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Abstract 23 

We studied the southern part of the NW-SE trending Sudetic Marginal fault (SMF), situated at the 24 

northeastern limit of the Bohemian Massif in central Europe, to assess its Quaternary activity. 25 

Eighteen trenches and thirty-four electric resistivity profiles were performed at Bílá Voda to study 26 

the fault zone and 3-dimensional distribution of a beheaded alluvial fan on the NE side of the fault.  27 

We interpret a small drainage, located about 29-45 m to the SE of the fan apex, as the only plausible 28 

source channel implying a similar amount of left-lateral offset. The alluvial fan deposits radiometric 29 

ages range between about 24 and 63 ka, but postglacial deposits younger than 11 ka are not 30 

displaced, indicating that all motion occurred in the late Pleistocene. The site lies ~150 km south of 31 

the late Pleistocene Weichselian maximum (~20 ka) ice sheet front.  We model the effects of the ice 32 

load on lithospheric flexure and resolved fault stresses, and show that slip on the SMF was promoted 33 
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by the presence of the ice sheet, resulting in a late Pleistocene slip rate of ~1.1+2.3/-0.6 mm/yr. As the 34 

most favorable time for glacial loading-induced slip would be during the glacial maximum between 35 

about 24 and 12 ka, it is doubtful that the slip rate remained constant during the entire period of 36 

activity, and if most slip occurred during this period, the short-term rate may have been even higher. 37 

Considering that the modern maximum principal stress (V1) is oriented nearly parallel to the Sudetic 38 

Marginal fault (NNW-SSE) and is thus unfavorable for fault motion, our observations suggest that the 39 

likelihood of continued motion and earthquake production is much lower in the absence of an ice 40 

sheet. 41 

 42 

Keywords: paleoseismology, intraplate earthquakes, ice-loading, glacially triggered fault, Sudetic 43 

Marginal fault, Central Europe 44 
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1. Introduction 45 

Identification of active faults is important to correctly assess seismic hazard to societies. Intraplate 46 

Europe is generally known as a region of low seismicity. Nevertheless, there are several cases where 47 

Late Quaternary faulting has been identified in central European Variscan orogenic belt (see cf. 48 

Štěpančíková et al., 2019; Hürtgen et al., 2021 and references therein; Steffen et al., 2021 and 49 

references therein). 50 

Fig. 1 a) Site localization on the Europe map. Blue dotted line shows LGM ice sheet extent (Ehlers et 51 

al. 2011); b) Simplified tectonic map modified after Scheck et al. (2002). Main faults and fault zones: 52 
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EFS – Elbe fault system zone, ISF – Intra-Sudetic main fault, LF – Lužický fault, OFS – Odra fault zone, 53 

SMF – Sudetic Marginal fault, ZHF – Železné hory fault; Main geological units: BM – Bohemian Massif 54 

that includes also FSB and SB, FSB – Fore-Sudetic block, FSM – Fore-Sudetic Monocline, NGB – North 55 

German basin, SB – Sudetic block; c) Relief map of the Sudetes using SRTM (resolution 30m; Farr 56 

(Eds.), 2007). Orange stars: epicenters of historical earthquakes with intensity (I0) and year; 57 

Rectangles: Tertiary volcanoes; Blue dots – thermal and mineral springs; Basins: ISB – Intra-Sudetic 58 

Basin, PG – Paczków Graben, RMG – Roztoki–Mokrzeszow graben, UMG – Upper Moravia Graben, 59 

UNKG – Upper Nysa Kłodzka Graben. Mountains: GKM – Góry Kaczawskie Mts., GSM – Góry Sowie 60 

Mts., HJM – Hrubý Jeseník Mts., OHM – Orlické hory Mts., IKM – Izera - Krkonoše Mts., KSM – Kralický 61 

Sněžník Mts., RHM – Rychlebské hory Mts./Góry Złote Mts; d) current stress field from focal 62 

mechanism adopted from Špaček et al. (2006). 63 

 64 

The activity of seismogenic faults, while mostly driven by far-field plate tectonics forces, can also be 65 

affected by near-field changes in the crustal stresses, which may either promote or inhibit seismic 66 

activity. Sources of significant stress change can result from activity on near-by faults (King et al., 67 

1994), which predominates over one or several seismic cycles, and vertical load changes caused by 68 

climate driven mass fluctuations, which include volumetric variations in ocean basins, ice caps, 69 

glaciers and lakes and associated erosion-deposition processes (Stewart et al., 2000; Luttrell et al., 70 

2007; Luttrell and Sandwell, 2010; Hampel et al., 2010) that act over longer time scales. Related fluid 71 

pressure effects also play a part in changing seismicity patterns and earthquake nucleation processes 72 

(Byerlee, 1993). Moreover, it was demonstrated that seismic activity can ensue after deglaciation in 73 

otherwise seismically quiescent continental shields and cause faulting in previously inactive areas, 74 

such as northern and central Europe, with an increasing number of such studies where fault activity 75 

has been ascribed to glacially induced loading; some with postglacial slip and increased deglaciation 76 

seismicity (Arvidsson, 1996; Houtgast et al., 2005; Stewart et al., 2000; Turpeinen et al., 2008; 77 
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Brandes et al., 2015; Steffen et al., 2021 and references therein). The effect of mass loading and 78 

unloading on crustal deformation can extend to several hundred kilometers beyond the limits of the 79 

loading mass (James and Bent, 1994).  80 

We present here the results of a field paleoseismic study (Bílá Voda site) where geological and 81 

geophysical data show that the Sudetic Marginal fault bounding the northeastern Bohemian Massif 82 

(Czech Republic) in central Europe sustained major displacement in latest Pleistocene time with a 83 

relatively fast slip rate with respect to its intraplate position, yet no significant displacement in the 84 

Holocene (Fig. 1). As the SMF is located in the area of the former forebulge of the Fennoscandian ice 85 

sheet and the Bílá Voda study site (located at the border of Czech Republic with Poland) lies about 86 

150-170 km south from the late Pleistocene Weichselian (~20 ka) ice front (Ehlers et al., 2011), we 87 

applied modeling to test the hypothesis of causal relationship between fault acceleration and ice 88 

loading. The modeling demonstrates that the presence of the northern European ice-sheet during 89 

the last glacial maximum caused sufficient stress perturbations to promote fault motion, followed by 90 

at least 11 thousand years of inactivity after removal of the ice as also evidenced by geological data.   91 

2. Geological setting 92 

The Sudetic Marginal fault (SMF) is a major NW striking and NE-steeply dipping structure situated at 93 

the northeastern limit of the Bohemian Massif in central Europe, extending through Poland and 94 

Czech Republic. It exhibits a pronounced 140 km-long morphological escarpment (Fig. 1). The fault 95 

divides the elevated Sudetic Mountains block of Proterozoic to Paleozoic crystalline bedrock from the 96 

gently undulated Sudetic Foreland block, comprising deeply eroded crystalline basement, Neogene 97 

basins, and volcanics. SMF is a part of the regional-scale WNW-striking Elbe Fault System, which has 98 

had variable kinematics since the Late Carboniferous Variscan orogeny (Scheck et al., 2002). The fault 99 

likely initiated with a predominantly dextral sense of slip (Oberc, 1991) but then acted as a normal 100 

fault during a period of early Late Cretaceous basin formation. The sense of slip was reversed in the 101 

Late Cretaceous (Danišík et al., 2012) during transpressional deformation induced by far-field stress 102 
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from Europe-Iberia-Africa convergence, which resulted in basin inversion in much of central Europe 103 

(Scheck et al., 2002; Kley and Voigt, 2008). The fault was reactivated in the Miocene as a 104 

transtensional oblique-slip structure that cuts Oligocene intrusions (Birkenmajer et al., 1977), and its 105 

normal component of motion resulted in the accumulation of 300-600 m of fluvial and lacustrine 106 

sediments in several sub-basins in northeastern Czech Republic and southwestern Poland (e.g. 107 

Badura et al., 2004). The uplift of the footwall of the SMF, which is responsible for the current 108 

mountainous topography, is considered to have started in Miocene/Pliocene time (Krzyszkowski et 109 

al., 2000).  110 

Evidence for Quaternary reactivation of the SMF is found in the geomorphology of the landscape 111 

along the fault, including a relatively linear 140 km-long mountain front that expresses triangular or 112 

trapezoidal facets, hanging wine-glass valleys and deep incision of the Sudetic Mountains with 113 

consequent deposition of alluvial fans along the range margin (Fig. 1; Badura et al., 2007; 114 

