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Introduction  23 

This supplement includes methods for mapping terrace levels and estimating fault offset and slip rate 24 
(Text S1), performing template matching fault mapping after Sare et al. (2019; Text S2), evaluating and 25 
defining scarp-like landforms from template matching methods (Text S3), post-processing of template 26 
matching results (Text S4), comparison between template matching and remote- and field-mapping 27 
results (Text S5), and preparing samples for luminescence dating (Text S6). Figures include results from 28 
analyses listed above, field photos, and maps showing structures and earthquakes. We also provide 29 
tables for validation of fault scarps from template matching and dosimetry data for luminescence dating 30 
(also at https://dataverse.ucla.edu/dataverse/iag1_project/). 31 
 32 
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Text S1. Terrace mapping and Holocene slip rate in terraces 34 

 35 
Terrace generations at our sample sites were established based on local terrace tread elevation 36 

and characteristics following two regional-scale geologic maps from Sabbeth (2020), which include 37 

Quaternary terraces across different drainages. The maps from Sabbeth (2020) included our ‘southern 38 

terraces’ site but did not include our ‘flight of terraces’ and ‘incised terrace’ sites. We also used 39 

elevation from our 3-m resolution digital elevation model (DEM) derived from Pleiades satellite images 40 

and made finer adjustments based on our high-resolution DEMs derived from drone images (Fig. 4; Fig. 41 

S2). Here, we present subdivided terrace levels for our sites based on Sabbeth (2020), height above the 42 

active channel and local terrace generations from DEMs, and local luminescence ages. T1 is the highest 43 

terrace above the active channel at 30 – 40 m high, is one of the least vegetated terraces, and is 44 

characterized by smooth terrace treads (Sabbeth, 2020). T2 is 10 – 30 m high and is also sparsely 45 

vegetated with smooth, distinct treads (Sabbeth, 2020). T3 is 5 – 10 m high and is the most vegetated 46 

generation. Drone-derived orthophotos reveal coarse deposits on T3 that likely represent young, 47 

preserved meanders in previous ephemeral channels (Fig. 7b). It is noted that height above the active 48 

channel is not constant for the entire extent of each terrace level. Block tilting and/or sedimentation 49 

may cause some terrace heights to decrease towards the interior of Isla Ángel de la Guarda. We also 50 

note some terraces have slightly steeper gradients than the active channel and decrease in height above 51 

the active channel towards the coast. Therefore, we default to the maximum height above the active 52 

channel if such terrace mapping is unclear to determine terrace generations at each site within ~3 km of 53 

the coast. As we only have terrace surface ages in the ‘flight of terraces’, we cannot confirm with ages 54 

that terrace surfaces across the entire study site correlate with each other. Nonetheless, previous 55 

mapping and distinct surface characteristics suggest that correlative Quaternary terraces are expected 56 

here (Sabbeth, 2020). At our sample sites, we focus on providing local constraints on the correlation of 57 

terrace generations that are used to determine the timing of fault offsets.  58 
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Holocene slip rate of fault X in the ‘flight of terraces’ site was calculated as the difference in dip-59 

slip displacements divided by the difference in terrace surface age. We first create a normal distribution 60 

of 300,000 depositional ages from luminescence ages and its corresponding standard deviation (Table 61 

S2). Next, we create a distribution of 300,000 dip-slip displacements, generated by a Monte Carlo 62 

simulation for fault displacement, on each faulted terrace (Duckworth et al., 2020; Thompson et al., 63 

2002). Then, the slopes of the lines connecting points of simulated age and dip-slip displacement from 64 

two terraces were calculated using a method similar to Gold & Cowgill (2011). Ages outside one 65 

standard deviation and displacements outside the 95% confidence interval are eliminated to construct 66 

distance-time envelopes. The use of a stricter threshold for age uncertainties is to limit the number of 67 

inverted ages that must be removed in later steps. Ages and displacements from each envelope are 68 

randomly selected and combined to make up one of 300,000 possible slip histories of variable slip rates. 69 

Because terrace T3 has a ~87% probability of being younger than terrace T2 from overlapping age 70 

distributions, which was also confirmed by field observations, all simulations assuming inverse ages are 71 

eliminated, ensuring only positive slip rates. Slip rate outliers, caused by depositional ages that are very 72 

similar, are eliminated by removing rates greater than three scaled median absolute deviations. These 73 

two filters eliminate ~ 12% of simulations comparing terraces T2 and T3. 100,000 slip rate calculations 74 

are randomly chosen after this filtering to calculate the 95% confidence interval and median slip rate of 75 

fault X between the deposition of terraces T2 and T3. Figure S12 shows the full probability density and 76 

cumulative distribution functions of surface displacement differences, surface age differences, and slip 77 

rates from this analysis between terraces T2 and T3.  78 
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Text S2. Description of semi-automatic scarp mapping 79 

