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Abstract

We develop an algorithm to measure densely-spaced vertical offsets along a scarp-like feature, and apply it to end-glacial fault-

scarps (EGFs) in Fennoscandia, a stable-continental region (SCR). We find significant variability in apparent vertical offsets,

and develop an equation to estimate the uncertainty (1σ) for a given average offset and number of measurements. We calculate

the slip-to-length ratios for the faults, assuming their fault-scarps were formed in a single earthquake, and find that these ratios

are up to ten times higher than found in rapidly deforming regions, which have been more studied. We find potential magnitudes

of the earthquakes that formed these scarps were M7-8.2. We suggest that slip-variability along ruptures could be higher than

often assumed, which means paleoseismological results should have larger uncertainty, but reduces in a predictable way with

increase in number of measurements, and at least 5 measurements should be taken. We also suggest that the slip-to-length

ratio used to simulate earthquakes in SCRs should be 7.5±2x10ˆ-5, in comparison with the Wells and Coppersmith value of

roughly 2±0.5x10ˆ-5.
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Abstract11

We develop an algorithm to measure densely-spaced vertical offsets along a scarp-like12

feature, and apply it to end-glacial fault-scarps (EGFs) in Fennoscandia, a stable-continental13

region (SCR). We find significant variability in apparent vertical offsets, and develop an14

equation to estimate the uncertainty (1σ) for a given average offset and number of mea-15

surements. We calculate the slip-to-length ratios for the faults, assuming their fault-scarps16

were formed in a single earthquake, and find that these ratios are up to ten times higher17

than found in rapidly deforming regions, which have been more studied. We find poten-18

tial magnitudes of the earthquakes that formed these scarps were Mw7-8.2. We suggest19

that slip-variability along ruptures could be higher than often assumed, which means pa-20

leoseismological results should have larger uncertainty, but reduces in a predictable way21

with increase in number of measurements, and at least 5 measurements should be taken.22

We also suggest that the slip-to-length ratio used to simulate earthquakes in SCRs should23

be 7.5±2×10−5, in comparison with the Wells and Coppersmith value of roughly 2±24

0.5 × 10−5.25

1 Introduction26

Twenty-five years ago Wells and Coppersmith (WC94, Wells and Coppersmith (1994))27

published a database of earthquake slip and length data which have been hugely influ-28

ential in the field of seismic hazard estimation. The relationships they found, chiefly based29

on observations from relatively rapidly deforming faults, are still used in seismic hazard30

estimation across the globe, especially when studies need to estimate the size of an earth-31

quake likely to occur on a particular fault, or estimate magnitudes from paleo-offset mea-32

surements. The WC94 relationships are still used in both plate boundary regions, more33

slowly deforming intraplate deformation zones and in stable continental regions.34

Since that original study, a variety of earthquake rupture compilations (e.g., Leonard,35

2014), and seismological estimates of earthquake stress drop (e.g., Allmann & Shearer,36

2009) have suggested that the relationships derived be Wells and Coppersmith may not37

be the most appropriate for intraplate regions. However, Leonard (2014) relied on a small38

dataset of only 28 earthquakes from stable continental regions (SCRs), and it remains39

uncertain as to whether comparatively rapidly deforming continental collision zones (which40

are nevertheless generally considered to be ‘intraplate’) are equivalent to SCRs where41
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it is hypothesized that a fault may reactivate for a single large event, or at least have42

repeat times of hundreds of thousands of years (Calais et al., 2016).43

Static stress drop (related to slip-to-length ratios in a roughly linear manner Scholz44

et al. (1986)) is important in seismic hazard, as it influences ground motions (e.g., Oth45

et al., 2017), and the relative values of stress drop in SCRs versus active regions has been46

debated (e.g., Allmann & Shearer, 2009; Leonard, 2014). Stress drops may be greater47

in SCRs due to colder, thicker lithosphere, and in many cases compositionally-controlled48

larger seismogenic thicknesses (e.g., Sloan et al., 2011). Longer inter-event time periods49

may also create frictionally stronger faults (Scholz et al., 1986). Previous work has shown50

that intraplate events have systematically higher stress drops than interplate events (by51

2-6 times (e.g., Allmann & Shearer, 2009; Scholz et al., 1986), and we investigate that52

here.53

The recent availability of a high-resolution LiDAR DEM covering most of Fennoscan-54

dia allows us to investigate a unique dataset of SCR earthquakes: One that is as large55

as any existing global dataset, but which occurs in a region of comparatively homoge-56

neous crustal and lithospheric thickness and strain rate (Artemieva & Thybo, 2013). This57

uniformity of strain rate is important because intraplate and SCR faults exist on a con-58

tinuum of slip-rates and earthquake repeat times, between active regions and the most59

stable regions (Calais et al., 2016). Due to the lack of dense GPS instrumentation, and60

necessarily small surface velocity signals in these regions (e.g., Kreemer et al., 2014), it61

is usually impossible to identify where a particular fault sits on this spectrum. Global62

datasets of intraplate (or even SCR) faults will be dominated by earthquakes occurring63

on relatively high (though still much lower than interplate structures) strain rate faults,64

and due to their infrequent occurrence, are mainly inferred from topography and/or ge-65

omorphology. In Fennoscandia we have a cratonic region which is undeniably a stable66

continental region, but where a significant number of large earthquakes, which are the67

focus of this study, have occurred (Lagerbäck & Sundh, 2008).68

Unlike previous studies of rupture offsets that mainly focus on strike-slip faults in69

California (e.g., Fialko et al., 2005; Zielke et al., 2012), with offset density measurements70

limited to the distribution of piercing points offset by the fault rupture, the reverse scarps71

in Fennoscandia allow us to find offsets semi-continuously along the rupture. As offset72

measurement densities have increased, the variability of offsets found has also increased73
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(Zielke et al. (2015) and references therein). We use our offset results to analyze what74

this means for uncertainties in paleoseismic offset measurements, which are often prop-75

agated through to uncertainties in paleomagnitudes, and go on to influence seismic haz-76

ard estimations.77

Here we develop an algorithm to find densely spaced offsets along a scarp-like fea-78

ture and use it to find offsets every 2 m along 27 fault-scarps in Scandinavia (Fig. 1).79

We then discuss the results along with assumptions and uncertainties in our analysis.80
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Figure 1. Fault locations. (a) Map of the wider region, with our study region, and (b), shown

by the red box. Black dots show earthquakes from ANSS catalog, with those of Mw ≥5 shown

in purple. gray background shading shows the topography. This, and all subsequent map fig-

ures, are shown in UTM zone 33N, with up north, and with 1 unit on the axes roughly equal

to 1 km. (b) Study region showing fault locations. Mera=Merasjaärvi, Suor=Suorsapakka,

Ve=Venejärvi, Ru=Ruostejärvi, Iso-Rii=Isovaara-Riikonkumpu, Ism-Lil=Ismunden-Lillsjohogen,

Vaal=Vaalajärvi, Pas-Ruok=Pasmajärvi-Ruokovaara, Paat-Pal=Paatsikkajoki-Palojärvi.