Krzyszkowski and Pijet, 1993). Along the Polish portion of the fault, middle Pleistocene fluvial 115 

terraces are truncated by the SMF and show scarp heights of 15-25 m, whereas Late Pleistocene 116 

terraces have scarp heights of 10-15 m (Krzyszkowski et al., 2000).  117 

The SMF-controlled mountain front also represented a significant barrier for the Pleistocene ice 118 

sheet, which reached the Sudetes during mid-Pleistocene Elsterian (MIS 12) and Saalian (MIS 10-6) 119 

glaciations, and which penetrated into valleys and several intramontane basins. During the late 120 

Pleistocene Weichselian glaciation (MIS 4-2), which had at least two major advances of the ice sheet 121 

in Poland ((60-50 ka), and LGM (24-19 ka)), the Bílá Voda study site lies at least 150-170 km from the 122 

ice front (Fig. 1; Ehlers et al., 2011), thus within the forebulge of the ice sheet. 123 

The stress field evolution within the northern European Alpine foreland, including the study region, 124 

has been studied for decades. The compressional stress field has had similar stress parameters since 125 

~2 Ma (Coubal et al., 2015 and references therein) and is known as the Wallachian tectonic phase 126 

(Hippolyte and Sandulescu, 1996). The orientation of the maximal principal stress (σ1) is ~NW-SE and 127 
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has been probably interrupted by several episodes of stress relaxation. The present-day principal 128 

stress in the area is determined from focal mechanisms of micro-earthquakes to be oriented nearly 129 

parallel to the SMF (NNW-SSE) (e.g. Špaček et al., 2006). There is also sparse microseismicity and rare 130 

light historical earthquakes (with maximum intensity I = 7 MSK in 1895), though there is large 131 

uncertainty to ascribe them to a specific fault (see Fig. 1c; Guterch and Lewandowska-Marciniak, 132 

2002). However, it suggests that there is still a potential seismic threat to the region.                                                                                                                                                                                                                                                                                                                                                                                            133 

3. Methods 134 

3.1. Trenching 135 

We excavated 9 trenches across and 9 trenches parallel to the fault near the village of Bílá Voda in 136 

northeastern Czech Republic with a backhoe (Fig. 2). The faces of the one-meter-wide trenches were 137 

cleaned, gridded at half-meter intervals, and then photographed for construction of photomosaics of 138 

each trench face. The trenches were logged in the field in detail onto millimetric paper. The locations 139 

of all trenches were surveyed with a total station tied to geodetic benchmarks.  140 

3.2. Dating 141 

Chronological control for the sediments displaced by the fault, as well as the sediment that caps the 142 

fault, was provided by four dating techniques: 14C, Cosmogenic Radionuclide (CRN) dating, Optically 143 

Stimulated Luminescence (OSL) and Infra-Red Stimulated Luminescence (IRSL). Results from these 144 

techniques provide a framework for development of the site chronology (Table 1). There is broad 145 

concordance in age within and between the different techniques, though with some complexity in 146 

places (see Supplementary section S2 Chronology). 147 
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Fig. 2. a) Contour lines map of the trenching site. Sample positions and results of all dating methods 148 

on the isopach map of the alluvial fan deposits derived from the trenches, for results see Tab. 1; b) 149 

Relief map of the trenching site based on LIDAR data DEM. Note the alluvial fan and its probable 150 

source valley; c) Aerial photo of the site from 2012 (source: www.mapy.cz; accessed 03 Jun 2020). 1 – 151 

reddish soil, 2 – OSL dated sediments, 3 – IRSL225 alluvial fan deposits + geliflucted deposits + 152 

Holocene deposits, 4 – 10Be dating in alluvial fan deposits, 5 – 14C dated charcoals/bulk, 6 – alluvial 153 

fan deposits derived from geophysical survey, 7 – source area of the alluvial fan deposits, 8a – current 154 

channel, 8b – inferred feeder channel, 9 – trench, 10 – contour line interval 1 m, 11 – approximate 155 

offset measurements, 12 – isopach map of the alluvial fan deposits based on trenches.   156 
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Stratigraphy 
Unit/Material 

Dating 
method Sample names 

Trench 
wall 

facing 
to 

Uncalibrated 
14C ages (BP) 

Calibrated 14C 
age (cal. yr. BP)  
or luminescence 
age 

Comment 

50-60 
Holocene 
colluvium/polymict 
material 

14C 
 

Ti 18 
Ti 16 
Bila Voda F 50 
Bila Voda F 13, C 11 
Bila Voda DJV 4 
Bila Voda FJV 16 
Bila Voda DSZ 7 

TI SE 
TI SE 
TC NW 
TF SE 
TD SE 
TF SE 
TD NW 

375 ± 20 
790 ± 15 
845 ± 30 
1180 ± 90 
1190 ± 20 
2130 ± 25 
3200 ± 40 

325-498 
680-726 
684-791 
932-1282 
1061-1178 
2002-2293 
3349-3487 

 

IRSL225 BV15-13 TF NW  0.77 ± 0.12 ka  
 14C BV Ti 1 

BV Ti 5 
Ti 3 
BV Tk 1 

TI SE 
TI SE 
TI SE 
TK SE 

3980 ± 15 
4070 ± 25 
4535 ± 25 
2100 ± 15 

4413-4518 
4441-4796 
5051-5314 
2001-2116 

 

fluvial to colluvial 
layer in recent 
valley/silty layers 

14C TR 2 1 
TR 1 V 
TR 1 VII 
TR 1 VIII 

TR2 W 
TR1 SE  
TR1 SE 
TR1 SE 

8200 ± 20 
9660 ± 25 
9595 ± 20 
9685 ± 20 

9026-9275 
10812-11190 
10771-11133 
10889-11197 

 
 

100-140 -  
geliflucted, 
soliflucted 
layers/monomict 
material 

14C BV Ti 20 
Ti 8 
Bila Voda F 18, E19 
Bila Voda F 19, E20 
Bila Voda D 12, F25 
 
Bila Voda D1/0.75m 

TI SE 
TI SE 
TF NW 
TF NW 
TD NW 
 
TD SE 

1935 ± 15 
1865 ± 15 
1200 ± 60 
1080 ± 170 
1120 ± 90 
 
2510 ± 30 

1821-1926 
1723-1824 
973-1273 
690-1295 
801-1272 
 
2490-2735 

 
 
burnt root 
burnt root 
bioturbation,  
charcoal in a fault fissure 
burnt root 

IRSL225 BV15-12 TF NW  30.6 ± 4.2 ka  
150 – alluvial 
fan/gravels, 
sometimes with 
silty layers 

10Be SMF-P1 TP SW  ~13.1 ka * best fit, most probably 
represents age of 
gelifluction 

IRSL225 BV15-11 
BV15-10 

TF NW 
TF NW 

 24.1 ± 3.7 ka 
30.8 ± 4.1 ka 

 

160 –  alluvial fan 
deposits/silty layer 

14C BV L-F6/RES � 
BV L-F6/NaOHsol � 
BV F F31/1.5m � 

TL NW 
TL NW 
TF SE 

4725 ± 40 
5660 ± 30 
7200 ± 30 

5323-5581 
6318-6530 
7938-8159 

 

OSL Bila Voda 5 (J63) BV5 
Bila Voda 4 (J60) BV4 

TC SE  
TC NW 

 2.6 ± 1.2ka 
20.1 ± 5.5ka 

 

IRSL225 BV15-09 
BV15-08 
BV15-07 
BV15-06 

TF NW 
TF NW 
TF NW 
TF NW 

 53.2 ± 3.0 ka  
53.2 ± 3.0 ka  
53.2 ± 3.0 ka 
53.2 ± 3.0 ka 

 

170 – alluvial fan 
deposits/gravels 

IRSL225 BV15-05 TF NW  37.1 ± 3.1 ka  

175 –  alluvial fan 
deposits/silty-
sandy layer 

OSL Bila Voda 3 (K58) BV3 TC NW  23.2 ± 1.3ka  

190 –  alluvial fan 
deposits/silty layer 

14C BV F H18/2.5m � TF NW 5650 ± 25 
 

6320-6494 ? translocation of 
Holocene organic acids 

IRSL225 BV15-04 
BV15-03 

TF NW 
TF NW 

 54.6 ± 5.8 ka  
54.6 ± 5.8 ka 

 

203 – colluvial 
wedge/silty-sandy 
layer 

14C BV Tj 1 TJ SE 40900 ± 
2500 
 

41772-54395 the larger uncertainties 
are due to the small 
sample size 

215 –  within 
colluvial 
wedge/silty-sandy 
layer 

OSL Bila Voda 2 (L56) BV2 TC NW  26.5 ± 1.3 ka  
IRSL225 BV15-01 TF SE  14.1 ± 2.4 ka  