From our high-resolution digital elevation models (DEM), we performed semi-automatic scarp 80 

mapping using a publicly available template matching algorithm called Scarplet (Hilley et al., 2010; Sare 81 

et al., 2019). Scarplet assumes that step-like topographic scarps produced by slip on faults degrade 82 

through linear slope diffusion processes, such as soil creep, which are expected to dominate on 83 

moderately sloping scarps (Hanks, 2000; Hilley et al., 2010). Linear slope diffusion is used to model the 84 

evolution of an across-scarp profile according to 85 

 86 

𝑧(𝑋, 𝑡) = 𝑎 erf (
𝑋

2√𝜅𝑡
) + 𝑏𝑋,         (1) 87 

 88 

where z [m] is elevation, X [m] is across-scarp distance, t [ka] is time since scarp formation, a [m] is half of 89 

the scarp height, κ [m2/ka] is the downhill sediment diffusivity constant, and b [m/m] is the regional slope 90 

(Hanks, 2000; Hilley et al., 2010). It follows that morphologic age (also known as the degradation 91 

coefficient; κt [m2]), depends on the κ and t of a given scarp, where a high κt can result from either very 92 

diffusive soil material or a very old scarp age. The second derivative of Equation 1 yields the synthetic 93 

curvature template 94 

 95 

[
𝜕2𝑧

𝜕𝑋2]
𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒

=  
−𝑎𝑋

2κt√πκt
exp (

−𝑋2

4𝜅𝑡
).        (2) 96 

 97 

This template can be used as the search template for scarp-like topography in the curvature domain of 98 

real topography because the curvature of scarp-like topography decays to zero at both ends of the across-99 

scarp profile. Therefore, the signal for scarp curvature is ubiquitous for all scarp-like topography and can 100 

be searched for in a digital topographic dataset. This template is propagated out of the X-Y plane to a 101 
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manually specified template scarp length. The algorithm will then search for scarp-like landforms with the 102 

template length using a variable orientation of θ to model different scarp orientations.  103 

 To find scarp amplitude and signal-to-noise ratio (SNR) for every DEM pixel, Scarplet first 104 

calculates the curvature of the DEM. Then, the template is normalized by 105 

 106 

𝑊(𝑋, 𝑌) =  
[

𝜕2𝑧

𝜕𝑋2]
𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒

∫ ∫ [
𝜕2𝑧

𝜕𝑋2]
𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒

𝑑𝑋𝑑𝑌
∞

−∞

∞

−∞

 ,        (3) 107 

 108 

where X and Y are the in-plane and out-of-plane directions of the curvature, respectively. Amplitude A 109 

[m] is obtained by convolving DEM curvature with the normalized template W by 110 

 111 

𝐴 = [
𝜕2𝑧

𝜕𝑋2
]

𝑠𝑢𝑟𝑓𝑎𝑐𝑒,θ
∗ 𝑊,         (4) 112 

 113 

where W is the normalized template and * is the convolution operator defined as 114 

 115 

𝑄 ∗ 𝑃 = ∫ ∫ [𝑄(𝑥 − 𝑥𝑜 , 𝑦 − 𝑦0) × 𝑃(𝑥, 𝑦)]𝑑𝑥𝑑𝑦
∞

−∞

∞

−∞
,      (5) 116 

 117 

which is equivalent to the Fast Fourier Transform, where Q and P are arbitrary functions of xo and yo. 118 

Signal-to-noise ratio SNR is defined as 119 

 120 

𝑆𝑁𝑅 =
𝐴2

𝐸2,           (6) 121 

 122 

where E is the misfit between the template and DEM curvature defined as 123 
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 124 

𝐸2 × 𝑛 = 𝐴2 ∫ ∫ [
𝜕2𝑧

𝜕𝑋2]
2

𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒
𝑑𝑥1𝑑𝑦1 − 2𝐴 ([

𝜕2𝑧

𝜕𝑋2]
𝑠𝑢𝑟𝑓𝑎𝑐𝑒,θ

∗ [
𝜕2𝑧

𝜕𝑋2]
𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒

) + ([
𝜕2𝑧

𝜕𝑋2]
𝑠𝑢𝑟𝑓𝑎𝑐𝑒,θ

∗
∞

−∞

∞

−∞
125 

𝑀)
2

,             (7) 126 

 127 

where M is a masking function that equals one when W is not equal to zero and zero when W is equal to 128 

zero, and n is the number of ones in M. The highest SNR is used to identify the best-fit κt and A for every 129 

pixel by varying θ. A value of SNR can be used as a threshold to predict tectonic (fault scarp) and non-130 

tectonic (non-fault scarp) pixels.  For an in-depth explanation of the Scarplet algorithm, refer to Hilley et 131 

al. (2010) and Sare et al., (2019). 132 

  133 
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Text S3. Evaluating and defining binary classifiers for scarp-like landforms 134 