–4–



manuscript submitted to Tectonics

2 Data and Methods81

2.1 LiDAR DEM and Fault Traces82

Recent LiDAR surveys in Fennoscandia have produced DEMs with 0.6-2 m hor-83

izontal and 0.15-0.25 m vertical resolution (Johnson et al., 2015). This has allowed many84

more EGFs to be mapped (e.g., Mikko et al., 2015; Palmu et al., 2015; Sutinen et al.,85

2014). For fault-scarps in Sweden and Finland we used shapefiles provided by the Ge-86

ological Survey of Sweden (based on Mikko et al. (2015)), and the Geological Survey of87

Finland (based on Palmu et al. (2015)) respectively. The DEMs and fault-scarp shape-88

files were imported into R, which was used to extract elevation profiles perpendicular89

to the fault-scarp at 2 m intervals.90

2.2 Algorithm91

Several methods have previously been developed to automatically find fault-scarp92

offsets from high-resolution DEMs. Some of these are inapplicable as they deal with hor-93

izontal strike-slip faults and require piercing points (e.g. LaDiCaoz, Zielke et al. (2012)94

and 3D Fault Offsets, N. Stewart et al. (2018)). Two other methods which are applica-95

ble to dip-slip fault-scarps are geared towards both finding the fault, and then calculat-96

ing the vertical offset, without using prior information about the location of the fault-97

scarp. One of these, SCARPLET (Sare & Hilley, 2018), uses landform templates to de-98

tect fault-scarps, while the other, SPARTA (Hodge et al., 2019), uses change in slope and99

gradient of the change in slope to detect the edges of the fault-scarp. These methods are100

not appropriate when the landscape contains other steep-sided, linear geomorphologi-101

cal features such as eskers, which can be mistakenly identified as fault-scarps.102

A different, semi-automatic, more labor-intensive approach taken in Finland for a103

few faults (Mattila et al., 2016; Ojala et al., 2017), was to digitize the up-thrown and down-104

thrown edges of the fault-scarps to find the vertical difference between points along both105

edges of the scarp. One problem with this approach is that using the vertical difference106

at either edge of the fault-scarp rather than the difference between the projection of the107

landscape planes either side of the fault, can lead to large errors, since the original height108

gradient of the landscape is not taken into account.109
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Our method makes use of a priori knowledge of fault location, and relies on turn-110

ing the original elevation profiles across the scarp into segmented straight-line profiles.111

At different steps in the algorithm, profiles are rejected and so no offset is found from112

that profile, if they fail to meet certain criteria (i.e. acceptable fault plane not found,113

acceptable landscape surfaces not found). Finally the algorithm assesses the quality of114

the offset measurements based on a number of parameters, as detailed below. Inputs to115

the algorithm are the DEM raster (a TIFF) and the fault trace (a shapefile), which here116

we draw on the hillshade DEM (see Fig. S1 for example hillshade DEMs). The follow-117

ing lists the steps in the algorithm, all of which are done in turn, automatically.118

1. Extract Profiles: Elevation profiles perpendicular to the local fault-scarp orien-119

tation are extracted from the DEM every 2 m along the trace of the fault-scarp120

(Step 1, Fig. 2). We chose a profile half-width of 200 m. We test the sensitivity121

of the results to both the profile angle and the half-width. We test angles of ±15◦to122

the perpendicular, and test half-widths of 100 m and 1000 m (see Fig. S2). Chang-123

ing the angle results in a similar number of offsets found, and only a few percent124

difference in the average offsets found. Using a profile half-width of 100 m or 1000125

m leads to more profiles being rejected (77% and 43% found respectively) than126

a half-width of 200 m. The average offset found is very similar for the case of 100127

m but increases roughly 20% with a half-width of 1000 m, though for the fault-128

scarps with the largest increase, the fewest offsets were found with respect to 200129

m (roughly 25%). Longer half-widths lead to fewer offsets found because there is130

a higher chance that non-scarp-related irregular topography is found within these131

profiles, which means that straight-line landscape surfaces (see Step 4) cannot be132

fit well.133

In cases where we see rivers cutting the faults, or the fault scarp was obviously134

disturbed, or in the case of the northern section of the Lainio fault, where a river135

channel runs parallel to the fault for some distance, we mark these on the DEM136

and do not attempt to find offsets in these regions.137

2. Segment Profiles: For each elevation profile, ‘segmented’ profiles are created i.e.138

the profiles are simplified by approximating straight lines (Step 2, Fig. 2). This139

step uses the standard algorithm from the R package ‘segmented’ (Muggeo, 2008)140

- an iterative regression model with break points. We set the starting number of141

breakpoints (K) to 10 (though the number of breakpoints can change during the142
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iterations), and the maximum number of iterations to 50. Increasing K tends to143

increase the detail of the final ‘segmented’ profiles, which can lead to an increase144

in noise, while decreasing K often leads to oversimplification, which can smooth145

over the fault-scarp.146

3. Find Fault Plane: A fault plane (FP) is found by selecting planes that are within147

50 m either side of the marked fault trace, and have a gradient of more than three148

times the average gradient of the entire profile (EP), i.e. FP/EP gradient ≥3 (Step149

3, Fig. 2). Sometimes no fault plane is found for a given profile. We tested the150

sensitivity of the selection criteria to different FP/EP gradient ratio values, from151

1 to 10 (see Fig. S2). On average, with the strictest criteria of FP/EP gradient152

≥10, 37% the number of planes were found compared to FP/EP gradient ≥3, and153

the average offsets found differed by 10%. If multiple potential fault planes are154

found, the one nearest the center is selected, given that it is not significantly smaller155

than the other potential fault planes. For regions where dip-slip faults are asso-156

ciated with topographic fronts, the FP/EP gradient criteria may need to be de-157

creased if the slope of the fault plane is not significantly larger than that of the158

topographic front.159

4. Find Straight-Line Landscape Surfaces on either side of the Fault Plane: If a fault160

plane has been identified, the algorithm tries to find straight-line landscape sur-161

faces that fit the ‘segmented’ profile either side of the fault plane (Step 4, Fig. 2).162

The algorithm first tries the longest surface, then if it does not meet the follow-163

ing criteria, a shorter surface is tried, down to a minimum landscape surface length164

of 100 m. Surfaces are only accepted if they meet certain criteria: The difference165

in dip between the two landscape surfaces must be less than the average gradi-166

ent of the profile; the gradient of the fault plane must be three times that of the167

average gradient of the surfaces; the direction of the offset found must correspond168

to the dip direction of the fault (i.e. if the fault is dipping down-to-the-right, the169

offset must conform to this); the height difference between the center of the two170

surfaces should not change by more than on average 2.5 m per m averaged over171

the last five surfaces found. This last criteria excludes an insignificant number of172

extreme outliers.173
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5. Calculate Offsets: If landscape surfaces have been found, they are extrapolated174

the center of the fault plane, and the vertical difference in elevation between them175

at this location is found (Step 5, Fig. 2).176

6. Assign Confidence Values: In this stage, the algorithm assigns confidence values177

to the offsets found based on three criteria: 1) the maximum residual distance from178

the original elevations to the straight-line landscape surfaces found on each side179

of the fault; 2) the difference between the slope of the landscape surfaces and the180

fault plane; 3) the similarity of the slopes of the landscape surfaces either side of181

the fault plane (Step 6, Fig. 2). These criteria are chosen since 1) the smaller the182

distance between the landscape surfaces and the original elevations, the better the183

fit of the simplification. 2) The larger the difference in slopes between the fault184

plane and the landscape planes, the more reliably the fault is picked out. 3) The185

slopes on either side of the fault plane should be similar to be confident that they186

were originally part of the same surface. These values are then normalized and187

added to together to get a final confidence value between 0 and 1 for each offset188

measurement.189

7. Remove Results with Low Confidence Values: The algorithm removes offset val-190

ues if their confidence values are more than 1σ below the mean confidence value.191

