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Abstract11

The magnitude and spatial extent of heat fluxing through the Earth’s surface depend12

on the integrated thermal state of Earth’s lithosphere (conductive heat loss) plus heat13

generation (e.g. from seismic cycles and radioactive decay) and heat transfer via advec-14

tion (e.g. by fluids, melts, and plate motions). Surface heat flow observations are thus15

critically important for understanding the thermo-mechanical evolution of subduction16

zones. Yet evaluating regional surface heat flow patterns across tectonic features remains17

difficult due to sparse observations irregularly-spaced at distances from 10−1 to 103 km.18

Simple sampling methods (e.g. 1D trench-perpendicular transects across subduction zones)19

can provide excellent location-specific information but are insufficient for evaluating lat-20

eral (along-strike) variability. Robust interpolation methods are therefore required. This21

study compares two interpolation methods based on fundamentally different principles,22

Similarity and Kriging, to (1) investigate the spatial variability of surface heat flow near23

13 presently active subduction zone segments and (2) provide insights into the reliabil-24

ity of such methods for subduction zone research. Similarity and Kriging predictions show25

diverse surface heat flow distributions and profiles among subduction zone segments and26

broad systematic changes along strike. Median upper-plate surface heat flow varies 25.427

mW/m2 for Similarity and 40 mW/m2 for Kriging within segments, on average, and up28

to 40.7 mW/m2 for Similarity and up to 85.7 mW/m2 for Kriging among segments. Di-29

verse distributions and profiles within and among subduction zone segments imply spa-30

tial heterogeneities in lithospheric thickness, subsurface geodynamics, or near-surface per-31

turbations, and/or undersampling relative to the scale and magnitude of spatial variabil-32

ity. Average accuracy rates of Similarity (28.8 mW/m2) and Kriging (29.6 mW/m2) pre-33

dictions are comparable among subduction zone segments, implying either method is vi-34

able for subduction zone research. Importantly, anomalies and methodological idiosyn-35

crasies identified by comparing Similarity and Kriging can aid in developing more ac-36

curate regional surface heat flow interpolations and identifying future survey targets.37

1 Introduction38

The amount of heat escaping Earth’s surface depends on the integrated thermal39

state of Earth’s lithosphere, plus heat-transferring and heat-generating subsurface pro-40

cesses like hydrothermal circulation, radioactive decay, fault motion, and mantle convec-41

tion (Currie et al., 2004; Currie & Hyndman, 2006; Fourier, 1827; Furlong & Chapman,42
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2013; Furukawa, 1993; Gao & Wang, 2014; Hasterok, 2013; Hutnak et al., 2008; Kelvin,43

1863; Kerswell et al., 2021; Parsons & Sclater, 1977; Pollack & Chapman, 1977; Rud-44

nick et al., 1998; Stein & Stein, 1992, 1994; Wada & Wang, 2009). Surface heat flow ob-45

servations are thus critically important for understanding lithospheric evolution, crustal46

deformation and seismic hazards, groundwater hydrology and environmental impacts,47

and exploration of economic resources (e.g. hydrocarbon, mineral, and geothermal en-48

ergy). Monumental efforts to take tens of thousands of continental and oceanic surface49

heat flow measurements (from more than 1000 individual studies) and compile them into50

databases (Hasterok & Chapman, 2008; Jennings et al., 2021; Lucazeau, 2019; Pollack51

et al., 1993) enable multi-disciplinary investigations of lithospheric and crustal processes.52

The most recent global surface heat flow database, ThermoGlobe (Jennings et al.,53

2021; Lucazeau, 2019), currently contains 69,729 observations. Yet the spatial coverage54

near subduction zones is relatively sparse (n = 13,359 for this study) and highly irreg-55

ular at the regional scale (102 to 103 km, see Figure 1 & Table 3). Note that ThermoGlobe56

includes many datasets of high-resolution surface heat flow arrays, often collocated with57

seismic arrays, that span ≤ 102 km in total length. While high-resolution surveys can58

resolve fine spatial variations in surface heat flow at the study site scale, probing sur-59

face heat flow variations along a subduction zone segment requires evaluation of Ther-60

moGlobe data across larger-scales. Thus, the primary challenge in quantifying segment-61

scale surface heat flow variations is evaluating sparse, irregularly-spaced observations sep-62

arated by distances from 10−1 to 103 km. This study solves the problem of irregularly-63

spaced data by (1) independently applying two interpolation methods to ThermoGlobe64

data near subduction zone segments, and then (2) regularly sampling the interpolated65

surface heat flow across large adjacent regions in the upper-plate (upper-plate sectors).66

The two interpolation methods compared in this study, Kriging and Similarity, are67

chosen because they represent end-member approaches based on fundamentally differ-68

ent principles and mathematical frameworks. Their comparative differences, therefore,69

may be important for understanding lithospheric thermal structure, identifying surface70

heat flow anomalies, evaluating practical limitations of each approach, and developing71

new methods combining the strengths of Kriging and Similarity techniques.72
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Figure 1: Regional surface heat flow near subduction zone segments. (a) ThermoGlobe
data from Jennings et al. (2021) cropped within 1000 km-radius buffers around 13 active
subduction zone segments show uneven regional coverage. For example, note the rela-
tively high observational density in the NW Pacific compared to other regions. (b) In
contrast, a Similarity interpolation cropped within the same buffers presents an evenly-
distributed approximation of regional surface heat flow. Similarity interpolation from
Lucazeau (2019). Subduction zone segments (bold white lines) defined by Syracuse &
Abers (2006). Plate boundaries (bold black lines) defined by Lawver et al. (2018). AA:
Alaska Aleutians, AN: Andes, CA: Central America, KM: Kamchatka Marianas, KR:
Kyushu Ryukyu, LA: Lesser Antilles, NBS: New Britain Solomon, NP: N Philippines,
SBS: Sumatra Banda Sea, SC: Scotia, SP: S Philippines, TNZ: Tonga New Zealand, VN:
Vanuatu.
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The rationale for applying Kriging and Similarity methods is embodied in the First73

and Third Laws of Geography, respectively:74

Three Laws of Geography: 1. Everything is related, but nearer things are more75

related (Krige, 1951; Matheron, 1963) 2. Geographic phenomena are inherently76

heterogeneous (Goodchild, 2004) 3. Localities with similar geographic configu-77

rations share other attributes (Zhu et al., 2018)78

Generally speaking, the spatial continuity of surface heat flow reflects variations79

in lithospheric thermal structure and heat-transferring processes (neglecting variations80

in radiogenic heat production). For example, broad regions of low surface heat flow on81

continents outline cratons (Nyblade & Pollack, 1993), anomalously low surface heat flow82

in oceanic crust implies significant heat extraction by seawater (Fisher & Becker, 2000;83

Hasterok et al., 2011; Hutnak et al., 2008; Stein & Stein, 1994), and trench-orthogonal84

surface heat flow profiles imply uniform upper-plate lithospheric thickness (Currie et al.,85

2004; Currie & Hyndman, 2006; Hyndman et al., 2005) and mechanical coupling depths86

(Furukawa, 1993; Kerswell et al., 2021; Wada & Wang, 2009) among subduction zones.87

For Kriging, such patterns and anomalies may be resolved (assuming adequate obser-88

vational coverage) because Kriging estimation is inherently dependent on the spatial con-89

tinuity of observed surface heat flow.90

In contrast, Similarity may impose different patterns than Kriging because the method91

only depends on the similarity between two localities in terms of their geographic con-92

figuration (the makeup and structure of geographic variables over some spatial neigh-93

borhood around a point, Zhu et al., 2018). Rather than interpolating (sensu stricto) like94

Kriging, Similarity predicts surface heat flow by comparing geographic, geologic, geochrono-95

logic, and geophysical information between a target point and the entire ThermoGlobe96

dataset (see Goutorbe et al., 2011 for method details). In other words, Similarity pre-97

dictions are fundamentally geologically-reasoned estimates of surface heat flow. For ex-98

ample, two localities have similar surface heat flow if they have similar bathymetry, lithol-99

ogy, proximity to active or ancient orogens, seafloor age, upper mantle shear wave ve-100

locity, etc. (Chapman & Pollack, 1975; Davies, 2013; Lee & Uyeda, 1965; Lucazeau, 2019;101

Sclater & Francheteau, 1970; Shapiro & Ritzwoller, 2004).102

This study compares regional Similarity and Kriging interpolations near 13 presently103

active subduction zones while considering the following questions: (1) how does surface104
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heat flow vary near subduction zones, especially within the upper-plate? (2) How do Krig-105

ing and Similarity predictions compare? (3) What do the differences (if any) imply about106

geodynamic variability among active subduction zones? First, ordinary Kriging is ap-107

plied to ThermoGlobe data near 13 presently active subduction zone segments (defined108

by Syracuse & Abers, 2006). Kriging predictions are then directly compared (point-by-109

point) to Similarity predictions from a previous global-scale study by Lucazeau (2019).110

Interpolation comparisons yield a variety of upper-plate surface heat flow distributions111

and profiles. Potential implications of mixed upper-plate profiles are discussed, especially112

with respect to uniform lithospheric thickness (e.g. Currie et al., 2004; Currie & Hyn-113

dman, 2006; Hyndman et al., 2005).114

2 Methods115

2.1 The ThermoGlobe Database116

The ThermoGlobe database is available from the supplementary material of Lu-117

cazeau (2019) and is accessible online at http://heatflow.org (Jennings et al., 2021).118

It currently contains 69,729 data points, their locations in latitude/longitude, and im-119

portant metadata—including a data quality rank (Code 6) from A (high-quality) to D120

(low-quality). Lucazeau (2019) and http://heatflow.org provide details on compila-121

tion, references, historical perspective on ThermoGlobe, and previous compilations. Ther-122

moGlobe is the most recent database available, has been carefully compiled, and is open-123

access.124

Like Lucazeau (2019), 4,661 poor quality observations (Code 6 = D), 350 data points125

without heat flow observations, and 2 without geographic information were excluded from126

the analysis. Note that quality control of such a large dataset is an ongoing endeavor and127

11,712 observations currently have an undetermined quality (Code 6 = Z). Duplicate ob-128

servations at the same location were parsed (to avoid singular covariance matrices dur-129

ing Kriging) by selecting only the best quality measurement. If duplicate measurements130

were of equal quality, one was randomly chosen. Finally, surface heat flow observations131

for Kriging and Similarity predictions were both limited to the range (0 - 250] mW/m2.132

Observations outside of the range (0 - 250] mW/m2 are considered anomalous (e.g. col-133

lected near geothermal systems, Lucazeau, 2019) and unrepresentative of lithospheric-134

scale thermal structure. Anomalous observations constitute a small fraction of measure-135
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ments (4,883 out of 69,729) forming long tails on either side of the global surface heat136

flow distribution. The final dataset used for Kriging contains 13,359 observations after137

filtering for quality, missing values, and heat flow range, parsing duplicate pairs, and crop-138

ping within subduction zone buffers (Figure 26 & Table 3).139

2.2 Map Projection and Interpolation Grid140

All geographic operations, including transformation, cropping, Kriging, and com-141

paring interpolations, were performed using general-purpose functions in the R package142

sf (Pebesma, 2018). ThermoGlobe data and Similarity interpolations from Lucazeau (2019)143

were transformed into a Pacific-centered Robinson coordinate reference system using the144

open source geographic transformation software PROJ (PROJ contributors, 2021). The145

transformation is defined by the proj4 string "+proj=robin +lon 0=-155 +lon wrap=-155146