 We evaluated the performance of semi-automatic template matching results by comparing scarps 135 

identified by template matching with those from our remote- and field-mapping. To do this, we created 136 

receiver operating characteristic curves that compare the true positive rate (TPR) and false positive rate 137 

(FPR) from template matching using a binary classifier (Fig. S3a). A variable threshold value of signal-to-138 

noise ratio (SNR) can act as such a binary classifier, where pixels with a log10(SNR) above the threshold are 139 

classified as scarps (the positive condition) and those below as non-scarps (the negative condition).  140 

 Before comparing results from template matching and remote- and field-mapping to calculate 141 

TPR and FPR at different thresholds, we must address that template matching identifies fault scarp 142 

surfaces and not the fault trace where the remote- and field-mapping is centered. We use 10 m and 30 m 143 

buffers around our remote- and field-mapped faults for the Central Terraces and South Volcanic Hills, 144 

respectively, to evaluate the overlap between both methods (e.g., Fig. S11). These buffers comprise the 145 

master map we will compare with our template matching results. A wider buffer was used for the South 146 

Volcanic Hills because of wider scarps in the more coherent volcanic lithology. Areas identified as a scarp 147 

from our template matching analysis that fall within this buffer are classified as true tectonic faults and 148 

those outside as non-tectonic, following Sare et al., (2019). Here, values for the true positive rate TPR 149 

introduced above are calculated by 150 

 151 

𝑇𝑃𝑅 =
𝑇𝑃

𝑃
          (8) 152 

 153 

where TP is the total number of true fault scarp pixels correctly identified by the log10(SNR) threshold as 154 

truly positive and P is the total number of positive, fault scarp pixels inside the buffers from the master 155 

map. Values for false positive rate FPR are calculated by 156 

 157 
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𝐹𝑃𝑅 =
𝐹𝑃

𝑁
          (9) 158 

 159 

where FP is the total number of non-fault scarp pixels identified by the log10(SNR) threshold as falsely 160 

positive (non-fault scarp pixels inside the 10 and 30 m buffer) and N is the total number of negative, non-161 

fault scarp pixels outside the buffers from the master map. By incrementally increasing the threshold 162 

log10(SNR), we can obtain a series of true and false positive rates to construct receiver operating 163 

characteristic curves (Fig. S3a). The area under the receiver operating characteristic curve (AUROC) 164 

provides a metric for evaluating the diagnostic ability of such a binary classifier when compared to our 165 

remote- and field-mapped fault scarps, where an AUROC closer to 1 indicates a perfect binary classifier 166 

and closer to 0.5 indicates a random classifier. 167 

In addition to TPR and FPR, we calculate the true negative rate TNR as 1 − 𝐹𝑃𝑅 and the false 168 

negative rate FNR as 1 − 𝑇𝑃𝑅 for a given threshold. Precision is calculated as 169 

Precision =
𝑇𝑃

𝑇𝑃+𝐹𝑃
         (10) 170 

and accuracy is calculated as 171 

Accuracy =
𝑇𝑃+𝑇𝑁

𝑃+𝑁
         (11) 172 

where TN is the number of non-fault scarp pixels correctly identified by the variable log10(SNR) threshold 173 

as truly negative. Refer to Sare et al. (2019) for further explanation of classifier metrics, applications, and 174 

errors for template matching scarp identification. 175 

The first post-processing step in producing our final template matching maps is to filter our raw 176 

maps with an SNR threshold, similar to the process described above. We determine such a threshold value 177 

by considering the median SNR for entire regions, median SNR within buffers of the master map, and SNR 178 

from a best classifier analysis. Generally, the threshold value with the shortest “distance to a perfect 179 

classifier” (i.e., the point (0,1) on Fig. S3a) is considered the best classifier. However, our analysis shows 180 

that a range of log10(SNR) produces similar distances and performance levels (Fig. S3b). Sare et al., (2019) 181 
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used the median SNR from their entire mapped region as a binary classifier for fault scarps. However, our 182 

mapped regions contain many likely non-fault scarps (Supplementary Text S5 for post-processing), which 183 

may influence the distribution of SNR. Thus, we examine the median SNR from fault scarp pixels within 184 

buffers around our remote- and field-mapped faults for terrace and volcanic lithologies as our threshold 185 