8. Add Overlapping Offsets: If there are overlapping fault segments, offsets from pro-192

files on different overlapping strands are added if they are within 5 m of each other193

in terms of distance along the fault-scarp. This distance is measured on a smoothed194

single line that either follows the main fault-scarp, or runs in between two strands195

if they are considered to be of equal importance. On average less than 2% of the196

profiles are considered to overlap, with the maximum for one fault-scarp being 7%197

overlapping. The results show no systematic increase in offsets seen for profiles198

which had offsets added.199

9. Smooth Offsets along Fault: As an optional last step, we then use LOESS (locally200

weighted scatterplot) smoothing of offsets along the fault trace. We weight the smooth-201

ing by confidence values of each offset point found, so offsets with higher confi-202

dence give more weight to the smoothing. We vary the LOESS smoothing span203

to highlight the variation in offsets at both the small and broad scale, as discussed204

further section 3.4.205
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Figure 2. Steps in the algorithm. The upper panels show an example of a section of LiDAR

DEM over the Pasmajärvi-Ruokovaara scarp. The black lines show profiles (with half-width 200

m) crossing the scarp, with angles perpendicular to the local strike of the fault-scarp. Here the

lines are spaced every 50 m along the scarp for clarity, whereas in our algorithm we extracted

profiles very 2 m along the scarp.

We have ignored the potential for apparent slip to be altered by the slope of the206

surface, which could effect the apparent vertical offset, especially if there is a lateral com-207

ponent of slip and/or if the slope is not perpendicular to the fault trace (Mackenzie &208

Elliott, 2017). Lagerbäck and Sundh (2008) note that slickensides show almost pure dip-209

slip motion in the few locations that they have been found, and that observations from210

trenches also indicate purely dip-slip reverse motion, so here we assume only dip-slip mo-211
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tion. In general the fault planes are very steep near the surface, though the scarp has212

eroded to a lower angle, and most of the faults strike parallel to the main topographic213

gradients in a SW-NE direction. We show this in Fig. S3, where for most of the faults,214

the average gradient of the landscape planes is highest when they are perpendicular to215

the fault.216

This algorithm works for dip-slip scarps, where the trace of the scarp is known. It217

would work best where the topography on either side of the scarp was flat with no noise,218

and the fault-scarp was steep. The ‘segmented’ algorithm (Muggeo, 2008) is able to re-219

move some noise, but these features must be smaller than the fault-scarp itself. The K220

parameter within the ‘segmented’ algorithm can be altered for different landscapes e.g.221

if the landscape were more noisy, the K value could be decreased, leading to greater sim-222

plification and better removal of noise, though fault-scarps that are not distinct would223

also be removed.224

3 Results and Discussion225

We found vertical offsets from studied 27 fault-scarps (Fig. 3), all steeply-dipping226

reverse faults thought to have formed around the time of the last deglaciation, roughly227

10,000 years ago (Lagerbäck & Sundh, 2008), though there is evidence that some scarps228

may have formed more recently (e.g., Ojala, Mattila, Hämäläinen, & Sutinen, 2019). These229

EGFs have been explained by a combination of tectonic and glacial rebound stresses, pos-230

sibly in combination with high-fluid pressure underneath the ice-sheets (e.g., I. S. Stew-231

art et al., 2000). These scarps formed by reactivating older fault zones, as evidenced by232

wide deformation zones seen in trenches that cross the scarps (e.g., Lagerbäck & Sundh,233

2008).234

For five of the fault-scarps (Lansjärv, Burträsk, Sorsele, Isovaara-Riikonkumpu and235

Röjnoret), trenches dug across the scarps show evidence that they were formed in sin-236

gle events (Lagerbäck & Sundh, 2008; Ojala et al., 2017; Lagerbäck, 1992). However, for237

three other fault-scarps (Merasjärvi, Venejärvi and Suasselkä), there is evidence that they238

were formed in multiple events (Smith et al., 2018; Mattila et al., 2019; Ojala, Mattila,239

Ruskeeniemi, et al., 2019). The two stage origin for the Merasjärvi fault-scarp was based240

on geomorphology, and river terraces offset to different heights (Smith et al., 2018). A241

trench across the Venejärvi indicated that this may have been formed in potentially three242
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Figure 3. Algorithm results. Points show locations where offset measurements were found,

color-coded by offset. Mera=Merasjaärvi, Suor=Suorsapakka, Ve=Venejärvi, Ru=Ruostejärvi,

Iso-Rii=Isovaara-Riikonkumpu, Ism-Lil=Ismunden-Lillsjohogen, Vaal=Vaalajärvi, Pas-

Ruok=Pasmajärvi-Ruokovaara, Paat-Pal=Paatsikkajoki-Palojärvi.

–11–



manuscript submitted to Tectonics

events, though with the third being very minor (Mattila et al., 2019). For the Merasjärvi243

and Suasselkä scarps, the first of the two ruptures is interpreted to have taken place prior244

to deglaciation, meaning that the glaciation did not fully reset the landscape.245

For the Suasselk a fault, a minor strand at one site, but not the main strand, was246

found to indicate it formed in two ruptures, the first of which occurred prior to glacia-247

tion. At a different, and morphologically simpler, site on the same fault the main scarp248

is interpreted as having formed from a single postglacial rupture. (Ojala, Mattila, Rus-249

keeniemi, et al., 2019).250

Fig. 4 shows a schematic of potential rupture scenarios in terms of single/multiple251

ruptures (a), and how this would influence average slip-to-length ratios found, together252

with an example of how this might be applied to the Merasjärvi fault-scarp (b).253
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Figure 4. Potential rupture histories. (a) Schematic showing three rupture scenarios, A, B,

and C, with the resulting slip/length (S/L) ratios that each event scenario would have. In A, the

entire scarp length and offset is formed in one event. In B, first an event occurs along half of the

current day scarp, and at a later stage an event occurs on the other half, with both events having

the full scarp offset. In C, two events occur which both have the length of the current day scarp,

but each have half the offset. (b) Three hypothetical rupture scenarios of how the Merasjärvi

scarp formed. In A, the entire length and offset were formed in one event. In B, the three dif-

ferent segments of the scarp were formed in different events, each with their own average offset.