+x 0=0 +y 0=0 +ellps=WGS84 +datum=WGS84 +units=m +no defs". The Kriging do-147

mains were defined by drawing 1000 km-radius buffers around each subduction zone seg-148

ment defined by Syracuse & Abers (2006). Target locations for Kriging (the interpola-149

tion grid) were defined across the same grid used by Lucazeau (2019) to compute point-150

by-point differences with their Similarity interpolation (Figure 2). In this case, grid point151

locations represent the centroids of 0.5◦ × 0.5◦ unequal-area grid cells encompassing the152

entire globe.153

2.3 Kriging154

Kriging is derived from the theory of regionalized variables (Matheron, 1963, 2019)155

and estimates an unknown quantity as a linear combination of all nearby known quan-156

tities. Kriging is a three-step process that involves: 1) estimating an experimental var-157

iogram γ̂(h) that characterizes the spatial continuity of some quantity within the Krig-158

ing domain, 2) fitting one of many variogram models γ(h) to the experimental variogram,159

and 3) directly solving a linear system of Kriging equations to predict unknown quan-160

tities at arbitrary target locations (Cressie, 2015; Krige, 1951). The general-purpose func-161

tions defined in the R package gstat (Gräler et al., 2016; Pebesma, 2004) were used to162

perform all three Kriging steps. The first step computed an experimental variogram (af-163
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Figure 2: Example of an interpolation domain constructed around the Sumatra Banda
Sea segment. ThermoGlobe data (colored squares; from Lucazeau, 2019) are cropped
within a 1000 km-radius buffer (thin black line) surrounding the segment boundary (bold
white line). Target locations for interpolation are defined by the intersections of a 0.5◦ ×
0.5◦ grid (fine black mesh; defined by Lucazeau, 2019) cropped to the same buffer. Note
that Sumatra Banda Sea is one of the more densely sampled regions, yet still has consid-
erable observational gaps. Segment boundary and volcanoes (gold diamonds) defined by
Syracuse & Abers (2006). Plate boundaries (bold black lines) defined by Lawver et al.
(2018). AUP: Australian Plate, PSP: Philippine Sea Plate, SNP: Sunda Plate.
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ter Bárdossy, 1997):164

γ̂(h) =
1

2N(h)

∑
N(h)

[Z(ui)− Z(uj)]
2

h = |ui − uj |

(1)

where Z(ui) and Z(uj) are observations located at ui and uj separated by a lag of h,165

and N(h) is the number of observations separated by a given lag distance. The exper-166

imental variogram γ̂(h) evaluates the spatial continuity of the set of observations Z(u)167

by computing the average variance among pairs of observations separated by increasingly168

greater lag distances. By convention the average variance is halved and called “semivari-169

ance”.170

For regularly-spaced data, lag distances are simply multiples of the grid-step dis-171

tance, but irregularly-spaced data must be treated differently. In the case of irregularly-172

spaced surface heat flow in this study, a binwidth δ was defined as:173

δ =
max(h) (nlag + shift)

nlag cut

N(h) = #{h ∈ [h− δ, h+ δ)}
(2)

where max(h) is the maximum separation distance within the Kriging domain, nlag is174

the number of lags used to evaluate the variogram, shift is a lag shift constant that shifts175

the variogram by an integer number of binwidths, cut is a lag cutoff constant (by con-176

vention cut = 3). N(h) is the number of observations that fall within [h− δ, h+ δ).177

This study applied ordinary Kriging with isotropic variogram models (assumes semi-178

variance is spatially invariant) to surface heat flow data projected onto a smooth sphere179

(neglects elevation). Kriging was applied locally (to avoid violating stationarity assump-180

tions) by evaluating only the nearest nmax observations at each target location, where181

“nearest” is defined by the distances between the target location and observations. There-182

fore, the domain of local Kriging expands or shrinks depending on the local observational183

density at each target location.184

Several variogram parameters influence the Kriging result, including the choice of185

variogram model, the scope of local Kriging nmax, and choice of experimental variogram186

parameters in Equation (1). Instead of choosing Kriging parameters by eye (a common187

practice for fitting variograms) this study used a constrained non-linear optimization ap-188

proach to find optimum values for the variogram parameters {model, nlag, cut, nmax, shift}.189

A weighted sum of the RMSE evaluated during variogram fitting and the RMSE eval-190
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uated between Kriging estimates and surface heat flow observations was used as a cost191

function to simultaneously optimize variogram and Kriging accuracy (after Li et al., 2018).192

The R package nloptr was used to optimize Kriging parameters by finding a combina-193

tion of the parameters {model, nlag, cut, nmax, shift} that minimizes the cost func-194

tion. A full description of the Kriging system of equations, underlying assumptions, and195

optimization methods is presented in Appendix 6.1 with optimization results for all seg-196

ments and variogram models. All experimental and fitted variograms are in Appendix197

6.4 with interpolations for each case not presented in the main text.198

2.4 Upper-Plate Sector Profiles199

Surface heat flow profiles and distributions were computed for several adjacent upper-200

plate regions to assess lateral (along-strike) surface heat flow variability. Profiles were201

defined by (1) splitting a subduction zone segment (defined by Syracuse & Abers, 2006)202

into 2-14 equidistant parts, (2) defining 500 km-wide single-sided buffers (sectors) around203

the segment parts, and (3) calculating the orthogonal great circle distance between each204

surface heat flow prediction (Similarity and Kriging), or observation (ThermoGlobe data),205

contained within a sector and the segment boundary (trench). Steps (1-3) above closely206

approximate the projection of surface heat flow onto a 1D trench-orthogonal line at the207

center of each sector (e.g. Currie et al., 2004; Currie & Hyndman, 2006; Hyndman et al.,208

2005; Morishige & Kuwatani, 2020; Wada & Wang, 2009). Profiles were smoothed by209

a three-point running average and fit with a local non-parametric regression curve (LOESS,210

Cleveland & Devlin, 1988).211

2.5 Interpolation Accuracy212

Previous studies evaluate global Similarity accuracy by either applying cross-validation213

during the interpolation process (e.g. Goutorbe et al., 2011) or directly computing resid-214

uals between predictions and surface heat flow observations after interpolation (e.g. Lu-215

cazeau, 2019). Generally speaking, ranking models by comparing cross-validation results216

is typically preferred over directly comparing residuals for two reasons: (1) cross-validation217

gives a sense of how a model behaves when presented with new data (not part of the train-218

ing data set used to fit the model), and (2) cross-validation can distinguish models that219

are overfit (high-accuracy due to “memorizing” the training data set). However, because220

Similarity is a non-parametric approach that does not involve “fitting” models to sets221
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of training data (i.e. no residuals or cost function to minimize), cross-validating Simi-222

larity predictions does not effectively distinguish overfitting, nor does it give a sense of223

how well Similarity will behave when presented with new data. Similarity, as typically224

implemented (e.g. by Goutorbe et al., 2011; Lucazeau, 2019), always considers the en-225

tire global dataset of surface heat flow observations to make predictions at unknown tar-226

get locations. Therefore leaving out a few observations has little effect. For example, even227

removing an entire continent’s worth of surface heat flow data does not significantly af-228

fect the outcome of Similarity predictions compared to Similarity interpolations includ-229

ing the full ThermoGlobe dataset (see Figure 9 in Lucazeau, 2019).230

To better compare Kriging (a parametric model fit to training data) and Similar-231

ity (a non-parametric model with prescribed weights), this study computed interpola-232

tion accuracies using a direct approach (similar to Lucazeau, 2019) for both methods.233

More specifically, the RMSE was computed for each surface heat flow observation by com-234

paring the observed value to the nearest predicted value made across the 0.5◦ × 0.5◦ in-235

terpolation grid. Compared to cross-validation, this direct method provides a more ro-236

bust and effective comparison between Similarity and Kriging accuracies. However, the237

direct approach is particularly susceptible to ignoring overfitting during Kriging estima-238

tion. Therefore caution must be taken to avoid misinterpreting unusually low Kriging239

error rates as indication of a more accurate model.240

3 Results241

3.1 Similarity and Kriging Interpolations242

3.1.1 Global Differences243

Global differences between Similarity and Kriging interpolations across all subduc-244

tion zone segments are centered near zero with median differences ranging from -3 to 13245

mW/m2, but broadly distributed with IQRs from 15 to 47 mW/m2 and long tails ex-246

tending from -497 to 239 mW/m2 (Table 4). Distributions of interpolation differences247

are either approximately symmetrical, or slightly right-skewed (Figure 27). Slight right248

skew and positive median differences indicate a general tendency to predict higher sur-249

face heat flow by Similarity compared to Kriging. However, much of the right skew can250

be explained by spreading centers, transform faults, and volcanic regions predicted by251

Similarity that are unresolved by Kriging due to lack of observations in those regions (e.g. Sco-252
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tia), and/or regions of anomalously-low surface heat flow within oceanic crust resolved253

by Kriging that are effectively overlooked by Similarity (e.g. Central America).254

3.1.2 Regional Differences255

Examples given in this section highlight the range of differences observed between256

Similarity and Kriging interpolations across subduction zone segments with anomalously-257

low surface heat flow within oceanic crust (Central America), with complex tectonic bound-258

aries (Vanuatu), with excellent observational coverage (Kyushyu Ryukyu), and with very259

few observations (Scotia). Refer to Appendix 6.4 for the remaining set of visualized in-260

terpolations.261

3.1.2.1 Central America Distance to plate boundaries and the age of oceanic litho-262

sphere are key geologic proxies exerting strong influence on Similarity predictions (Goutorbe263

et al., 2011; Shapiro & Ritzwoller, 2004; Stein & Stein, 1992). Consequently, Similarity264

predicts high surface heat flow along the arms of the Galápagos triple junction and within265

the (young) converging Cocos Plate near Central America (Figure 3). Kriging, on the266

other hand, predicts relatively low surface heat flow within the Cocos Plate despite its267

young age and close proximity to the nearby spreading centers. This is explained by anomalously-268

low surface heat flow observed within the Cocos Plate that is interpreted as regional mod-269

ification of the expected surface heat flow by hydrothermal circulation of seawater (Hut-270

nak et al., 2008). These widespread observations of low surface heat flow constrain Krig-271

ing predictions to similarly low values within the Cocos Plate. Disagreement between272

Similarity and Kriging appears more subdued within the upper-plate, yet Similarity still273

predicts slightly higher surface heat flow on average.274

3.1.2.2 Vanuatu The interpolation domain near Vanuatu is characterized by com-275

plex tectonic boundaries defining several microplates to the east of the volcanic arc (Fig-276

ure 4). The resolution of the geologic proxy datasets used to construct Similarity pre-277

dictions (namely oceanic plate age, upper mantle density anomaly, sediment thickness,278

and distance to tectonic boundaries) is apparently too coarse to distinguish a small mi-279

croplate near the northern tip of the Vanuatu segment from the New Hebrides, Balmoral280

