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Abstract

:

An 8th century CE earthquake severely damaged inland cities across the southern-central Levant, but reported evidence of this earthquake along the coastline is scarce. In Caesarea Maritima, archaeologists have found contemporaneous anomalous sand and shelly layers within nearshore structures and interpreted them as construction fill, aeolian accumulation, or abandonment debris. Recently, similar sand deposits were exposed in a Roman-to-Islamic harbor-side warehouse. This presented the first opportunity to directly sample and systematically analyze in situ, undisturbed deposits in order to determine their origin and taphonomic (source and transport) history. Two sediment cores from the deposit as well as comparative reference samples from defined contexts were analyzed for grain size distribution, foraminifera (abundance/taphonomy), and relative age (POSL, archaeochronology). The results support the interpretation that the deposit was formed from the transport of offshore marine sediments during a high-energy inundation event, most likely a tsunami associated with the 749 CE earthquake.
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1. Introduction


Records of modern, historical, and paleotsunami deposits are critical for guiding coastal disaster management and risk assessment. Coastal archaeological sites have the potential to reveal integrated anthropogenic and natural deposits, among them traces from past tsunamis. Not only can this improve the accuracy of the tsunami record, it also offers a glimpse into the human responses to ‘natural’ disasters. At present, however, tsunami deposits reported in coastal archaeological sites worldwide number only in the few dozens [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19].



This dearth of information regarding sedimentary deposits of past tsunami events (paleo and historical) is the product of a few factors. First, the techniques used to identify, analyze, and record tsunami deposits have advanced significantly only in the past two decades, following major tsunamis (e.g., the 2004 Boxing Day tsunami, 2011 Tōhoku tsunami). Until then, by contrast, geoarchaeologists and sedimentologists found it difficult at best to distinguish storm deposits and even anthropogenic coastal strata (construction fill-layers, etc.) from tsunamites, and tended not to recognize tsunami deposits when they encountered them. Secondly, there is the problem of preservation: once a deposit occurs, it will only remain intact if it is somehow protected from subsequent natural erosion and clean-up efforts, or otherwise covered or buried. Established communities frequently cling tenaciously to their locations and therefore clean up or otherwise reconstruct their settlements in ways that can mask or entirely erase an event from the record. When tsunamis damage populated regions, particularly areas important to the local economy or sites whose inhabitants have the means or motive to renovate, extensive effort may be devoted to cleaning up the coastline and rebuilding damaged structures [4].



The 2004 Boxing Day Tsunami, which damaged coastal settlements and left sedimentary deposits all around the Indian Ocean, gave researchers the opportunity to observe both natural and anthropogenic processes affecting the preservation of tsunamigenic sediments over time [20]. Within a few years, flooding, reworking by waves, bioturbation, and root growth eroded or disturbed previously identified tsunami deposits [21,22,23]. These findings demonstrated how rapidly tsunami deposits are altered or erased from the landscape and contributed to our understanding of the likelihood of tsunami sediment preservation over time.



Additional factors impacting the long-term preservation of tsunami deposits have been identified elsewhere as well. In arid coastal Peru, when tsunamis damaged populated sections of the coastline in 1996, 2001, and 2007, the sandy horizons left behind were used as construction material in rebuilding efforts [24]. This redistributed and altered those original deposits. Tsunami deposits often survive best in low-energy environments, such as protected harbors, bays, lagoons, inland coastal lakes, or farther offshore at deeper depths below the storm wave base, where they have some protection from erosion, disturbance, anthropogenic interference, and general mechanical reworking and resorting [1,11,25,26,27,28,29,30,31,32,33,34,35,36,37,38].



Where deposits are preserved, there may or may not be a direct, recent tsunami deposit analogue from that specific site with which to compare. Therefore, studies may need to rely on reference samples as stand-ins to create end-members from which to identify, negate, or relate the results. A commonly used sedimentological method is to compare samples to reference samples from known environmental contexts of either contemporaneous or contemporary deposits. For example, in the Red Sea, comparative samples from recent floods and a transect of sediments offshore were used to assess an anomalous layer within a core, proposed as the remains from a large inundation event (tsunami) 2000 years ago [39]. In the Mediterranean, samples from before and after a large storm (<15 m wave heights) were compared with proposed tsunami derived deposits to determine whether they could be differentiated [40]. This approach is also commonly applied when using micropaleontological markers [41,42].



Many empires have controlled the eastern Mediterranean since the beginning of recorded history. Coastal areas hosted important maritime industries and were vectors of trade and long-distance communications. The tectonically stable regime of the region, coupled with the historical record of natural disasters, allows researchers to correlate tsunami deposits with recorded events from the past several thousand years. Surviving written accounts are often vague, however, and may date long after the events they purport to record, such that there is still much confusion as to the exact number, chronology, and severity of the inundations they mention [43]. It is, therefore, important to corroborate these written accounts with the sedimentary record.



