, siliceous schist garnet zone of high P/T regional metamorphic rocks
55 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, serpentinite albite-biotite zone of high P/T regional metamorphic rocks
56 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, serpentinite chlorite zone of high P/T regional metamorphic rocks
57 Mesozoic Early Cretaceous Albian - Cenozoic Paleogene Paleocene Selandian, serpentinite garnet zone of high P/T regional metamorphic rocks
58 Mesozoic Late Cretaceous - Cenozoic Paleogene Paleocene Selandian, pelitic gneiss & migmatite sillimanite-Kfeldspar zone of low P/T regional metamorphic rocks
59 Mesozoic Late Cretaceous - Cenozoic Paleogene Paleocene Selandian, metachert biotite zone of low P/T regional metamorphic rocks
60 Mesozoic Late Cretaceous - Cenozoic Paleogene Paleocene Selandian, marble biotite zone of low P/T regional metamorphic rocks
61 Mesozoic Late Cretaceous - Cenozoic Paleogene Paleocene Selandian, mafic schist and granofels & amphibolite Kfeldspar-cordierite zone of low P/T regional metamorphic rocks
62 Mesozoic Late Cretaceous - Cenozoic Paleogene Paleocene Selandian, mafic schist biotite zone of low P/T regional metamorphic rocks
63 Mesozoic Late Cretaceous - Cenozoic Paleogene Paleocene Selandian, pelitic schist biotite zone of low P/T regional metamorphic rocks
64 Mesozoic Late Cretaceous - Cenozoic Paleogene Paleocene Selandian, siliceous schist, granofels, gneiss & migmatite Kfeldspar-cordierite zone of low P/T regional metamorphic rocks
65 Mesozoic Late Cretaceous - Cenozoic Paleogene Paleocene Selandian, pelitic schist, granofels & gneiss Kfeldspar-cordierite zone of low P/T regional metamorphic rocks
66 Mesozoic Late Cretaceous Cenomanian - Santonian, massive granite island arc & continental
67 Mesozoic Late Cretaceous Cenomanian - Santonian, gabbro island arc & continental
68 Mesozoic Late Cretaceous Cenomanian - Santonian, massive granodiorite & tonalite island arc & continental
69 Mesozoic Late Cretaceous Cenomanian - Santonian, gneissose granodiorite & tonalite island arc & continental
70 Mesozoic Late Cretaceous Cenomanian - Santonian, brackish, or marine & non-marine mixture conglomerate
71 Mesozoic Late Cretaceous Cenomanian - Santonian, brackish, or marine & non-marine mixture alternation of sandstone & mudstone o sandstone & mudstone
72 Mesozoic Late Cretaceous Cenomanian - Santonian, brackish, or marine & non-marine mixture sandstone
73 Mesozoic Late Cretaceous Cenomanian - Santonian, non-marine mudstone
74 Mesozoic Late Cretaceous Cenomanian - Santonian, marine conglomerate
75 Mesozoic Late Cretaceous Cenomanian - Santonian, marine alternation of sandstone & mudstone,
76 Mesozoic Late Cretaceous Cenomanian - Santonian, marine sandstone
77 Mesozoic Late Cretaceous Cenomanian - Santonian, dacite & rhyolite pyroclastic rocks
78 Mesozoic Late Cretaceous Campanian - Maastrichtian, brackish, or marine & non-marine. mixture alternation of sandstone & mudstone or sandstone & mudstone
79 Mesozoic Late Cretaceous Campanian - Maastrichtian, brackish, or marine & non-marine mixture sandstone
80 Mesozoic Late Cretaceous Campanian - Maastrichtian, marine mudstone
81 Mesozoic Late Cretaceous Campanian - Maastrichtian, marine alternation of sandstone & mudstone
82 Mesozoic Late Cretaceous Campanian - Maastrichtian, marine sandstone
83 Cenozoic Neogene Miocene Burdigalian - early Langhian, brackish, or marine & non-marine mixture sandstone, alternation of sandstone & mudstone or sandstone & mudstone
84 Cenozoic Neogene Miocene Burdigalian - early Langhian, non-marine sandstone, or alternation of sandstone & mudstone or sandstone & mudstone
85 Cenozoic Neogene Miocene Burdigalian - early Langhian, marine alternation of sandstone & mudstone
86 Cenozoic Neogene Miocene Burdigalian - early Langhian, marine sandstone
87 Cenozoic Neogene Miocene Burdigalian - early Langhian, dacite & rhyolite intrusive rocks
88 Cenozoic Neogene Miocene Burdigalian - early Langhian, dacite & rhyolite lava & pyroclastic rocks
89 Cenozoic Neogene Miocene Burdigalian - early Langhian, dacite & rhyolite pyroclastic rocks
90 Cenozoic Neogene Miocene late Langhian - Tortonian, non-marine sandstone, or alternation of sandstone & mudstone or sandstone & mudstone
91 Cenozoic Neogene Miocene late Langhian - Tortonian, dacite & rhyolite intrusive rocks
92 Cenozoic Neogene Miocene late Langhian - Tortonian, dacite & rhyolite lava & pyroclastic rocks
93 Cenozoic Neogene Miocene late Langhian - Tortonian, dacite & rhyolite pyroclastic rocks
94 Cenozoic Neogene Miocene late Langhian - Tortonian, alkali basalt & trachybasalt lava & pyroclastic rocks
95 Cenozoic Neogene Miocene late Langhian - Tortonian, basalt intrusive rocks
96 Cenozoic Neogene Miocene late Langhian - Tortonian, basalt lava & pyroclastic rocks
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97 Cenozoic Neogene Miocene late Langhian - Tortonian, trachyandesite lava & pyroclastic rocks
98 Cenozoic Neogene Miocene late Langhian - Tortonian, andesite & basaltic andesite intrusive rocks
99 Cenozoic Neogene Miocene late Langhian - Tortonian, andesite & basaltic andesite lava & pyroclastic rocks