210 – base of 
alluvial fan/gravels 

IRSL225 BV15-02 TF NW  62.9 ± 6.1 ka  

vertically dragged  
layer in fault zone 
/silty layer   

 Bila Voda G1 BVG1 
Bila Voda G2 BVG2 

TG 
TG 

 56.4 ± 2.6ka 
76.6 ± 6.6ka 

trench bottom sampled, 
position projected to TL 

fault sealing 
 layers 

? translocation 
of Holocene 
organic acids 

 
combined age  
06, 07, 08, 09 

combined age 03, 04 
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Table 1. Dating results from Bílá Voda trenching site. Calibrated ages of radiocarbon dating (14C) were 157 

obtained using OxCal v4.4.4 programme (after Bronk Ramsey, 2009), 2σ uncertainty and the IntCal20 158 

atmospheric curves (Reimer et al., 2020). Optically Stimulated Luminescence (OSL) on quartz dated by 159 

GADAM Centre at Silesian University of Technology using OSL-SAR single aliquot regenerative 160 

method; CAM (Central Age Model). Infra-Red Stimulated Luminescence (IRSL) post-IR IRSL225 dating 161 

on feldspar. For details see Supplementary material S2 – Chronology. Sample names marked in bold 162 

match the samples in trench logs in Fig. S1.1.  163 

Italics – samples non-used due to discrepancy  164 

* probably the age of gelifluction process not the layer accumulation, see S.2 section 165 

� sample of mud, but all the other samples for radiocarbon dating are charcoals 166 

Note: e.g. trench wall NW = facing to the NW 167 

3.2.1. 14C Dating  168 

We applied 14C dating to samples of detrital charcoal and bulk soil samples collected from the various 169 

stratigraphic units. The majority of the charcoal was cleaned in D.I. water at the SDSU (San Diego 170 

State University) Quaternary Laboratory, hand-picked with a steel needle under a microscope, and 171 

sent to the CAMS facility at UCI (University of California in Irvine) for dating using standard protocol. 172 

The other charcoal samples were dated at facilities in GADAM center in Gliwice (Poland), Poznań 173 

Radiocarbon Laboratory (Poland), and Kyiv Radiocarbon Laboratory (Ukraine). The samples were 174 

processed using the standard published protocols of the individual dating laboratories. Calibrated 175 

ages of radiocarbon dates (Table 1), reported at 2σ uncertainty, were calculated using the on-line 176 

program OxCal v4.4.4 (Bronk Ramsey, 2009) and applying the IntCal20 atmospheric curves (Reimer et 177 

al., 2020). 178 

3.2.2. Luminescence Dating  179 
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We applied either quartz OSL or single grain K-feldspar IRSL techniques to date sandy sediments in 180 

several trenches. Six quartz OSL samples were dated at GADAM Centre in Gliwice, Poland, using 181 

conventional multiple-grain aliquots using a SAR protocol. OSL dose rates were based on sediment 182 

from collection tubes, and age estimates were calculated using the Central Age Model (Galbraith et 183 

al., 1999).  184 

Twelve IRSL samples were collected in Trench F (BV15 codes), and were processed at the University 185 

of Sheffield, UK following methods described in Rhodes (2015). Single grains of potassium feldspar in 186 

the size range 180-212 μm separated using a “Super-K” (<2.565 gcm-3) approach were dated applying 187 

a post-IR IRSL SAR protocol at 225°C, incorporating a pre-heat at 250°C for 60 s and a hot bleach for 188 

40 s IRSL at 290°C (Rhodes, 2015 and references therein). Fading was assessed directly for each grain 189 

and by the measurement of additional bedrock cobble samples, and found to be negligible for the 190 

225°C signal. IRSL age estimation was performed in the manner described in Grützner et al. (2017), 191 

developed using samples from active tectonic contexts, and which has been shown to provide ages in 192 

good agreement with independent age control (Rhodes, 2015). Gamma dose rates were based on in-193 

situ NaI measurements, beta dose rates were calculated based on ICP-MS determinations of U and 194 

Th in the sediment, and ICP-OES for K content, an internal K content of 12.5 ± 2.5% was assumed 195 

(Huntley and Baril, 1997), cosmic dose rates were based on overburden thickness, and a water 196 

content of 15 ± 5% was used. An overdispersion value of 15% was used, based on experience from 197 

single grain measurements of quartz (Rhodes et al., 2010). Further technical details are provided in 198 

the Supplementary Material section S4 and Tab. S4.1. 199 

3.2.3. Cosmogenic Radionuclide Dating 200 

A depth profile was collected to 2.5 m for cosmogenic exposure dating from a well-preserved part of 201 

the alluvial fan (Trench P, Fig. 2a). Samples were processed in the CRN lab at the Scottish Universities 202 

Environmental Research Centre (SUERC) using standard quartz purification (Kohl and Nishiizumi, 203 

1992) and chemistry protocols (Corbett et al., 2016). Beryllium isotope analyses were conducted at 204 
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the accelerator mass spectrometry (AMS) laboratory at SUERC (Xu et al., 2015) and normalized to the 205 

NIST standard with assumed ratio of 2.79 x 10-11, which is consistent with the revised standard value 206 

and 10Be half-life (Nishiizumi et al., 2007). Samples were background corrected by propagating the 207 

AMS uncertainties for the samples and blanks in quadrature (Table S2.2).  All information necessary 208 

to calculate the age with version 3 of the CRONUS online calculator 209 

(https://hess.ess.washington.edu/; Balco et al., 2008) is provided in the Supplemental Material 210 

(Table S2.3). The exposure age calculation used the default production rate calibration dataset and 211 

time-dependent scaling model of Lal (1991)/Stone (2000). 212 

3.3. Geophysical survey 213 

Electric resistivity tomography (ERT) survey was conducted to study the subsurface geology 214 

surrounding the SMF zone at Bílá Voda. We measured 34 profiles. Several measurements aimed to 215 

specify trench position due to favorable lithological contrast allowing to trace the exact fault 216 

location. Additional ERT profiles were measured during trenching, either to test a hypothesized 217 

lithology or facilitate placement of additional trenches. Finally, a series of long profiles, systematically 218 

covering the plateau above Bílá Voda, was measured in order to map the extent of the faulted 219 

alluvial fan (Fig. 3).  220 

https://hess.ess.washington.edu/
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Fig. 3. a) Position of the ERT profiles across the SMF and the alluvial fan on the aerial map; b) ERT 221 

profiles K-S crossing the SMF (in yellow on the map). Note the sharp borderline between Miocene 222 

clays (NE of the fault) and weathered crystalline rock (SW of the fault), with very significant resistivity 223 

difference; c) ERT profiles DOM3 (N-S) and DOM7 (W-E), clearly showing both horizontal and vertical 224 

extent of the alluvial fan. Note:  All the ERT profiles share the same resistivity scale.  225 

All ERT measurements were performed using ERT device ARES, manufactured by GF Instruments Ltd., 226 

with a varying number of multi-electrode cable sections employed. The Wenner – Schlumberger 227 

array was used for all profiles as it is considered universal and can detect both vertical and horizontal 228 

structures (Loke, 2014). 229 

The measured data were inverted using by Res2DInv64 by Geotomo Software (Loke, 2014). After 230 

cleaning the data from the points with excessively high RMS error, the inversion with standard 231 

constraints and the 5th iteration were used. Topographic profiles derived from the the LiDAR-based 232 

DEM (DMR 5G by Czech Office for Surveying, Mapping and Cadastre) was introduced to the resistivity 233 
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models during the inversion process. The processed data were visualized in Surfer (Golden software) 234 

and adjusted to display unified resistivity scales.  235 

The properties of individual ERT profiles were based on their purpose. The short profiles, in the 1st 236 

phase aimed at mapping the subsurface fault trace and lithological units to specify planned trenches 237 

position, were more detailed, with electrode spacing as close as 0.8 m and profile length between 39 238 

and 108 m. Final interpretations of these profiles were calibrated according to the geology derived 239 

from the trenches (profiles G to S) (Fig. 3b). Secondly, there was a set of long profiles, the purpose of 240 

which was to estimate the alluvial fan extent and thickness (Fig. 3a). These profiles were measured 241 

using electrode spacing of 5 m, and their length between 165 and 588 m. 242 

4. Results 243 

4.1. Geology exposed by trenches 244 

The trenches exposed a fault zone dividing Paleozoic metamorphic rocks (phyllitic mica schists) in the 245 

footwall from Miocene fluvio-lacustrine strata deposits overlain by Quaternary alluvium on the 246 

hanging wall (Fig. 4, Fig. S1.1, S2.2., Supplementary Section S1). The fault zone, with the youngest 247 

strand exhibiting a strike of 135° and dipping ~75° to the NE, comprises a flower structure (especially 248 

pronounced in trenches TC and TD) within the 4-m wide zone of tectonic breccia and fault strands 249 

outlined by dark gouge. The fault gouge is composed of at least three generations, as exhibited by 250 

various colors and consistencies (massive or schistous clay), which shows repeated faulting (Fig. S1.1, 251 