In C, two events occurred, both along the entire length of the current scarp, though with each

having half the offset.
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For the fault scarps which have not been trenched, we assume they have ruptured254

only once, though recognize that if they were formed in multiple ruptures, their slip-to-255

length ratios we find here would be different. There may be physical reasons why most256

of the faults here only ruptured once. The earthquakes likely represent the release of strain257

which has accumulated over extremely long time periods, triggered by the sudden low-258

ering of the normal stress on the fault plane. This trigger could be due to a spike in pore259

fluid pressure from penetration of melt-water into the crust (I. S. Stewart et al., 2000),260

similar to earthquakes induced by diffusion of increased pore-fluid pressure from reser-261

voir filling (e.g., Simpson et al., 1988), or just the rapid removal of the ice load.262

Indeed, Craig et al. (2016) demonstrated from modeling ice-sheet removal and iso-263

static rebound, that during the early Holocene, the region where the EGFs are was un-264

dergoing East-West extension with horizontal strains of up to 5x10−8/yr, apparently in-265

consistent with the orientation and reverse sense of motion on the fault-scarps. In this266

region today, GPS measurements show horizontal extension is still ongoing at rates of267

roughly 1 mm/yr (Kierulf et al., 2014). However, the background tectonic stress dur-268

ing that time, as now, was NW-SE compression from ridge-push, in agreement with the269

principal direction of horizontal compression from earthquake focal mechanisms outside270

the region of the thickest ice-sheets (Lindholm et al., 2000). Craig et al. (2016) showed271

that the reverse fault-scarp strikes and sense of motion are consistent with the orienta-272

tion of this plate boundary forces and concluded that deglaciation acted as a trigger re-273

leasing a strain reservoir that had accumulated over Ma timescales. If this is correct it274

is very unlikely that a particular fault segment could have failed, been reloaded, and then275

failed again during the early Holocene without another trigger. This does not conflict276

with the possibility that for some scarps, part of the topography could be formed in a277

rupture previous to deglaciation (Smith et al., 2018; Ojala, Mattila, Ruskeeniemi, et al.,278

2019). It is however also possible that individual scarps could be formed by multiple earth-279

quakes migrating laterally along the scarp, with the potential for some overlap that would280

mean the full scarp height may have been created by two ruptures in these overlapping281

locations. Here we assume that the offsets were all formed in single events.282

The percentage of profiles where reliable offsets were found varies from 33 to 68%283

for the individual fault-scarps. Here we show the results of the algorithm for the Burträsk284

fault-scarp in Fig. 5, both with offsets in map view overlying Quaternary cover, and lon-285

gitudinal profiles of distance along the fault versus offset. For detailed discussion and286
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figures for all the faults, see the Supplementary Information (Figs. S4-S30). Quaternary287

cover was downloaded from the Swedish Geodata portal and Geological Survey of Fin-288

land (see Acknowledgments for details), who mapped it from a combination of field and289

remote approaches.290

For the Burträsk fault-scarp is roughly 20 km long, and well preserved on the sur-291

face apart from locations where it crosses lakes. We find offsets varying from a few me-292

ters up to a maximum of 28.3 m, with an average of 9.7 m. It has previously been de-293

scribed by Lagerbäck and Sundh (2008) as having an offset of 5-10 m, locally reaching294

15 m high. Large variations over short distances can be seen in the Burträsk scarp off-295

set, particularly near the center, where there is a 10 m vertical change over 500 m, and296

this also occurs in many of the other faults. A trench dug across this fault (Point A in297

Fig. 5) did not reach bedrock, but showed evidence that this scarp formed postglacially,298

with no evidence for multiple ruptures.299

The maximum individual offset found was 48 m, on the Pärvie1 fault, slightly higher300

than previous estimates of around 40 m (e.g., Olesen et al., 2004; Lagerbäck & Sundh,301

2008). The original elevation profiles, faults and landscape planes, and offsets found from302

the elevation profiles for the Pärvie1 fault both equally spaced along the fault, adjacent303

to the maximum offset profile and 1 km surrounding the maximum offset profile can be304

seen in Figs. S31, S32 and S33.305

3.1 Variability of Surface Offset306

All of the faults showed high short-wavelength variability in offset e.g. averaged307

over 100 m, 10% of neighboring values have offset differences of more than 3 m, and 1%308

have differences of more than 7.5 m. Variation in offset can give information on the pro-309

cess of dynamic rupture (e.g., Liu-Zeng et al., 2005), has implications as to how pale-310

oseismic slip measurements should be treated (e.g., Hecker et al., 2013) and can influ-311

ence seismic hazard analyses (e.g., Faure Walker et al., 2019). However, there is no agree-312

ment over how much short-wavelength slip variability at the surface is reflected in the313

rupture process at depth: measurement uncertainty, fault geometry, fault segmentation314

at depth, heterogeneity of Quaternary cover and erosion, and off-fault deformation, all315

have the potential to increase surface slip variability measured compared to that at depth316

(e.g., Gold et al., 2013; Rockwell & Klinger, 2013; Milliner et al., 2015).317
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Figure 5. Results for the Burträsk fault scarp. The top plot shows vertical offset found on

the scarp in map view and lower plot shows offset along the scarp starting from the southern

end. Red and black solid line are results of locally weighted smoothing (LOESS) based on a nar-

rower and larger smoothing window respectively. Red error bar in top right indicates the average

standard deviation of measurements within the same window as the solid red line. Sections of

blue lines at zero offset show where the fault-scarp could be seen but was disturbed, mainly by

streams, based on the DEM. Offset points are color-coded by confidence values (Conf.) - see text

for details. Quat. = Quaternary cover. A marks the location of a trench, the dotted and dashed

gray lines show respectively, the average and maximum offsets found previously (Lagerbäck &

Sundh, 2008).
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High-offset variability has been reported in recent large strike slip events (e.g., Wes-318

nousky, 2008; Rockwell & Klinger, 2013; Klinger et al., 2005) including variations of 1319

m over tens of meters with strains of ∼10−1 for the Landers Mw7.3 1992 event (McGill320

& Rubin, 2002) and variations of 3 m within 10-100 m for the Mw7.1 1999 Hector Mine321

earthquake (Chen et al., 2015).322

DEM accuracy also has an influence. The DEM has an average vertical accuracy323

of 0.15-0.25 m, so the offset change between two profiles could have an uncertainty of324

up to 0.5 m. This could explain some of the short wavelength (<5 m) variability.325

We show in Fig. S3 that on average, the topographic slope direction is nearly per-326

pendicular to the fault-scarps, so the vertical offsets found here are unlikely to be sig-327

nificantly influenced by pre-existing landform geometry (e.g., Mackenzie & Elliott, 2017).328

However, influences from localized changes of strike can be seen for the Lansjärv fault329

(Point A Fig. S12) where offset increases from 5-10 m to 20-25 m over 2 km when mak-330

ing a 270◦ box-corner bend, and some geometrical complexity may be the cause of the331

very large offsets seen for the Lainio fault (Point A Fig. S8) where a short scarp 1.5 km332

in front of the main scarp has offsets 25-30 m, and the main scarp either side offsets of333

roughly 10 m. Some variability may relate to real segmentation of the fault at depth (Wesnousky,334

2008).335

Quaternary cover also influences offsets (Figs. S37, S38 and S39) e.g. sand and peat336

are more likely to build up on the down-thrown side and are more susceptible to erosion,337

so we see lower offsets in these regions, whereas the scarp in till is better preserved. This338

is particularly noticeable for the Venejärvi, Pasmajärvi-Ruokovaara, Bollnas. Till makes339

up 80% of the profiles, and peat 15%, with the remaining 5% split between bedrock, sand340

and water.341

Occasionally planes are found where the scarp has been significantly eroded, though342

these are likely to have a lower confidence value, and where the erosion stops, the off-343

set found may increase rapidly. Roughly 6% of strain values between neighboring pro-344

files were more than 1 (i.e. >2 m vertical offset difference over 2 m horizontally). This345

is hard to explain by anything other than post-earthquake landscape modification, such346

as small-scale geomorphic processes, since strains of this level have not been seen from347

fault-scarps studied within a few months after their formation (e.g., Klinger et al., 2005).348
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When averaged into 10 m bins, no adjacent 10 m bin average had a strain of over 1 (see349

