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Abstract 18 
 19 

One of the best known places on Earth where volcanology meets archaeology and history is the 20 
volcanic island of Santorini (Thíra), Greece. It is famous for the cataclysmic Late Bronze Age 21 
(Minoan) Plinian eruption which destroyed the Minoan culture that flourished on the island. 22 
Hosting a central, flooded caldera bay and, within that, the active islands of Palaea and Nea 23 
Kameni, Santorini volcano has been the focus of international research efforts for over one and 24 
a half centuries. In this paper, we summarize recent findings and related ideas about the 25 
Minoan physiography of the island, also known as Strongyli, from a volcanological, 26 
geomorphological and archaeological point of view. As proposed as early as the 1980s, a 27 
central caldera bay existed prior to the Late Bronze Age. Probably characterised by a smaller 28 
size and located in the northern part of the present-day caldera, this earlier caldera bay was 29 
formed during the previous Plinian eruption – called Cape Riva eruption – c. 22,000 years ago. 30 
Within the caldera bay, a central island, Pre-Kameni, existed, named after the present-day 31 
Kameni Islands. High-precision radioisotopic dating revealed that Pre-Kameni started to grow 32 
c. 20,000 years ago. Whereas volcanologists have accepted and refined the caldera concept, 33 
archaeologists have generally favoured the theory of an exploded central cone instead of a pre-34 
existing central caldera. However, analysis of the Flotilla Fresco, one of the wall paintings 35 
found in the Bronze Age settlement of Akrotiri, reveals the interior of a Late Bronze Age caldera 36 
that may be interpreted as a realistic landscape. Approximately 3600 years ago, the island of 37 
Strongyli was destroyed during the explosive VEI=7 Minoan eruption. Pre-Kameni was lost by 38 
this eruption, but its scattered fragments, together with other parts of Strongyli, can be 39 
recovered as lithic clasts from the Minoan tuffs. On the basis of photo-statistics and 40 
granulometry of the lithic clasts contained in the Minoan tuffs, complemented by volumetric 41 
assessment of the erupted tephra and digital elevation model (DEM) analysis of alternative 42 
models for the pre-eruptive topography, the volume of Pre-Kameni can be constrained between 43 
1.6 and 3.0 km3, whereas the volume of the destroyed portion of the ring island of Strongyli 44 
between 9.1 and 17.1 km3. Of these, the larger values are considered more realistic, and imply 45 
that most of the destroyed part of Strongyli was incorporated as lithic components in the 46 
Minoan tuffs, whereas up to 3 km3 of Strongyli might have been downfaulted and sunken during 47 
caldera formation and is not accounted for in the lithics. 48 
  49 
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1. Introduction 50 

 51 

 Santorini (also known as Thíra), the southernmost island of the Cyclades in the Aegean 52 

Sea, is best known to geologists and archaeologists for its Late Bronze Age Minoan culture 53 

(Marinatos et al., 1967-1974) and the VEI=7 eruption that destroyed it (e.g., Bond and Sparks, 54 

1976; Friedrich et al., 1988; Druitt et al., 1999; Johnston et al., 2014). According to Herodotus, 55 

the island at that time was named Strongyli (“The round one” in Greek) for its circular shape 56 

(not to be confused with two present-day Strongyli islands in the Eastern Mediterranean). After 57 

the Minoan eruption, the Phoenicians called the island Kallisto (“The most beautiful” in Greek); 58 

later on, the main island became known as Thera, named by the Phoenician commander Theras. 59 

The present name of Santorini was given by the Venetians in the 13th century in reference to 60 

Saint Irene. Present-day Santorini consists of the arcuated, largest island of Thíra (as spelt in 61 

modern Greek) and the smaller islands of Thirasia and Aspronisi, encompassing the central 62 

Kameni islands, which have formed subsequent to the Minoan eruption (Fig. 1). 63 

 In this paper, we expand on our previous findings presented at the 10th Cities on 64 

Volcanoes conference (CoV10) in Naples, Italy (Karátson et al., 2018a) and published in 65 

Karátson et al. (2018b). Our main objective, by synthesizing and discussing published and new 66 

volcanological, geomorphological and archaeological data, is to assess how the topography of 67 

the Minoan Strongyli island can be reconstructed. 68 

 69 

 70 

2. The Late Bronze Age (Minoan) eruption: timing, processes and products 71 

 72 

 Santorini is one out of five volcanic fields (Sousaki; Aegina-Methana-Poros; Milos; 73 

Christiana-Santorini-Kolumbo; Kos-Nisyros-Yali) representing the Plio-Quaternary Aegean 74 

Volcanic arc (e.g., Fytikas and Vougioukalakis, 2005; Nomikou et al., 2013), the activity of 75 

which has been mainly controlled by the northward subduction of the oceanic segment of the 76 

African plate under the Aegean part of the continental Eurasian plate (Fig. 2; e.g., Papazachos 77 

and Comninakis 1971; Spakman et al., 1988; Bocchini et al., 2018). The volcanic activity of 78 

Santorini, producing a wide range of basaltic to rhyolitic magmas of mostly calc-alkaline 79 

character, developed in the past c. 650 kyrs, and shifted to highly explosive, cyclic eruptive 80 

behaviour c. 360 ka ago (Druitt et al., 1999). Over this period, at least twelve Plinian eruptions 81 

have been identified, which were related to the extended generation and then rapid upward 82 

pulses of intermediate to silicic magmas resulting in the formation of at least four calderas 83 
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(Druitt et al., 1989, 1999, 2016; Gertisser et al., 2009; Flaherty et al., 2018). Two of the largest 84 

caldera-forming eruptions, the so-called Lower Pumice 2 (c. 177 ka; Wulf et al., 2020) and the 85 

Late Bronze Age (LBA) or Minoan eruption, the deposits of which are apparent in the present-86 

day caldera cliffs, are characterised by a similar pyroclastic succession consisting of four major 87 

eruptive phases. 88 

 The precise date of the Minoan eruption, which is of paramount importance for the Late 89 