S1.2., S2.2a). Classic features indicative of significant strike-slip motion include rotation of clasts into 252 

the fault plane and the complete mismatch of units across the fault.  253 

The Miocene strata on the hanging wall consist of strongly kaolinized clayey silty sand, with the 254 

downwarped sediments more strongly folded as they approach the fault zone (see Fig. S1.1). The 255 

upper part of the Miocene unit is geliflucted, and very often the gelifluction “lobes” interfinger with 256 

the Quaternary alluvial fan deposits, which indicates that the gelifluction acted during and after their 257 
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deposition. In several trenches (TC, TJ, TK, TL), pieces of tectonic breccia within dark grey fault gouge 258 

were also geliflucted and now rest on the geliflucted Miocene surface at a distance of several meters 259 

from the fault (Fig. S1.1).  260 

The Quaternary alluvium displays some bedding and channelization with an otherwise relatively 261 

massive matrix, indicating an alluvial fan origin, which is consistent with the surface fan morphology. 262 

We distinguished several distinct units within the alluvial fan deposits, which could be correlated 263 

throughout the trenches (Tab S1.1, Fig. S1.1). Most of them (Units 150, 170, 185, 210, 217) might be 264 

best described as matrix-supported intermediate to sandy diamictons with gravel clast content 265 

between 5 and 25% and sandy to silty matrix. The average size of the clasts is 5-7 cm and the largest 266 

ones are up to 30 cm. The clasts are composed of angular to subangular gneiss, granodiorite and 267 

quartz. There are also rare clasts of erratic material that has been brought to the area by an ice-sheet 268 

when the last continental glacier reached the study area during the Elsterian 2 glacial epoch, about 269 

400-460 ka BP.  270 

In the upper part of the alluvial fan deposits near the fault, there are finely laminated lenses of beige 271 

to grey clayey silt, sand and pebbles (unit 160), and are up to 3 m wide and 35–40 cm thick.  The 272 

general orientation and dimension of this distinctive sedimentary body was studied in parallel (TG) 273 

and perpendicular trenches (TC, TF) trying to resolve the horizontal offset from its source channel. 274 

However, no source was found on the footwall. The sedimentary body was exposed in trenches C, F, 275 

G, and L, demonstrating that it is >15 m long and 2 m wide oriented parallel to the fault. A plausible 276 

interpretation for this unit is a channel that was deflected along the fault due to horizontal 277 

displacement, which also implies that lateral displacement was also occurring during fan deposition. 278 

After its deposition the lens was tilted and folded and its uphill part was affected by most probably 279 

horizontal and reverse faulting as exposed in trench F (Fig. 4, Fig. S1.1, S2.2b).  280 
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281 

Fig. 4. Log of the SE-facing wall of Trench F and the respective photomosaic. Note the non-mixed 282 

geliflucted layers. Colluvial wedges include pieces of tectonic breccia and fault gouge (black clay) from 283 

the fault zone, which gives the dark color to the deposit. For sample location from the opposite wall 284 

see Fig. S2.2. 285 

Within the alluvial fan deposits adjacent to the fault, there are several wedge-shaped deposits made 286 

of matrix-supported, median-grained diamicton with tectonic breccia clasts and fault gouge derived 287 

from the fault zone (units 143, 147, 165, 180, 200, and 220). Thus, they are interpreted as colluvial 288 

wedges whose material fell from the fault plane being exposed during surface rupturing events. The 289 

largest boulder of tectonic breccia that was incorporated into a colluvial wedge measured up to 290 

0.75 m in diameter and was found in the trench D (Fig. S1.1, S1.2), suggesting that this is an 291 

indication of the minimum height of the exposed fault plane due to a single earthquake. Gravel clasts 292 

are also derived from the hanging wall (upslope) bedrock lithologies (phyllonite, schist, granodiorite). 293 



 

17 
 

Several colluvial wedges appear to be superimposed, which we interpret as representing recurring 294 

earthquakes. The wedges are deformed themselves as they were successively affected by 295 

subsequent earthquake events, as well as by the periglacial surface processes.  296 

On the hanging wall, the bedrock exhibits steeply dipping foliation that is impacted by gelifluction 297 

near the ground surface. In the upper 1-1.5 m, there are individual bands of unmixed material 3 to 50 298 

cm thick (typically 10-20 cm) that continue >7 m downslope, and each of the distinct bands could be 299 

traced back to the bedrock stratum from which it originated (Fig. 4, Fig. S1.1). These geliflucted layers 300 

crossed the fault and flowed over the alluvial deposits. The thickness of bands is similar to what was 301 

described in other trenches studied along the SMF at the Vlčice site (Štěpančíková et al., 2010), 302 

where layers up to 20 cm thick were interpreted to be deposited by sheet gelifluction and dated to 303 

the Late Glacial period based on radiocarbon dating. Thus, gelifluction in this part of Bohemian was 304 

limited to the periglacial climate of the late Pleistocene (c.f. Sauer and Felix-Henningsen, 2006), 305 

indicating that the alluvial fan, which is overlain by geliflucted material, predates the full glacial 306 

conditions of the Last Glacial Maximum (LGM - Marine Isotope Stage (MIS) 2) (Supplementary 307 

material S2 Chronology). All the banded soliflucted/geliflucted layers are overlain by late Holocene 308 

polymict colluvial deposits into which the modern topsoil has developed. 309 

4.2. Age determination of the sediments 310 

Direct dating of the alluvial fan deposits near to the eastern limit of the fan using OSL techniques 311 

yielded an age of 25.8±1.6 ka for the alluvial fan deposits in trench C (Fig. S1.1, S2.2, Table 1). A 312 

sample of detrital charcoal from a fault-related colluvial wedge overlying the base of the alluvial fan 313 

deposits in trench J yielded a calibrated 14C age of 44.2+5.5/-2.1 ka (Fig. S1.1, S2.1, Table 1). IRSL dating 314 

of feldspars from the same deposits indicates that the basal alluvium overlying the Miocene strata 315 

date to 63±6 ka, grading up to between 24±3 and 31±4 ka for the top of the fan deposits, all of which 316 

show that deposition occurred during MIS 3 and early MIS 2 time (Fig. 4, S1.1; see the discussion of 317 

dating results in the Supplementary Section S2).  318 
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Strata of silt-rich deposits that locally overlie the geliflucted layers in Trench R, which is located 319 

within the valley of the modern channel outside of the alluvial fan deposits, yielded radiocarbon ages 320 

as old as cal. yrs 11.15±0.05 ka and confirm the inference for the late Pleistocene age of the 321 

gelifluction process. This is consistent with cosmogenic 10Be surface exposure dating that supports an 322 

end of gelifluction and surface stability since about ~13 ka (see Supplementary section S2, Tab. S2.3). 323 

Applying a simple model to the observed 10Be results, i.e., best fit to data of an exponential profile 324 

with density = 2.13 g/cm3 and attenuation length = 160 g/cm2, that accounts for pre-depositional 325 

exposure (best fit inheritance = 46,211 atoms/g) and assuming no surface erosion, 10Be 326 

concentrations are well-fit with an apparent exposure age, corrected for topographic shielding, of 327 

~13 ka (Fig. 5, Tab. S2.2., S2.3). However, this is a minimum limiting age if the surface was eroded by 328 

gelifluction in the late Pleistocene. Notably, the ~11 ka strata (dated by 14C) cap the fault, 329 

demonstrating the lack of Holocene motion on the SMF at this location. Younger Holocene colluvium 330 

in other trenches, which was dated by radiocarbon and yielded ages of 0.3 to 5.3 ka, was also 331 

unfaulted.  332 

 333 

 334 

 335 

 336 

 337 

 338 

Fig. 5. Depth profile showing results of CRN dating of fan surface.  339 

4.3. Alluvial fan offset  340 
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The 3-dimensional distribution of the alluvial fan deposits was explored through a network of 341 

trenches (Fig. 2). The thickness of the fan deposits varies systematically throughout the site, with the 342 

greatest thickness at the inferred apex of the paleo-fan and thinning with distance from the apex. 343 

The apex thickness of the youngest part of the fan as exposed in the trenches ranges between 2 and 344 

3 m, with the majority of the fan deposit less than 1.5 m near the fault (Fig. S1.1).  345 

Altogether, the well-defined apex, along with the distribution of fan deposits defined by trenches and 346 

geophysical survey showed that alluvial fan is completely beheaded (Fig. 2 and Fig. 3). When 347 

searching for a possible “feeder channel” as the source of the alluvial fan deposits to obtain the 348 

sense and rate of slip of this fault by fault-parallel trenches and ERT survey, no such channel 349 

appeared on the southwest side of the fault northwest of the fan apex for at least 100 m. As well, 350 

fault-parallel trenches excavated southwest of the fault (Trench T and Trench X; Fig. 2) exposed only 351 