Along the eastern Mediterranean coast of Israel (Figure 1), Caesarea was an important port-city from the Roman through Crusader periods (1st c. BCE–13rd c. CE) and contains evidence for at least three tsunami events in the past two millennia. There is also evidence for earlier events, including one that is synchronous with the Bronze Age eruption of Thera and another from the Chalcolithic period (6 ka) [3,4,6,8,39,40,44]. These events were reported from contexts in and around the harbor and farther offshore, based on sedimentological, archaeological, and geophysical criteria.



The first tsunami deposits discovered that postdated the construction of the Herodian harbor (c. 10 BCE) were dated to the 2nd c. CE [8], plausibly in connection with the major eastern Mediterranean earthquake of 115 [43] or perhaps the more local 110–114 earthquake [47]. This was a prosperous time in the harbor’s history; therefore, event clean-up and rebuilding would have occurred, as is evident across the site in the decades following the event [3,8]. The next major event documented by both textual and material evidence is the powerful earthquake and tsunami reported to have struck the coast of the Levant in 551 CE [3,6,39,48,49], again during a relatively prosperous time for the harbor and city [45,50,51,52]. The same lack-of-data issue exists, likely related to the inability during most of the 20th century excavations to recognize tsunami deposits. More recent archaeological reports identify thick deposits at least partially attributable to a sixth-century marine inundation in the shallower parts of the harbor [3,52,53].



A third tsunami occurred in the eighth century CE, possibly coinciding with a powerful inland earthquake that originated along the Dead Sea Fault in ~749 CE, which caused well-documented damage at many sites in the Levant [4,54,55,56,57,58,59,60]. Previous sedimentary evidence for this event was found in the upper part of the 551 CE offshore deposit [6,8,61], as well as throughout the site in the form of laterally extensive sands, shells, and even articulated human skeletons [61]. To read an in-depth account of this evidence and the interpretations provided by those excavators, see reference [4]. Summarized, interpreting any deposit as a tsunamite was beyond the interpretive options understood at that time.



Large sand deposits that include Islamic period artifacts (8–10th c CE) have also been described outside of the centrally developed parts of the site, especially in the coastal area to the south. Their origins were variously interpreted as the result of sand transport and stabilization [62], aeolian sand also appearing within ancient garbage dumps [63], and agricultural activity using anthropogenically enriched sandy soils [64]. While these deposits were found across terrestrial Caesarea Maritima and generally described, the research focus primarily concentrated on their association to their archaeological and historical context, or their coarser characteristics with the aim of associating to broader stratigraphy. Therefore, their similarity to various sediment sources or taphonomic histories was mostly presumed but not directly analyzed using comparative sedimentological techniques.



2016. Area LL Excavation


Area LL was partially excavated between the 1970s and 2000s (by Lee Israel Levine and Ehud Netzer in the 1970s [65] and Kenneth Holum and Jennifer Stabler in the 1990s and early 2000s [66]). Their reports described a fine, clean sand horizon of significant size (from 50 cm to 2 m thick) and without a clear purpose or cause. The same area was reopened and expanded in 2016 by the Israel Antiquities Authority and Caesarea Development Corporation as part of park renovations.



The excavation in 2016, during which collections for this study were taken, focused on the western and eastern warehouse structures of Area LL; the findings are described in the preliminary report of Area LL, published in 2018 [46]. The eastern warehouse consists of a north-south-oriented corridor with rooms branching off its eastern and western sides. This warehouse was rebuilt c. 400 atop earlier structures and remained in use at least through the early 7th century, judging by the large quantities of Byzantine pot-sherds and bag-shaped jars found there [66]. The warehouse was overlain by a later structure with a new floor plan. Finds within this overlying stratum include late seventh-century Aegean-imported amphorae and Umayyad cooking utensils and tableware (Figure S1, Room 12, found above the Byzantine bag-shaped jars). Above this is a destruction layer consisting of roof tiles, collapsed columns, and charcoal remains, along with fire-reddened walls at that same level, above a dark soil layer separating it from the Umayyad stratum and directly below a 1.5–2-m-thick deposit of sand and building stones from the collapsed southern and southwestern walls (Figure 2). This is an extension of the same sand horizon that was recorded in earlier excavations [66], wherein they focused on the northern side of the eastern warehouse in an effort to expand information from an even earlier excavation [65]. This sand layer was overlain by another completely new floorplan, delineating structures that were more poorly-constructed than the complexes from the strata below. Finds from this stratum include Abbasid-era artifacts (late-eighth to ninth centuries). There are also intrusions of later structures from the Crusader age [46].



The 2016 excavation provided the opportunity to expose portions of the Umayyad-period sandy horizons and analyze them directly to determine their origin and depositional history. The aim of this study was to negate or support the thesis that these eighth-century sand deposits across the site are preserved tsunami deposits. This was approached using multi-proxy analysis and comparison to known (analytically) characteristics of local sediments representing a wide assortment of local environments, taphonomic processes, and conditions. Should the deposits be tsunami-derived, a strong circumstantial case could be made for attributing them to an inundation provoked by the earthquake of 749 CE, which could in turn contribute to a broader understanding of tsunami dynamics, tsunami deposit preservation, and the overall history of the site of Caesarea Maritima.