Bronze Age chronology, has been debated for almost a century (cf., Manning, 2014; Manning 90 

et al., 2020), when Marinatos (1939) put forward the idea, still popular in the public, that the 91 

decline of the Minoan culture in Crete sometime during the 15th century BC might have been 92 

due to the effects of the cataclysmic volcanic eruption, and in particular, an accompanying 93 

tsunami. However, Minoan tsunami deposits were verified only in the northeastern part of Crete 94 

(e.g., Dominey-Howes, 2004; Bruins et al., 2008), and today most scientists believe that even 95 

if the eruption may have weakened the Minoan civilisation, its ultimate decline occurred several 96 

decades if not a century later, due to internal societal conflicts, economic reasons, invasion by 97 

the Mycenaen Greeks, or even climatic changes (cf., Rehak and Younger, 1998; Tsonis et al., 98 

2010; Doumas et al., 2015). Moreover, there is also a controversy with respect to the timing of 99 

the eruption between a ‘low’ (young) and ‘high’ (old) Egyptian chronology, which itself makes 100 

any relationship between the eruption and the fall of the Minoan civilisation problematic. 101 

Whereas archaeological synchronisms between Egypt, the Aegean and the Levant suggest an 102 

eruption date in the mid-15th century BC (e.g., Warren, 2006; Wiener, 2009; Bronk Ramsey et 103 

al., 2010; Höflmayer, 2012), radiocarbon dating (on archaeological samples, buried wood, tree 104 

rings or speleothems) supports a 100-150 year older date, i.e. around 1630-1600 BC (e.g. 105 

Friedrich et al., 2006; Vinther et al., 2006; Siklósy et al., 2009; Badertscher et al., 2014; 106 

Manning et al., 2014; Demény et al., 2019; McAneney and Baillie, 2019). Recently, a detailed 107 

analysis of annual ring chronology of trees that lived at the time of the eruption revealed issues 108 

in the precision of radiocarbon calendar years, and yielded a younger eruption age between 109 

1600 and 1525 BC (Pearson et al., 2018; Kutschera, 2020) which overlaps with the date range 110 

from the archeological evidence. 111 

 While the exact year and the direct effect on the Minoan civilisation in Crete is debated, 112 

it is no question that the eruption was a short-lived event (Druitt et al., 2019) that destroyed and 113 

completely covered with thick tuffs the archaeological site of Akrotiri located on the southern 114 

seashore of Santorini, which was excavated after its discovery by Marinatos in 1967. The main 115 

eruptive events were recently summarised by Druitt et al. (2019), building mainly on the work 116 

of Bond and Sparks (1976), Watkins et al. (1978), Heiken and McCoy (1990), Sigurdsson et al. 117 
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(1990), Druitt et al. (1999), Druitt (2014), Johnston et al. (2014) and Nomikou et al. (2016). 118 

Here, we give an overview of the eruption phases (the deposits of which are denoted as units A 119 

to D by Druitt et al., 1999) focusing on the changes in pre-existing topography. 120 

 The Minoan eruption was preceded by earthquakes and, eventually, precursory 121 

explosions which left a few cm-thick ash-fall deposit on Santorini (Heiken and McCoy, 1990; 122 

Cioni et al., 2000). Although the timing of these events is not fully constrained, they might have 123 

allowed the inhabitants of Akrotiri to escape (Evans and McCoy, 2020), as no dead bodies were 124 

found (except one at Thirasia: Fouqué, 1879). 125 

 The first main phase of the Minoan eruption was a Plinian pumice fall which produced 126 

a deposit (unit A) up to 6 m thick (Bond and Sparks, 1976; Heiken and McCoy, 1984; Fig. 3). 127 

Based on isopachs (Bond and Sparks, 1976; Druitt et al., 1999; Cioni et al., 2000), the vent of 128 

both the precursory and the Plinian phases was to the south of a pre-existing caldera (see below), 129 

which was located in the northern part of the present-day caldera. The caldera was occupied by 130 

an intracaldera island similar to the Kameni islands, referred to as ‘Pre-Kameni’ (Eriksen et al., 131 

1990; Druitt and Francaviglia, 1992; Karátson et al., 2018b). 132 

 During the second phase, the vent migrated to the flooded caldera bay – in the vicinity 133 

of Pre-Kameni –, thus the eruption became phreatomagmatic (Druitt, 2014), resulting in up to 134 

10-m-thick pyroclastic surge deposits (unit B). Thickest at the present-day caldera cliffs, these 135 

are interbedded with pumice-fall layers that originated from the still ongoing Plinian phase 136 

(Bond and Sparks, 1976; Druitt et al., 1999). 137 

 During the third phase, which remained phreatomagmatic, continuous eruption column 138 

collapse produced up to 55-m-thick, low-temperature (McClelland and Thomas, 1990) 139 

pyroclastic-flow deposits (unit C), again thickest near vent and thinning out distally (Bond and 140 

Sparks, 1976; Druitt et al., 1999). During this stage of the Minoan eruption, the pre-existing 141 

island of Strongyli, along with Pre-Kameni, started to get destroyed by the explosions, since a 142 

significant amount of different lithic clasts and also pumice clasts from previous eruptions are 143 

distributed in the deposits, in most places homogeneously (Druitt et al., 1999; Pfeiffer, 2001; 144 

Druitt, 2014), (Fig. 4). The largest, glassy andesite blocks (up to 10 m in size) were derived 145 

mostly from the destroyed Pre-Kameni island, and isopleths of the maximum clast size (≥3 m 146 

in diameter) indicate a vent still in the northern part of the caldera (Pfeiffer 2001). Since the 147 

products of the first three phases were accumulated largely in the caldera, an intracaldera tuff 148 

construct or tuff cone (Johnston et al., 2014) may have formed, possibly until a complete caldera 149 

infill, and eventually blocking the access to sea water. 150 
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 In the fourth phase, as a result of the shift from phreatomagmatic back to magmatic 151 

activity, higher temperature pyroclastic flows (McClelland and Thomas, 1990) were generated, 152 

resulting in the deposition of several tens of m-thick ignimbrites (unit D). On land, they form 153 

three fans (Druitt, 2014) in the N (Thirasia-Thíra), E and SE (Thíra), which may have been 154 

deposited successively on the basis of different lithic components, and which show distal 155 

thickening (Bond and Sparks 1976), implying accumulation mostly in offshore settings 156 