(Fig. S3). 186 

 For the Central Terraces, the median SNR of pixels within the 10 m fault buffer is 247. As the area 187 

under the receiver operating curve was calculated using log10(SNR; Fig. S3a), we show that log10(247) and 188 

log10(250) have indistinguishable distances to (0,1; Fig. S3b). Thus, we use 250 as our threshold value for 189 

the binary classifier for scarp-like landforms in the Central Terraces (Fig. S3b). Our chosen SNR value of 190 

250 is the ~60th percentile of SNR for the entire Central Terraces region (Fig. S3c).  191 

 For the south volcanic hills, the median SNR for pixels within the 30 m buffer is 399, which 192 

corresponds to ~57th percentile of SNR from entire the South Volcanic Hills. Unfortunately, the North 193 

Volcanic Hills region has only one overlapping remote- and field-mapped fault, which makes it difficult to 194 

obtain representative SNR distributions within a buffer. To ensure our threshold works for both volcanic 195 

regions, we assume that the 57th percentile of SNR in this lithology is approximately equivalent to the 196 

median SNR within fault buffers. The 57th percentile of SNR for the entire North Volcanic Hills is ~491 (Fig. 197 

S3c). We chose a threshold of 500 for both the North and South Volcanic Hills. This threshold is noticeably 198 

stricter than the median SNR threshold in the south, where faults are documented in more detail. 199 

Nonetheless, we note that the use of an SNR threshold higher than the median SNR within buffers in the 200 

South Volcanic Hills does not eliminate fault scarps when compared to the results for the median SNR. 201 

However, scarp width is reduced between 3 – 30 m. As described in Supplementary Text S5, we linearize 202 

these scarps into lines before analyzing orientation. Therefore, reduced scarp width minimally affects our 203 

main scarp orientation results presented in Figure 3. 204 
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Text S4. Post-processing of semi-automatic template matching  205 

Some tectonic faults may be missed by our template matching, likely due to the parameter 206 

values that we used in template matching and filtering. For example, most manually mapped scarps not 207 

identified by template matching are shorter than the template length of 200 m, interact with removed 208 

terrace risers or ridgelines, and/or have low scarp heights (< ~3 m) that cause low SNR. Conversely, 209 

scarps identified with high SNR may also have non-tectonic origins, such as large hillslopes in resistant 210 

volcanic rock or large terrace risers corresponding to the highest and oldest terraces. Therefore, in 211 

addition to the SNR threshold filters described above, we perform further, lithology-specific, post-212 

processing to remove these non-tectonic scarps from our final fault scarp maps.  213 

To identify and remove larger scarp-like ridgelines from our analysis in volcanic rock, we used 214 

TopoToolbox DIVIDEobj functions (Scherler & Schwanghart, 2020; Schwanghart & Scherler, 2020) after 215 

filtering by SNR. We first calculated stream networks with minimum upstream drainage areas of 250 m2 216 

from our 3 m DEM and used this network to calculate the locations of basin divides. We then created a 5 217 

m buffer only around lines identified as basin divides with a Strahler divide order ≥ 2 (Scherler & 218 

Schwanghart, 2020). Next, we manually drew lines corresponding to the center of scarps identified by 219 

template matching after the SNR filter and created a 25 m buffer around these lines. Because there are 220 

offsets between ridgelines, which are the locations of basin divides, and ridge flanks, which are the 221 

scarp-like features identified by template matching, we adjusted the location of the basin divide buffer 222 

for each region ~30 m west. This procedure allowed us to identify places where both buffers overlap and 223 

likely correspond with non-tectonic scarp-like features. We then calculated the percent areal overlap of 224 

the 5 m basin divide buffer on the 25 m template matching buffer and rejected scarps with > 13% 225 

overlap for the North Volcanic Hills and > 15% overlap for the South Volcanic Hills. Both percentages 226 

were chosen because they represent the highest percent of areal overlap for template matching buffers 227 

that correspond to actual faults confirmed in the field for each area. This process removes scarps from 228 
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our template matching analysis that are likely topographic ridges unrelated to faults. We produced our 229 

final template matching products by applying an area threshold, only keeping scarps with areas > 1000 230 

m2 (Fig. 3). Filtering by area is necessary to remove small patches of undesired fault scarps that 231 

remained after the removal of ridgelines. 232 

In the Central Terraces region (Fig. 3), we avoided the identification of non-tectonic scarp-like 233 

features, such as terrace risers, by filtering our template matching analysis to include only terrace tread 234 

surfaces after filtering by SNR. Risers and other steep erosional features were identified as having a 235 

tangential slope of greater than 0.08 in the 3-m resolution DEM and excluded from the results. We then 236 

manually clipped and joined areas across non-fluvial scarps to produce our final analysis area. Then, 237 

scarps with an area < 1000 m2 were filtered out to produce our final template matching products in the 238 