2. Materials and Methods


2.1. Fieldwork


Excavation of Area LL in 2016 was performed manually with Israel Antiquities Authority (IAA) archaeologists (Uzi Ad, Yoav Arbel, and Peter Gendelmen, Permit A-7664) and a supervised work crew, with non-archived archaeological fill materials removed in construction bags, some of which were used as a protective storm barrier at the lower part of the site. Archaeological materials and finds were recorded and processed according to the standard procedures of the IAA.



2.1.1. Coring and Excavation Collections


A set of cores were collected for sedimentological analysis from within the central, long, rectangular corridor (Figure S4), after the upper Abbasid floor was removed and the anomalous sands were exposed. The cores were collected using a fence driver and 10 cm diameter light-tight aluminum pipes, as well as 7 cm plastic coring tubes. After hammering them into the sand, the cores were left while the area was excavated and then capped and extracted once exposed later in the excavations. Before transportation to the laboratory for opening, sampling, and analysis, packing materials were inserted into the tops to stabilize the upper part of the sediments before turning the core horizontally. Two aluminum cores, C1 and C2, were selected for study, and two additional cores were archived for possible future needs. A sedimentological description and nineteen sediment samples were taken from a baulk section on the southernmost trench of the excavation (Figure S3). This sequence forms the southern boundary of the corridor and abuts a Crusader wall from a structure on the western side.




2.1.2. Core Description


Both cores were fully described in terms of their sedimentary units, and photographs were taken. Artifacts found in the cores were bagged and labeled. One untreated charcoal (~20 mg) sample from the top 3-cm of sediment in the Umayyad archaeological fill and one untreated sample of various organic material (~20 mg) from the top 5-cm of the same layer in core C1, as close as possible to the contact with the lower anomalous deposit, were collected for radiocarbon dating. The samples were rinsed in distilled water to remove adhering particles, weighed, and sent to the Direct AMS Radiocarbon Dating Service in Bothell, Washington, U.S. The calculated radiocarbon ages with error were calibrated in OxCal v4.4.4 [67,68]. The calibration curve IntCal20 was chosen for calibration, which uses atmospheric data for the Northern Hemisphere [69,70]. All of the sediment from cores C1 and C2 was sub-sampled at 1 cm intervals and placed in containers for further sedimentological analyses described previously (grain size distribution, foraminiferal assemblage, and total organic carbon (TOC)).




2.1.3. Reference Sample Collection


In addition, a reference set of surface samples (13 total) from environmentally known contexts were collected from across the site and nearby in the region. These reference samples underwent the same analysis as the core and baulk samples. Three dune samples were taken from the natural Michmoret sand dunes, located south of Caesarea. Two samples were taken from Aqueduct Beach, north of Caesarea Maritima National Park: one from the sandy berm that forms a sand ramp against the seaward, beach side of the early Roman Aqueduct, and one from the beach. Five shallow-water surface sediment samples were collected by divers: two from eleven meters’ depth north of the ancient harbor and 500 m offshore; two from four and five meters’ depth (also north of the ancient harbor); and one from ten meters’ depth offshore Kibbutz Sdot Yam near a rocky reef, south of Caesarea Maritima National Park (Figure S5). Three sandy loamy soil (Hamra) samples were collected: one came from a core taken a few meters west of the Byzantine cloaca, and two came from the seafloor surface near the Late Roman shipwreck at four meters’ depth, north of the ancient harbor. Two storm-deposited sediment samples were collected from within the Crusader moat (~125 m from the sea). A storm or storms in the 2019/2020 winter season transported and deposited sediments underneath the pedestrian bridge over the moat of the northern Crusader fortifications surrounding Caesarea Maritima’s ancient harbor area (Figure S6). Major storms of the 2019/2020 winter season occurred on 9 December, 13 December, 24–27 December, 4–5 January, 8 January, and 16 January (which occurred closest to the time of sampling with significant wave heights of around 1 m). However, the strongest storm of the season occurred on 24–27 December with significant wave heights of more than 4 m (Israel Oceanographic and Limnological Research [IOLR] Mediterranean GLOSS #80 station, www.ocean.org.il, accessed repeatedly between 9 December 2019 and 20 January 2020), which is the storm most likely to have deposited the sediment collected. One sample came from a partially dry, exposed part of the deposit, and one from an area that still contained standing water. A map of sampling locations can be seen in Figure 1.





2.2. Analytical Methods


2.2.1. Granulometry


Grain size distribution analysis was performed on sub-samples from all reference samples and core samples. To remove organic matter, each sample was digested in 35% H2O2 until the solution stopped reacting with the sediment. Using a Beckman Coulter LS 13 320 Laser Diffraction Particle Size Analyzer, each sample was analyzed for grain size distribution between 0.04 and 2000 microns. By measuring the diffraction of light from a laser with a 750 nanometer wavelength, the instrument can measure grains with a certain diameter from 0.4 to 2000 microns [71,72,73]. The machine also uses polarized beams with wavelengths of 450, 600, and 900 nanometers so that the polarization intensity differential of scattered light (PIDS) system can then measure grain sizes at ten to sixty percent of these additional beam wavelengths so that the 0.04 to 0.4 fraction can be measured [71,74]. 116 size classes are used to detect the full spectrum of grain size distribution in volume, from 0.04 to 2000 microns [73]. The optical model, Fraunhofer.rf780d, was used to process the data. Since none of the samples analyzed contained large fractions of particles less than 10 microns in size, the variation in results between optical models is insignificant [74]. The machine has high precision for the sediments analyzed in this study: under 1% for well-sorted material and under 1.5% for poorly-sorted sands [73]. After analysis, the data was then exported to an excel worksheet for further data analysis. The Grain size was classified according to the Udden-Wentworth scale [75].