(Sigurdsson et al., 2006). During this phase, the pyroclastic material may have been erupted 157 

from multiple vents (Druitt, 2014; Nomikou et al., 2016), and the opening of the subsequent 158 

vents was likely associated with gradual collapse of the new (i.e. present-day) caldera (Druitt, 159 

2014). 160 

 The ignimbrites of the fourth phase are almost as rich in lithic clasts as unit C, in 161 

particular in the area of the N fan (Druitt, 2014). However, the lithic content is differently 162 

distributed; most of the lithics occur in horizons and lenses, and between lithic-poor and lithic-163 

rich ignimbrite flow units there are also breccia units, showing various spatial relationships and 164 

depositional features implying both primary and secondary origin through reworking (Bond 165 

and Sparks, 1976; Druitt, 2014). 166 

 All units of the Minoan eruption contain juvenile components from the newly erupted 167 

magma and lithic clasts derived from older parts of Strongyli (Fig. 5; Heiken and McCoy, 1984; 168 

Druitt et al., 1999; Druitt, 2014; Karátson et al., 2018b). Following Druitt (2014), the latter can 169 

be grouped into black glassy andesite (BGA), flow-banded rhyolite, and miscellaneous lavas 170 

and tuffs. The lithics range in composition from basalt to rhyolite (50–71 wt.% SiO2), and 171 

principally have low Ba/Zr ratios that distinguishes them from a characteristic high-Ba/Zr group 172 

of clasts (mainly andesite) which is related to a new magmatic source (Druitt, 2014) subsequent 173 

to the previous Cape Riva Plinian eruption (21.8±0.4 ka: Fabbro et al., 2013). Although some 174 

older (i.e. ≥ 530 ka) high-Ba/Zr clasts also occur in the Minoan tuffs, BGA is the dominant 175 

lithology that constituted the Pre-Kameni island, in addition to a smaller amount (up to a few 176 

vol%) of flow-banded rhyolite (Druitt, 2014; Karátson et al., 2018b). 177 

 High-precision, unspiked K-Ar dating of a single BGA sample was performed in the 178 

GEOPS laboratory (Orsay, France). Five independent analyses of the sample yielded ages 179 

ranging between 18.7±3.1 and 21.5±2.0 ka, resulting in a weighted mean age of 20.2±1.0 ka 180 

(Karátson et al., 2018b). This can be considered as a minimum age for Pre-Kameni which may 181 

have begun construction soon after the Cape Riva eruption and have been active for many 182 

thousands of years. 183 

 184 
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3. Constraining the volume of the destroyed parts of Strongyli and Pre-Kameni on the 185 

basis of the lithic clast content 186 

 187 

 In order to reconstruct the Pre-Minoan landscape in a quantitative way, a precise 188 

volumetry of the Minoan tuffs as a whole and that of the pre-eruptive components (i.e. specific 189 

lithic clasts) is required. For instance, once the total volume is known, applying a photo-190 

statistical analysis (at outcrop scale) can give numerical constraints on the proportion of various 191 

lithic clasts (Karátson et al., 2018a, b), which can be linked to pre-existing parts of Strongyli 192 

destroyed during the Minoan eruption and used for topographic reconstruction. Certainly, the 193 

conclusions that can be drawn this way highly depend on volumetric constraints on the erupted 194 

material from geophysical or drilling data, either in intracaldera settings (Sakellariou et al., 195 

2012; Johnston et al., 2014, 2015) or offshore (Sigurdsson et al., 2006; Hooft et al., 2019). 196 

Application of these methods should continue to get a full picture on the volumetry of the 197 

Minoan eruption. In this section, we summarize previous studies on volume estimates as well 198 

as our photo-statistical and granulometric approach (Karátson et al., 2018b). 199 

 On the basis of drill-core data from abyssal settings, Watkins et al. (1978) estimated ~13 200 

km3 erupted magma (dense rock equivalent, DRE). Pyle (1990), using isopach and isopleth data 201 

in more detail, suggested a twofold volume of ~30 km3 DRE. This figure, without presenting 202 

details, was further doubled (60 km3) by Sigurdsson et al. (2006) referring to seismic profiles 203 

in offshore settings, and finally increased to 78-86 km3 by Johnston et al. (2014) who added 204 

significant caldera infill using seismic data and bathymetry. The latter volume, which should 205 

be considered a maximum estimate, corresponds to 117-129 km3 bulk (tephra) volume and 206 

increases the size of the Minoan eruption to VEI=7, among the largest eruptions in the Holocene 207 

(Crossweller et al., 2012; Johnston et al., 2014; Newhall et al., 2018). 208 

 Few studies have focused so far on the volume of lithic clasts contained in the Minoan 209 

tuffs. Pyle (1990) suggested 5-7 km3 in total, of which ~3 km3 represents the volume of Pre-210 

Kameni (Druitt and Francaviglia, 1992). These figures have remained tentative in the 211 

subsequent literature without using a quantitative approach (e.g. Johnston et al., 2014). 212 

In our previous study (Karátson et al., 2018b), applying a photo-statistical method and 213 

adopting the lithological discrimination of Druitt (2014), we addressed the total volume of the 214 

Minoan eruption and, within that, the volume of undifferentiated lithic clasts and those 215 

interpreted to have been derived from Pre-Kameni.  216 

The concept of photo-statistics is the Delesse principle (Baddeley and Jensen, 2002); 217 

the proportion of total clast area (on adjusted, analysed photos) can be equal to the volumetric 218 
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proportion of all (undifferentiated) lithic clasts under appropriate conditions. By taking 219 

representative photos, almost 80 sites were selected for statistical analysis (Karátson et al., 220 