Central Terraces (Fig. 3). In some cases, our template matching analyses identified cross-cutting scarps 239 

with high SNR in all three regions. If a scarp was rejected based on its areal overlap, an unwanted gap 240 

was created in the remaining cross-cutting scarp. These gaps were filled by additional template 241 

matching runs using orientation constraints from the remaining scarps, which are oriented differently 242 

than the rejected scarps.  243 

  244 
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Text S5. Comparison between fault orientations 245 

We compared the orientation of faults derived from our remote- and field-mapping and 246 

template matching analysis using statistical tests. We simplified the high-aspect-ratio areas of fault 247 

scarps from template matching by manually drawing lines along the length of the areas with ArcGIS. We 248 

then divided these lines into 3 m-long segments (similar to the resolution of the 3-m resolution DEM) 249 

and obtained the orientation of each segment using the ArcGIS Linear Directional Mean tool. Next, we 250 

divided the segmented template matching inventory into regions that correspond to the North Volcanic 251 

Hills, Central Terraces, and South Volcanic Hills and plotted their segment orientations in rose diagrams 252 

(Fig. 3a – c). Similarly, we divided fault lines from our remote- and field-mapping into 3 m-long segments 253 

(Fig. 3d – f) approximately based on the same three regions as our template matching analysis (Fig. S4). 254 

Then, we compared the orientations across regions and methods using two-sample Kolmogorov-255 

Smirnov and Wilcoxon rank sum tests at the 5% significance level to compare continuous distributions 256 

and the median of fault orientations, respectively.   257 
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Text S6. Luminescence sampling and laboratory procedures 258 

We collected sediment samples from outcrops of faulted sedimentary material exposed in cut 259 

banks of incised arroyos (terrace fill material) or from pits hand-dug into the treads of terraces (terrace 260 

surface material) and depressions (depression surface material), targeting soft, sandy lenses (Table S2). 261 

These sediments derive from the intermediate to mafic volcanic bedrock that comprises the main 262 

mountain range of Isla Ángel de la Guarda or reworked marine sedimentary sequences. In the UCLA 263 

luminescence laboratory, we separated K-feldspar sand grains for single-grain luminescence dating. Under 264 

dim amber lighting conditions, the collected samples were wet-sieved to isolate the 175-200 micron 265 

fraction. With lithium metatungstate heavy liquid, we separated the most potassic fraction with a density 266 

< 2.565 g/cm3. 267 

To calculate the geologic dose rate for luminescence dating, cosmic ray contributions were 268 

estimated according to the geomagnetic latitude, elevation, and overburden depth of samples (Prescott 269 

& Hutton, 1994). Inductively-coupled plasma mass spectrometry (ICP-MS) was used to measure the 270 

concentration of U and Th within the sediment matrix and ICP optical emission spectrometry (ICP-OES) to 271 

measure the K concentration. These values were combined with the in-situ measurements of gamma dose 272 

rate made with a calibrated EG&G ORTEC MicroNomad portable NaI scintillation counter gamma 273 

spectrometer to estimate the external geologic dose rate for each sample, assuming standard attenuation 274 

factors (Brennan et al., 1991; Guérin et al., 2012; Liritzis et al., 2013) and using the water content 275 

calculated by drying subsamples. An internal K content of 12.5 ± 0.5 wt. % was assumed (Huntley & Baril, 276 

1997) for internal dose rate determination. Dose rate calculations and error propagation were performed 277 

using DRAC v1.2 (Durcan et al., 2015). 278 

Luminescence measurements for calculating equivalent dose were made on a TL-DA-20 Risø 279 

automated luminescence reader, equipped with a single-grain infrared laser assembly and a 90Sr beta 280 

source which delivers a dose rate of ~0.1 Gy/s at the sample location (Bøtter-Jensen et al., 2003). During 281 
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each measurement cycle, samples were preheated to 250 °C for 10 s. Grains were stimulated with the 282 

infrared laser for 3 s at 50 °C and then 3 s at 225 °C to measure the IRSL and p-IR IRSL signals, 283 

respectively. An example growth curve is shown in Fig. S5. A small test dose was used to normalize 284 

sensitivity changes during the measurement sequence and a ‘hot bleach’ with infrared diodes for 40 s at 285 