Fig. S40).350

The amount of off-fault deformation is extremely hard to quantify for paleoseis-351

mic scarps, and can be influenced by the Quaternary cover and thickness (e.g., Quigley352

et al., 2012). The importance of off-fault deformation is unclear, with recent studies find-353

ing both little (e.g., Klinger et al., 2006; Oskin et al., 2012) or up to 100% of the total354

displacement takes place off-fault (Milliner et al. (2015) and references therein). Nissen355

et al. (2014) used LiDAR differencing across a few hundred meters, not just the fault it-356

self, and found a smoother profile, suggesting some variability occurs at shallow depths.357

3.1.1 Average surface offset standard deviation358

We analyze how the number of measurements taken along the scarp changes the359

standard deviation of the average offset found (Figs. 6, S41, S42 and S43). This is im-360

portant in paleoseismology as the average offset and its uncertainties affects calculated361

magnitudes, which are then used in seismic hazard analyses. We randomly sample the362

distribution of offsets for each fault a different number of times before averaging, to model363

taking a different number of measurements in the field then averaging. We do this 1000364

times, then calculate the standard deviation of the averages found.365

From least-squares regression, fitting all the faults simultaneously, we find that366

log(sd) = C1 × log(num meas) + C2 × av slip (1)

where C1 = −0.515 and C2 = 0.19, sd is the standard deviation of the average offset,367

num meas is number of measurements taken and av slip is the average slip found in me-368

ters. The fit is shown by black lines in Fig. 6 (b), while the number of measurements369

that need to be averaged to get within 10 and 25% are shown in Fig. 6 (c) and (d). For370

some scarps more than 25 observations are needed to reach a 50% probability of calcu-371

lating an average offset within 10% of that of the whole dataset. This suggests that vari-372

ability in scarp height poses a significant source of uncertainty in average offset (and so373

earthquake magnitude) estimation. This analysis assumes that measurements are taken374

at random, though in the field results are likely biased towards higher offsets.375

We compare our predicted standard deviations with measurements found from pre-376

vious studies for three other surface ruptures that each have more than 80 offset mea-377
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Figure 6. Average offset uncertainties. (a) Number of hypothetical offset measurements taken

versus the average standard deviation of the average offset found. (b) Number of hypothetical

offset measurements taken versus log(average standard deviation) of the average offset found.

Straight black lines show the modeled fit based on equation 1. (c) The probability of the average

offset found being within 10% of the actual average offset. (d) The probability of the average

offset found being within 25% of the actual average offset.

surements along strike (Fig. S44). Two of these surface ruptures are strike-slip scarps378

formed in the instrumental period, with offsets found from reconstructing piercing points379

from high-resolution imagery: the 2001 Mw7.8 Kokoxili rupture on the Kunlun fault, and380

the 1999 Mw7.1 Hector Mine earthquake rupture (Klinger et al., 2006; Wesnousky, 2006).381

The third surface rupture is the paleoseismic dip-slip Mw ∼8 Bilila-Mtakataka fault-382

scarp in Malawi, where offsets were found from scarp-perpendicular elevation profiles,383

with manual picks of the crest and base of the scarp (Hodge et al., 2018).384

For the Kokoxili and Bilila-Mtakaka fault-scarps, our predictions of standard de-385

viation were larger than those from the measurements themselves (0.9 versus 0.6 m, and386
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4.9 versus 2.6 m respectively). For the Hector Mine scarp, our prediction and the stan-387

dard deviation from the measurements was equal, both at 0.5 m. Since none of these mea-388

surements were automatic, there may have been bias to measuring offsets from larger,389

clearer faults scarps. Indeed, for the Bilila-Mtakataka, the measurements we compared390

with were only those found by Hodge et al. (2018) to be repeatable, which excluded in391

particular measurements taken towards the end of the fault-scarp. The offset measure-392

ments for the Kokoxili rupture were also taken from a central segment, which may have393

less variation than over the total fault length.394

3.2 Maximum offset: 100, 95, 90th percentile395

We find that the 90th and 95th percentile maximum offset are 1.7 and 2 times the396

average offset respectively, while the 100th percentile maximum value has little corre-397

spondence to the average offset, though does correspond more to the length of the fault398

(Figs. S45). The Parvie1 Fault is both the longest fault and the fault with the highest399

100th percentile offset, of around 48 m (see Fig. S32 for profiles). However, this very high400

offset is not laterally continuous, as can be seen from Fig. S33 which shows that the high-401

est offset extends for less than 1 km. The extreme offset values may be caused by very402

local features and/or the geometry of the fault, so depend on local conditions rather than403

general properties of the rupture such as the average offset. The extreme offset values404

are also more likely to be influenced by a few wrong measurements than is the average.405

It may be that if a fault is longer, there is simply a higher chance that an anomalous off-406

set will be encountered, which would explain the linear relationship between absolute407

maximum offset and length.408

Previous studies (e.g., Wells & Coppersmith, 1994; Manighetti et al., 2005; Wes-409

nousky, 2008; Leonard, 2010) find that the maximum offset is around twice the average,410

though with large variation (for Wells and Coppersmith (1994) it varied from 1.25−5,411

for Wesnousky (2008) it varied roughly 2−4 for reverse faults), a wider range than the412

90th or 95th percentile offsets found here, though less than the 100th percentile offset.413

Since the maximum offsets may occur over a short distance, in previous studies that have414

less dense measurements, the absolute maximum values may have been missed. If the415

90th or 95th percentile values were used in these studies, the maximum:average offset416

ratios may have clustered more around 1.7−2. The larger standard deviation in scal-417

ing relation that use the maximum slip rather than average slip (Wesnousky, 2008) can418

–19–



manuscript submitted to Tectonics

be explained by the unstable nature of the 100th percentile maximum slip value. We re-419

gard the 95% value to be a more useful parameter for assessing fault scaling.420

3.3 Rupture Length Uncertainties421

The lengths of the ruptures that we see in the DEM are the minimum possible rup-422

ture length, since the rupture could continue with either a lower offset that we cannot423

pick up, or may have been lost through erosion. In some cases, the Quaternary cover changes424

e.g. from till to a material less favorable to preservation such as peat or sand, and so the425

fault trace appears to stop abruptly. In some cases, separately-named scarps may actu-426

ally be continuations with each other, and not seen in between due to Quaternary cover427

unfavorable to scarp preservation. For instance, the Isovaara-Riikonkumpu scarps are428

separated by peat bogs (Fig. S23), and trench excavations between them have found ev-429

idence that the scarp continues beneath the ground in between (Ojala et al., 2017), so430

we treat this as being formed in one event. For other scarps it is not so clear - see Text431