In addition to plotting the data in the more traditional standard X/Y graphs by mode, mean, and standard deviation, we also exported the data to Ocean Data View (ODV) Version 5.5.2 (Schlitzer, Reiner, Ocean Data View, https://odv.awi.de, 2021, accessed 1 February 2021) as a X, Y, Z scatter plot to illustrate how the grain size distribution and degree of grain sorting change with depth in section or core. The side color bar shows the percentage of a sample (set from 0 up to 13%) at a specific class size value. Data-Interpolating Variational Analysis (DIVA) gridding was used to interpolate the space between the class size values.



The grain size distribution data for all core and reference samples was also exported and plotted in PAleontological STatistics (PAST), Version 3.25 software. Using principal coordinate analysis (PCoA), a multivariate ordination statistical method, PAST software allows for the correlation of data points with multiple variables. In our case, the variables are the class size values. Class size values for each sample are put into a separate column so that each row contains all the grain size distribution data for a particular sample, creating a matrix. Using the algorithm by Davis (1986) [76], PCoA calculates the eigenvalues and percent variance from the Euclidean distances (raised to the power of 2) among samples [77]. PAST then plots the data points on a 2-D scatter plot based on how similar they are to each other (i.e., the closer two data points are, the more similar they are in grain size distribution). This method is helpful for finding clustering in the data and determining the sediment samples that most closely resemble each other in grain size distribution.




2.2.2. Total Organic Carbon


Total organic carbon (TOC) and inorganic carbon (IC) contents were calculated for several samples from each core, as well as one shallow marine sample from 5 meters’ depth and one sample from the Aqueduct beach natural dunes. TOC and IC were directly measured using a Skalar PrimacsSNC Analyzer (Skalar Analytical B.V., Stockholm, Sweden). For TC measurement, this instrument heats a powdered sediment sample (of known mass) to 1000 °C to remove both organic and inorganic carbon. TOC was then calculated (in percentage) by dividing the mass after carbon is removed by the original sample mass. Another powdered sediment sample (of known mass) is digested in concentrated HCl to remove only the IC. IC was then calculated (also in percentage) by dividing the mass after inorganic carbon is removed by the original sample mass. From these calculations, TOC was then calculated.




2.2.3. Foraminiferal Analysis


Core and reference samples were analyzed for their foraminiferal assemblages. For each sample, ten cubic centimeters of sediment were wet sieved through 500, 125, and 63-micron mesh sieves. Then, the 125–500-micron fraction was split into incrementally smaller volumes to make foraminiferal analysis more manageable. Using a binocular microscope, at least 300 foraminifera (if possible) were hand-picked from each sample and placed onto a slide [78]. Then, the total abundance of foraminifera per cubic centimeter was calculated:


Total number of foraminifera counted/(original vol(cc))*split).



(1)







In addition, the recent specimens were categorized based on whether the tests were pristine (including sharp edges and clear features/chambers) or weathered (including rounded edges and indistinguishable features/chambers). Furthermore, the total number of pristine tests per cubic centimeter was calculated from the abundance:


Number of pristine foraminifera counted/(original vol(cc)*split).



(2)







A JCM-6000 Benchtop SEM (JEOL) scanning electron microscope was used to take high-resolution images (beyond the magnification that Stereo microscopes are capable of) of the most common foraminifera from each sediment type as well as their taphonomic condition. Representative foraminifera from each sediment type were centrifuged in distilled water to clean off any agglutinating particles. They were then glued onto a black conducting pad on a metal stub, which was placed into a vacuum-sealed chamber of the SEM. A tungsten-hairpin filament is then heated to emit electrons, and an electron beam is then used to scan the surfaces of the foraminifera. The electrons penetrate the foraminifera, and the interaction between the electrons and the foraminifera is picked up as signals by detectors and used to produce high-quality images of the surface topography of the foraminifera [79].




2.2.4. Portable-Optically Stimulated Luminescence (P-OSL)


Several studies have demonstrated the utility of POSL relative dating in stratigraphic sections [80] and cores [81]. The LL cores were cut while protected from light to prevent exposure of the buried quartz grains. The cores were then fully opened in the Geomorphology and Portable Luminescence Laboratory (University of Haifa) under red light (‘dark room’) conditions. Twelve five-gram dry bulk samples were subsampled from the longer core (core C1): eight samples from the anomalous layer (Unit A), two from the mixed contact (Unit B), and two from the Umayyad archaeological fill (Unit C). The shorter core (core C2) did not have a thick enough anomalous segment (only ~9 cm) for representative results.