2018b); in addition to units A and B, the study mostly focused on unit C (which contains most 221 

of the clasts, evenly distributed), and unit D (selected outcrops included both lithic-poor 222 

ignimbrites and those containing lithic concentration horizons). Cumulative area of measured 223 

clasts (expressed in percentage of the total area of photo images) against the cumulative clast 224 

number shows a very strong logarithmic correlation, attributed to the rule that fragmentation of 225 

clasts during explosive eruptions follows a Weibull distribution (Fig. 6; cf., Wohletz and 226 

Brown, 1995). This means that smaller grains have a progressively smaller contribution to 227 

volume, but since the method is limited to ~0.125 mm in the applied photo-analysis, the areal 228 

and hence volumetric proportion of the fine fractions should be determined using granulometry. 229 

Granulometric analysis performed on four samples, one from each unit, showed that the 230 

particles below 0.125 mm represent an important addition of ~40 wt% of the bulk material in 231 

the case of all units except unit A (where particles < 0.125 mm account only for 6.5% of the 232 

total particles; Karátson et al., 2018b). 233 

Results of the photo-statistics, i.e. the average percentage of lithic clasts (of ≥ 0.125 234 

mm) yielded 15.7 vol% in unit C, 13.8 vol% in unit D and, as expected, small values in unit A 235 

and B (1.8 and 0.8 vol%, respectively; Karátson et al., 2018b). In addition, granulometry of the 236 

< 0.125 mm fraction showed that up to 10% vol% is represented by lithic clasts (Karátson et 237 

al., 2018b). Since the lithics correspond to various parts of the Minoan Strongyli island (Druitt, 238 

2014), these figures unambiguously confirm that the destruction of Strongyli, including Pre-239 

Kameni, occurred mostly during the climactic phases (3 and 4) of the Minoan eruption. 240 

However, we note that the obtained high percentage of lithics in unit D, in addition to the 241 

occurrence of clasts from block-rich pyroclastic flows (Druitt, 2014), may be partly due to an 242 

unconstrained amount of reworked lithic content. 243 

 To attach bulk volumetric values to the obtained lithic clast proportion values, we 244 

considered the total maximum volume of the Minoan tuffs of 123 km3 (i.e. the mean of 117-245 

129 km3 of Johnston et al., 2014) and distinguished between the four main units (Karátson et 246 

al., 2018b). As for the intracaldera pyroclastic-flow deposits, we proportioned the intracaldera 247 

volumes (36 km3, mean of 31-41 km3 of Johnston et al., 2014) between A, B and C according 248 

to isopach data from the literature (Karátson et al., 2018b). A main issue was how to divide the 249 

bulk volume of units C and D, since, as mentioned above, most of the latter is found in 250 

submarine settings where no data exist about their proportion. We considered two possibilities: 251 
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a ratio of unit C:D of 1:2 or 1:4 (the latter is arguably more realistic, if we assume large volumes 252 

of unit D distally; Karátson et al., 2018b).  253 

 In order to constrain the volume of Pre-Kameni island, starting from the proportioned 254 

maximum bulk (tephra) volumes, we  calculated the total lithic content and, within that, the 255 

volume of BGA clasts (Karátson et al., 2018b; Table 1). As mentioned above, the volume of 256 

BGA clasts corresponds to the overwhelming majority of the volume of Pre-Kameni (apart 257 

from a few % of flow-banded rhyolite lava clasts). The volume of total lithics is 16.9±3.8 or 258 

16.7±4.2 km3, and the volume of BGA clasts (i.e. Pre-Kameni) is 2.5±0.5 or 2.2±0.5 km3, the 259 

first and second figures corresponding to ratios of C:D = 1:2 and 1:4, respectively. As seen 260 

from the obtained values, even if the unconstrained proportion between unit C vs D in 261 

submarine settings results in some uncertainty, it does not significantly alter the main results 262 

on lithic clast volumes.  263 

 However, there are at least two more issues that introduce further uncertainties in 264 

addition to that the calculation took account the maximum tephra volume. First, our photo-265 

statistical findings were based on on-land outcrops without any information on the correlative 266 

submarine deposits, although it is known that the percentage of lithic components in ignimbrites 267 

commonly decreases with increasing distance from source (e.g., Druitt and Bacon 1986). 268 

Therefore, the obtained lithic content of the Minoan ignimbrite, based on proximal samples, is 269 

probably a maximum estimate. By contrast, certain volumes of Strongyli (and Pre-Kameni) 270 

may have been sunken during caldera formation, not represented in the Minoan tuffs, which 271 

may increase the real total volumes. These questions can only be clarified reliably via drillings 272 

and seismic studies both in the caldera and offshore Santorini. We address these questions using 273 

a topographic reconstruction approach in the Discussion. 274 

 275 

 276 

4. Evolution of the interpretation of the Late Bronze Age landscape 277 

 278 

 Before discussing the available data related to the Late Bronze Age topography, it is 279 

important to know how landscape reconstruction has evolved (Fig. 7). This problem has a long 280 

history, inspired first by the “round shape” of Strongyli, which suggested an intact, circular 281 

island for many early researchers (e.g., Fouqué, 1879), possibly with a central cone as high as 282 

500-800 m (Pichler and Kussmaul, 1972; Bond and Sparks, 1976).  283 

 It was first Heiken and McCoy (1984) who contradicted this idea and proposed the 284 

existence of a caldera prior to the Minoan eruption in the south of the present-day caldera. By 285 
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contrast, Druitt et al. (1999) showed from mapping that, had this caldera existed, it had already 286 

been filled up with tuffs long before the Minoan eruption.  287 

 Subsequently, three lines of evidence emerged confirming a pre-existing caldera prior 288 

to the Minoan eruption. Friedrich et al. (1988) and Erikssen et al. (1990), later completed by 289 

Anadón et al. (2013), reported the presence of stromatolites and travertines in the Minoan tuffs 290 

(in the N part of Thíra and Thirasia) as direct evidence of a shallow, pre-existing flooded 291 

caldera. Druitt and Francaviglia (1992) pointed out patches of in situ Minoan pumice adhering 292 

to the modern NE caldera, which proved that those cliffs existed prior to the Minoan eruption. 293 