S1 for more details.432

For all scarps, the surface rupture could originally have extended further either side433

of the surface scarp still visible today, and subsequently been eroded. Since offsets along434

fault scarps are expected to be greatest nearer the middle and taper smoothly to zero435

at either end (e.g. (Wesnousky, 2008)), we can estimate how much scarp could be miss-436

ing at either end by trying to fit theoretical slip-distribution profiles to the observed length-437

offset distributions that we have found.438

3.3.1 Fitting the Theoretical Slip-Distribution.439

We assume that fault slip-distribution profiles follow the sinesqrt approximation440

suggested by (Biasi & Weldon, 2006), which is then multiplied by an asymmetric func-441

tion (Wesnousky, 2008). We also allow offsets in areas of different Quaternary cover to442

be shifted up or down by a constant value to account for different erosion rates in the443

different Quaternary types. We use fmincon (implemented in R) to minimize the abso-444

lute difference between the observed offsets (Dob) and the theoretical offsets (Dth) cal-445

culated below:446

Dth(l) = C [sin(
πl

L
)]0.5 × (1 −A (

l

L
)) + Qi (2)
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where Dth is the theoretical offset, C is a constant related to the average offset, L is the447

rupture length, l is the distance along the fault and is in the range 0−L and A relates448

to how symmetric or not the distribution is. Qi is a constant that differs in regions of449

different Quaternary cover.450

We do not initially know the length of the fault, so we set L = Lob + Ls + Ln,451

and l = lob + Ls, where Lob is the observed length of the fault-scarp, Ls and Ln are452

the additional length to the south and north of the observed scarp respectively, and lob453

is the original distance along the fault measured from the southern end of the observed454

fault-scarp.455

Constraints456

We constrain C to be a positive number and A to be between 1 and -1 (with zero457

being symmetric). Ls and Ln are constrained to be between 0 and a value determined458

by studying the Quaternary cover to get a best guess of how far the fault could poten-459

tially extend without being visible in the DEM i.e. if there is peat and water, the fault460

could easily extend through this unobserved, but if there is till and bedrock, the fault461

may not be able to extend through this unobserved. In some cases the parameters es-462

timated hit this limit, so this best guess is important, whereas in other cases this limit463

is not reached.464

Qi is set to be zero for till, since this is by far the most common Quaternary cover.465

Qi for bedrock is constrained to be negative (we assume that ruptures in the bedrock466

would erode less than till) and Qi for peat, sand and water are constrained to be pos-467

itive (we assume the scarps in these areas are in general lower, as is generally seen).468

We solve for C, Ls and Ln, A and Qi, and plot the results as red lines in Figs. S46,469

S47 and S48.470

Assumptions471

It can be seen that for some faults (Figs. S46-S48), in particular Röjnoret, Burträsk,472

and Lainio, fit this distribution fairly well, though for others the validity of this fit is more473

questionable. Fig. 7 looks at fitting the slip-distribution for the Lainio and Merasjärvi474

scarps both separately and together. In this case, the scarps are fit better by assuming475

they were formed individually, and not in the same event. The slip-distributions for some476

of the other scarps (e.g. the Lansjärv scarp, Fig. S47) could also be fit equally well, or477
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better, if they were broken into smaller segments, so in these cases we cannot use the478

fit to the modeled slip-distribution as evidence that the scarp formed in a single event.479

We assumed a tapering scrap, and we have not allowed for segmentation, or abrupt ter-480

minations which both do occur (e.g., Hemphill-Haley, 1999; Manighetti et al., 2005; Wes-481

nousky, 2006; Biasi & Wesnousky, 2016), and would cause non-smooth offset distribu-482

tions. There are also other theoretical slip-distributions such as triangular, tapered etc.483

that we have not considered here (Wesnousky, 2008; Biasi & Weldon, 2006).484
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Figure 7. Example of fitting theoretical slip-distributions to the offsets found here for the

Lainio and Merasjärvi scarps. In a) and b), the Lainio and Merasjärvi scarps are fitted sepa-

rately. In c), the Merasjärvi-Lainio scarp is fitted together as one fault. Solid red lines show the

theoretical slip distributions. The dashed red lines in c) show the individually fitted curves for

comparison.

3.4 Slip-to-Length Ratios485

To find the slip from the vertical offset we need the dip of the faults at the surface.486

In occasional bedrock scarps, dips of up to 85◦ have been recorded (Muir-Wood, 1993),487

though seismic reflection profiles and microseismicity patterns show faults dipping ∼40-488
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60◦ at depth (Lagerbäck & Sundh, 2008). Here we simply assume that the vertical off-489

set equals the total slip on the fault. For dips of 60 to 85◦, the slip would increase by490

∼15 to ∼0%, and the ratios would increase correspondingly.491

How to calculate the ‘average’ slip from an slip profile is subject to interpretation.492

Using a straight average can increase the influence of locations that have been eroded493

to lower offsets, however fitting an envelope can increase average displacement by ∼15%494

(Biasi et al., 2013), and increases the importance of local maxima which may be outliers495

(Gold et al., 2013).496

Here we use the average from LOESS (locally weighted scatterplot) smoothing with497

a span of 250 m, weighted by confidence values, since this decreases the importance of498

some extreme values, while not ignoring them completely. This changes the values from499

straight averaging by up to 25% for an extreme case, though for more than half the pro-500

files it changes by less than 3%. The surface expression of parts of some of the fault-scarps501

have been erased by later surface modification. Lengths found from the algorithm are502

therefore lower bounds. We fit the modeled theoretical slip-distribution (Section 3.3.1)503

to the profiles to estimate an amount of missing length.504

The offsets on some faults (e.g. Burträsk, Röjnoret, Lainio) fit the theoretical dis-505

tribution well (see Figs. S46, S47 and S48). On average, this fit makes the faults 33%506

longer, though for the well-fitting faults mentioned above this number is 10% (Fig. S49).507

We consider here only the surface rupture length and average surface slip, without con-508

sidering the subsurface rupture length or average subsurface slip. WC94 (Wells & Cop-509

persmith, 1994) find that surface rupture lengths on are average 75% of the subsurface510

rupture lengths, and that subsurface slip is somewhere between the average and max-511

imum surface slip. Since both subsurface length and average offset might be larger than512

surface values, the ratio between the two should be less affected. We do not considered513

this further.514

We show fault length versus average slip in Fig. 8a). Red dots show length and slip515

measured from the algorithm, which we consider an upper bound for the slip-to-length516

ratio, and the red lines extend to the length and average slip of the modeled theoreti-517

cal slip-distribution profiles, which we consider a lower bound.518
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The darker red shaded area shows the least-squares fit the data from the observed519

and theoretical ratios: 9±2.2×10−5 and 6±1.6×10−5. The lighter red shading covers520

the ratios between the Burträsk and Suasselkä faults, which were both considered to be521

reliable (the Burträsk fault has been trenched, and the Suasselkä fault has been widely522

studied, with ratios of 2×10−4 and 3×10−5 respectively. The average and maximum523

offsets, along with lengths and ratios, can be seen in Table S1. If scarps formed through524

the lateral migration of multiple events then the slip would be unchanged, but the length525

that failed in individual events would be shorter. We are thus unable to preclude even526

higher slip-to-length ratios. Even after our proposed theoretical slip-distribution fit we527

could still be underestimating the length for some faults. If we were to assume a slip-528

to-length ratio of 1× 10−4, and the average offset is that found by the algorithm, the529

percentage of scarp length missing would be 50% for Buträsk, 90% for Sevetti, 75% for530