The lab measurements were taken following the continuous wave optically stimulated luminescence protocol (CW-OSL) [82]. One measurement was taken for each sample, during which the untreated samples were exposed to two 30-s pulses of infrared and then blue light by a pulsed-photon portable stimulated luminescence reader. The infrared light pulses release the infrared light stimulated luminescence (IRSL) signals from just feldspar grains, while the blue light pulses release the blue light optically stimulated luminescence (BOSL) signals of both the quartz and feldspar grains [82]. The signals were measured in photon-counts, and the B-OSL calculated net values [83] were plotted in MatLab to show the changing luminescence signals of only the quartz grains (the predominant mineral of coastal sands along Israeli shores [84,85]) with depth in core C1.






3. Results


3.1. Core C1


3.1.1. Description of LL Cores


Four separate sedimentary units (A–D) were identified from the two cores. Core LL C1 was 65 cm long and contained all four units (Figure 3), while core LL C2 was 50 cm long and contained only two units (A and C). Both were collected after the Abbasid Floor was removed and the underlying sands were exposed. Unit A, also referred to as the ‘anomalous’ deposit (0–34 cm depth in core C1 and 0–9 cm depth in core C2), consists of clean, loose quartz sand with no sedimentary structures or cultural artifacts. Unit B (from 34 to 40 cm in C1) consists of the same sediment as Unit A but with additions of several marine-encrusted potsherds and reddened, partially heat-fused sand clusters. Unit C, also referred to as the Umayyad archaeological fill (after Ad et al., 2018 [46] and C14 ages) (40–58 cm depth in C1 and from 9 to 50 cm depth in C2), is a dark gray/brown (10YR 6/2), organic-rich layer with many cultural artifacts, including potsherds, glass shards, shells, beach pebbles, charcoal, and bone fragments. Below Unit C, C1 penetrated into a compact earthen floor (from 58 to 65 cm depth), referred to as Unit D. Descriptions summarizing the characteristics of the units are presented in the main text for C1. C2, which agrees with C1′s values but contains only two of the units, is available in the supplement (Figure S2).




3.1.2. Grain Size Distribution


The top 40 cm of C1 (Units A and B) are dominated by well-sorted fine sand with minor trends towards medium sand (Figure 4). The specific mean values of Unit A are between 229 and 270 microns. Most samples in Unit A have a mode value of 223 microns, except for seven samples with a mode of 203 microns (at 23–25 cm, 27–28 cm, and 33–34 cm depth). Their standard deviation values are between 77 and 102, with one outlier at 21 cm depth with a value of 121. Unit B ranges in mean values between 239 and 329 microns (mainly medium sand). Two samples in Unit B have a mode value of 223 microns, while the other four samples have a mode of 203 microns (fine sand). Unit B’s standard deviation values are between 92 and 324.



In sharp contrast to and with a well-defined transition from Unit B above, Unit C has a significantly higher range in mean grain-size values, which are between 300 and 648 microns, ranging from medium to coarse sand. Unit C also has a high range of mode values (five samples at 203, seven samples at 223, four samples at 905, and one sample at 1739 microns), ranging from fine to very coarse sand. These samples also have a significantly higher range in standard deviation values between 250 and 589. Unit D has a similarly high range in mean values, which are between 360 and 724 microns, and a high range in mode values (three samples at 203, one sample at 684, and three samples at 1584). These samples have an even higher range in standard deviation values, between 371 and 622.




3.1.3. Total Organic and Inorganic Carbon Content


The two Unit A samples have total organic carbon (TOC) contents of less than 0.05% and inorganic carbon (IC) contents of less than three percent (2.62% and 2.06%). The topmost sample’s TOC content is even lower than the instrument’s detectable limit of 0.01%. The Unit B sample’s TOC content is 0.04%, compared with the lower Unit A sample’s 0.03%. The Unit B sample’s IC content is 3.38%. The two Unit C samples have TOC contents of 0.36% and 0.26% and IC contents of 4.92% and 3.64%, respectively.




3.1.4. Foraminiferal Analysis


Twelve samples from C1 were analyzed for foraminiferal abundance in roughly 5-cm intervals. The seven samples from Unit A have total abundances ranging from 944 to 1376 foraminifera/cc and pristine-only abundances ranging from 6 to 32 pristine foraminifera/cc. The two Unit B samples have values of 998 and 938 total foraminifera/cc. One of the Unit B samples has a pristine-only abundance value of 10 pristine foraminifera/cc, while the other has a lower value of three. The three Unit C samples have total abundances ranging from 254 to 413 total foraminifera/cc and near-zero pristine-only abundance values. The Unit D sample has a total abundance value of 358 and a pristine-only abundance value of 0.




3.1.5. Portable OSL


The net values of blue signal (B-OSL) from 12 bulk sediment samples were measured by a pulsed-photon optically stimulated luminescence reader. The eight Unit A samples range from ~370 k to 504 k photon counts. Two separate clusters were identified in Unit A. The three uppermost samples (0, 4, and 7 cm downcore) were defined by a decrease in counts from about 436 k to 370 k. The underlying five samples from Unit A have values with ranges that overlap one another (463 k to 504 k counts), and do not exhibit an overall trend in either a negative or positive direction.