More recently, the formation of the northern walls of the present-day caldera was determined 294 

by 36Cl exposure dating, verifying that the inward-looking cliffs of both Thirasia and N Thíra 295 

already existed in the Late Bronze Age (Athanassas et al., 2016).  296 

 Accordingly, as a recent overview (Druitt et al., 2019) summarised, there is consensus 297 

now that the pre-Minoan caldera was a flooded bay restricted to the northern part of the present-298 

day caldera (Fig. 7). By contrast, the existence of an opening is debated; earlier work commonly 299 

preferred a western entrance (e.g., Friedrich et al., 1988), whereas more recent findings favour 300 

a narrow opening, if any, to the north (e.g., Athanassas et al., 2016; Nomikou et al., 2016). 301 

Importantly, Nomikou et al. (2016) pointed out that the present-day outlet channel between 302 

Thíra (Oia) and Thirasia was created as the sea broke into the newly formed caldera, whereas 303 

two more openings between Thirasia-Aspronisi and Aspronisi-Thíra were generated 304 

subsequently. 305 

 306 

 307 

5. Discussion 308 

 309 

5.1 The pre-existing caldera as shown by archaeological evidence 310 

 311 

 The archaeological site of Akrotiri has been the intense focus of various interests for 312 

over half a century. Like Pompeii (Kockel and Schütze, 2016), it preserved a large number of 313 

wall paintings that are unparalleled for its particular culture. As the chronological debate of the 314 

eruption continues, art historians scrutinize the treasure trove of Bronze Age frescoes, but often 315 

overlook the volcanological discovery of the flooded caldera in Minoan times, as outlined 316 

above.  317 

 The presumption that Strongyli once formed a central volcanic cone had implications 318 

for the interpretation of the so-called Flotilla Fresco, which is one of the well-preserved wall 319 
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paintings from the West House at the Akrotiri site. The landmasses and cities on the fresco’s 320 

sides were interpreted to represent departure and arrival points for the fleet (Marinatos, 1967-321 

1974). With an inundated caldera at Strongyli, we can understand the landmasses to represent 322 

the capes that bordered the single entrance into the caldera (Fig. 8). They do not have to 323 

represent locations of departure and arrival that are distantly separate.  324 

 From the very beginning, the Flotilla Fresco was thought to represent a voyage from 325 

Libya to Strongyli, although the points of origin were debated (Marinatos, 1967-1974; Doumas, 326 

1992; Strasser, 2010). On the wall opposite from the Flotilla Fresco, the Shipwreck Fresco 327 

served as basis for the interpretation of a militaristic “Libyan Expedition” (Marinatos, 1974) 328 

because it contains African elements. Despite volcanological data demonstrating that an 329 

inundated caldera existed at Strongyli prior to the Minoan eruption, the art historical 330 

interpretation of the Flotilla Fresco portraying a voyage solidified (e.g., Wayland-Barber and 331 

Barber, 2006). In other words, while the specifics of the Flotilla Fresco were debated, the 332 

general concept of a voyage from somewhere to a solid, cone-shaped Strongyli was the premise. 333 

More recently, Strasser (2010) proposed that the Flotilla Fresco is a realistic landscape of the 334 

Strongyli caldera, possibly as viewed towards the northwest (Fig. 9), and this in turn solves 335 

many iconographical problems that the “voyage” interpretation cannot (Strasser and Chapin, 336 

2014):  337 

 1) Only one vessel has its sail unfurled, while paddlers propel all the others, militating 338 

against the idea of a long distant voyage;   339 

 2) The depiction of a landscape explains why some boats and dolphins are positioned 340 

above the land rather than in the sea. A basic concept used by ancient artists is the cartographic 341 

perspective, whereby objects behind are placed above and those in front are positioned below. 342 

This convention was quite common in contemporary Egyptian art. In this case, the perspective 343 

is from the southeast, so the boats and some dolphins are shown both above and below the two 344 

landmasses, because some are inside the caldera, and others outside; 345 

 3) The horizontal depiction of rocks around Town 2 (also known as Departure Town) 346 

on the left side of the fresco is rare. The Aegean Bronze Age convention for rocks in frescoes 347 

was usually in vertical registers (Strasser, 2010). Moreover, the horizontal depictions of rocks, 348 

possibly as layers, might represents a quasi-realistic stratigraphy exposed in the interior of the 349 

caldera. The blue stripes around the Departure Town are typical in Aegean paintings to 350 

represent rivers. The other blue areas may simply be grass, since the colour green is almost 351 

unknown in Aegean paintings. The reddish colour in turn may represent scoriaceous units, 352 

which are widespread around present-day Oia for instance; 353 



 11 

 4) The large boats are festooned for a celebration of some sort, which indicates that they 354 

were decorated for observations by people nearby, and therefore the vessels are not out at sea. 355 

Paddling (not rowing), a less efficient means of propulsion, might be part and parcel of the 356 

event’s ceremonial nature (Wachsmann, 1998). 357 

 One might postulate that “flotilla” frescos are a genre in the Aegean Bronze Age as 358 

similar examples have been found at Ayia Irini (Kea) (Morris, 1989, 2000), at Pylos (Brecoulaki 359 

et al., 2015) and at Iklaina (Cosmopoulos, 2015). This does not, however, preclude the idea that 360 

a specific location is also represented. 361 

 It is important to keep in mind that Akrotiri is not a palace, such as those found on Crete, 362 

where one might expect propagandistic art as a narrative. Even then, we do not find such 363 

military propaganda, which is one of the surprising characteristics of Minoan art (Doumas, 364 

1992). These are paintings that adorn the West House with animals held on the first floor and a 365 

bathroom on the second, and might be simply decorative, with little combining iconography or 366 

thematic scheme. Although the maritime theme is apparent in most of the West House paintings, 367 

there is still an exception in the “Young Priestess” Fresco (Doumas, 1992).  Consequently, all 368 

the West House frescoes do not necessarily follow a narrative. 369 

 In addition, there is no reason to unite all three miniature frescoes of Room 5 in the West 370 

House (Warren, 1979). They have no iconographical elements in common to connect them 371 