Bollnas and 80% for Laisvall. In some cases e.g. Merasjärvi and Lainio, we cannot pre-531

clude that they formed in the same event, since they are separated by peat - a material532

that does not preserve the scarps that well - and they have a similar strike and offsets.533

We therefore show both the results of assuming they ruptured individually and together,534

and link them with a gray dashed line.535

We also plot previously proposed slip-to-length ratios, some of which include faults536

in any tectonic setting (e.g. WC94, Wells and Coppersmith (1994)) and some specific537

to stable continental regions (e.g. LE14, Leonard (2014)). Some of our results fall within538

the bounds for these previous results, though quite a lot have a higher slip-to-length ra-539

tio than expected. The slip-to-length ratio for the Burträsk fault is 2× 10−4, roughly540

ten times the average value from the Wells and Coppersmith (1994) compilation. The541

upper bound of 10−4 from a global compilation by Scholz (2002) lies close to our least-542

squares fit for this dataset. Other earthquakes in SCR regions (marked on Fig. 8a) have543

been found with even higher ratios e.g. 3x10−4 in the 2001 Mw7.6 Bhuj earthquake (Copley544

et al., 2011) and 2.2x10−4 in the 1897 Mw8 Assam earthquake (Bilham & England, 2001).545

Additionally, regions that are arguably less stable, but still with relatively low slip-rates,546

have also experienced earthquakes with large slip-to-length ratios, as shown by the Bilila-547

Mtakataka fault-scarp in the southern East African Rift with a ratio of 1x10−4 (Jackson548

& Blenkinsop, 1997), and various fault-scarps in the Lake Baikal region with ratios of549

up to 1.4x10−4 (Smekalin et al., 2010). In another more active tectonic setting, the 1855550
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Wairarapa New Zealand strike-slip earthquake also had a very large ratio of 1x10−4 (Rodgers551

& Little, 2006).552

Fennoscandia is part of the Fennoscandian Shield and microseismicity suggests that553

the seismogenic thickness is ∼40 km (Artemieva & Thybo, 2013; Lindblom et al., 2015),554

and that the crust is relatively cool, 400-500◦ at the Moho (Balling, 1995). This unusu-555

ally large seismogenic thickness allows increased fault width, and potentially larger nor-556

mal stresses at depth. The above-mentioned earthquakes with large slip-to-length ratios557

also have a large seismogenic thickness, which, rather than slip rate, may be the control-558

ling factor, as suggested previously by e.g., Jackson and Blenkinsop (1997).559

It has been suggested that some of the variability in the ratios is controlled by crustal560

properties (e.g., Manighetti et al., 2007). In Fennoscandia, the general structure of the561

crust and lithosphere is similar, since the faults are not far apart. This suggests that the562

geometry and properties of the local fault zones may be controlling the observed vari-563

ations.564

3.4.1 Calculating Stress Drop.565

We use equation 7 of (Shaw, 2013) (shown below) to find the stress drop from the566

slip, length and width of the rupture:567

S =
∆σ

µ

1
7
3L + 1

λ+2µ
λ+µ W

(3)

where ∆σ is the average stress drop, µ is the rigidity (here 40 GPa Dziewonski and An-568

derson (1981)), S is the average slip, L is the length and W is the width of the fault rup-569

ture. We use the best estimate values of these parameters found. λ+2µ
λ+µ is the Lame pa-570

rameter ratio, and is equivalent to 1

(1− Vs
Vp

)2
, where Vs and Vp are the s-wave and p-wave571

velocities respectively, with the Vs
Vp

ratio here taken to be 1.75.572

We find (for faults longer than 20 km) average stress drops of 3-29 MPa, with a573

mean of 14 MPa. This is roughly twice the mean value of 6 MPa found by Allmann and574

Shearer (2009) for intraplate areas, which includes fault with slip rates of cm/year. How-575

ever, it is similar to the Bhuj 35 MPa (Copley et al., 2011) and Saguenay 16 MPa (Somerville576

et al., 1990) earthquakes, which are in SCRs. Anderson et al. (2017) suggest that fault577

scaling is influenced by slip rate, with slower slipping faults having larger stress drops,578
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Figure 8. a) Slip-to-length ratios found. Average slip versus length for faults studied. Here

we take the average slip on the fault to be the same as the vertical offset, which gives a minimum

slip value. If we assumed the faults were dipping 60◦ the slip values would all increase by 15%.

Red dots show the fault length and average slip from the algorithm results. Red stars and trian-

gles show fault-scarps that have been trenched, with evidence for single, and for multiple rupture

respectively. For those with evidence of multiple ruptures, dashed red lines extend vertical to

where the scarp would plot assuming the entire length was formed in two events with equal slip.

Solid red lines extend to the fault length and average slip found from the modeled theoretical

slip-distribution. The darker red shaded area shows the least-squares fit to the observed (upper

bound) and theoretical (lower bound) ratios. The lighter red shaded area covers the ratios be-

tween the Burträsk and Suasselkä faults. gray dashed lines connect faults that may connect to

each other, or extend further. gray unlabeled dots show the compilation of measurements from

(Wells & Coppersmith, 1994). gray labeled dots show the Bhuj (Bh), Bilila-Mtakataka (Bi),

Baikal (Ba), Assam (As) and Wairarapa (Wa) scarps mentioned in the text. The As and Wa

scarp slip values lie off the plot (18 and 15.5 m respectively) so are shown as arrows at locations

with the correct slip/length ratio. Pink lines show relations between slip and length found in

previous papers. Scholz U and Scholz L are the upper and lower bound for slip to length ratio for

global faults suggested by (Scholz, 2002). LE14 U,LE14 M and LE14 L are the upper, middle,

and lower bounds for slip to length ratio for dip-slip faults in stable continental regions suggested

by (Leonard, 2014). HB02 U and HB02 L are the upper and lower bound for slip to length ratios

in continental regions suggested by (Hanks & Bakun, 2002). WC94 is the suggested slip to length

relation for a global compilation of faults of all mechanisms from (Wells & Coppersmith, 1994).

b) Magnitudes found. Estimated moment magnitudes with upper and lower bounds. See Fig. S50

for a GR plot of these magnitudes and Table S2 for input parameters.

potentially due to the increased healing time available between earthquakes for slower579

slipping faults.580

3.5 Calculating Magnitudes.581

We calculate preferred and upper and lower bounds for Mw from each fault rup-582

ture, including cases where scarps could have been single ruptures, or two separate events,583

as shown in Fig. 8b).584
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We find the moment released in each event using M◦ = µLWs̄ (Hanks & Kanamori,585

1979) where M◦ is the moment released, µ is the rigidity, L the length and W the width586

of rupture, and s̄ is the average slip. We then find the moment magnitude from Mw =587

2/3 log10(M◦) − 10.1 (Kanamori, 1983; Aki, 1984).588

The rigidity assumed here is 40±10 GPa (Dziewonski & Anderson, 1981) i.e. 30589

for the lower bound, 40 for the best guess and 50 for the upper bound. For the lower bound590

and best guess, we use the observed lengths, while for the upper bound we use the length591

estimated from the theoretical slip distributions. For the lower bound we use the aver-592

age offset from the theoretical slip-distributions, while for the upper bound and best guess593

we use the average offset found from the algorithm. We turn offset into slip assuming594

a surface dip of 80±10◦ (Muir-Wood, 1993). This may underestimate the average slip595

across the entire rupture plane, since many studies have found that surface slip can be596

several times lower than that at depth (e.g., Wells & Coppersmith, 1994; Villamor & Berry-597

man, 2001; Fialko et al., 2005; Dolan & Haravitch, 2014) and only occasional has sur-598

face slip been found to be higher than that at depth, which may be the result of post-599

seismic creep (e.g., Mai & Thingbaijam, 2014). We do not take account of that here.600