290 °C was used to remove any remaining charge at the end of a cycle.  286 

 287 
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Figure S1. (a) Inventory of faults from our remote- and field-mapping (Sabbeth, 2020). Areas examined 289 
with Scarplet are outlined with pink (volcanic lithologies) and tan or maroon (non-marine terraces, east 290 
and west, respectively) polygons. Scarplet-produced maps of (b) scarp orientation, (c) scarp morphologic 291 
age κt, and (d) scarp amplitude for all regions. All results shown here have been filtered for signal-to-292 
noise ratio, terrace risers, basin divides, and an area threshold. Basemap is 3-m resolution shaded relief 293 
extracted from 0.5-m Pleiades images and GeoMapApp (Ryan et al., 2009). 294 

  295 
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 296 

 297 

Figure S2. (a) Map of terraces, remote- and field-mapped faults, and luminescence sample locations in 298 
and around the Central Terraces region. Terrace nomenclature (T1, T2, T3) are based on stratigraphic 299 
framework by Sabbeth (2020), height above the active channel, local terrace generations, and local 300 
luminescence ages. The extent of these terraces is not the same as the extent analyzed with template 301 
matching, which has regions manually excluded (Fig. 3). Thin black outlines show extent of fault scarps 302 
found from template matching. Inset shows detailed map of smaller terraces. (b) Map view of mean 303 
curvature in and around the Central Terraces. Thick black outlines are the same terraces as (a). Inset 304 
shows detailed map of area in white box. Negative and positive mean curvature on either side of faults 305 
(red lines) is indicative of concave up and concave down portions of fault scarps detected by template 306 
matching, respectively. Similar linear patterns exist at terrace risers and contacts between terraces and 307 
volcanic rock, indicated by the black outlines.  308 
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 309 

Figure S3. (a) Receiver operating characteristic (ROC) curves for signal-to-noise ratio (SNR) derived from 310 
Scarplet template matching at the Central Terraces and South Volcanic Hills using a 10 and 30 m buffer 311 
around faults from remote- and field-mapping, respectively. Dashed 1-to-1 line represents a completely 312 
random classifier with an area under the ROC (AUROC) curve of 0.5. ROC curves above the 1-to-1 line, 313 
with AUROC > 0.5, represent a better-than-random classifier. (b) Log10 of SNR threshold against its 314 
diagnostic ability based on the distance to a perfect classifier located at (0,1) in Figure S3a and various 315 
SNR thresholds shown as vertical lines (dashed for median, solid for our chosen threshold). (c) 316 
Probability density functions for the log10 of SNR for the South and North Volcanic Hills. The chosen SNR 317 
threshold of 500 (solid blue line) is close to the 57th percentile of SNR for the entire North Volcanic Hills 318 
and above that of the South Volcanic Hills (dashed gold and light blue lines, respectively). That for the 319 
Central Terraces is also shown against its median SNR (dashed red line) and our chosen SNR = 250 (solid 320 
red line). 321 

 322 
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 323 

Figure S4. Remote- and field-mapping (Sabbeth, 2020) in relation to the three Scarplet search regions of 324 
Figure 3 in the main text. Faults are colored by the region they were assigned. Extent is that shown in 325 
Figure 2b for Figure 3. (b) Rose diagrams of fault orientations obtained by analyzing our scarp inventory 326 
divided into 3-m segments. Radial unit is calculated as percent of scarps in an orientation bin, identified 327 
as 3-m segments, relative to the total number of 3-m segments from all three regions. Each rose petal is 328 
an orientation bin of 6°. Average orientation of the Ballenas transform fault (BT) and North Salsipuedes 329 
basin (NSB) near Isla Ángel de la Guarda are the thick black and red bars in each rose diagram, 330 
respectively. Basemap is 3-m resolution shaded relief extracted from 0.5-m Pleiades images and 331 
GeoMapApp (Ryan et al., 2009). 332 
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333 
Figure S5. Example growth curve of a K-feldspar grain from sample J1321 in the ‘southern terraces’ site 334 
showing dose response data and errors as black circles and error bars and the natural burial 335 
luminescence signal as an open circle. Dose curve is shown in blue (exponential + linear curve fitting) 336 
and equivalent dose interpolated from the curve and errors are shown in red. 337 
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 338 

Figure S6. Radial plots of single grain equivalent dose values for all samples. Samples with asterisks were 339 
modeled using the Central Age Model (Galbraith et al., 1999). All other samples modeled with the 340 
Minimum Age Model (3 variables, overdispersion of 15%; Galbraith et al., 1999).341 
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 342 