Reef, and Conway Reef microplates. According to Similarity, the entire region is com-281

prised of young oceanic plate with thin sediment cover, and thus is predicted to have uniformly-282

high surface heat flow. In contrast, excellent observational coverage enables Kriging to283
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Figure 3: Similarity and Kriging interpolations for Central America. (a) Relatively high
surface heat flow is predicted by Similarity within the young Cocos Plate (CP) and along
the arms of the Galápagos triple junction (GTJ): the East Pacific Rise (EPR) and Cocos
Ridge (CR). In contrast, (b) many anomalously-low surface heat flow observations within
the CP (Hutnak et al., 2008) constrain Kriging predictions to low values. Segment bound-
ary (bold white line) and volcanoes (gold diamonds) defined by Syracuse & Abers (2006).
Similarity interpolation from Lucazeau (2019). Plate boundaries (bold black lines) defined
by Lawver et al. (2018).
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clearly distinguish the northern microplate as an anomalously-low surface heat flow re-284

gion compared to the other microplates. Outside the cluster of microplates, Kriging pre-285

dicts lower surface heat flow on average—similar to many other segments.286

3.1.2.3 Kyushu Ryukyu The interpolation domain near the Kyushu Ryukyu seg-287

ment is characterized by a complex juxtaposition of active subduction and volcanism on288

the margins of the Philippine Sea Plate, and active rifting between the Ryukyu arc and289

the Eurasian continent (the Okinawa trough, Minami et al., 2022). Contrasting oceanic290

plate ages, topography/bathymetry, sediment thickness, volcanic activity, and active tec-291

tonic settings (subduction vs. rifting) consequently produce a very textured distribution292

of Similarity predictions throughout the Kyushu Ryukyu domain (Figure 5). For exam-293

ple, Similarity predictions clearly show the influence of multiple volcanic arc chains, plate294

boundaries, and the age of the subducting oceanic lithosphere. Geologic complexity notwith-295

standing, excellent coverage of surface heat flow observations throughout the domain en-296

able Kriging predictions to resolve much of the texture predicted by Similarity. Regional297

Similarity and Kriging differences are small and narrowly distributed near Kyushu Ryukyu298

(median difference: 3, IQR: 18 mW/m2) as compared, for example, to Central Amer-299

ica (median difference: 11, IQR: 47 mW/m2; Table 4) despite having a comparable num-300

ber of observations (n = 1,894) as Central America (n = 1,441). While Kriging predic-301

tions are smoother overall, both interpolations appear to corroborate each other, espe-302

cially to the NE of the main Kyushu Ryukyu segment boundary.303

3.1.2.4 Scotia The Scotia segment illustrates a case where surface heat flow ob-304

servations are extremely sparse. Yet Similarity predicts multiple tectonic features includ-305

ing the East Scotia Ridge and the WSW-ENE trending transform boundary separating306

the Scotia and Sandwich Plates from the Antarctic Plate (Figure 6). Combinations of307

geologic proxy datasets enable Similarity to resolve these features despite having very308

few observations within the interpolation domain. Kriging, on the other hand, shows a309

high heat flow anomaly more or less in the region of the East Scotia Ridge, and a few310

low heat flow anomalies on the Antarctic Plate, but does not resolve any structure in311

a way that is geologically useful. Few surface heat flow observations (n = 25) result in312

smooth Kriging predictions that approximate the expected mean value (79 mW/m2) for313

most of the domain according to Equation (5).314
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Figure 4: Similarity and Kriging interpolations for Vanuatu. While (a) Similarity pre-
dicts more-or-less uniformly-high surface heat flow within the region defined by many
microplates, (b) excellent observational coverage allows Kriging to distinguish the most
northern microplate from the New Hebrides Plate (NHP), Balmoral Reef (BR), and Con-
way Reef (CWR) microplates to the S. The geologic proxy datasets used to construct
Similarity interpolations are apparently too coarse to resolve microplate-size features in
this case. Segment boundary (bold white line) and volcanoes (gold diamonds) defined by
Syracuse & Abers (2006). Similarity interpolation from Lucazeau (2019). Plate bound-
aries (bold black lines) defined by Lawver et al. (2018).
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Figure 5: Similarity and Kriging interpolations for Kyushyu Ryukyu. (a) Similarity
predicts a textured interpolation that is strongly influenced by multiple volcanic chains
along the margins of the Philippine Sea Plate (PSP), contrasting oceanic plate ages, and
active rifting in the Okinawa trough (OKT). (b) The Kriging interpolation is generally
smoother, but corroborates much of the same texture predicted by Similarity due to rela-
tively high observational density and regularity of observational coverage throughout the
domain. Segment boundary (bold white line) and volcanoes (gold diamonds) defined by
Syracuse & Abers (2006). Similarity interpolation from Lucazeau (2019). Plate bound-
aries (bold black lines) defined by Lawver et al. (2018).
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Figure 6: Similarity and Kriging interpolations for Scotia. Despite extremely sparse data
(n = 25), (a) Similarity identifies two tectonic features, the East Scotia Ridge (ESR) and
a transform fault (TF) separating the Scotia and Sandwich Plates (SP, SAN) from the
Antartic Plate (AP). (b) Kriging predicts a high heat flow anomaly in the region of the
ESR, and a few low heat flow anomalies in the AP, but otherwise appears featureless due
to sparse data. Segment boundary (bold white line) and volcanoes (gold diamonds) de-
fined by Syracuse & Abers (2006). Similarity interpolation from Lucazeau (2019). Plate
boundaries (bold black lines) defined by Lawver et al. (2018).
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3.1.3 Upper-Plate Sector Samples315

Sampling the interpolation grid and ThermoGlobe data from adjacent upper-plate316

sectors allows for first-order quantitative evaluation of the along-strike variability in upper-317

plate surface heat flow. However, ThermoGlobe data within sectors are often too few (n318

< 20 observations for 59/100 sectors; Table 6) to compare distributions confidently with319

other sectors. Therefore, this study compares trench-orthogonal profiles of the dense, regularly-320

spaced Similarity and Kriging predictions. Generally speaking, distributions of Similar-321

ity and Kriging predictions in the upper-plates show a range of overlap and appear to322

fluctuate systematically across adjacent upper-plate sectors for some subduction zone323

segments. Moreover, Similarity and Kriging predictions reveal a variety of upper-plate324

surface heat flow profiles within and among subduction zone segments (Table 6, Figures325

7, 8, 9 & Appendix 6.5).326

Below are three examples of subduction zone segments that illustrate part of the327

range of observed upper-plate surface heat flow patterns.328

3.1.3.1 Kyushu Ryukyu Kyushu Ryukyu characterizes a subduction zone seg-329

ment with relatively consistent upper-plate surface heat flow for thousands of km along-330

strike. In this case, consistent refers to comparable Similarity and Kriging predictions331

and consistent surface heat flow distributions across sectors. That is, medians and IQRs332

of Similarity and Kriging predictions overlap relatively well across most sectors—differing333

by only 6.6 ± 7.8 mW/m2 for medians and 14.5 ± 31.2 mW/m2 for IQRs, on average334

(Table 6 & Figure 7). Upper-plate surface heat flow, as estimated by Kriging, appears335

to increase systematically from the NE to SW across sectors 8-6 before leveling out through336

sectors 5-1.337

Meanwhile, ThermoGlobe data within Kyushu Ryukyu upper-plate sectors (n =338

339) vary considerably. Wide distributions of ThermoGlobe data appear near the trench339

and at approximately 200 km from the trench, coinciding with the young active rifting340

in the Okinawa trough (Figure 7). Yet, smoothed trench-orthogonal Similarity and Krig-341

ing profiles gently arc through the approximate midrange of ThermoGlobe data. Pro-342

file shapes are consistent across sectors and show relatively little spread (≤ 25 mW/m2).343

All profiles gradually rise from approximately 50 mW/m2 at the trench to maximums344

of approximately 75-100 mW/m2 before gradually decreasing to approximately 75 mW/m2
345

at 500 km into the upper-plate.346
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Figure 7: Surface heat flow profiles for Kyushu Ryukyu upper-plate sectors. (a) Similar-
ity and Kriging predictions across sectors are largely indistinguishable with overlapping
medians and IQRs (boxes). (b) Profiles are computed by finding orthogonal distances
between the segment boundary (i.e. the trench, bold black line) and 342 surface heat flow
predictions within eight 500 km-wide sectors (colored polygons). Profiles (colored curves
with 95% confidence intervals) are remarkably consistent across sectors for (c) Kriging
and (d) Similarity predictions. Colored squares are ThermoGlobe data from Lucazeau
(2019). Segment boundary and volcanoes (gold diamonds) defined by Syracuse & Abers
(2006). Plate boundaries (bold black lines) defined by Lawver et al. (2018). Profile curves
in (c) are LOESS regressions through three-point running averages (small colored data
points).
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3.1.3.2 Sumatra Banda Sea Sumatra Banda Sea characterizes a subduction zone347

segment with moderately consistent upper-plate surface heat flow for thousands of km348

along-strike. In this case, moderately consistent refers to mostly comparable (overlap-349

ping) Similarity and Kriging predictions that distinctively fluctuate in a similar man-350

ner across sectors. That is, medians and IQRs of Similarity and Kriging predictions over-351

lap well for some sectors, but not others (e.g. sectors 1, 10, & 11, Figure 8). Median Sim-352

ilarity and Kriging predictions differ by 9.6 ± 13.8 mW/m2 on average, and IQRs dif-353

fer by 15.2 ± 47 mW/m2 on average across all sectors (Table 6). Similarity and Krig-354

ing predictions appear to broadly oscillate between higher and lower surface heat flow355

across adjacent sectors with a wavelength on the order of several sectors (103 km).356

Meanwhile, Similarity and Kriging profiles show obvious differences. For example,357

Similarity predictions are distributed narrowly and increase monotonically from the trench358

to 500 km into the upper-plate, whereas Kriging profiles generally ramp up more steeply359

and begin to disperse at approximately 200 km from the trench. Similarity profiles re-360

main narrowly distributed through at least 300 km from the trench, whereas Kriging pro-361

files show up to 25-30 mW/m2 spread among sectors at 300-500 km from the trench.362

3.1.3.3 New Britain Solomon New Britain Solomon characterizes a subduction363

zone segment with inconsistent upper-plate surface heat flow and poor overlap between364

Similarity and Kriging predictions. Only one sector (sector 8) shows overlapping IQRs365

of Similarity and Kriging predictions, whereas all other sectors strongly diverge (Figure366

9). For example, median Kriging predictions range by 12.8 mW/m2 across all sectors,367

whereas median Similarity predictions range by 44.1 mW/m2. Moreover, Similarity and368