Paleozoic schist across the entire site. The top of the schist is remarkably smooth and is capped by 352 

the gelifluction layers that originated a few meters upslope (Fig. 4, Fig. S1.1), so any paleo-channel 353 

cut into the schist would be readily apparent unless the footwall was considerably eroded by at least 354 

2 m more than the hanging wall, which we consider unlikely.  In contrast, a small drainage of the 355 

appropriate size for the fan deposit is present about 45-60 m to the southeast of the fan. Based on 356 

these observations, the most plausible interpretation is that the alluvial fan is left-laterally displaced 357 

by a few tens of meters (Fig. 2), which is consistent with geomorphic observations of left-laterally 358 

offset valley walls on the SMF (Štěpančíková and Stemberk, 2016).  359 

To estimate the amount of late Quaternary left-lateral motion, we reconstructed the apex to the 360 

small channel to the southeast (Fig. 2). Using a straight-line projection of the average channel trend 361 

results in about 45 m of reconstructed slip. Taking the apex to the center of the currently incised 362 

drainage adds another 10-15 m, although it is likely that this is an overestimate because the drainage 363 

curves to the southeast, whereas the alluvial fan appears to have spilled along the same trend as the 364 

upslope portion of the channel. For an estimate of the minimum displacement, we take the elevation 365 
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of the base of the alluvium at the apex and reconstruct it horizontally to the same elevation contour 366 

in the modern topography at the source drainage, and allowing for as much as a half-meter of 367 

vertical slip, results in 29 m of estimated slip (Fig. 2).                                368 

Based on these reconstructions, we estimate that the fan apex is left-laterally offset by 29 to 45 m, 369 

with a maximum possible displacement of about 60 m if the apex is reconstructed to the center of 370 

the modern drainage. As the actual value could fall anywhere in between these values, and because 371 

we consider the maximum value to be an overestimate, we use a best estimate of 37±8 m of left-372 

lateral slip for the ~24-63 ka alluvial fan. Thus, we calculate the best estimate of the average long-373 

term strike-slip rate is about 0.85+1.0/-0.4 mm/yr.  374 

Several trenches were also excavated close to the modern valley (Trench M, U, R1, R2, and Trench S) 375 

in order to both search for remnants of the alluvial fan and also to search for younger faulted 376 

deposits. Trench R1 (Fig. 2, Fig. S2.1) exposed faulted alluvium sealed by unfaulted fine-grained silt-377 

rich strata that yielded calibrated radiocarbon ages on charcoal of about 11 ka, indicating that the 378 

last period of motion was greater than 11,000 years ago. This is consistent with observations in all 379 

trench exposures, which showed a pattern of geliflucted layers capping the fault (Fig. S1.1): this 380 

consistent pattern is surprising when the amount of late Pleistocene displacement is considered. In 381 

fact, this implies that the 37±8 m of left lateral displacement occurred in the period between about 382 

11 ka BP and 24-63 ka. 383 

5. Discussion 384 

5.1. Activity and Earthquake Potential of the Sudetic Marginal fault 385 

The Sudetic Margin fault zone exhibits geomorphic expression for about 140 km, which we take as 386 

the expected fault length as well as the maximum rupture length that the fault could sustain in a 387 

single earthquake. However, there are two 3.5-4 km restraining steps or double bends that may 388 

segment the fault into 35-65 km segments, and if some or all earthquakes rupture only a single 389 
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segment, then the associated earthquakes would be smaller. Considering a seismogenic depth of ~15 390 

km, and applying the relationship between fault area and earthquake magnitude (Wells and 391 

Coppersmith, 1994; Leonard, 2010), we estimate that the fault could have generated earthquakes as 392 

large as Mw7.3 when active in the late Pleistocene if the entire fault ruptured in a single event. 393 

Alternatively, earthquakes in the magnitude range of Mw6.7 (35 km) to Mw7 (65km) may have 394 

occurred if individual segments failed independently. Mw7.3 earthquakes typically host average and 395 

maximum displacements of ~1.8 m and 3.1 m, respectively, which implies that the 37±8 m of the 396 

observed displacement could have been accommodated in as few as 10 to 15 such earthquakes 397 

assuming maximum displacement, or as many as 16-25 earthquakes if only average displacement. In 398 

contrast, assuming that the Bílá Voda segment ruptured independently in Mw6.7 earthquakes that 399 

are expected to have average displacements of just under a meter, it is possible that close to 50 400 

moderate events were required to produce the observed displacement. In any case, such an 401 

earthquake today would likely be quite destructive as most buildings are not designed for large 402 

earthquakes in this region of Central Europe. 403 

A slip rate in the 1 mm/yr range is anomalous for Central Europe where geodetic strain rates are low 404 

and close to zero. Whether another large earthquake is possible on this fault in the near future is 405 

unknown, but the pattern of a relatively high displacement rate at the end of Pleistocene followed by 406 

an essentially zero Holocene rate demands an explanation. As the period of fault activity is also the 407 

same general time-frame during which glaciers covered parts of Europe, and the period of inactivity 408 

coincides with the absence of continental-scale glaciation, in the next section we explore the effects 409 

of ice-loading on local and regional stress to test whether this may have played a role in the faults’ 410 

activity.  411 

5.2 Modeling of ice-loading as a possible cause of fault acceleration 412 

Most of the documented Late Pleistocene activity on the SMF coincides with time when ice covered 413 

the European continent or was receding, and the SMF was in the area of Fennoscandian ice sheet 414 
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forebulge. Based on our geological data, after the end of Pleistocene time, surface movement on the 415 

fault ceased and no observable displacement has occurred since 11 ka. Holocene inactivity is also in 416 

agreement with our previous paleoseismic survey 20 km south of the Bílá Voda study site 417 

(Štěpančíková et al., 2010). Also, it agrees with the modern maximum principal stress (V1), which is 418 

oriented nearly parallel to the SMF (NNW-SSE) (e.g. Špaček et al., 2006), thus being unfavorable for 419 

significant fault motion. The recorded historical seismicity is represented only by light earthquakes 420 

with maximum intensity I = 7 MSK (Guterch and Lewandowska-Marciniak, 2002; Fig. 1). These 421 

observations suggest a possible causal relationship between ice loading and the observed late 422 

Pleistocene fault motion. 423 

We hypothesize that the glacially induced stresses in the forebulge of the Weichselian ice sheet may 424 

have caused a change in the local stress field, which would have rotated V1 and induced the observed 425 

left-lateral motion of the SMF, or at least caused an acceleration in the rate of fault motion. If that 426 

was the case, then removal of the ice would have caused relaxation of the stress field and locking of 427 

the fault in the Holocene, which would explain the lack of Holocene motion.  428 

To test this hypothesis, we modeled local changes in stress along the SMF due to nearby glacial 429 

loading and unloading.  In the absence of reliable estimates of paleo (or modern) absolute stress 430 

magnitudes, we cannot determine whether induced stress changes were sufficient to rotate V1 into 431 

favorable orientation.  We can, however, estimate the magnitude, orientation, and timing of stress 432 

perturbations resolved on the SMF to determine whether glacial loading and unloading is a plausible 433 

mechanism for explaining the observations from the Bílá Voda trench site.   434 

To this end, we calculate stress using a two-layer model of a flexing elastic plate, representing the 435 

lithosphere, overlying a viscoelastic halfspace, representing the asthenosphere, in response to a 436 

changing surface load (Luttrell et al., 2007; Luttrell and Sandwell, 2010; see Supplementary Section 437 

S3). The load shape over time is derived from models of northern hemisphere ice sheet geometry 438 

since 50 ka, interpolated to 1000-yr time intervals to represent the history of glaciation (Zweck and 439 
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Huybrechts, 2005; Ehlers et al., 2011). The model convolves the analytically derived 3-D deformation 440 

due to a surface point load (Green’s function) with the actual load shape as it varies over time 441 

(Luttrell and Sandwell, 2010).  The resulting 4-D stress tensor represents the stress changes induced 442 

by ice sheet loading, relative to present day ice-free conditions. This stress field is then resolved into 443 

the changes in normal (Δτn) and shear (Δτs) stress components acting on a hypothetical fault plane 444 

within the lithosphere with a specified strike, dip, and sense of slip (rake).  The change in Coulomb 445 

failure stress on the fault plane (Δτc) is calculated as  446 

  (1) 447 

where μf represents the coefficient of friction and a positive change in Coulomb stress promotes 448 

failure on the specified fault plane in the specified sense of slip (e.g., King et al., 1994). 449 
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Fig. 6. A) Predicted change in Coulomb failure stress at LGM (18 ka), relative to ice-free conditions, on 450 

a left-lateral fault plane with same orientation as SMF. Positive (negative) change in Coulomb failure 451 

stress promotes (inhibits) failure. B) Range of Coulomb failure stress change over time along the SMF 452 