 343 

Figure S7. (a) 0.1-m resolution drone-derived shaded relief with 5 m elevation contours from 3-m resolution digital elevation extracted from 0.5-344 
m Pleiades images, fault X, and scarp transects (red lines) at the ‘flight of terraces’ site. (b) Stitched orthomosaic of drone images showing 345 
surface characteristics. (c) Slope map that differentiates terrace surfaces and treads from terrace risers and fault scarps on terrace T2. Note the 346 
fluvial incision, particularly along strike of fault X.  347 

  348 



 

 

23 

 

 349 

Figure S8. (a – c) Individual scarp-perpendicular topographic profiles across fault X on terrace T2. Black dashed line is the linear best-fit to points 350 
along the transect identified as the offset terrace surface shown as pink dots. Sections of the transect not included in the linear fit, interpreted 351 
as channel incision or slope wash, are shown as black dots. Points along the fault scarp are shown as blue dots. Vertical dashed gray line is 352 
vertical fault separation. Reported fault displacement is the median and 95% confidence interval from 100,000 Monte Carlo simulations that 353 
allow fault dip to vary between 60° – 90° (Duckworth et al., 2020; Thompson et al., 2002). Transects are northernmost on the left and 354 
southernmost on the right. Distance on x-axis increases towards the east. Locations of transects are shown in Figure S7.355 
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 356 

Figure S9. (a) Stitched orthomosaic from drone images of apparent dextral offset on the Sag Pond fault. 357 
We conclude that this apparent offset is not tectonic and is instead due to complex erosion across this 358 
uphill-facing fault scarp. See main text for more details. Arrows show location and direction of Figures 359 
S9b and S9c. (b) Perspective view of terrace risers separated by the Sag Pond fault from drone image 360 
orthomosaics. Upthrown block exposes outcrops of volcanic bedrock. (c) Volcanic bedrock exposed 361 
below the basal strath of Quaternary terrace deposits located on the east (upthrown) side of the Sag 362 
Pond fault. (d) Satellite image from Google Earth of an apparent dextral offset of a small channel on a 363 
NNE-striking east-side-down fault (Sabbeth, 2020). This fault shows evidence for a component of dextral 364 
offset at two additional locations along strike to the south (Sabbeth, 2020). See main text for details. 365 
Arrow shows location and direction of Figure S9e. (e) Channel in a terrace dextrally offset by ~10 – 15 m 366 
(base of offset terrace risers traced by white dashed lines). 367 
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 368 

Figure S10. (a) Lower inset terrace from which luminescence samples were collected at the ‘incised 369 
terrace’ site. Basemap is shaded relief from ~0.1-m resolution drone digital elevation, with 10 m 370 
elevation contours from 3-m resolution digital elevation extracted from 0.5-m Pleiades images. Arrow 371 
shows location and direction of photo shown in (b). (b) Sampled cutbank on the inset terrace. The 372 
locations and ages of samples are shown in Figure 4b. 373 

 374 
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 375 

Figure S11. (a) Faults mapped from template matching (signal-to-noise ratio shown with colors) and 376 
remote- and field-based techniques (solid red lines; Sabbeth, 2020) in the northeast quadrant of the 377 
South Volcanic Hills. Blue arrows are locations where template matched faults are relatively continuous 378 
with remote- and field-mapped faults. Dashed blue line in the upper right corner is where template 379 
matched faults project farther north along-strike with remote- and field-mapped faults in the Central 380 
Terraces. (b) Map of mean curvature. Thin black lines are the outline of faults from template matching. 381 
Basemap is 3-m resolution shaded relief extracted from 0.5-m Pleiades images. 382 

 383 
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 384 

Figure S12. Probability density and cumulative distribution functions of (a) differences in surface 385 
displacement, (b) differences in terrace surface age, and (c) slip rate from 100,000 Monte Carlo 386 
simulations for the period between the deposition of terraces T2 and T3. Surface displacements are 387 
calculated following the methods described in Duckworth et al. (2020) and Thompson et al. (2002). Slip 388 
rates are calculated following methods described in Gold & Cowgill (2011). Details of methods are 389 
explained in Supplementary Text S1. 390 

 391 
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392 

Figure S13. Maps showing historic earthquakes near or on Isla Ángel de la Guarda (Castro et al., 393 
2021; Castro et al., 2017), their focal mechanisms (Dziewonski et al., 1981; Ekström et al., 2010), 394 
and the onshore fault system mapped in this study (black lines; Sabbeth, 2020). Basemaps of 395 
topography and bathymetry are 3-m resolution shaded relief extracted from 0.5-m Pleiades 396 
images and GeoMapApp (Ryan et al., 2009), respectively.397 
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Table S1. Classification metrics for binary fault classifiers on Isla Ángel de la Guarda. 398 