Kriging medians across all sectors differ by 25.4 ± 35.6 mW/m2 on average. Notably,369

opposing wave-like oscillations between higher and lower surface heat flow across adja-370

cent sectors are observed in Similarity and Kriging predictions.371

Meanwhile, Similarity and Kriging profiles are obviously distinguishable. For ex-372

ample, Kriging profiles are smooth and closely parallel ThermoGlobe data, whereas Sim-373

ilarity profiles show higher average surface heat flow (Figure 9). In contrast to flat Krig-374

ing profiles, high surface heat flow regions along Similarity profiles clearly show the in-375

fluence of certain tectonic features (e.g. in sector 4, which intersects a volcanic center and376

ridge segment). Moreover, small confidence intervals around Kriging profiles suggest small377

uncertainties compared to Similarity. However, Kriging is determined to find the small-378
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Figure 8: Surface heat flow profiles for Sumatra Banda Sea upper-plate sectors. (a) Sim-
ilarity and Kriging predictions across sectors are moderately distinguishable with mostly
overlapping IQRs, except for sectors 1, 10, & 11 (boxes). (b) Profiles are computed by
finding orthogonal distances between the segment boundary (trench; bold black line)
and 870 surface heat flow predictions within ten 500 km-wide sectors (colored polygons).
Profiles (colored curves with 95% confidence intervals) of (c) Kriging predictions show
greater overall spread than (d) Similarity profiles (e.g. ≥ 200 km from the trench), im-
plying nonuniform upper-plate surface heat flow across the segment. Colored squares are
ThermoGlobe data from Lucazeau (2019). Segment boundary and volcanoes (gold dia-
monds) defined by Syracuse & Abers (2006). Plate boundaries (bold black lines) defined
by Lawver et al. (2018). Profile curves in (c) are LOESS regressions through three-point
running averages (small colored data points).
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est variance solution by definition and can easily overfit the small number (n = 9) of Ther-379

moGlobe data. Divergence between Similarity and Kriging predictions near New Britain380

Solomon thus appear to be driven by methodological differences and a tendency for Krig-381

ing to overfit small sample sets.382

3.2 Optimum Kriging Parameters383

Optimized Kriging parameters vary substantially from segment to segment (Ta-384

ble 1). However, despite a range of domain sizes, observational densities, and diverse plate385

configurations, Kriging parameters converge on solutions for all Kriging domains (Fig-386

ure 12) and show no systematic correlation with cost, with the exception of a negative387

correlation with the logarithm of the variogram model sill (Figure 11). Differences in cost388

are apparently explained by systematic regional differences in surface heat flow distri-389

butions (i.e. differences in the constant terms σvgrm and σinterp in Equation (10)) rather390

than sensitivity to any particular Kriging parameter.391
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Figure 9: Surface heat flow profiles for New Britain Solomon upper-plate sectors. (a)
Similarity and Kriging predictions across sectors are very distinguishable with non-
overlapping IQRs (boxes). (b) Profiles are computed by finding orthogonal distances
between the segment boundary (trench; bold black line) and 168 surface heat flow pre-
dictions within five 500 km-wide sectors (colored polygons). Profiles (colored curves with
95% confidence intervals) of (c) Kriging predictions are lower and show a narrow distri-
bution compared to (d) Similarity profiles. Colored squares are ThermoGlobe data from
Lucazeau (2019). Segment boundary and volcanoes (gold diamonds) defined by Syracuse
& Abers (2006). Plate boundaries (bold black lines) defined by Lawver et al. (2018).
Profile curves in (c) are LOESS regressions through three-point running averages (small
colored data points).
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Table 1: Optimum variogram models and interpolation accuracy

Segment Model Cut Lags Shift nmax Sill Range RMSES RMSEK

(mW/m2)2 km mW/m2 mW/m2

Alaska Aleutians Bes 1.0 20.2 1.0 8 810 52 17.5 45.8

Andes Sph 3.0 20.0 5.5 10 5900 1197 52.7 40.9

Central America Exp 4.3 22.1 1.0 8 2234 11 52.7 34.7

Kamchatka Marianas Sph 1.0 21.9 1.0 8 1812 268 33.1 31.1

Kyushu Ryukyu Sph 1.0 27.5 1.0 8 1892 99 34.5 34.5

Lesser Antilles Sph 2.2 25.6 1.0 8 751 134 11.5 12.6

N Philippines Lin 2.0 20.9 1.0 8 1277 47 27.1 30.9

New Britain Solomon Lin 1.0 18.1 1.0 8 699 130 13.5 7.0

S Philippines Sph 1.5 23.8 1.0 8 1022 94 25.6 22.0

Scotia Exp 1.0 22.8 1.0 8 2144 225 26.5 11.0

Sumatra Banda Sea Exp 3.0 23.8 1.0 10 2097 234 18.0 37.9

Tonga New Zealand Bes 3.1 21.3 3.2 8 1360 120 24.4 42.0

Vanuatu Bes 3.0 20.0 1.0 8 2741 53 37.4 34.0

note: showing lowest-cost models from Table 2

key : nmax: max point-pairs, RMSES : Similarity accuracy, RMSEK : Kriging accuracy

–
2
4
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3.3 Similarity and Kriging Error Rates392

Regional Kriging error rates (ranging from 7 to 45.8 mW/m2) are very similar to393

Similarity error rates from the same regions (ranging from 11.5 to 52.7 mW/m2, Table394

1). Kriging errors can be relatively small compared to Similarity for domains with high395

observational density (e.g. New Britain Solomon; n = 101, ∆RMSEK−S = -6.5) but rel-396

atively large where observational density is comparatively low (Alaska Aleutians; n =397

287, ∆RMSEK−S = 28.3). The small Kriging error rate computed for New Britain Solomon398

(7 mW/m2) likely reflects overfitting of few (n = 101) observations. On average, Krig-399

ing error rates are 1.1 times Similarity error rates across all segments. In comparison to400

previous work, regional Similarity error rates for most subduction zone segments in Ta-401

ble 1 are much higher than the 7 mW/m2 Similarity error rate reported by Lucazeau (2019).402

However, Similarity error rates in Table 1 are consistent with global Similarity error rates403

computed by cross-validation on a 1◦ × 1◦ grid (from 11.6 to 29.0 mW/m−2) reported404

previously by Goutorbe et al. (2011).405

4 Discussion406

4.1 Comparing Similarity and Kriging Interpolations407

Comparing two independent interpolation methods has distinct advantages for un-408

derstanding subduction zone thermal structure and geodynamics. For example, many409

cases of Similarity and Kriging predictions corroborate known, expected, or predicted410

tectonic features. These include: (1) broad regions of low surface heat flow defining the411

oceanic plate and forearc along the Kamchatka Marianas segment (Figure 31), (2) high412

surface heat flow anomalies defining the volcanic center and transform fault separating413

the South American Plate and Caribbean Plates near the Lesser Antilles Segment (Fig-414

ure 32), (3) the general seafloor thermal structure near the N Philippines segment (Fig-415

ure 33), (4) a broad region of high surface heat flow within the NW part of the Suma-416

tra Banda Sea segment upper-plate (Figure 36), and (5) high surface heat flow defining417

volcanic arc chains near the Kyushu Ryukyu segment (Figure 5).418

While corroboration of known or expected features is advantageous when compar-419

ing independent interpolation methods, inconsistencies between Similarity and Kriging420

predictions are equally valuable. For example, many cases of Similarity and Kriging pre-421

dictions identify unexpected or poorly resolved tectonic features. These include: (1) much422
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of the thermal structure along the Andes segment (Figure 30), (2) the location and ex-423

tent of two spreading centers, the tip of a transform fault, and the regional thermal struc-424

ture of the Cocos Plate near the Central America segment (Figure 3), (3) locations of425

plate boundaries near the New Britain Solomon (Figure 34) and Scotia segments (Fig-426

ure 6), (4) a large low surface heat flow anomaly near the Sumatra Banda Sea segment427

(east of Borneo at approximately 120◦E and 5◦S, Figure 36), (5) a high heat flow anomaly428

defining a transform fault near the N tip of the Tonga New Zealand segment (Figure 37),429

and (6) the location of microplate boundaries near the Vanuatu segment (Figure 4).430

Such inconsistencies between Similarity and Kriging interpolations identify tectonic431

features that either violate geologic proxy datasets, violate local surface heat flow ob-432

servations, lack sufficient observational coverage to be resolved by Kriging, or are too fine-433

scale to be resolved by geologic proxy datasets on a 0.5◦ × 0.5◦ grid. In any case, the434

above examples demonstrate the utility of comparing independent interpolation meth-435

ods in identifying relevant targets for future investigation and data acquisition (discussed436

further below). Maps of regional interpolated surface heat flow prepared in this study437

(Section 3 and Appendices 6.4 & 6.5, or similar) therefore provide important context for438

subduction zone research.439

4.2 Comparing Upper-Plate Sectors440

4.2.1 Issues with Irregularly-Spaced Data441

Surface heat flow profiles in previous studies were computed with observations sam-442

pled from within a single sector (Currie et al., 2004; Currie & Hyndman, 2006; Furukawa,443

1993; Hyndman et al., 2005; Kerswell et al., 2021; Wada & Wang, 2009). While extend-444

ing a single-sector sampling approach to many adjacent sectors is simple to implement,445

inherent pitfalls are immediately obvious when comparing ThermoGlobe data among sec-446

tors. For example, the spatial density and regularity of ThermoGlobe data within ad-447

jacent sectors can often be drastically different (e.g. compare ThermoGlobe data counts448

across sectors from Central America, Sumatra Banda Sea, and Tonga New Zealand in449

Table 6). Fluctuating sample sizes among upper-plate sectors can make statistical com-450

parisons of ThermoGlobe data equivocal. For instance, ThermoGlobe data are often too451

few (n < 20 observations for 59/100 sectors, Table 6) to compare with statistical con-452

fidence. Many sectors (n = 10) have a single observation with a singular distribution (IQR453
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= 0) or few observations spanning a large range (very large IQR). Many sectors encom-454

pass zero ThermoGlobe data and therefore cannot be compared at all. In other words,455

summary statistics necessary for gauging the continuity of surface heat flow among sec-456

tors (e.g. median, IQR, Table 6) can be generally considered unreliable for a majority457

of sectors.458

The above limitation arising from sampling irregularly-spaced data can be easily459

overcome by interpolation. That is because sampling a regular interpolation grid allows460

for more consistent sample sizes and spatial coverage across sectors. For example, many461

sectors defined in this study have few ThermoGlobe data (n < 5 observations for 37/100462

sectors, Table 6), yet the average number of Similarity and Kriging predictions within463

those same sectors is 51—about 10 times the sample size on average. Surface heat flow464

variability among sectors is thus more confidently and consistently evaluated with in-465

terpolations derived from ThermoGlobe data, rather than from ThermoGlobe data di-466

rectly.467

4.2.2 Continuity of Upper-Plate Surface Heat Flow468

How consistent and continuous is upper-plate surface heat flow within and among469

subduction zone segments? While Similarity and Kriging predictions show discontinu-470

ous upper-plate surface heat flow patterns for some segments (e.g. Andes, Lesser Antilles471

and Vanuatu, Figures 39, 42 & 47), other segments show rather continuous patterns (e.g. Cen-472

tral America, Kamchatka Marianas, Kyushu Ryukyu, N Philippines, Figures 40, 41, 7,473

43), and still other segments show mixed patterns depending on the interpolation method474

(e.g. Alaska Aleutians, New Britain Solomon, S Philippines, Sumatra Banda Sea, Tonga475