(gray shading), with northern end (dashed), southern end (dotted), and Bílá Voda location (solid black 453 

line) shown.  Range of stress accumulation rates during ice sheet buildup, LGM, and ice sheet retreat 454 

are indicated. Note both the highest Coulomb failure stress and the highest rate of Coulomb failure 455 

stress accumulation occur during LGM (blue shading). Ice sheet extent is adopted from Ehlers et al. 456 

(2011). Timing of latest alluvial fan deposition (tan shading) and its latest fault offset (red shading) is 457 

from this study.  458 
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The modeling results demonstrate that for most of the episode of last glaciation, the SMF lies along 459 

the edge of the flexural bulge associated with the continental ice sheet, which tends to promote slip 460 

on the SMF (Figure 6). As the ice sheet advances, the flexural bulge shifts southward and Coulomb 461 

stress increases along the SMF. As the ice sheet retreats, the flexural bulge shifts northward, which 462 

reduces the Coulomb stress (Supplemental movie S3.M1).   463 

We find that Coulomb stress along the SMF gradually increased by ~1 – 2 MPa from 50 – 25 ka at a 464 

rate of 0.05 – 0.1 kPa/yr.  It then rapidly increased by an additional ~1 MPa during the time leading 465 

up to the LGM at a rate of 0.28 – 0.31 kPa/yr.  As the ice sheet retreated, the Coulomb stress rapidly 466 

decreased at a rate of -0.37 – -0.51 kPa/yr from 17 – 11 ka (Figure 6b). Our modeling suggests that 467 

the most likely time for rapid left-lateral SMF reactivation over the last 50 ka is between ~21 ka – 17 468 

ka. This is consistent with our observations of substantial left lateral offset between the end of 469 

alluvial fan deposition ~24 ka and 11 ka (fault sealing layers), and demonstrates that glacial loading is 470 

likely to have contributed substantially to the fault activity observed at the Bílá Voda trench site.  We 471 

tested the robustness of these interpretations by calculating the results for a wide range of model 472 

parameters (see Supplementary Section S3).  The results described here conservatively represent the 473 

lowest reasonable stress changes, though we note that the absolute stress changes could reasonably 474 

be higher by up to a factor of 2.  We also note these results are consistent with other studies of 475 

glacially induced stress changes in originally unfavorably oriented stress fields (e.g., Steffen & Steffen, 476 

2021). 477 

While the local two-layer model presented here is certainly a simplification of the actual rheological 478 

structure of the earth, it is reasonable for testing the plausibility of the glacial reactivation hypothesis 479 

presented here.  A full dedicated global glacial isostatic adjustment model (e.g., Wu et al. 2021 and 480 

references therein) is valuable when conducting large-scale simulations of ice sheet growth and may 481 

in the future provide context for the relationship between fault reactivation in this part of central 482 

Europe and other sections of the ice sheet, or provide more refined predictions of the expected 483 
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timing of fault activity in this area.  However, as we are focused on the paleostress perturbations to a 484 

single 140 km long fault off the ice sheet margin and conditions appropriate to that location, the 485 

errors introduced by neglecting more intricate 3-D rheology variations or spherical geometry are 486 

second order relative to both the uncertainties in our observations and the range of predicted stress 487 

values presented here.  We are confident that the model non-uniqueness described by our 488 

conservative range of considered parameters adequately captures the full range of glacial stress 489 

perturbations likely to have been experienced by this fault, and that our interpretations are 490 

therefore robust. 491 

5.3. An interval slip rate 492 

As discussed above, the 37±8 m of left lateral displacement occurred in the period between about 493 

24-63 ka and 11 ka BP. If correct, this indicates that the slip rate was 1.1+2.3/-0.6 mm/yr during the 494 

latest Pleistocene, and has been essentially zero during the Holocene, although that does not mean 495 

that the fault could not move again in the future. However, the 1.1+2.3/-0.6 mm/yr late Pleistocene slip 496 

rate assumes constant loading over the period when ice was present, but from the modeling, it is 497 

clear that the effect of ice load was not constant over the entire timeframe between the end of 498 

alluvial fan deposition at about 24 ka, and the end of the Pleistocene at about 11 ka, after which 499 

there has not been any displacement. For the purposes of estimating a plausible slip rate for this 500 

period, we use the timing of the beginning of rapid ice growth at about 28 ka for the initiation of 501 

fault motion during and after fan growth. Similarly, we use the end of the Younger Dryas at about 12 502 

ka as the likely end of the period of ice-driven fault slip because the ice-shield retreated rapidly after 503 

this time.  This calculates to an average rate in this period of 1-2.8 mm/yr, but if most of the 504 

displacement occurred when the ice load was at a maximum between about 21 and 18 ka, the 505 

interval rate during this period could have been higher. Notably, the 10-15 earthquakes required to 506 

have produced the observed displacement may not have been periodic in their temporal distribution, 507 
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as the applied stress first increased and then decreased over this period, so the recurrence interval 508 

may have also been shortest during the period of maximum ice load. 509 

6. Conclusion 510 

We studied late Quaternary activity of the Sudetic Marginal fault (SMF) by extensive paleoseismic 511 

trenching (9 fault-crossing and 9 fault-parallel trenches), geophysical survey (34 ERT profiles), and 512 

radiometric dating in the study site near the town of Bílá Voda in northeastern Bohemian Massif 513 

(Czech Republic). The SMF has experienced alternating kinematics since the Paleozoic, but in this 514 

study, we exposed the SMF as a subvertical fault zone striking 135° – 150°/75° NE with a left-lateral 515 

sense of slip. The strike-slip kinematics is suggested by a flower structure within the 4-m wide zone of 516 

tectonic breccia and fault gouge, and by the juxtaposition of Paleozoic crystalline rocks (phyllites, 517 

schists, granitic aplite) against Miocene strata and late Pleistocene alluvial fan deposits offset by the 518 

fault. We dated the alluvial fan by 14C, OSL, IRSL, and 10Be methods, which indicate that the alluvium 519 

accumulated between 63 and 24 ka. We estimate displacement by reconstructing the fan apex to its 520 

probable (and only plausible) source drainage, resulting in 37±8 m of left lateral offset. As there has 521 

been no Holocene motion observed, we assume that all of this displacement occurred during and 522 

after deposition of the alluvial fan deposits, resulting in a late Pleistocene slip rate of 1.1+2.3/-0.6 523 

mm/yr, dropping to zero in the Holocene.  524 

As the site lies ~150 km south from the Late Pleistocene Weichselian maximum (~20 ka) ice sheet 525 

front, we tested a hypothesis of causal relationship between the slip rate acceleration and ice loading 526 

by modeling.  The models of related lithosphere flexure suggest failure on the SMF was promoted by 527 

the presence of the ice sheet, relative to an ice-free state, while Coulomb stress on the SMF 528 

increased by ~1 MPa during the time leading up to the LGM, and then rapidly decreased as the ice 529 

sheet retreated. Thus, the most favorable time for a glacially-loaded lithosphere to induce rapid left-530 

lateral reactivation on the SMF over the last 50 ka would be during the glacial maximum ~21-17 ka, 531 

with most or all displacement likely occurring between about 28 and 12 ka; the resulting slip rate in 532 
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that period may have been much higher than the average 1.1+2.3/-0.6 mm/yr rate. Thus, it implies that 533 

although the tectonics and seismicity in northern Czech Republic/southern Poland is influenced by 534 

the Alpine collision, glacial isostatic adjustment was an extra trigger which altered the local stress 535 

field, promoted the reactivation of the SMF and led to its accelerated motion. Our work based on 536 

field evidence support the results of an increasing number of studies (Houtgast et al., 2005; Brandes 537 

et al., 2015) on late Quaternary faults in the former Fennoscandian ice sheet forebulge that were 538 

affected by the phenomenon of near-field ice loading and its attendant changes in stress, which 539 

resulted in a pronounced seismicity increase and higher slip rates in late Pleistocene than in 540 

Holocene. We note that this is a different effect from the direct removal of ice load, which occurs 541 

north of the ice front during glacial retreat which causes postglacial slip and suggests even historical 542 

deglaciation seismicity (Steffen et al., 2021).  543 

The SMF is the southernmost and first glacially triggered fault described in the Czech Republic and 544 

Poland. Our findings motivate further geoscientific investigations at other parts of the SMF 545 

(especially in the north) to test the hypothesis that the whole SMF was glacially triggered during the 546 

last glaciation and ruptured as the whole or in parts. Our findings of the fault acceleration during the 547 

end of Pleistocene in contrast to no Holocene displacements have also major implications for seismic 548 

hazard assessment, which will have to consider that the substantial motion on such faults might be a 549 

consequence of stress conditions that no longer exist.  550 
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Fig. 1. A) Site localization on the Europe map. Blue dotted line shows LGM ice sheet extent (Ehlers et 711 

al. 2011); b) Simplified tectonic map modified after Scheck et al. (2002). Main faults and fault zones: 712 