 
 
 
 
 
 
 
 
 

  

Location SNR log10 (SNR) TPR FPR TNR FNR Precision Accuracy AUROC 

Total 

Pixels 

Central Terraces 250 2.40 0.47 0.38 0.62 0.53 0.11 0.61 0.57 303583 

Central Terraces (post-processed) 250 2.40 0.33 0.12 0.88 0.67 0.22 0.83 N/A 303583 

South Volcanic Hills 500 2.70 0.33 0.28 0.72 0.67 0.12 0.68 0.56 1149983 

South Volcanic Hills (post-processed) 500 2.70 0.08 0.06 0.94 0.92 0.12 0.85 N/A  1149983 

SNR = signal-to-noise ratio, TPR = true positive rate, FPR = false positive rate, TNR = true negative rate, FNR = false negative rate, AUROC = 

area under the receiver operating characteristic curve. Total Pixels based on 3-m resolution digital elevation extracted from 0.5-m Pleiades images. 

AUROC is N/A for post-processed results because it represents a single point on a receiver operating characteristic curve. 
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Table S2. Dosimetry data, equivalent doses, and single grain post-infrared infrared stimulated luminescence (p-IR IRSL) ages.  399 

Figure 
Lab 

code 

Sample 

type 

Latitude 

[°N] * 

Longitude 

[°W] * 

Elevation 

[m a.s.l.] 

Depth 

[m] 

K 

[%] 

Th 

[ppm] 

U 

[ppm] 

Measured gamma 

dose-rate [Gy/ka] 

Geologic dose-

rate [Gy/ka] 

Equivalent dose 

[Gy] 

p-IR IRSL age 

[ka] 
 

Fig. 5b J1324 
Terrace 

surface 
29.0907 113.1723 87 0.38 2.1 5.9 1.92 0.8711 ± 0.0034 3.64 ± 0.11 in saturation in saturation  

  J1326 
Terrace 

surface 
29.0939 113.1716 68 0.38 3.3 8.5 2.32 0.9845 ± 0.0037 4.78 ± 0.16 4.6 ± 1.1 1 ± 0.2  

Fig. 5b J1365 
Terrace 

surface 
29.0914 113.1771 67 0.38 2.4 7.4 2.09 1.2943 ± 0.0041 4.47 ± 0.13 52.3 ± 19.6 11.7 ± 4.4  

  J1366 
Terrace 

surface 
29.0918 113.1776 57 0.32 2.4 8.7 1.98 1.4059 ± 0.0038 4.65 ± 0.13 30.1 ± 6.4 6.5 ± 1.4  

Fig. 6a J1317 Terrace fill 29.0790 113.1710 41 7 1.9 4.6 1.84 0.8193 ± 0.0029 3.29 ± 0.1 243.5 ± 24.8 73.9 ± 7.9  

  J1318 Terrace fill 29.0790 113.1710 41 3 2.2 4.8 1.51 0.9738 ± 0.0036 3.74 ± 0.12 140.8 ± 15.6 37.6 ± 4.3  

Fig. 6b J1370 
Depression 

surface 
29.0546 113.1589 102 0.47 1.3 5.9 1.55 0.7867 ± 0.0031 3.04 ± 0.09 28.4 ± 2.2 9.4 ± 0.8  

Fig. 6c J1320 Terrace fill 29.0518 113.1415 14 7 2.1 5.4 1.64 1.0739 ± 0.0038 3.78 ± 0.11 490.5 ± 62.5 129.7 ± 17  

 
J1321 Terrace fill 29.0518 113.1415 14 6.6 2.2 6.9 1.77 1.0604 ± 0.0038 3.93 ± 0.12 208.7 ± 20.6 53.1 ± 5.5  

 
J1322 Terrace fill 29.0518 113.1415 14 6 2.2 7.3 2.09 1.0482 ± 0.0037 4 ± 0.12 208.1 ± 17.6 52 ± 4.7  

  J1375 Terrace fill 29.0518 113.1415 14 4 1.9 6.4 1.53 1.0427 ± 0.0037 3.67 ± 0.11 367.8 ± 32 100.2 ± 9.2  

Fig. 6d J1323 Terrace fill 29.0494 113.1411 21 1.5 2.1 5.9 2.04 0.9908 ± 0.0033 3.78 ± 0.11 127.9 ± 10.7 33.9 ± 3  

  
J1374 Terrace fill 29.0494 113.1411 21 0.4 1.8 4.3 1.37 N/A ± N/A 3.42 ± 0.08 174 ± 14.7 51 ± 4.5  

*Sample locations provided use the WGS84 projection.  

 400 
 401 