New Zealand, Figures 38, 9, 44, 8, 46). On the one hand, Similarity and Kriging inter-476

polations can show nearly identical profiles along-strike for 1000’s of km (e.g. Kamchatka477

Marianas, Kyushu Ryukyu, Sumatra Banda Sea, Figures 41, 7, 8). These segments demon-478

strate large-scale continuity in upper-plate surface heat flow and may imply spatially ho-479

mogeneous lithospheric thermal structure and/or spatially homogeneous heat-transferring480

dynamics (e.g. Currie et al., 2004; Currie & Hyndman, 2006; Furukawa, 1993; Kerswell481

et al., 2021; Wada & Wang, 2009). Alternatively, continuous surface heat flow may re-482

flect undersampling relative to local spatial variability of surface heat flow. Moreover,483

most segments show neither completely continuous nor discontinuous upper-plate sur-484

face heat flow patterns (Table 6).485
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Some segments show an apparent wave-like oscillation between higher and lower486

surface heat flow across multiple adjacent upper-plate sectors. In the Sumatra Banda487

Sea segment (Figure 8), median Similarity and Kriging predictions oscillate with a wave-488

length on the order of 103 km (approximately 5-7 sectors). Such large-wavelength os-489

cillations may imply gradual along-strike variation in upper-plate thickness, coupling depths,490

and/or lithosphere-asthenosphere geodynamics. Near-surface perturbations probably do491

not significantly affect large-scale oscillations because hydrothermal effects are expected492

to be locally distributed in accordance with thin (< 400 m) sediment cover or close prox-493

imity to seamounts (< 60 km, Hasterok et al., 2011).494

4.2.3 Identifying Survey Targets495

Ideal survey targets for future surface heat flow observations should strive to si-496

multaneously improve the spatial resolution and accuracy of Similarity and Kriging meth-497

ods. For Similarity geographic configurations of new survey targets (the geologic con-498

text) should have the greatest diversity possible and should not overlap significantly with499

already oversampled regions in the geologic proxy parameter space. For example, nu-500

merous surface heat flow observations are located close to oceanic ridge systems because501

of historically productive study sites like Cascadia (western North America, e.g. Cur-502

rie et al., 2004; Davis et al., 1990; Hyndman & Wang, 1993; Jennings et al., 2021; Ko-503

rgen et al., 1971; Wang et al., 1995). This biases Similarity predictions to look like Cascadia—504

as all interpolation targets located near oceanic ridge systems will adopt the same dis-505

tribution of surface heat flow values measured near Cascadia (and a few other densely506

sampled regions, Figure 10). The same principle applies to any other geologic proxy vari-507

able sampled heavily from selectively few regions. Oversampling within the geologic proxy508

parameter space is dually undesirable when applying Similarity because it adds elements509

of bias and spatial-dependence to a method that is otherwise advantageous because of510

its spatial-independence.511

For Kriging, ideal survey target sites should provide the most regular coverage over512

a region of interest (e.g. a particular subduction zone segment). Evaluating surface heat513

flow distributions across upper-plate sectors offers opportunities for discovering future514

survey targets by identifying the least-constrained sectors. For example, segments with515

the greatest Similarity-Kriging discrepancies among sectors tend to have: (1) very few516

ThermoGlobe data (e.g. Alaska Aleutians, N Philippines, New Britain Solomon, S Philip-517

–28–



manuscript submitted to Geochemistry, Geophysics, Geosystems

Figure 10: Global distribution of surface heat flow observations and distances to ridges.
(a, b) Maps showing the localities of surface heat flow observations and their distances
from ridges, and the complete global distribution of distances to ridges. (c) Normalized
density estimates comparing the relative coverage of surface heat flow observations with
the global distribution of distances from ridges. Differences in density reveal regions of
over- and undersampling within the geologic proxy parameter space. Subduction zone
segments (bold white lines) defined by Syracuse & Abers (2006). Plate boundaries defined
by Lawver et al. (2018). Global proxy data from Goutorbe et al. (2011).
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pines), (2) highly-irregular spatial coverage of ThermoGlobe data (e.g. Andes, Central518

America, Lesser Antilles), or (3) complex upper-plate tectonics (Vanuatu). A simple query519

of the ThermoGlobe dataset by sector can identify individual sectors with low or highly-520

irregular observational density or large Similarity-Kriging discrepancies. Thus, current521

observational gaps in regional surface heat flow can be efficiently identified by compar-522

ing independent interpolation methods within multiple-sectors.523

4.3 Comparing Similarity and Kriging Accuracies524

Neither error rates nor first principles favor Similarity vs. Kriging on regional (102525

to 103 km) scales. Rather, both methods are successfully generalizable and appropriate526

for subduction zone research. While some segments do show large discrepancies between527

Similarity and Kriging error rates (e.g. Scotia), low error rates do not necessarily imply528

more accurate predictions. For Scotia, few observations naturally lead to overfitting and529

low error rates, but choosing different Kriging parameters and/or highly localizing Krig-530

ing can also unintentionally overfit ThermoGlobe data and compromise regional inter-531

polation accuracy. At 1.1 times greater error rates than Similarity on average, however,532

Kriging error rates do not suggest overfitting is prevalent (Tables 1 and 2).533

Differences in error rates notwithstanding, Similarity has a distinct advantage com-534

pared to Kriging when applied to regions with relatively low observational density and/or535

highly-irregular spatial coverage. For example, Similarity predictions appear to be re-536

markably consistent with known tectonic features even in cases with few observations537

(e.g. Scotia and New Britain Solomon, Figures 6 & 34). Integrating geologic proxies is538

therefore preferred when limited observations preclude practically useful Kriging inter-539

polations.540

4.4 Layered Interpolation Approach541

Similarity and Kriging interpolations are distinguishable by eye at the regional scale542

(e.g. compare Figures 3, 5, and 6 with the remaining segments in Appendices 6.4 & 6.5).543

The same unique properties of Similarity and Kriging methods that make them quickly544

discernible by eye can be independently leveraged. For example, because Similarity is545

inherently agnostic to the spatial configuration of observations (Goutorbe et al., 2011),546

accurate interpolations with well-defined plate boundaries are still possible for regions547
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with relatively few observations (e.g. Scotia and New Britain Solomon, Figures 6 & 34).548

Since surface heat flow observations near subduction zone segments are commonly sparse549

and irregularly spaced, spatial-independence from observations is a desirable property550

to maintain during the interpolation process.551

On the other hand, conserving the “ground-truth” is an equally desirable property.552

Local ordinary Kriging conserves ground-truth by remaining agnostic to all other fac-553

tors but the spatial configuration of surface heat flow observations (see Appendix 6.1).554

For example, Kriging resolves tectonic features near Tonga New Zealand and Vanuatu555

that are discordant with Similarity predictions, yet compatible with ThermoGlobe data556

(Figures 37 & 4). Another example is the young Cocos Plate near Central America where557

Similarity predicts relatively high heat flow by proximity to two spreading centers and558

young oceanic plate age, yet observations of anomalously low surface heat flow (e.g. Hut-559

nak et al., 2008) constrain Kriging predictions to low values. Such contrasting predic-560

tions imply ThermoGlobe data violate one or more geologic proxy data sets used by Sim-561

ilarity. In other words, Kriging will tend to highlight anomalies (compared to Similar-562

ity) if they exist and have been observed.563

In principle, carefully layering Similarity and Kriging methods may combine their564

properties to produce more accurate regional interpolations in the future. A layered ap-565

proach simultaneously respects the First (Krige, 1951) and Third Laws of Geography (Zhu566

et al., 2018) by integrating geologic and spatial information. Many methods may be ap-567

plied to combine Similarity and Kriging predictions. As a basic example: (1) compare568

Similarity and Kriging layers to detect anomalies, (2) compute weights proportional to569

the squared difference between Similarity and Kriging predictions to emphasized or sub-570

due anomalies, (3) combine Similarity and Kriging layers using a weighted average scheme.571

5 Conclusions572

This study evaluates regional patterns of surface heat flow near subduction zones573

by comparing Similarity and Kriging interpolations across adjacent upper-plate sectors.574

Methodological differences between Similarity and Kriging yield both similar and dis-575

parate predicted heat flow distributions and profiles among subduction zones. Four key576

conclusions arise from regional surface heat flow near active subduction zones:577
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1. Accurate regional interpolations of irregularly-spaced ThermoGlobe data are key578

to understanding broad (segment-scale) variations in lithospheric thermal struc-579

ture near subduction zones.580

2. Mixed upper-plate surface heat flow distributions and profiles imply various de-581

grees of regional continuity among subduction zones in terms of their lithospheric582

thermal structure (contrary to expectations from Kerswell et al., 2021), heat-transferring583

subsurface dynamics, and/or observational density relative to the local spatial vari-584

ability of surface heat flow.585

3. Future surface heat flow surveys can maximize Similarity and Kriging accuracies586

by carefully considering the existing spatial distribution of surface heat flow ob-587

servations and their distribution within geologic proxy parameter space.588

4. Layered interpolation approaches may produce more accurate surface heat flow589

predictions by combining the independently-advantageous properties of Similar-590

ity and Kriging methods.591
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6 Appendix728

6.1 Kriging System and Optimization729

6.1.1 Ordinary Kriging730

This study applies local isotropic ordinary Kriging methods under the following gen-731

eral assumptions:732

• γ̂(h) is directionally invariant (isotropic)733

• γ̂(h) is evaluated in two-dimensions and neglects elevation734

• The first and second moments of Z(u) are assumed to follow the conditions:735

E[Z(u)] = Ẑ(u) = constant

E[(Z(u+ h)− Ẑ(u))(Z(u)− Ẑ(u))] = C(h)

(3)

where h is the lag distance, C(h) is the covariance function, E[Z(u)] is the expected value736

of the random variable Z(u), and Ẑ(u) is the arithmetic mean of Z(u).737

Equation (3) is known as “weak second-order stationarity”. It assumes the under-738

lying probability distribution of the observations Z(u) does not change in space and the739

covariance C(h) only depends on the distance h between two observations. These assump-740

tions are expected to be valid in cases where the underlying natural process is stochas-741

tic, spatially continuous, and has the property of additivity such that 1
n

∑n
i=1 Z(ui) has742

the same meaning as Z(u) (Bárdossy, 1997).743

The following are two illustrative cases where Equation (3) is likely valid:744

The thickness of a sedimentary unit with a homogeneous concentration of radioac-745

tive elements can be approximated by qs = qb +
∫
Adz, where qb is a constant746

heat flux entering the bottom of the layer and A is the heat production within747

the layer with thickness z (Furlong & Chapman, 2013). If one has two samples,748

Z(u1) = 31 mW/m2 and Z(u2) = 30.5 mW/m2, their corresponding thicknesses749

would be Z′(u1) = 1000 m and Z′(u2) = 500 m for A = 0.001 mW/m3 and qb750

= 30 mW/m2. The variable, Z(u), in this case is additive because the arithmetic751

mean of the samples is a good approximation of the average sedimentary layer752

thickness, (Z(u1) + Z(u2))/ 2 = 750 m.753
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The age of young oceanic lithosphere can be approximated by qs(t) = kTb(πκt)
−1/2,754

where qs(t) is surface heat flow of a plate with age, t, Tb is the temperature at755

the base of the plate, k is thermal conductivity, and κ = k/ρCp is thermal dif-756

fusivity (Stein & Stein, 1992). Using reasonable values for k = 3.138 W/mK, ρ757

= 3330 kg/m3, Cp = 1171 J/kgK, Tb = 1350 ◦C, two samples, Z(u1) = 180 mW/m2
758

and Z(u2) = 190 mW/m2, would correspond to plates with ages of Z′(u1) = 10759

Ma, and Z′(u2) = 9 Ma, respectively. Since Z(u1) + Z(u2)/ 2 = 185 mW/m2
760

and Z′(185 mW/m2) = 9.5 Ma = Z′(u1)+Z′(u2)/ 2, the variable Z(u) in this761

case is also additive.762

Equation (3) is likely invalid in regions that transition among two or more tectonic763

regimes, however. For example, the expected (mean) heat flow E[Z(u)] will change when764

moving from a spreading center to a subduction zone and thus E[Z(u)] ̸= constant over765

the region of interest. In other words, stationarity is violated and Kriging estimates may766

become spurious. Careful selection of Kriging parameters (outlined below; e.g. maximum767

point-pairs to use for local Kriging) can reduce or eliminate violations of stationarity as-768

sumptions embodied in (3).769

The second step is fitting a variogram model γ(h) to the experimental variogram.770