(Doumas, 1992) and, indeed, the frescoes are of different heights due to the cross beams on the 372 

ceiling (Palyvou, 2005). Thus, if we view the Flotilla Fresco in isolation, accepting the 373 

interpretation of Strasser (2010) and Strasser and Chapin (2014), we can recognise a valid 374 

presentation of Strongyli’s landscape prior to the Minoan eruption.  375 

 However, if the fresco is a quasi-realistic landscape, the apparent hummocky terrain 376 

above both at the Departure and Arrival towns as well as the location of the towns at the foot 377 

of steep caldera walls require an explanation. In this respect, even if the Cape Riva caldera 378 

could have been a smaller depression with less pronounced caldera cliffs, the morphology in 379 

the northern part of Thirasia and Thíra comprising pre-Cape Riva formations should have been 380 

similar to the present caldera with steep, hummocky terrain. Second, and more importantly, at 381 

least fifteen Late Bronze Age sites have been confirmed on Santorini, several of which facing 382 

the interior of the caldera (e.g., Wagstaff, 1978; Hope Simpson and Dickinson, 1979; Doumas, 383 

1983; Aston and Hardy, 1990; Friedrich, 2000). Moreover, as presented by Aston and Hardy 384 

(1990), the height of the caldera cliffs might have been smaller and some of the inward slopes 385 

less steep than today (Vassilopoulos et al., 2009; Antoniou et al., 2017) because the seashore 386 

level was higher prior to the 300-400 m deep Minoan caldera collapse. Finally, Late Bronze 387 
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Age sites facing from the northern caldera bay include sites found in the quarries at Oia 388 

(northwest Thíra) and Manolas (Thirasia), which, assuming a northwest entrance in between, 389 

may be tentatively related to the Departure and Arrival towns, respectively. In this respect, 390 

findings by Athanassas et al. (2016) do not allow a western entrance, south of present-day 391 

Thirasia, as the southern cliffs of Thirasia were formed during the Minoan eruption. 392 

 393 

5.2 Towards reconstructing the topography of Strongyli prior to the Minoan eruption 394 

 395 

 The volume of lithic clasts in the Minoan tuffs (Karátson et al., 2018b) makes it possible 396 

to constrain the volume, and therefore to reconstruct a possible topography, of Strongyli prior 397 

to the Minoan eruption. Our concept is that the obtained volume of the lithic content, corrected 398 

by taking into account the minimum and maximum volume estimates of the erupted material, 399 

can be added to the recent topography, and visualized by using a digital elevation model (DEM) 400 

approach. 401 

 The main steps of creating a reconstructed DEM (expanding on Karátson et al., 2018b) 402 

are as follows. We delineated an area in the SW where we intended to replace the present-day 403 

topography (see Fig. 1C) with the reconstructed one. The N part of the boundary of the pre-404 

Minoan (Cape Riva) caldera remained the same as today (cf. Athanassas et al., 2016), even 405 

though minor topographic changes such as landslides might have occurred along the cliffs 406 

during the eruption. The W and SW parts of the caldera boundary were aligned with the actual 407 

W part of the caldera rim line which today is slightly below the sea level near Aspronisi. In the 408 

S and E, the caldera boundary line was drawn along the present-day caldera rim. The elevation 409 

of the vertices of the boundary line was corrected to the actual DEM elevation. Then, the arcuate 410 

line of the former caldera rim was drawn between the W and E endpoints. All subsequent 411 

contour lines were manually created between the former caldera rim and the former sea level at 412 

equal intervals. The endpoints at the reconstruction area boundary were adjusted to the present-413 

day contour lines. To create a new DEM, we took into consideration these contour lines and the 414 

reconstruction area boundary, and used the natural neighbour interpolation between the 415 

contours. When calculating the volume of added terrain (i.e. the difference between any 416 

reconstructed DEM and the present-day DEM), we used the reconstructed DEM as the upper 417 

surface and the present-day DEM as the lower surface and applied the ‘volume calculation tool’ 418 

of the Golden Software Surfer. 419 

 In order to make the smooth surface of the new DEM more realistic, we increased the 420 

small-scale surface roughness of the present slopes by generating a weakly developed random 421 
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drainage network with gullies incised into the surface by less than ten metres (according to their 422 

Strahler stream order: Strahler, 1957). These small streams are negligible in terms of volumes.  423 

 Using the above considerations on the pre-eruptive topography, several solutions are 424 

possible under the assumption that the northern depression existed already whereas the southern 425 

depression formed during the Minoan eruption. In Fig. 10, two alternative options are presented 426 

in newly constructed DEMs, showing a larger flooded caldera (with a lower caldera rim 200 m 427 

asl) in Fig. 10A, and a smaller flooded caldera (with a higher caldera rim 260 m asl) in Fig. 428 

10B. Both reconstructions are based on our previous calculations of 16.9 km3 maximum total 429 

lithic content (Karátson et al., 2018b) and the existence of pre-Minoan Cape Riva caldera cliffs 430 

as evidenced by Athanassas et al. (2016). However, they take into account the total erupted 431 

(bulk) volume of the Minoan tuffs and the destroyed part of Strongyli differently. These two 432 

alternatives are explained and discussed as follows. 433 

 Fig. 10A shows the smallest possible volume of Strongyli (and within that, Pre-434 

Kameni), implying a relatively large caldera. Numerically, this model considers the minimum 435 

volume estimate of 52 km3 DRE of the Minoan tuffs consisting of the 30 km3 estimate by Pyle 436 

(1990) plus the 22 km3 mean volume within the caldera (Johnston et al., 2014). Considering a 437 

1.5 ratio of the erupted tephra (bulk) to DRE volume (i.e., 123 km3 mean bulk volume to 82 438 

km3: Johnston et al., 2014), 52 km3 DRE corresponds to 78 km3 bulk. In a similar way, 439 

considering a 7.3 ratio of the erupted tephra to lithic volume (i.e., 123 km3 mean bulk volume 440 

to 16.9 km3 lithic volume), 78 km3 bulk volume would contain 10.7 km3 total lithics. Of the 441 

latter figure, using the proportions between BGA and total lithic content obtained by photo-442 

statistics (Table 1), a volume of 1.6 km3 is interpreted to be derived from Pre-Kameni (BGA) 443 

assuming that the ratio of unit C:D is 1:2. These minimum volumes are presented and marked 444 

in Fig. 10A, where the pre-eruptive terrain of Strongyli is 9.1 km3, hosting a Pre-Kameni island 445 

of 1.6 km3 (=10.7 km3 altogether). However, this scenario is considered less realistic, as the 446 

caldera cliffs extends significantly to the south well beyond the outlines pointed out by 447 