100 Cenozoic Neogene Miocene late Langhian - Tortonian, andesite & basaltic andesite pyroclastic rocks

101 Cenozoic Neogene Miocene late Langhian - early Serravallian, massive granite island arc & continental

102 Cenozoic Neogene Miocene late Langhian - early Serravallian, diorite & quartz diorite island arc & continental

103 Cenozoic Neogene Miocene late Langhian - early Serravallian, gabbro island arc & continental

104 Cenozoic Neogene Miocene late Langhian - early Serravallian, massive granodiorite & tonalite island arc & continental

105 Cenozoic Neogene Miocene Messinian - Pliocene, diorite & quartz diorite island arc & continental

106 Cenozoic Neogene Miocene Messinian - Pliocene, non-marine conglomerate

107 Cenozoic Neogene Miocene Messinian - Pliocene, non-marine sandstone, or alternation of sandstone & mudstone or sandstone & mudstone

108 Cenozoic Neogene Miocene Messinian - Pliocene, marine limestone

109 Cenozoic Neogene Miocene Messinian - Pliocene, dacite & rhyolite lava & pyroclastic rocks

110 Cenozoic Neogene Miocene Messinian - Pliocene, dacite & rhyolite pyroclastic rocks

111 Cenozoic Neogene Miocene Messinian - Pliocene, alkali basalt & trachybasalt lava & pyroclastic rocks

112 Cenozoic Neogene Miocene Messinian - Pliocene, basalt lava & pyroclastic rocks

113 Cenozoic Neogene Miocene Messinian - Pliocene, andesite & basaltic andesite intrusive rocks

114 Cenozoic Neogene Miocene Messinian - Pliocene, andesite & basaltic andesite lava & pyroclastic rocks

115 Cenozoic Neogene Miocene Messinian - Pliocene, andesite & basaltic andesite pyroclastic rocks

116 Paleozoic Ordovician - Silurian, gabbro island arc & continental

117 Paleozoic Ordovician - Silurian, ultramaic rocks island arc & continental

118 Paleozoic Permian, gneissose granodiorite & tonalite island arc & continental

119 Paleozoic Permian Cisuralian, marine limestone

120 Paleozoic Permian Cisuralian, marine alternation of sandstone & mudstone

121 Paleozoic Permian Guadalupian - Lopingian, marine mudstone middle to late Permian accretionary complex

122 Paleozoic Permian Guadalupian - Lopingian, marine sandstone middle to late Permian accretionary complex

123 Paleozoic Permian Guadalupian - Lopingian, dacite, hyolite & trachyte oceanic middle to late Permian accretionary complex.