The width is estimated based on the length of the fault, the dip at depth (assumed601

here to be 50±10◦ based on microseismicity and seismic reflection studies, e.g. Lindblom602

et al. (2015); Ahmadi et al. (2015)), and the depth of the seismogenic layer (assumed here603

to be 40±5 km (Artemieva & Thybo, 2013; Lindblom et al., 2015)). We assume that the604

faults are square until their width becomes limited by the seismogenic depth, after which605

the width remains constant, while length continues to increase. The parameters for the606

magnitude calculations can be found in Table S2.607

We find that the combined Merasjärvie-Lainio fault would have the largest mag-608

nitude of around Mw8.3+0.2
−0.3 if these two scarp sections ruptured simultaneously. The next609

largest is the Pärvie1 fault, which although longer has a lower average slip, giving a mag-610

nitude of Mw8.2+0.3
−0.2. This is similar to previous estimates e.g. Mw8.2±0.2 for Pärvie (Arvidsson,611

1996), Mw±0.4 (Lindblom et al., 2015), Mw7.6 (I. S. Stewart et al., 2000). Current seis-612

micity in Fennoscandia rarely exceeds Mw5.5 (Bungum et al., 2010) and microseismic-613

ity still clusters near EGFs (Lindblom et al., 2015). The combined moment release in614

all of these potential earthquakes, removing duplicate scarps, is 8+7
−4×1021 Nm, equiv-615

alent to about 50 years of moment build-up along the entire Himalayan front (Stevens616
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& Avouac, 2015), and roughly 30,000 times the moment released by earthquakes in Fennoscan-617

dia in the past 50 years. This very large moment release illustrates the large reservoir618

of tectonic strain that is likely to be stored in many SCR regions.619

3.6 Implications for Paleoseismicity and Seismic Hazard Analysis620

When offsets are measured, for example in paleoseismic trenches or from surface621

ruptures, and subsequently used to estimate magnitudes, uncertainties in the offsets need622

to be understood. We find that variability of offset is high, and provide an equation to623

estimate the standard deviation of the offset having averaged across any number of mea-624

surements. Off-fault deformation and variability of slip with depth is not accounted for,625

the inclusion of which could lead to higher estimated magnitudes. In addition, in the ab-626

sence of dating, offsets in trenches spaced far from each other are often correlated and627

assumed to be formed in the same event if their offsets are similar. In a similar manner,628

if offsets are much higher in one trench, it is sometimes assumed that two events must629

have occurred here. However, if the offset variability along a scarp is high, this makes630

little sense.631

Slip-to-length scaling relations are used widely. In paleoseismic studies, magnitudes632

may be calculated from scaling relations directly from the average offset found, or length633

may be found to then calculate the moment and magnitude. Additionally, slip-to-length634

scaling relations are used in probabilistic seismic hazard to create hypothetical ruptures635

of certain size. If the slip-to-length ratio were higher, events of the same magnitude would636

have a smaller rupture area with relatively higher offset. This would cause higher peak637

ground acceleration (PGA) over smaller areas in each event, rather than lower PGA over638

a wider area. We suggest that a slip-to-length ratio of 7.5±2×10−5 and a stress drop639

of 14±9 MPa be used in SCRs. Maximum offset values should also be used with cau-640

tion in scaling relations. We find that 90th or 95th percentile offsets are more stable with641

respect to the average offset.642

The variability of offset may also have other implications for PGA; this variabil-643

ity may explain some of the scatter in Ground Motion Prediction Equations (GMPEs)644

i.e. the PGA experienced at two locations close to each other can vary greatly in the same645

earthquake. The distribution of earthquake moment release and frequency of seismic waves646

may vary widely depending on the geometric roughness of the surface ruptures and shal-647
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low asperities, which influence the short-wavelength offset variability (Zielke et al., 2017),648

and the general slip-distribution profile. If the variability in surface rupture is reflected649

at depth, we may be able to better model the wavelengths of seismic waves sent out from650

different portions of the faults.651

Lastly, with respect to seismic hazard in Scandinavia itself there are two very dif-652

ferent hypotheses that follow from recent work. Here we have suggested that during the653

postglacial period, very large earthquakes occurred on comparatively short faults. This654

does not necessarily mean that large earthquakes are likely in the future. Craig et al. (2016)655

suggest that deglaciation acted as a trigger releasing long-built up stresses, and that the656

current strain regime is actually taking north-south reverse faults away from failure. This657

would suggest the risk of a similar event in the near future is very low. This model is658

supported by previous studies which found that the scarps formed in single ruptures. How-659

ever, recent work has suggested that at least some scarps are the product of compound660

ruptures. Here we suggested that these compound scarps may be the result of remnants661

of faulting prior to deglaciation being preserved through the glacial period, and then be-662

ing reactivated during deglaciation. They are rare (at least where preserved in peat or663

till) because of the extensive erosion that occurred during that time period. In this case664

the likelihood of a future large earthquake is low.665

Alternatively, if multiple earthquakes have commonly occurred since deglaciation,666

the size of individual events may be smaller, though still large, and it may be more likely667

that such events could reoccur. Due to the expected stress changes generated by deglacia-668

tion, and the current E-W extension observed by GNSS networks, we favor the former669

hypothesis (that the earthquakes are very large, with high slip-to-length ratios and the670

likelihood of similar events re-occurring in the area now is very low). Further detailed671

paleoseismic investigation is need to confirm (or refute) this hypothesis.672

4 Conclusions673

We developed an algorithm to find fault and landscape planes, and calculate ver-674

tical offsets, at an arbitrary density along the fault (here every 2 m).675

We find that offset can be highly variable at the short scale and we find some faults676

with very high slip-to-length ratios. This may be particular to SCR regions, or to do with677

the specific conditions under which EGFs formed e.g. potentially high pore-fluid pres-678
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sure. It has been suggested that static stress drop may increase as fault slip-rate decreases,679

due to greater frictional healing (Anderson et al., 2017). Since slip-rates in Fennoscan-680

dia (and other SCRs) are exceptionally low, this could explain the high apparent static681

stress drop. Rupture variability may also depend on fault maturity. More mature faults682

may localize slip more, and be more likely to rupture across steps. The faults studied683

are generally thought to be reactivating older structures and we do not attempt to quan-684

tify their ‘maturity’ here.685

One of the main uncertainties for some of the fault-scarps in this study was the num-686

ber of events that formed these scarps. Future work to reduce this uncertainty would in-687

volve digging more trenches across these scarps, and more extensive dating to determine688

single/multiple origins. Further work is also needed to determine whether the unusual689

fault scaling characteristics found here are primarily the result of low slip rates and very690

long inter-event time periods, or the relatively large seismogenic thicknesses (and so nor-691

mal stresses) relative to active regions, acting on the faults.692
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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