Athanassas et al. (2016), and is therefore inconsistent with the finding that the Late Bronze Age 448 

caldera was restricted to a northern basin (see above). 449 

 By contrast, Fig. 10B leaves unaffected the outline of those cliffs that indisputably 450 

existed before the Minoan eruption (Athanassas et al., 2016), and reconstructs the pre-eruptive 451 

terrain of Strongyli with the largest possible extent. This time, with no consideration of the 452 

obtained 16.9 km3 total lithic content, the caldera rim is drawn as a regular circle encompassing 453 

the smallest possible pre-existing caldera. Such a reconstructed DEM results in an added terrain 454 
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of 17.1 km3 to the ring island, i.e. 1.88 times more than in the previous approach (9.1 km3). 455 

Based on this proportion, the volume of Pre-Kameni is constrained to 3.0 km3.  456 

 Notably, the 17.1 km3 of added terrain ─ which again is the maximum spatially possible 457 

value ─ is only ~2.7 km3 larger than the value obtained for the ring-island of Strongyli by photo-458 

statistics and granulometry (14.4 ± 0.08 km3: Table 1). We propose that the volume difference 459 

can be accounted for by assuming sunken (downfaulted) parts of Strongyli, which are therefore 460 

not incorporated in the Minoan tuffs. In this scenario, Pre-Kameni, with its 3.0 km3 volume, 461 

still remains relatively small (corresponding approximately to the dimensions of present-day 462 

Palaea and Nea Kameni, whose combined volume is ~3.2 km3 (Nomikou et al., 2014). Such a 463 

topographic reconstruction is considered a more realistic scenario based on the results of Druitt 464 

(2014) and Athanassas et al. (2016), and is in accordance with the maximum volume estimate 465 

of the Minoan tuffs. 466 

 A further issue which is difficult to assess in terms of palaeotopography is the relation 467 

between the collapsed volume and the depth of sea water in the flooded caldera. As discussed 468 

by Johnston et al. (2014, 2015), Nomikou et al. (2016) and Hooft et al. (2019), the Minoan 469 

tuffs, which accumulated in the caldera and were downfaulted in the fourth phase of the 470 

eruption, comprise a several hundred metre thick succession that is underlain by the sunken 471 

Pre-Minoan deposits at a depth of 1-5 km below the surface. The precise location and thickness 472 

of the latter, and their volumetric contribution to Late Bronze Age Strongyli, can only be 473 

constrained by seismic data and further drilling. However, for spatial reasons based on our DEM 474 

analysis, the addition to the ring island of the destroyed on-land volume of Strongyli, which 475 

might have been downfaulted in the present caldera, cannot be more than ~2.7 km3. 476 

 In terms of landscape evolution during the Minoan eruption (Fig. 11), the initial 477 

topography should have consisted of a shallow, small northern flooded caldera encompassed 478 

by the main ring island of Strongyli, depicted with a maximum possible volume in Fig. 11A. 479 

During the first three phases of the eruption, as proposed by Johnston et al. (2014), the presently 480 

observable elevated position of the Minoan tuffs on the caldera cliffs, along with the 481 

downfaulted masses in the caldera, argue for the creation of a tuff construct or tuff cone in the 482 

caldera. In this context, phases 1, 2 and 3 can be interpreted as eruptive periods during which 483 

the elevation of Strongyli was increased and the topography became conical (Fig. 11B). Phase 484 

4 was, however, different in terms of tephra accumulation. The products deposited during this 485 

phase show significant facies variations (Bond and Sparks, 1976; Druitt, 2014), ranging from 486 

lithic poor, massive, tan ignimbrites to lag breccias and lithic block-rich ignimbrites as well as 487 

subordinate debris-flow deposits and fluvial gravel beds on top. These deposits preferably filled 488 
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the topographic lows toward distal areas; therefore, as shown earlier, most of their volume 489 

accumulated offshore. Such a relief, indicated in Fig. 11C, might have existed for some time 490 

into phase 4 of the Minoan eruption, when it was truncated by caldera collapse (Bond and 491 

Sparks, 1976; Druitt, 2014) as depicted in Fig. 11 D. 492 

 493 

 494 

6. Conclusions 495 

 496 

 The extent and topography of the island of Santorini (‘Strongyli’) in the Late Bronze 497 

Age can be assessed by analysing the lithic content of the Minoan tuffs. Considering various 498 

alternatives for the total erupted (bulk) volume and the size of the flooded caldera, we discussed 499 

two end-member models of topographic reconstructions presented on DEM images. Both are 500 

in agreement with archaeological interpretation of the Flotilla Fresco which is suggested to 501 

depict a realistic landscape characterised by a relatively small flooded bay corresponding to a 502 

pre-existing caldera (formed during the 22 ka Cape Riva eruption), possibly open to the 503 

northwest. 504 

 The first model which is based on the minimum volume estimate of the Minoan tuffs 505 

(52 km3 DRE) shows a large pre-existing caldera. However, such a reconstructed topography 506 

does not fit with previous findings about a caldera restricted to the north (e.g. Druitt, 2014; 507 