EFS – Elbe fault system zone, ISF – Intra-Sudetic main fault, LF – Lužický fault, OFS – Odra fault zone, 713 

SMF – Sudetic Marginal Fault, ZHF – Železné hory fault; Main geological units: BM – Bohemian Massif 714 

that includes also FSB and SB, FSB – Fore-Sudetic block, FSM – Fore-Sudetic Monocline, NGB – North 715 

German basin, SB – Sudetic block; c) Relief map of the Sudetes using SRTM (resolution 30m; Farr 716 

(eds.), 2007). Orange stars: epicenters of historical earthquakes with intensity (I0) and year; 717 

Rectangles: Tertiary volcanoes; Blue dots – thermal and mineral springs; Basins: ISB – Intra-Sudetic 718 

Basin, PG – Paczków Graben, RMG – Roztoki–Mokrzeszow graben, UMG – Upper Moravia Graben, 719 

UNKG – Upper Nysa Kłodzka Graben. Mountains: GKM – Góry Kaczawskie Mts., GSM – Góry Sowie 720 

Mts., HJM – Hrubý Jeseník Mts., OHM – Orlické hory Mts., IKM – Izera – Krkonoše Mts., KSM – 721 

Kralický Sněžník Mts., RHM – Rychlebské hory Mts./Góry Złote Mts; d) current stress field from focal 722 

mechanism adopted from Špaček et al. (2006). 723 

Fig. 2. A) Contour lines map of the trenching site. Sample positions and results of all dating methods 724 

on the isopach map of the alluvial fan deposits derived from the trenches, for results see Tab. 1.; b) 725 

Relief map of the trenching site based on LIDAR data DEM. Note the alluvial fan and its probable 726 

source valley; c) Aerial photo of the site from 2012 (source: www.mapy.cz; accessed 03 Jun 2020). 1 – 727 

reddish soil, 2 – OSL dated sediments, 3 – IRSL225 alluvial fan deposits + geliflucted deposits + 728 

Holocene deposits, 4 – 10Be dating in alluvial fan deposits, 5 – 14C dated charcoals/bulk, 6 – alluvial 729 

fan deposits derived from geophysical survey, 7 – source area of the alluvial fan deposits, 8a – 730 

current channel, 8b – inferred feeder channel, 9 – trench, 10 – contour line interval 1 m, 11 – 731 

approximate offset measurements, 12 – isopach map of the alluvial fan deposits based on trenches.  732 

Fig. 3. A) Position of the ERT profiles across the SMF and the alluvial fan on the aerial map; b) ERT 733 

profiles K-S crossing the SMF (in yellow on the map). Notice sharp borderline between Miocene clays 734 

(NE of the fault) and weathered crystalline rock (SW of the fault), with very significant resistivity 735 
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difference; c) ERT profiles DOM3 (N-S) and DOM7 (W-E), clearly showing both horizontal and vertical 736 

extent of the alluvial fan. Note:  All the ERT profiles share the same resistivity scale. 737 

Fig. 4. Log of the SE-facing wall of Trench F and the respective photomosaic. Note the non-mixed 738 

geliflucted layers. Colluvial wedges include pieces of tectonic breccia and fault gouge (black clay) 739 

from the fault zone, which gives the dark color to the deposit. For sample location from the opposite 740 

wall see Fig. S2.2. 741 

Fig. 5. Depth profile showing results of CRN dating of fan surface. 742 

Fig. 6. A) Predicted change in Coulomb failure stress at LGM (18 ka), relative to ice-free conditions, on 743 

a left-lateral fault plane with same orientation as SMF. Positive (negative) change in Coulomb failure 744 

stress promotes (inhibits) failure. B) Range of Coulomb failure stress change over time along the SMF 745 

(gray shading), with northern end (dashed), southern end (dotted), and Bílá Voda location (solid black 746 

line) shown.  Range of stress accumulation rates during ice sheet buildup, LGM, and ice sheet retreat 747 

are indicated. Note both the highest Coulomb failure stress and the highest rate of Coulomb failure 748 

stress accumulation occur during LGM (blue shading). Ice sheet extent is adopted from Ehlers et al. 749 

(2011). Timing of latest alluvial fan deposition (tan shading) and its latest fault offset (red shading) is 750 

from this study.  751 

Table 1. Dating results from Bílá Voda trenching site. Calibrated ages of radiocarbon dating (14C) were 752 

obtained using OxCal v4.4.4 programme (after Bronk Ramsey, 2009), 2σ uncertainty and the IntCal20 753 

atmospheric curves (Reimer et al., 2020). Optically Stimulated Luminescence (OSL) on quartz dated by 754 

GADAM Centre at Silesian University of Technology using OSL-SAR single aliquot regenerative method; 755 

CAM (Central Age Model). Infra-Red Stimulated Luminescence (IRSL) post-IR IRSL225 dating on feldspar. 756 

For details see Supplementary material S2 – Chronology. Sample names marked in bold match the 757 

samples in trench logs in Fig. S1.1.  758 

Italics – samples non-used due to discrepancy  759 
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* probably the age of gelifluction process not the layer accumulation, see S.2 section 760 

� sample of mud, but all the other samples for radiocarbon dating are charcoals 761 

Note: e.g. trench wall NW = facing to the NW 762 

Table 2. Parameters used in post-IR IRSL dating measurements. 763 

Appendix A. Supplementary material: 764 

Fig. S1.1. Geological logs of the fault-crossing trenches at the Bílá Voda site with the dated samples 765 

position. Numbers express individual lithological units, for their description see Table S1.1. For the 766 

trenches position see Fig. 2a.  767 

Fig. S1.2. Photomosaics of selected trenches. They were produced from manually rectified 768 

photographs of individual grid fields of 0.5 x 0.5 m or 0.5 x 1.0 m size. 769 

Fig. S2.1. a) Trench R1 log of SE-facing wall with position of radiocarbon dated samples. The dated 770 

silty layer of 9-11.2 ka calibrated ages caps the fault; b) Trench J log of SE-facing wall around the fault 771 

zone. Radiocarbon dated sample of calibrated age 42-49.7 ka recovered from colluvial wedge close to 772 

the base of alluvial fan deposits.  773 

Fig. S2.2. a) Log of NW-facing wall of the Trench C with the position of OSL and 14C samples; b) Log of 774 

NW-facing wall of the Trench F with position of IRSL and 14C samples. 775 

Fig. S2.3. Single grain post-IR IRSL225 results for Bílá Voda samples from Trench F. BV15 codes 776 

represent field codes for each sample, for corresponding laboratory codes see in Table S2.1; a) single 777 

grain fading test data for sample BV15-04 measured three weeks after a dose of 21.15 Gy was 778 

administered; the red dashed line is the dose determined using a central age model, providing an 779 

estimate of 21.26 ±0.47 Gy, demonstrating no measurable fading, b) – j) single grain post-IR IRSL225 780 

dating results for the samples indicated in approximate stratigraphic order; data points in red = 781 

included in age calculation, open symbols = excluded; see Table S2.1 for age estimates and 782 
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associated 1 sigma uncertainties; the distribution of apparent ages suggests that this gravel unit from 783 

the fan (samples BV15-02 to 11) comprises grains that were originally deposited around 100-150 ka 784 

under medium low energy conditions, and subsequently reworked between 63±6 ka and 24±4 with 785 

only very limited light exposure; grains exposed during the final depositional event are represented 786 

by the minimum age groupings highlighted in red for each sample set, with age estimates indicated 787 

by the red dashed line. Note for samples BV15-03 & 04 (plot h) collected within a single sand lens, 788 

the plot shows the combined data; this is also the case for samples BV15-06, 07, 08, and 09 (plot f). 789 

Fig. S2.4. Comparison of Be-10 exposure ages generated from the CRONUS online calculator 790 

(wrapper version 2.2, main calculator version 2.1, constants version 2.2.1, muons version 1.1, with 791 

global production rate calibration; Balco et al. 2008) using various scaling schemes. Leftmost, 792 

constant production rate: Lal (1991)/Stone (2000) scaling scheme (black). Others, time-dependent 793 

production: red, Desilets et al. (2003, 2006); green, Dunai (2001); blue, Lifton et al. (2005); cyan, 794 

time-dependent adaptation of Lal (1991)/Stone (2000). 1 sigma internal uncertainties shown are 6%, 795 

which is the average AMS uncertainty of all the samples in the profile. The tick line – 1-sigma internal 796 

uncertainty, the thin line – 1-sigma external uncertainty. 797 

Figure S3.1: Changes in Coulomb failure stress resolved on the SMF relative to ice free conditions for 798 

different possible model parameters: a) varying lithosphere thickness (solid colored lines) and 799 

asthenosphere relaxation time (dashed black lines) for left-lateral sense of slip at the location of the 800 