This study fits six popular variogram models with sills (or theoretical sills) to the ex-771

perimental variogram. The models are defined as (Pebesma, 2004):772

Bes← γ(h) = 1− h

a
K1

(
h

a

)
for h ≥ 0

Cir ← γ(h) =


2
π

h
a

√
1−

(
h
a

)2
+ 2

π arcsin
(
h
a

)
for 0 ≤ h ≤ a

nug + sill for h > a

Exp← γ(h) = 1− exp

(
−h
a

)
for h ≥ 0

Gau← γ(h) = 1− exp

([
−h
a

]2)
for h ≥ 0

Lin← γ(h) =


h
a for 0 ≤ h ≤ a

nug + sill for h > a

Sph← γ(h) =


3
2
h
a −

1
2

(
h
a

)3
for 0 ≤ h ≤ a

nug + sill for h > a

(4)
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where h is the lag distance, nug is the nugget, sill is the sill, a is the effective range, K1773

is a modified Bessel function. The models are Bessel, Circular, Exponential, Gaussian,774

Linear, and Spherical. For models without explicit sills (Bes, Exp, Gau), the effective775

range a is the distance where the variogram reaches 95% of its maximum defined as 4a,776

3a, and
√
3a for Bes, Exp, and Gau, respectively (Gräler et al., 2016; Pebesma, 2004).777

The function fit.variogram in gstat is used to try all variogram models. The best model778

is selected by the minimum weighted least squares (Pebesma, 2004) error with weights779

proportional to the number of points in each lag divided by the squared lag distance wt =780

N(h)k/h
2
k. Gaussian models produce spurious results in every case and are not included781

in the final analysis. Moreover, Circular models produce indistinguishable results from782

Spherical models, and so too were omitted from the final analysis.783

Ordinary Kriging is used for interpolation, which estimates unknown observations784

Ẑ(u) as a linear combination of all known observations (Bárdossy, 1997):785

Ẑ(u) =

n∑
i=1

λiZ(ui) (5)

The conditions in Equation (3) set up a constrained minimization problem that can786

be solved with a system of linear equations. The expected value of Z(u) is assumed to787

be the mean according to (3), so the weights must be:788

E[Ẑ(u)] =

n∑
i=1

λiE[Z(ui)]

n∑
i=1

λi = 1

(6)

This constraint is known as the unbiased condition, which states that the sum of789

the weights must equal one. However, there is an infinite set of real numbers one could790

use for the weights, λi. The goal is to find the set of weights in Equation (5) that min-791

imizes the estimation variance. This can be solved by minimizing the covariance func-792
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tion, C(h) from Equation (3):793

σ2(u) = V ar[Z(u)− Ẑ(u)] =

E

[
(Z(u)−

n∑
i=1

λiZ(ui))
2

]
=

E

Z(u)2 +

n∑
j=1

n∑
i=1

λjλiZ(uj)Z(ui)− 2

n∑
i=1

λiZ(ui)Z(u)

 =

C(0) +

n∑
j=1

n∑
i=1

λjλiC(ui − uj)− 2

n∑
i=1

λiC(ui − u)

(7)

Minimizing Equation (7) with respect to the unbiased condition (Equation (6)),794

yields the best linear unbiased estimator (BLUE, Bárdossy, 1997) for Equation (5) and795

together comprise the Kriging system of equations. The functions krige and krige.cv796

in gstat are used for surface heat flow interpolation and error estimation by k-fold cross-797

validation (Pebesma, 2004).798

6.1.2 Optimization with nloptr799

Achieving accurate Kriging results depends on one’s choice of many Kriging pa-800

rameters, Θ. In this study, we investigate a set of parameters:801

Θ = {model, nlag, cut, nmax, shift} (8)

where model is one of the variogram models defined in Equation (4), nlag is the num-802

ber of lags, cut is a lag cutoff proportionality constant, nmax is the maximum point-pairs803

for local Kriging, and shift is a horizontal lag shift constant. The lag cutoff constant804

cut controls the maximum separation distance between pairs of points used to calculate805

the experimental variogram (i.e. the x-axis range or “width” of the experimental vari-806

ogram). The horizontal lag shift constant shift removes the first few lags from being eval-807

uated by effectively shifting all lags to the left proportionally by shift. This is neces-808

sary to avoid negative ranges when fitting experimental variograms with anomalously809

high variances at small lag distances.810

The goal is to find Θ such that the Kriging function f(xi; Θ) gives the minimum811

error defined by a cost function C(Θ), which represents the overall goodness of fit of the812

interpolation. This study defines a cost function that simultaneously considers errors be-813

tween the experimental variogram γ̂(h) and modelled variogram γ(h), and between sur-814
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face heat flow observations Z(ui) and Kriging estimates Ẑ(u) (after Li et al., 2018):815

C(Θ) = wvgrm Cvgrm(Θ) + winterp Cinterp(Θ)

wvgrm + winterp = 1

(9)

where Cvgrm(Θ) is the normalized RMSE evaluated during variogram fitting and Cinterp(Θ)816

is the normalized RMSE evaluated during Kriging. Weighted ordinary least squares is817

used to evaluate Cvgrm(Θ), whereas k-fold cross-validation is used to evaluate Cinterp(Θ).818

K-fold splits the dataset |Z(ui)| into k equal intervals, removes observations from an in-819

terval, and then estimates the removed observations by fitting a variogram model to data820

in the remaining k−1 intervals. This process is repeated over all k intervals so that the821

whole dataset has been cross-validated. The final expression to minimize becomes:822

C(Θ) =

wvgrm

σvgrm

(
1

N(h)

N∑
k=1

w(hk) [γ̂(hk)− γ(hk; Θ)]2

)1/4

+

winterp

σinterp

(
1

M

M∑
i=1

[Z(ui)− Ẑ(ui; Θ)]2

)1/2

(10)

where N(h) is the number of point-pairs used to evaluate the experimental variogram823

and w(hk) = N(h)k/h
2
k are weights defining the importance of the kth lag on the var-824

iogram model fit. Z(ui) and Ẑ(ui; Θ) are the observed and estimated values, respectively,825

and m is the number of measurements in |Z(ui)|. The RMSEs are normalized by divid-826

ing by σvgrm and σinterp, which represent the standard deviation of the experimental var-827

iogram γ̂(h) and surface heat flow observations Z(ui), respectively. The weights wvgrm828

and winterp were varied between 0 and 1 to test the effects on C(Θ). Preferred weights829

of wvgrm = winterp = 0.5 are selected to balance the effects of Cvgrm(Θ) and Cinterp(Θ)830

on the cost function.831

Minimization of C(Θ) is achieved by non-linear constrained optimization using al-832

gorithms defined in the R package nloptr (Ypma, 2014). Global search methods had833

limited success compared to local search methods. See the official documentation for more834

information on nloptr and available optimization algorithms. The run used to produce835

the visualizations in this study apply the NLOPT LN COBYLA method (constrained opti-836

mization by linear approximation, Powell, 1994) with 50 max iterations, leave-one-out837

cross-validation (k-fold = the number of observations) in the evaluated segment, and cost838

function weights of wvgrm = winterp = 0.5 (Figure 12). All data, code, and instructions839
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Figure 11: Summary of optimized Kriging parameters. Cost does not correlate strongly
with most Kriging parameters (solid black line with ivory 95% confidence intervals), in-
dicating the optimization procedure is successfully generalizable across subduction zone
segments. The exception is a correlation between cost and the logarithm of the experi-
mental variogram sill. Note that parameter values adjust from an initial value (solid white
line) during the optimization procedure.
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to reproduce results in this study can be found at https://github.com/buchanankerswell/840

kerswell kohn backarc.841

Figure 12: Cost function minimization for Kriging interpolations. Most variogram mod-
els (panels) converge on a local optimum for most Kriging domains (lines) after 15-20
iterations. Each line represents one of thirteen subduction zone segments. See text for
bound constraints and other options passed to the optimization procedure.
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6.2 Variogram Models842

Figure 13: Fitted variograms for Alaska Aleutians
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Figure 14: Fitted variograms for Andes
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Figure 15: Fitted variograms for Central America
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Figure 16: Fitted variograms for Kamchatka Marianas
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Figure 17: Fitted variograms for Kyushu Ryukyu
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Figure 18: Fitted variograms for Lesser Antilles
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Figure 19: Fitted variograms for N Philippines
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Figure 20: Fitted variograms for New Britain Solomon
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Figure 21: Fitted variograms for S Philippines
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Figure 22: Fitted variograms for Scotia
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Figure 23: Fitted variograms for Sumatra Banda Sea
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Figure 24: Fitted variograms for Tonga New Zealand

–57–



manuscript submitted to Geochemistry, Geophysics, Geosystems

Figure 25: Fitted variograms for Vanuatu
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Table 2: Optimum variogram models and Kriging accuracy