124 Paleozoic Permian Lopingian, marine conglomerate

125 Cenozoic Paleogene Paleocene Danian - Eocene Ypresian, brackish, or marine & non-marine mixture conglomerate

126 Cenozoic Paleogene Paleocene Danian - Eocene Ypresian, brackish, or marine & non-marine mixture mudstone

127 Cenozoic Paleogene Eocene Lutetian - Priabonian, brackish, or marine & non-marine mixture sandstone, alternation of sandstone & mudstone or sandstone & mudstone

128 Cenozoic Paleogene Eocene Lutetian - Priabonian, non-marine conglomerate

129 Cenozoic Paleogene Eocene Lutetian - Priabonian, non-marine sandstone, or alternation of sandstone & mudstone or sandstone & mudstone

130 Cenozoic Paleogene Eocene Lutetian - Priabonian, marine mudstone

131 Cenozoic Paleogene Eocene Lutetian - Priabonian, marine alternation of sandstone & mudstone

132 Cenozoic Paleogene Eocene Lutetian - Priabonian, marine sandstone

133 Cenozoic Paleogene Oligocene Rupelian, brackish, or marine & non-marine mixture sandstone, alternation of sandstone & mudstone o sandstone & mudstone

134 Cenozoic Paleogene Oligocene Rupelian, marine sandstone

135 Cenozoic Paleogene Oligocene Chattian - Neogene Miocene Aquitanian, brackish, or marine & non-marine mixture sandstone, alternation of sandstone & mudstone or sandstone & mudstone

136 Cenozoic Paleogene Oligocene Chattian - Neogene Miocene Aquitanian, non-marine sandstone, or alternation of sandstone & mudstone o sandstone & mudstone

137 Cenozoic Paleogene Oligocene Chattian - Neogene Miocene Aquitanian, marine alternation of sandstone & mudstone

138 Cenozoic Paleogene Oligocene Chattian - Neogene Miocene Aquitanian, marine sandstone

139 Cenozoic Quaternary Pleistocene Gelasian - early Middle Pleistocene, brackish sediments or marine & non-marine sediments mixture