The upper sample (35 cm) from Unit B is similar in count value (about 371 k) to Unit A above. The lower sample from Unit B (40 cm) has a significantly lower count value (about 223 k) than Unit A. The two Unit C samples from 50 and 55 cm depth have significantly lower counts values (79 k and 122 k) compared with Units A and B and show a linear increase in counts values with depth, and their value ranges do not overlap with each other.





3.2. LL Southern Baulk


3.2.1. Grain Size Distribution


The lower portion of the LL Southern Baulk section, from 195 to 230 cm depth, is composed of well-sorted fine sand with some medium sand input (Figure 5). The lower LL Southern Baulk is characterized by a small range of mean values from approximately 239 to 248 microns (fine sand), with one outlier at 225–230 cm depth with a mean value of 299 microns (medium sand). In addition, these samples have a single mode value of 223 microns (fine sand) and a small range of standard deviation values that range from 73 to 97, with one outlier at 225–230 cm depth with a value of 288.



Above this, the upper LL Southern Baulk section, from 25 cm to 190 cm depth, has a much higher grain size distribution and is poorly sorted, with multiple grain size peaks. However, two samples at 120–125 cm depth and 135–140 cm depth have a similar grain size distribution to that of the lower LL Southern Baulk, with mean values of 234 and 258 microns. The upper LL Southern Baulk is typically characterized by a high range of mean values that range from 219 to 689 microns (fine to coarse sand). The upper samples also contain a high range of mode values that range from 223 to 1908 microns (fine to very coarse sand). However, seven upper samples have the same mode (223 microns–fine sand) as the lower samples (at 70–75 cm, 85–90 cm, 105–110 cm, 120–125 cm, 135–140 cm, 140–145 cm, and 150–155 cm depth). Their standard deviation values also fluctuate widely, from 100 to 582.




3.2.2. Foraminiferal Abundance and Taphonomic Analysis


Seven samples from the LL Southern Baulk were analyzed for foraminiferal abundance. The four upper section samples have total abundances ranging from 131 to 406 total foraminifera/cc and pristine-only abundances ranging from 0 to 6 pristine foraminifera/cc. The three lower section samples have values, between 762 and 1651 total foraminifera/cc and pristine-only abundance values ranging from 6 to 13 pristine foraminifera/cc.





3.3. Reference Samples


3.3.1. Grain Size Distribution


The two storm-deposited samples have mean grain size values of 252 and 290 microns, mode values of approximately 223, and standard deviations of 98 and 157. The five dune samples have mean grain size values ranging from 230 to 268 microns, mode values of 223 (four samples) and 245 microns (Aqueduct beach sand), and standard deviations from 57 to 81. The three Hamra samples have mean grain size values ranging from 205 to 226 microns, mode values of 185 and 203 (two samples) microns, and standard deviations from 79 to 92. Finally, the three shallow marine samples that were analyzed for grain size distribution have mean grain size values ranging from 203 to 257 microns, mode values of 223 and 203 (two samples) microns, and standard deviations from 74 to 90. All grain size data from reference, LL Southern Baulk, and C1 and C2 samples were used to form a PCoA plot in PaST. The plot shows similarities in total grain size distribution among all samples analyzed. In addition, the mean grain size of all samples analyzed was plotted from the smallest to the highest mean value (Figure 6).




3.3.2. Total and Inorganic Carbon


One natural dune and one shallow marine surface (5 meters’ depth) sample have been analyzed for TOC and IC content. The natural dune sample has TOC and IC contents of 0% and 1.33%, respectively. The shallow marine sample has TOC and IC contents of 0.02% and 1.98%, respectively (see Figure 4).




3.3.3. Foraminiferal Analysis


The two storm-deposited samples have total abundance values of 470 and 520 total foraminifera/cc and pristine-only abundance values of 3 and 10 pristine foraminifera/cc. The five dune samples have total abundance values ranging from 140 to 356 total foraminifera/cc (with the Aqueduct beach sample having the highest total abundance) and pristine-only abundance values of between 1 and 4 pristine foraminifera/cc. The two Hamra samples have total abundance values of 29 and 45 total foraminifera/cc and pristine-only abundance values of 0 pristine foraminifera/cc. The five nearshore samples have total abundance values of 494 (4 meters’ depth), 1104 (5 meters’ depth), 1875 (10 meters’ depth), and 686 and 725 (11 meters’ depth) total foraminifera/cc, and pristine-only abundance values of 14 (4 meters’ depth), 38 (5 meters’ depth), 90 (10 meters’ depth), and 24 and 46 (11 meters’ depth) pristine foraminifera/cc. The total and pristine-only abundances of all samples analyzed, including reference, LL Southern Baulk, and C1 and C2 samples, were plotted from lowest to highest abundance in Figure 7.





3.4. Dating


Archaeological data in area LL constrains the maximum possible age range of the units studied. Units A and B lie directly on top of an Umayyad archaeological fill, which has been dated using archaeological finds to the late 7th to early 8th centuries CE, and directly below an Abbasid floor, which has been dated to the late-8th to early-9th centuries CE. A single piece of charcoal from the surface of the Umayyad archaeological fill (Unit C) in core C1 has been radiocarbon dated with 95.4% probability to 649–687 calCE (73.5%) or 743–773 calCE (22.0%), consistent with the archaeological finds. A second radiocarbon age was measured on a mix of small organic materials from the same layer as the previous charcoal sample, with a result of 605–665 calCE (95.4% probability). Table S1 gives the raw data for all samples analyzed.