Segment Model Cutoff Lags Shift nmax Sill Range Cost RMSEK

(mWm−2)2 km mW/m2 mW/m2

Alaska Aleutians Bes 1.0 20.2 1.0 8.0 810 52 0.584 45.8
Alaska Aleutians Exp 1.0 20.9 1.0 8.0 812 71 0.709 14.3
Alaska Aleutians Lin 1.0 20.9 1.0 8.0 811 182 0.672 14.6
Alaska Aleutians Sph 1.0 20.2 1.0 8.0 809 229 0.645 14.5
Andes Bes 10.0 44.4 1.0 8.0 2391 4 0.313 38.9
Andes Exp 1.0 26.6 1.0 8.0 5365 246 0.300 35.1
Andes Lin 7.5 29.4 1.0 8.0 2533 17 0.303 38.4
Andes Sph 3.0 20.0 5.5 10.2 5900 1197 0.299 40.9
Central America Bes 6.0 27.5 1.0 8.0 2036 4 0.276 41.4
Central America Exp 4.3 22.1 1.0 8.0 2234 11 0.255 34.7
Central America Lin 4.5 21.9 1.0 10.2 2209 18 0.256 36.6
Central America Sph 3.8 24.7 1.0 8.0 2246 26 0.257 35.8
Kamchatka Marianas Bes 4.9 22.8 1.0 8.0 1711 8 0.452 34.2
Kamchatka Marianas Exp 1.0 20.9 1.0 8.0 1801 69 0.441 30.7
Kamchatka Marianas Lin 1.0 35.0 1.0 8.0 1839 147 0.435 33.2
Kamchatka Marianas Sph 1.0 21.9 1.0 8.0 1812 268 0.428 31.1
Kyushu Ryukyu Bes 1.5 27.5 1.0 8.0 1860 8 0.493 40.5
Kyushu Ryukyu Exp 1.0 21.9 1.0 8.0 1900 37 0.484 33.8
Kyushu Ryukyu Lin 3.0 20.0 3.2 8.0 1910 191 0.488 38.1
Kyushu Ryukyu Sph 1.0 27.5 1.0 8.0 1892 99 0.482 34.5
Lesser Antilles Bes 2.5 23.0 1.0 8.0 900 37 18.9
Lesser Antilles Exp 2.6 21.9 1.0 8.0 849 93 0.340 12.5
Lesser Antilles Lin 1.5 23.8 1.0 8.0 632 75 0.309 13.1
Lesser Antilles Sph 2.2 25.6 1.0 8.0 751 134 0.308 12.6
N Philippines Bes 1.0 25.6 1.0 8.0 1263 19 0.554 33.9
N Philippines Exp 1.0 25.6 1.0 8.0 1262 26 0.576 27.1
N Philippines Lin 2.0 20.9 1.0 8.0 1277 47 0.551 30.9

–
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Table 2: Optimum variogram models and Kriging accuracy (continued)

Segment Model Cutoff Lags Shift nmax Sill Range Cost RMSEK

(mWm−2)2 km mW/m2 mW/m2

N Philippines Sph 1.0 21.9 1.0 8.0 1211 79 0.556 27.3
New Britain Solomon Bes 1.0 18.1 1.0 8.0 703 46 0.730 6.7
New Britain Solomon Exp 2.4 20.2 1.0 8.0 764 92 0.778 7.6
New Britain Solomon Lin 1.0 18.1 1.0 8.0 699 130 0.727 7.0
New Britain Solomon Sph 1.0 18.1 1.0 8.0 699 176 0.732 6.8
S Philippines Bes 4.4 16.7 1.0 8.0 1101 20 0.474 27.2
S Philippines Exp 1.5 27.5 1.0 8.0 1060 36 0.490 22.0
S Philippines Lin 3.4 20.9 1.0 8.0 1072 52 0.475 22.3
S Philippines Sph 1.5 23.8 1.0 8.0 1022 94 0.472 22.0
Scotia Bes 1.0 22.8 1.0 8.0 1863 77 0.258 24.9
Scotia Exp 1.0 22.8 1.0 8.0 2144 225 0.252 11.0
Scotia Lin 1.0 32.9 1.0 8.0 1794 194 0.281 10.9
Scotia Sph 1.0 22.8 1.0 8.0 1976 351 0.267 10.9
Sumatra Banda Sea Bes 3.3 20.1 1.0 8.0 1607 64 0.308
Sumatra Banda Sea Exp 3.0 23.8 1.0 10.2 2097 234 0.266 37.9
Sumatra Banda Sea Lin 5.2 15.0 1.0 8.0 1888 256 0.270
Sumatra Banda Sea Sph 3.7 20.5 1.0 8.0 1838 348 0.268 59.2
Tonga New Zealand Bes 3.1 21.3 3.2 8.0 1360 120 0.533 42.0
Tonga New Zealand Exp 1.0 24.9 1.0 8.0 1312 146 0.547 20.9
Tonga New Zealand Lin 4.1 21.4 1.0 8.0 868 36 0.559 23.1
Tonga New Zealand Sph 6.0 27.5 1.0 8.0 866 38 0.558 24.6
Vanuatu Bes 3.0 20.0 1.0 8.0 2741 53 0.544 34.0
Vanuatu Exp 3.0 20.0 1.0 8.0 3013 126 0.562 18.0
Vanuatu Lin 3.0 20.0 1.0 8.0 2992 222 0.563 40.1
Vanuatu Sph 3.0 20.0 1.0 8.0 2657 197 0.564 17.8

key : nmax: max point-pairs, RMSEK : Kriging accuracy
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6.3 ThermoGlobe Summary843

Figure 26: Distribution of ThermoGlobe observations from Lucazeau (2019) cropped
within 1000 km-radius buffers around 13 active subduction zone segments. Heat flow
distributions are centered between 41 and 108 mW/m2, generally right-skewed, and irreg-
ularly distributed. Skewness reflects near-surface perturbations from geothermal systems
and tectonic regions with high thermal activity while irregularity reflects complex heat
exchange acting across multiple spatial scales from 10−1 to 103 km.
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Table 3: ThermoGlobe heat flow summary

Segment n Min Max Median IQR Mean σ

Alaska Aleutians 287 6 196 66 27 71 28

Andes 1399 7 250 108 120 119 66

Central America 1441 8 250 90 123 110 67

Kamchatka Marianas 2266 1 248 78 51 83 42

Kyushu Ryukyu 1894 3 250 76 42 84 42

Lesser Antilles 3011 13 242 41 8 46 18

N Philippines 569 3 231 71 26 75 33

New Britain Solomon 101 3 143 58 34 61 26

S Philippines 459 1 224 71 32 74 33

Scotia 25 13 145 81 62 79 43

Sumatra Banda Sea 1415 1 247 59 63 67 42

Tonga New Zealand 355 5 218 49 40 59 37

Vanuatu 137 2 223 61 62 80 52

key : n: [# of observations], all other units are in mW/m2

note: ThermoGlobe data are filtered for quality, restricted to [0, 250)

mW/m2, and cropped within 1000 km-radius buffers of segment bound-

aries
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6.4 Comparing Similarity and Kriging Interpolations844

Figure 27: Differences between Similarity and Kriging interpolations by segment, com-
puted as Similarity-Kriging. Differences are centered near zero with medians ranging from
-3 to 13 mW/m2, but broadly distributed with IQRs from 15 to 47 mW/m2 and some
long tails extending from -497 to 239 mW/m2. Positive medians and right skew indicate
a general tendency towards higher surface heat flow predictions by Similarity compared
to Kriging. The broadest distributions (Andes and Central America) reflect less subtle
differences between methods. Distributions are colored by quartiles (25%, 50%, 75%).
Similarity interpolation from Lucazeau (2019).
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Figure 28: Summary of differences between Similarity and Kriging uncertainties com-
puted as Similarity-Kriging. Differences are centered at slightly negative values with
median differences ranging from -46 to -2 mW/m2, and relatively narrowly distributed
with IQRs from 5 to 13 mW/m2 and some long tails extending from -58 to 62 mW/m2.
Negative medians indicate greater uncertainties by Kriging compared to Similarity. Distri-
butions are colored by quantiles (25%, 50%, 75%). Similarity data from Lucazeau (2019).
Refer to Figure 27 for estimate differences.
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Table 4: Summary of Similarity-Kriging prediction differences

Segment Min Max Median IQR Mean σ

Alaska Aleutians -475 126 2 20 2 23

Andes -139 176 1 42 2 34

Central America -132 206 11 47 20 41

Kamchatka Marianas -132 180 3 18 4 23

Kyushu Ryukyu -103 173 3 18 5 21

Lesser Antilles -129 109 4 15 3 22

N Philippines -93 141 9 25 11 21

New Britain Solomon -71 142 7 20 9 20

S Philippines -88 239 6 25 9 23

Scotia -122 196 -2 40 1 32

Sumatra Banda Sea -130 142 4 19 3 20

Tonga New Zealand -497 202 -3 30 -9 49

Vanuatu -160 190 13 29 13 34

note: All units are mW/m2
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Table 5: Summary of Similarity-Kriging uncertainty differences

Segment Model Min Max Median IQR Mean σ

Alaska Aleutians Bes -29 43 -6 9 -5 9

Andes Sph -24 49 -10 9 -8 9

Central America Exp -58 34 -46 8 -43 11

Kamchatka Marianas Sph -45 62 -11 8 -9 9

Kyushu Ryukyu Sph -44 24 -22 10 -21 9

Lesser Antilles Lin -27 18 -12 9 -12 7

N Philippines Lin -37 25 -22 13 -22 9

New Britain Solomon Lin -16 14 -9 5 -7 7

S Philippines Lin -36 0 -20 10 -20 7

Scotia Exp -19 -5 -16 7 -14 5

Sumatra Banda Sea Exp -36 38 -10 8 -9 8

Tonga New Zealand Bes -12 62 -2 7 1 11

Vanuatu Lin -26 33 -14 10 -10 13

note: Showing optimal Kriging models only, difference is calculated as

Similarity-Kriging

key : Cost: [mW/m2], n: number of target locations (grid size), all other

units are mW/m2
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Figure 29: Similarity (a) and Kriging (b) interpolations for Alaska Aleutians. Refer to
the main text for explanation of panels and colors.
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Figure 30: Similarity (a) and Kriging (b) interpolations for Andes. Refer to the main
text for explanation of panels and colors.
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Figure 31: Similarity (a) and Kriging (b) interpolations for Kamchatka Marianas. Refer
to the main text for explanation of panels and colors.
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Figure 32: Similarity (a) and Kriging (b) interpolations for Lesser Antilles. Refer to the
main text for explanation of panels and colors.
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Figure 33: Similarity (a) and Kriging (b) interpolations for N Philippines. Refer to the
main text for explanation of panels and colors.
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Figure 34: Similarity (a) and Kriging (b) interpolations for New Britain Solomon. Refer
to the main text for explanation of panels and colors.
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Figure 35: Similarity (a) and Kriging (b) interpolations for S Philippines. Refer to the
main text for explanation of panels and colors.
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Figure 36: Similarity (a) and Kriging (b) interpolations for Sumatra Banda Sea. Refer
to the main text for explanation of panels and colors.
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Figure 37: Similarity (a) and Kriging (b) interpolations for Tonga New Zealand. Refer
to the main text for explanation of panels and colors.
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6.5 Upper-plate Surface Heat Flow845

Figure 38: Surface heat flow profiles for Alaska Aleutians upper-plate sectors. Refer to
the main text for explanation of panels and colors.
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Figure 39: Surface heat flow profiles for Andes upper-plate sectors. Refer to the main
text for explanation of panels and colors.
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Figure 40: Surface heat flow profiles for Central America upper-plate sectors. Refer to
the main text for explanation of panels and colors.
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Figure 41: Surface heat flow profiles for Kamchatka Marianas upper-plate sectors. Refer
to the main text for explanation of panels and colors.
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Figure 42: Surface heat flow profiles for Lesser Antilles upper-plate sectors. Refer to the
main text for explanation of panels and colors.
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Figure 43: Surface heat flow profiles for N Philippines upper-plate sectors. Refer to the
main text for explanation of panels and colors.
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Figure 44: Surface heat flow profiles for S Philippines upper-plate sectors. Refer to the
main text for explanation of panels and colors.
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Figure 45: Surface heat flow profiles for Scotia upper-plate sectors. Refer to the main
text for explanation of panels and colors.
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Figure 46: Surface heat flow profiles for Tonga New Zealand upper-plate sectors. Refer
to the main text for explanation of panels and colors.
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Figure 47: Surface heat flow profiles for Vanuatu upper-plate sectors. Refer to the main
text for explanation of panels and colors.
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Table 6: Summary of upper-plate surface heat flow