140 Cenozoic Quaternary Pleistocene Gelasian - early Middle Pleistocene, non-marine sediments

141 Cenozoic Quaternary Pleistocene Gelasian - Holocene, volcanic rocks volcanic fan deposits

142 Cenozoic Quaternary Pleistocene Gelasian, trachyte lava & pyroclastic rocks

143 Cenozoic Quaternary Pleistocene Gelasian, dacite & rhyolite lava & pyroclastic rocks

144 Cenozoic Quaternary Pleistocene Gelasian, andesite & basaltic andesite intrusive rocks

145 Cenozoic Quaternary Pleistocene Gelasian, andesite & basaltic andesite lava & pyroclastic rocks

146 Cenozoic Quaternary Pleistocene Gelasian, andesite & basaltic andesite pyroclastic rocks

147 Cenozoic Quaternary Pleistocene Calabrian, dacite & rhyolite lava & pyroclastic rocks

148 Cenozoic Quaternary Pleistocene Calabrian, dacite & rhyolite pyroclastic rocks

149 Cenozoic Quaternary Pleistocene Calabrian, alkali basalt & trachybasalt lava & pyroclastic rocks

150 Cenozoic Quaternary Pleistocene Calabrian, basalt lava & pyroclastic rocks

151 Cenozoic Quaternary Pleistocene Calabrian, andesite & basaltic andesite lava & pyroclastic rocks

152 Cenozoic Quaternary Middle Pleistocene, volcanic rocks debris avalanche deposits

153 Cenozoic Quaternary Middle Pleistocene, dacite & rhyolite lava & pyroclastic rocks

154 Cenozoic Quaternary Middle Pleistocene, dacite & rhyolite pyroclastic rocks

155 Cenozoic Quaternary Middle Pleistocene, alkali basalt & trachybasalt lava & pyroclastic rocks

156 Cenozoic Quaternary Middle Pleistocene, basalt lava & pyroclastic rocks

157 Cenozoic Quaternary Middle Pleistocene, andesite & basaltic andesite lava & pyroclastic rocks

158 Cenozoic Quaternary Middle Pleistocene, andesite & basaltic andesite pyroclastic rocks

159 Cenozoic Quaternary late Middle Pleistocene, brackish sediments or marine & non-marine sediments mixture

160 Cenozoic Quaternary late Middle Pleistocene, non-marine sediments

161 Cenozoic Quaternary late Middle Pleistocene, marine sediments

162 Cenozoic Quaternary late Middle Pleistocene, terrace deposits

163 Cenozoic Quaternary late Middle Pleistocene - Holocene, landslide deposits

164 Cenozoic Quaternary Late Pleistocene, non-marine sediments

165 Cenozoic Quaternary Late Pleistocene, volcanic rocks debris avalanche deposits

166 Cenozoic Quaternary Late Pleistocene, dacite & rhyolite lava & pyroclastic rocks

167 Cenozoic Quaternary Late Pleistocene, alkali basalt & trachybasalt lava & pyroclastic rocks

168 Cenozoic Quaternary Late Pleistocene, basalt lava & pyroclastic rocks

169 Cenozoic Quaternary Late Pleistocene, andesite & basaltic andesite lava & pyroclastic rocks

170 Cenozoic Quaternary early Late Pleistocene, coastal or dune deposits

171 Cenozoic Quaternary early Late Pleistocene, terrace deposits

172 Cenozoic Quaternary early Late Pleistocene, dacite & rhyolite pyroclastic rocks

173 Cenozoic Quaternary early Late Pleistocene, andesite & basaltic andesite pyroclastic rocks

174 Cenozoic Quaternary middle Late Pleistocene, dacite & rhyolite pyroclastic rocks

175 Cenozoic Quaternary middle Late Pleistocene - late Late Pleistocene, terrace deposits

176 Cenozoic Quaternary late Late Pleistocene - Holocene, fan or talus deposits

177 Mesozoic Middle Triassic Ladinian - Late Jurassic Oxfordian, calcareous schist chlorite zone of high P/T regional metamorphic rocks

178 Mesozoic Middle Triassic Ladinian - Late Jurassic Oxfordian, mafic schist chlorite zone of high P/T regional metamorphic rocks

179 Mesozoic Middle Triassic Ladinian - Late Jurassic Oxfordian, pelitic schist chlorite zone of high P/T regional metamorphic rocks

180 Mesozoic Middle Triassic Ladinian - Late Jurassic Oxfordian, psammitic schist chlorite zone of high P/T regional metamorphic rocks

181 Mesozoic Middle Triassic Ladinian - Late Jurassic Oxfordian, serpentinite chlorite zone of high P/T regional metamorphic rocks
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Table S3 Codes of formational age of rocks and strata for the 1:200,000 structured geological map of the
northern Kyushu (Code numbers correspond to thoes of Fig. 2a) fage
Codes Legend
0.0025 Cenozoic Quaternary late Holocene
0.00585 Cenozoic Quaternary Holocene
0.015 Cenozoic Quaternary late Late Pleistocene - Holocene
0.04085 Cenozoic Quaternary middle Late Pleistocene - late Late Pleistocene
0.05 Cenozoic Quaternary middle Late Pleistocene
0.06885 Cenozoic Quaternary Late Pleistocene
0.098 Cenozoic Quaternary carly Late Pleistocene
0.2 Cenozoic Quaternary late Middle Pleistocene - Holocene
0.263 Cenozoic Quaternary late Middle Pleistocene
0.4535 Cenozoic Quaternary Middle Pleistocene
1.29 Cenozoic Quaternary Pleistocene Gelasian - Holocene
1.2905 Cenozoic Quaterary Pleistocene Calabrian
1.49 Cenozoic Quaterary Pleistocene Gelasian - early Middle Pleistocene
2.19 Cenozoic Quaternary Pleistocene Gelasian
4.913 Cenozoic Neogene Miocene Messinian - Pliocene
11.273 Cenozoic Neogene Miocene late Langhian - Tortonian
13.8 Cenozoic Neogene Miocene late Langhian - carly Serravallian
17.87 Cenozoic Neogene Miocene Burdigalian - carly Langhian
24.27 Cenozoic Paleogene Oligocene Chattian - Neogene Miocene Aquitanian
31 Cenozoic Paleogene Oligocene Rupelian
40.85 Cenozoic Palcogene Eocene Lutetian - Priabonian
56.9 Cenozoic Paleogene Paleocene Danian - Eocene Ypresian
74.8 Mesozoic Late Cretaceous Campanian - Maastrichtian
79.85 Mesozoic Late Cretaccous - Cenozoic Paleogene Palcocene Selandian
86.1 Mesozoic Early Cretaceous Albian - Cenozoic Palcogene Paleocene Selandian
92.05 Mesozoic Late Cretaccous Cenomanian - Santonian
112.75 Mesozoic Early Cretaccous Aptian - Albian
135 Mesozoic Early Cretaceous Berriasian - Barremian
184.8 Mesozoic Jurassic Early - Middle Bajocian
202.75 Mesozoic Middle Triassic Ladinian - Late Jurassic Oxfordian
255.985 Palcozoic Permian Lopingian
262.235 Palcozoic Permian Guadalupian - Lopingian
275.535 Palcozoic Permian
285.6 Palcozoic Permian Cisuralian
295.35 Paleozoic Carboniferous Mississippian Serpukhovian - Permian Guadalupian
301.6 Paleozoic Carboniferous Mississippian Serpukhovian - Permian Cisuralian
327.5 Paleozoic Late Devonian - Permian Cisuralian
452.3 Palcozoic Ordovician - Silurian
513.2 Paleozoic Cambrian