4. Discussion


4.1. Comparison of Anomalous Samples to Reference Set


For this specific region, there has not been a recent tsunami (post-instrumentally recorded) from which it is possible to directly compare the sediments. Therefore, determining unequivocally whether the anomalous sandy deposit (‘Unit A’) seen within the excavation is a tsunami deposit is impossible. However, it is possible to compare these deposits to known sources of sediment deposition, thus providing support for or negating the various proposed options. In the case that the analytical results do not support deposition from non-tsunami sources (e.g., reference context samples) and the deposit fits known tsunamigenic criteria from parallel research elsewhere and general sedimentary dynamics, then it can be argued that the deposit could be interpreted as a tsunamite. Here, comparisons between reference sample characteristics and those of Unit A, the anomalous sandy layer of interest, are discussed.



Unit A does not match the results of the multi-proxy data of any of the reference samples. It shares the most properties with the shallow marine samples but varies with regard to the amount of foraminifera (greater than most) as well as the number of pristine individuals (lower). The characteristics of the mixed contact samples (Unit B) are very similar to those of the anomalous deposit (Unit A). Unit B varies in that it contains marine-encrusted potsherds and chunks of reddened, partially-melted-together sand chunks. These reddened, fire-marked sand chunks are in agreement with the presence of reddened in-situ building blocks along the intact eastern wall of the room (and elsewhere along the walls). These markers indicate a fire that took place before the arrival of the anomalous sands. Furthermore, the marine-encrusted potsherds mixed in with the anomalous sands indicate that these inclusions were previously submerged in the marine system for long enough for the encrustation to take place, suggesting that they were transported from the sea to land at the time of the event.



The Umayyad archaeological fill at the bottom of both cores (Unit C) was broadly exposed during excavations and is typical of an ancient garbage dump. There is a high concentration of cultural artifacts in a matrix of organic-rich brown sediment. Wind-transported sand from the beach makes up some of the matrix sediment. These archaeological fill samples have very different values from the anomalous samples (Unit A) in all analyses. Most of the samples have similar abundance values to the dune and upper ‘LL Southern Baulk’ section, while a couple of samples have similar values to the storm and shallow marine samples from four meters’ of water depth, which could indicate minor mixing with the anomalous deposit above.



Construction fills are often made of a heterogeneous mix of onshore materials easily accessible near the construction site and will often include a high concentration of organic material and cultural artifacts. A construction fill deposit can also exhibit dumping sequences from the method of construction. Since onshore material is commonly incorporated into construction, such as dune or beach sand, the sediment should have a low concentration of eroded foraminifera. As expected, much of the upper ‘LL Southern Baulk’ section met these criteria. The samples were quite similar to the Umayyad archaeological fill samples (Unit C). Based on the macroscopic sediment characteristics, grain size distribution, and foraminiferal characteristics, we can exclude this anthropogenic process, namely construction activities, as the origin of the anomalous deposit (Unit A).



However, the lower ‘LL Southern Baulk’ section samples were different than those from the upper portions of the section and clustered with the anomalous samples in the nearby warehouse corridor (Unit A). Figure S3 shows the ‘LL Southern Baulk’ section, with the lower section abutting the Crusader wall highlighted. We propose that the lower ‘LL Southern Baulk’ section is associated with the anomalous deposit within area LL’s cores from the central corridor. When the Crusaders built a structure on the southwestern portion of the earlier complex, they dug through the preserved anomalous deposit to place the foundation of a wall there. However, due to the loose nature of sand, the sand deposits flowed back into place after the construction trench was dug, which is now seen abutting the Crusader wall. This sand flow into the newly dug trench is also confirmed by the presence of a loosely compacted ‘cavity’ further away from the wall (Figure S3a,b). This is indicative of the negative space created when these sands flowed and left materials above it without underlying support. During this process, the anomalous sandy sediment may have mixed with surrounding sediments, which accounts for their minor deviance in grain size distribution and foraminiferal abundances in the better-sealed sand layer collected in the cores. Then, the trench was refilled with a mixture of materials found nearby.



Although the dune sand samples have similar TOC, IC, and grain size distribution values as Unit A, their foraminiferal (total and pristine) abundances vary significantly (Figure 7). Due to the nature of aeolian transport from the beach source that creates these coastal dunes, the total foraminiferal abundances and preservation of tests were significantly lower than those of the anomalous samples (e.g., abundance of 400 versus 1400 individuals/cc and <5/cc versus ~30/cc, Figure 7). Therefore, dune formation is negated as a possible origin of the anomalous deposit.