ThermoGlobe Similarity Kriging

Segment Sector n Median IQR n Median IQR Median IQR

Alaska Aleutians 1 5 96.1 42.6 80 82.7 33.0 103.1 29.8
Alaska Aleutians 2 1 62.0 0.0 69 75.2 16.8 75.3 19.2
Alaska Aleutians 5 1 62.0 0.0 68 75.0 16.7 69.1 6.3
Alaska Aleutians 6 13 50.0 22.1 115 74.0 17.5 63.7 12.7
Alaska Aleutians 7 2 55.0 11.1 35 76.6 13.2 56.9 8.4
Alaska Aleutians 8 4 45.6 15.1 79 79.9 6.8 55.5 18.0
Alaska Aleutians 9 2 134.6 60.5 74 80.7 14.4 78.4 18.3
Alaska Aleutians 11 2 41.9 25.1 84 75.3 13.7 55.8 17.3
Alaska Aleutians 12 8 74.5 15.2 86 76.3 17.3 78.9 24.5
Alaska Aleutians 13 6 84.0 15.8 72 77.8 16.7 83.2 12.6
Alaska Aleutians 14 4 63.5 20.0 86 74.2 11.5 64.8 12.8
Andes 4 14 74.5 89.5 127 75.3 13.8 102.1 34.4
Andes 5 68 69.0 59.8 114 78.7 16.1 106.9 57.1
Andes 6 39 61.0 40.0 122 73.6 23.4 93.1 40.8
Andes 7 23 81.0 112.0 120 77.3 40.3 84.4 71.3
Andes 8 30 94.0 69.2 141 101.4 89.6 99.7 52.2
Andes 9 45 61.0 57.0 129 74.5 57.1 82.0 74.4
Andes 10 11 45.0 19.5 94 68.2 24.7 90.7 71.5
Andes 11 4 41.9 8.3 88 69.8 19.2 38.4 9.7
Andes 12 4 36.0 8.2 91 67.4 19.8 51.6 15.1
Andes 13 36 71.0 7.0 88 74.0 21.2 94.1 66.2
Central America 1 73 42.0 13.0 64 56.2 24.9 42.0 12.0
Central America 2 2 50.2 4.1 41 76.7 22.6 44.6 13.3
Central America 4 1 37.7 0.0 59 77.7 24.2 44.5 26.8
Central America 5 41 34.7 6.6 39 82.6 25.7 38.3 11.1
Central America 6 94 50.9 20.1 39 81.7 11.6 55.8 17.7
Central America 7 2 76.4 11.5 48 81.5 11.1 63.1 3.6
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Table 6: Summary of upper-plate surface heat flow (continued)

ThermoGlobe Similarity Kriging

Segment Sector n Median IQR n Median IQR Median IQR

Central America 8 10 63.0 15.1 44 71.8 26.4 62.5 9.8
Kamchatka Marianas 3 25 186.0 111.0 81 70.4 44.1 61.2 33.1
Kamchatka Marianas 4 43 64.5 148.8 78 74.2 49.2 59.9 35.2
Kamchatka Marianas 5 79 54.0 64.5 123 95.4 46.2 92.2 51.1
Kamchatka Marianas 6 116 70.5 64.5 86 75.3 52.5 70.0 48.4
Kamchatka Marianas 7 299 75.0 49.6 113 78.6 43.3 75.5 38.1
Kamchatka Marianas 8 126 81.8 55.0 118 73.6 38.4 73.2 57.1
Kamchatka Marianas 9 172 89.0 82.8 153 76.0 61.0 73.2 57.6
Kamchatka Marianas 10 59 83.7 30.8 98 91.7 36.7 80.5 33.9
Kamchatka Marianas 11 27 80.0 39.8 94 83.7 30.6 68.3 31.9
Kamchatka Marianas 12 48 78.2 41.2 117 75.8 24.8 69.2 25.7
Kamchatka Marianas 13 54 67.0 33.8 108 75.5 27.1 61.2 31.0
Kyushu Ryukyu 1 74 69.5 41.8 52 75.8 40.3 78.8 27.7
Kyushu Ryukyu 2 25 80.0 40.0 43 77.6 13.1 76.0 16.2
Kyushu Ryukyu 3 6 67.5 18.2 61 86.2 17.8 79.8 24.5
Kyushu Ryukyu 4 28 77.5 26.2 43 84.9 24.6 78.5 42.5
Kyushu Ryukyu 5 103 89.0 77.0 48 72.4 27.2 77.9 34.7
Kyushu Ryukyu 6 25 126.0 94.0 39 80.4 19.0 74.7 70.6
Kyushu Ryukyu 7 42 60.0 70.2 33 76.3 16.7 62.7 25.2
Kyushu Ryukyu 8 36 43.4 30.8 23 62.1 37.6 51.6 29.5
Lesser Antilles 1 3 54.4 0.4 23 54.0 7.5 50.7 6.0
Lesser Antilles 3 10 38.1 31.9 20 57.7 24.0 61.1 22.9
Lesser Antilles 5 15 55.0 36.2 29 73.0 32.7 71.0 28.1
Lesser Antilles 6 24 74.4 89.3 17 68.6 83.1 76.1 91.2
Lesser Antilles 7 6 78.2 26.8 29 68.4 36.0 85.6 33.1
Lesser Antilles 8 14 54.5 32.0 47 64.9 21.0 60.7 29.1
N Philippines 1 2 46.3 2.3 30 65.3 18.0 47.8 12.2
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Table 6: Summary of upper-plate surface heat flow (continued)

ThermoGlobe Similarity Kriging

Segment Sector n Median IQR n Median IQR Median IQR

N Philippines 2 3 44.0 3.3 20 71.6 26.2 48.9 8.4
N Philippines 3 2 75.4 33.5 17 66.2 33.9 49.7 14.6
N Philippines 4 5 23.0 7.0 33 75.7 34.2 48.8 12.0
N Philippines 6 1 51.0 0.0 30 81.1 14.3 45.0 8.5
New Britain Solomon 3 1 37.7 0.0 26 83.2 24.9 46.8 10.1
New Britain Solomon 4 1 2.9 0.0 17 96.6 48.6 45.7 22.2
New Britain Solomon 5 3 36.8 12.1 68 58.8 29.3 42.3 10.2
New Britain Solomon 6 3 35.2 10.6 38 52.5 10.5 36.5 7.3
New Britain Solomon 8 1 58.2 0.0 19 56.6 27.8 49.3 10.8
S Philippines 2 6 127.5 37.6 83 88.2 45.0 103.6 35.7
S Philippines 4 4 97.0 105.8 62 73.0 24.7 51.6 23.8
S Philippines 5 5 62.8 4.6 68 69.6 18.0 56.4 12.8
S Philippines 6 4 54.4 22.1 72 76.8 27.4 51.5 14.2
S Philippines 7 5 46.0 5.0 46 76.9 14.6 49.0 3.3
S Philippines 8 4 45.5 7.2 65 81.4 18.0 48.4 7.3
Scotia 2 3 143.0 5.5 28 120.0 51.2 130.8 2.5
Scotia 3 9 134.0 37.0 54 90.2 38.9 128.7 3.9
Sumatra Banda Sea 1 339 21.0 10.8 69 74.4 15.2 79.4 98.9
Sumatra Banda Sea 3 23 80.0 24.2 59 75.4 22.6 70.2 24.2
Sumatra Banda Sea 4 208 113.0 46.2 112 85.2 32.1 89.2 42.2
Sumatra Banda Sea 5 192 123.0 32.5 95 85.4 36.9 98.8 59.6
Sumatra Banda Sea 6 40 103.0 13.0 73 72.9 50.0 70.3 64.8
Sumatra Banda Sea 7 86 70.5 31.5 72 71.7 24.7 72.2 29.3
Sumatra Banda Sea 8 40 78.0 18.5 64 66.7 18.0 56.7 25.8
Sumatra Banda Sea 9 30 77.5 25.2 83 68.8 28.8 45.5 35.5
Sumatra Banda Sea 10 5 75.0 51.2 91 70.7 24.7 53.5 17.1
Sumatra Banda Sea 11 1 71.2 0.0 67 72.3 12.4 60.5 5.5
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Table 6: Summary of upper-plate surface heat flow (continued)

ThermoGlobe Similarity Kriging

Segment Sector n Median IQR n Median IQR Median IQR

Sumatra Banda Sea 12 0 85 80.0 19.0 67.7 17.8
Tonga New Zealand 1 74 46.9 38.0 43 57.0 24.4 47.6 26.6
Tonga New Zealand 2 44 39.5 20.8 33 51.8 28.9 42.5 29.2
Tonga New Zealand 3 30 64.0 36.0 52 77.0 42.6 130.9 142.2
Tonga New Zealand 4 1 24.3 0.0 48 76.0 28.2 41.5 78.0
Tonga New Zealand 5 1 15.1 0.0 66 80.9 37.9 51.7 74.9
Tonga New Zealand 6 29 31.2 15.0 42 79.3 36.0 106.4 143.5
Tonga New Zealand 7 35 28.5 7.1 48 71.3 20.1 73.0 44.4
Tonga New Zealand 8 7 49.0 49.2 64 81.0 43.8 56.3 23.6
Tonga New Zealand 9 4 31.1 23.2 58 73.8 34.8 37.2 41.4
Tonga New Zealand 10 4 59.7 47.0 48 74.3 29.3 62.9 62.7
Tonga New Zealand 11 5 31.8 19.7 52 79.3 33.4 57.9 43.2
Vanuatu 1 9 96.0 72.0 68 81.6 17.5 77.4 35.4
Vanuatu 2 4 91.4 32.7 45 103.2 44.7 81.5 54.7
Vanuatu 3 6 54.5 116.8 27 101.7 60.0 99.5 83.9
Vanuatu 4 3 125.0 9.5 34 110.8 67.7 124.7 72.9
Vanuatu 5 4 174.5 18.8 36 107.5 75.6 134.0 44.8
Vanuatu 6 2 123.0 18.0 30 118.1 48.1 118.4 26.4
Vanuatu 7 2 57.0 2.9 20 109.8 18.0 71.7 33.4

note: Similarity and Kriging prediction counts are the same. Surface heat flow units are

mW/m2.
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(Vol. c75, pp. pp. 120). Freiberg. Forsuchungsh.3381
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Schütz, F., Förster, H.-J., & Förster, A. (2012a). Surface heat flow and pre-cenozoic litho-3394

sphere thermal structure of the northern sinai microplate in israel. Journal of Geo-3395

physical Research, submitted.3396
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