Athanassas et al., 2016; Nomikou et al., 2016).  508 

 The second model starts from the largest DRE volume of 82 km3 of the Minoan tuffs, 509 

and adds the topographically possible maximum terrain to the ring island, leaving untouched 510 

rigorously only the pre-existing caldera cliffs (Athanassas et al., 2016). Such a maximum added 511 

terrain volume, ~17.1 km3, is ≤ 3 km3 larger than the volume obtained from the total lithic 512 

content of the Minoan tuffs (Karátson et al., 2018b), which can be accounted for by, for 513 

example, downfaulted (sunken) parts of Strongyli within the caldera. 514 

 Using the second model, DEM representation of subsequent phases of the Minoan 515 

eruption depicts a syn-eruptive, conical infill of tuffs in the central part of Strongyli, which was 516 

truncated by late-stage caldera collapse. 517 

  518 
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Tables 769 
 770 
Table 1: Maximum volume estimates (Johnston et al., 2014) of the Minoan eruptive units (A-771 
D; for A, including co-ignimbrite ash), their lithic content, and within the latter, the contribution  772 
of the black, glassy andesite (i.e. ‘Pre-Kameni’ island) using data from literature, photo-773 
statistics, and granulometry (Karátson et al. 2018b and references therein). Values are given in 774 
one decimals for volume, two decimals for lithic content. In the first and the last two columns, 775 
left panels in divided cells show values assuming that the ratio of unit C:D is 1:2; right panels 776 
show values assuming that the ratio of unit C:D is 1:4 (see text). Of the total lithic content, the 777 
volume of Pre-Kameni is considered as consisting exclusively of the black glassy andesite, i.e. 778 
without the volumetrically minor flow-banded rhyolite. The difference of the volumes of the 779 
total lithics and Pre-Kameni gives the destroyed part (14.4±0.8 km3) of the Minoan ring island 780 
of Strongyli. 781 
 782 

Unit 
 

Volume (km3) Lithic clast vol% 
from photo-

statistics 

of which 
black glassy 
andesite % 

Volume of total lithic 
content 

(km3) 

Volume of ’Pre-
Kameni’ 

(km3) 
A 37.6 1.8±0.6 3.8±0.9 0.67±0.28 0.03±0.01 
B 7.8 0.8±0.2 16.8±2.8 0.06±0.02 0.01±0.00 
C 25.9 15.5 15.7±1.2 30.4±3.1 4.06±0.52 2.43±0.31 1.23±0.16 0.74±0.09 
D 51.7 62.1 13.8±5.7 10.8±1.0 7.14±3.00 8.57±3.61 0.77±0.33 0.93±0.39 

sum 123   11.93±3.82 11.74±4.22 2.04±0.50 1.70±0.50 
additional 

lithics1 
123*40%= 

49.2 10 10 4.92 0.492 

total 123   16.85±3.82 16.66±4.20 2.53±0.50 2.19±0.50 
783 
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Figures and figure captions 784 
 785 

 786 
 787 
Fig. 1: Aerial photograph of Santorini from northeast (credit: Tom Pfeiffer, 788 
www.volcanodiscovery.com / santorini_i49059). Kameni Islands are to the left. The flooded 789 
central bay corresponds to the northern part of the present-day caldera, which already existed 790 
in the Late Bronze Age; whereas the southern part of the caldera (faintly visible behind the 791 
Kamenis) as well as the entrances in the west and north may have been formed during the 792 
Minoan eruption ~1630-1600 BC. 793 
  794 
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 795 
 796 
Fig. 2: Geodynamic setting of the Hellenic Arc (a) and the onshore-offshore synthetic 797 
topography of Santorini and its surroundings (b) in the South Aegean (modified from Nomikou 798 
et al., 2013); shaded, coloured DEM image of present-day Santorini (c), modified from 799 
Nomikou et al. (2014; 2016) and Karátson et al. (2018b) 800 
  801 
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 802 
 803 
Fig. 3: Main units (A-D) of the Minoan eruption as exposed in the Fíra and Mavromatis quarries 804 
at Thíra; see text for details 805 
  806 
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 807 
 808 
Fig. 4: Unit C is a low-temperature pyroclastic-flow deposit, showing randomly distributed 809 
clasts, the most striking of which are black glassy andesites up to a few m large (Fíra quarry, 810 
Thíra). Hammer for scale 811 
  812 
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 813 
 814 
Fig. 5: Major juvenile (A-C) and lithic (D-F) clast types in the Minoan tuffs: (A) white, 815 
rhyodacitic pumice, (B) crystal-rich pumice, (C) andesitic blebs, (d) black glassy andesite 816 
(BGA), (E) miscellaneous lavas and tuffs, (F) flow-banded rhyolite. Scale bars are 5 cm long 817 
  818 
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 819 
 820 
Fig. 6: Example of photo-statistics (Fíra quarry, Thíra): cumulative area (%) of lithic clasts 821 
(within analysed image) versus number of lithics (arranged in decreasing size). Modified from 822 
Vereb (2016), Karátson et al. (2018b) 823 
  824 
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 825 
 826 
Fig. 7: Evolution of interpretation of the Late Bronze Age landscape of Santorini (modified 827 
from Karátson et al., 2018b) 828 
  829 
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 830 
Fig. 8: The Flotilla Fresco (cropped into two parts; upper part is the left side of the fresco) from 831 
the south wall of Room 5 in the West House at Akrotiri. Abbreviations: r - rivers, D = Departure 832 
Town, p h s = parallel, horizontal stratigraphy of internal caldera cliffs, d - dolphins, E = 833 
entrance (opening), v u s = vessel with unfurled sail, A = Arrival Town. (Reproduced courtesy 834 
of the Thera Foundation; Strasser, 2010.) 835 
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 837 
 838 
Fig. 9: Reconstruction of the perspective of the Flotilla Fresco depicting a landscape prior to 839 
the Late Bronze Age eruption, looking possibly towards the northwest (drawing by D. 840 
Faulmann; Strasser, 2010) 841 
  842 
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 843 
 844 
Fig. 10: Two contrasting alternatives of reconstructing the topography of Pre-Minoan Santorini 845 
(’Strongyli’) on DEM image. UTM coordinates are shown on both axes. Pre-existing caldera 846 
cliffs (cf. Athanassas et al., 2016) are marked in red, added volumes in black line, respectively. 847 
Note that pre-existing (northern) caldera cliffs may have been slightly different from present 848 
topography. See text for discussion 849 
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 851 
 852 
Fig. 11: Proposed landscape evolution of Strongyli during the Minoan eruption as represented 853 
in subsequent DEM images. (UTM coordinates are shown on both axes.) 854 