Bílá Voda trench. Thick black line represents solution shown in Figure 6. B) varying fault slip sense 801 

(colors) and range of stress changes experienced along the SMF, from north end (dashed) to south end 802 

(dotted).  Stress at location of Bílá Voda indicated by solid lines. 803 

Table S1.1. Description and interpretation of depositional environment for individual units in the 804 

trenches (see Fig. S1.1). 805 
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Table S2.1. Parameters and age estimates for post-IR IRSL225 dating. * Combined age 06, 07, 08, 09; 806 

** Combined age 03, 04 807 

Table S2.2. The calculation of 10Be concentration for each sample based on AMS 10Be/9Be ratios 808 

measured at SUERC and normalized to the NIST standard with assumed ratio of 2.79 x 10-11. 809 

Table S2.3. All information necessary to calculate the 10Be concentrations and surface exposure age 810 

using the CRONUS online calculator (https://hess.ess.washington.edu) 811 

Table S4.1. Parameters used in post-IR IRSL dating measurements. 812 

Supplemental movie S3.M1 (SM1.avi): modeled Coulomb failure stress from 50 – 0 relative to ice 813 

free conditions.  Top panel shows map of Coulomb stress resolved onto hypothetical left-lateral fault 814 

planes oriented the same as the SMF, as in Figure 6a.  Bottom panel shows Coulomb failure stress 815 

over time at the northern end of the SMF, as in Figure 6b (red line), with vertical gray line indicating 816 

the time of the current scene.  817 
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Stratigraphy 

Unit/Material 

Dating 
method 

Sample names 

Trench 
wall 

facing 
to 

Uncalibrated 
14C ages (BP) 

Calibrated 14C 
age (cal. yr. BP)  
or luminescence 
age 

Comment 

50-60 
Holocene 
colluvium/polymict 
material 

14C 
 

Ti 18 
Ti 16 
Bila Voda F 50 
Bila Voda F 13, C 11 
Bila Voda DJV 4 
Bila Voda FJV 16 
Bila Voda DSZ 7 

TI SE 
TI SE 
TC NW 
TF SE 
TD SE 
TF SE 
TD NW 

375 ± 20 
790 ± 15 
845 ± 30 
1180 ± 90 
1190 ± 20 
2130 ± 25 
3200 ± 40 

325-498 
680-726 
684-791 
932-1282 
1061-1178 
2002-2293 
3349-3487 

 

IRSL225 BV15-13 TF NW  0.77 ± 0.12 ka  
 14C BV Ti 1 

BV Ti 5 
Ti 3 
BV Tk 1 

TI SE 
TI SE 
TI SE 
TK SE 

3980 ± 15 
4070 ± 25 
4535 ± 25 
2100 ± 15 

4413-4518 
4441-4796 
5051-5314 
2001-2116 

 

fluvial to colluvial 
layer in recent 
valley/silty layers 

14C TR 2 1 
TR 1 V 
TR 1 VII 
TR 1 VIII 

TR2 W 
TR1 SE  
TR1 SE 
TR1 SE 

8200 ± 20 
9660 ± 25 
9595 ± 20 
9685 ± 20 

9026-9275 
10812-11190 
10771-11133 
10889-11197 

 
 

100-140 -  
geliflucted, 
soliflucted 
layers/monomict 
material 

14C BV Ti 20 
Ti 8 
Bila Voda F 18, E19 
Bila Voda F 19, E20 
Bila Voda D 12, F25 
 
Bila Voda D1/0.75m 

TI SE 
TI SE 
TF NW 
TF NW 
TD NW 
 
TD SE 

1935 ± 15 
1865 ± 15 
1200 ± 60 
1080 ± 170 
1120 ± 90 
 
2510 ± 30 

1821-1926 
1723-1824 
973-1273 
690-1295 
801-1272 
 
2490-2735 

 
 
burnt root 
burnt root 
bioturbation,  
charcoal in a fault fissure 
burnt root 

IRSL225 BV15-12 TF NW  30.6 ± 4.2 ka  
150 – alluvial 
fan/gravels, 
sometimes with 
silty layers 

10Be SMF-P1 TP SW  ~13.1 ka * best fit, most probably 
represents age of 
gelifluction 

IRSL225 BV15-11 
BV15-10 

TF NW 
TF NW 

 24.1 ± 3.7 ka 
30.8 ± 4.1 ka 

 

160 –  alluvial fan 
deposits/silty layer 

14C BV L-F6/RES � 
BV L-F6/NaOHsol � 
BV F F31/1.5m � 

TL NW 
TL NW 
TF SE 

4725 ± 40 
5660 ± 30 
7200 ± 30 

5323-5581 
6318-6530 
7938-8159 

 

OSL Bila Voda 5 (J63) BV5 
Bila Voda 4 (J60) BV4 

TC SE  
TC NW 

 2.6 ± 1.2ka 
20.1 ± 5.5ka 

 

IRSL225 BV15-09 
BV15-08 
BV15-07 
BV15-06 

TF NW 
TF NW 
TF NW 
TF NW 

 53.2 ± 3.0 ka  
53.2 ± 3.0 ka  
53.2 ± 3.0 ka 
53.2 ± 3.0 ka 

 

170 – alluvial fan 
deposits/gravels 

IRSL225 BV15-05 TF NW  37.1 ± 3.1 ka  

175 –  alluvial fan 
deposits/silty-
sandy layer 

OSL Bila Voda 3 (K58) BV3 TC NW  23.2 ± 1.3ka  

190 –  alluvial fan 
deposits/silty layer 

14C BV F H18/2.5m � TF NW 5650 ± 25 
 

6320-6494 ? translocation of 
Holocene organic acids 

IRSL225 BV15-04 
BV15-03 

TF NW 
TF NW 

 54.6 ± 5.8 ka  
54.6 ± 5.8 ka 

 

203 – colluvial 
wedge/silty-sandy 
layer 

14C BV Tj 1 TJ SE 40900 ± 
2500 
 

41772-54395 the larger uncertainties 
are due to the small 
sample size 

215 –  within 
colluvial 
wedge/silty-sandy 
layer 

OSL Bila Voda 2 (L56) BV2 TC NW  26.5 ± 1.3 ka  
IRSL225 BV15-01 TF SE  14.1 ± 2.4 ka  

210 – base of 
alluvial fan/gravels 

IRSL225 BV15-02 TF NW  62.9 ± 6.1 ka  

vertically dragged  
layer in fault zone 
/silty layer   

 Bila Voda G1 BVG1 
Bila Voda G2 BVG2 

TG 
TG 

 56.4 ± 2.6ka 
76.6 ± 6.6ka 

trench bottom sampled, 
position showed at TL 

fault sealing 
 layers 

? translocation 
of Holocene 
organic acids 

 
combined age  
06, 07, 08, 09 

combined age 03, 04 

Table 1 Click here to access/download;Table;Tab 1.docx

https://www.editorialmanager.com/epsl/download.aspx?id=1379055&guid=225e185e-06dd-49f0-891f-0dd511d52f82&scheme=1
https://www.editorialmanager.com/epsl/download.aspx?id=1379055&guid=225e185e-06dd-49f0-891f-0dd511d52f82&scheme=1


CRediT author statement.  

Since the research was multidisciplinary, the authors had multiple roles within their own discipline 
contribution. 

Petra Štěpančíková: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Data 
curation, Writing – Review and Editing, Visualization, Supervision, Project administration, Funding 
acquisition; Thomas K. Rockwell:  Conceptualization, Methodology, Validation, Formal analysis, 
Investigation, Writing – Original Draft preparation, Review and Editing, Supervision; Jakub Stemberk:  
Investigation, Visualization; Filip Hartvich: Methodology, Validation, Formal analysis, Investigation, 
Visualization; Edward J. Rhodes:  Conceptualization, Methodology, Software, Validation, Formal 
analysis, Investigation, Writing – part of Original Draft, Review and Editing, Visualization; Madeline 
Myers: Validation, Formal analysis, Investigation, Data Curation, Writing – part of Original Draft; 
Karen Luttrell: Conceptualization, Methodology, Software, Validation, Formal analysis, Investigation, 
Writing – part of Original Draft, Review and Editing, Visualization, Supervision; Petr Tábořík: 
Methodology, Formal analysis, Investigation, Writing – Original Draft, Visualization; Dylan H. Rood: 
Methodology, Validation, Formal analysis, Investigation, Writing – Original Draft, Visualization; Neta 
Wechsler: Investigation, Writing – Original Draft; Daniel Nývlt: Investigation, Writing – part of 
Original Draft, Review and Editing; María Ortuño: Investigation, Writing – Review and Editing; Jozef 
Hók: Investigation  

Credit Author Statement