The storm-deposited samples from the Crusader moat were collected within weeks after several major winter storms, the largest of which included significant wave heights exceeding 4 m (Israel Oceanographic and Limnological Research [IOLR] Mediterranean GLOSS #80 station, www.ocean.org.il). The storm samples collected were also quite different from the anomalous samples. While one sample was similar in grain size distribution, the total average foraminiferal abundances were two-fold less than those of the anomalous samples and had values similar to those of the shallow marine sands from four meters’ depth. This indicates that a modern strong winter storm along the coast in the vicinity of Caesarea Maritima can transport sediments from the seafloor at around four meters of water depth, a value also measured in nearby offshore sediment suspension studies from depths wherein resuspension occurred at the same depths during similar storms [86].



It should also be noted that storms with greater than 10 m significant wave height occur along this coastline on a 10–20 year basis, and four events greater than Hs > 7 m have occurred since 2000 (February 2001, December 2002, December 2010, and February 2015, Haifa measurement station [87]). Offshore seafloor samples from the 2010 storm event (waves measured at 14 m height at the nearest station, 4 km from the research site) were compared in two previous studies to proposed tsunami layers in coastal and offshore sediment cores, and in both cases were found to be a non-match [5,40]. Furthermore, coastal sand accumulations due to these storms have never been reported, though significant coastal erosion and retreat have been reported [88]. Inundation values along the Caesarea beach, north of the study site, following the 2010 storm did not exceed 50 m.



The results from the sedimentological analysis of the shallow marine reference samples are the closest match to the anomalous samples. The total and pristine foraminiferal abundances of the shallow marine samples even exceeded the total values of many of the shallower reference samples. In the shallow marine realm, increasing depth of the seafloor typically corresponds to higher foraminiferal abundances and correlates to depth values [89,90].




4.2. Foraminifera Taphonomy as Tsunami Marker


Tsunami sedimentological research studies have demonstrated the efficacy of foraminifera-based data as a proxy for identifying and differentiating coastal processes, sea-level change, and tsunami events in particular [91,92]. While taxonomic-based assemblages have been a mainstay of environmental and paleoreconstruction research for decades [93], many other ways of mining foraminifera collections beyond their taxonomically-anchored statistical assemblages have also been introduced [5,6,31,40,41,94].



Areas lacking discrete sub-environments or that result from processes that may lead to heavy mixing between source sediments might not produce meaningful taxonomy-based assemblages due to their similarities. Caesarea is an example of such a place. The gradually sloping, shallow, sandy upper shelf zone (up to about ~35 mbsl and 2.5 to 5 km distance from the coast) may have a high degree of taxonomic-based assemblage homogeneity. Indeed, a study that meticulously documented the taxonomy of seventy-four samples from nine transects and four isolated collections covering the <100 m depth region offshore of Israel [95] resulted in three cluster groups, with all samples shallower than ~40 m clustering taxonomically into one group. The ~40 m water depth also demarcates the transition from sandy to more clay-rich silty deposits [96], suggesting a strong substrate-dependent relationship for this group.



Planktic/benthic values (P/B), which generally coincide with increasing water depths, can be an important proxy for reconstructing marine sediment transport [94]. Here, planktic foraminifera were not found in any samples. This is expected, as even at water depths of ~40 m, they are sometimes absent entirely, rarely greater than 2% relative to benthic individuals in surface sediment collections [97], and only exceed values of 20% beyond hundreds of meters of water depth.



For all of these reasons, taxonomic-based assemblages are, in some cases, such as in Caesarea, the wrong tool for the job. If we look even closer at the study site, research on Caesarea’s ancient harbor and the microfossils associated with it [98,99] showed that the differentiation of harbor phases (destruction/tsunami, active) was determined mostly by the relative presence of two foraminifera species, and the overall group assemblages were weak as an independent proxy. However, these phases did correspond with the presence or absence of specific, albeit rarely-occurring, individual species. In many statistical clustering protocols, these would be excluded as their weighted errors would exceed their presence, despite their potential as a defining proxy [6]. The results of such assemblage work will produce statistical clusters, as will any matrix of data, but the clusters will not necessarily produce categories relevant to the question but rather only a mathematical value. Instead, for this environment, taphonomic characteristics and other non-taxonomic quantitative information, such as the total average number of foraminifera, ‘corrassion’ (erosion/staining), breakage, sizes, and condition (pristine/non-pristine), we argue, provide a stronger and more relevant means of comparison between these samples and create a robust dataset for determining sample similarity.




4.3. Probable Origin of the Anomalous Deposit


Only one of the proposed processes has not been eliminated as a potential source for Unit A (Table 1). Unit A’s grain size and foraminiferal abundances are the strongest evidence for a marine origin. The possibilities for deposition of marine sand on land in this location include storm deposition, dredging operations, sea level fluctuations, or tsunami deposition. Depending on the local environment, storm and tsunami deposits can be difficult to distinguish from each other, making this the topic of many studies of coastal environments around the world [100,101,102,103]. In this case, we argue that the foraminiferal results provide a clear distinction between tsunamis and modern storms. The anomalous sediment’s much higher foraminiferal abundance values relative to the storm-deposited sediment indicate that it originated from a depth below that from which modern winter storms in the Levant typically transport. However, we cannot conclude, at this point, whether storms in the 8th century were as powerful as, or possibly more powerful than, modern storms along the present Israeli coastline. Nor can we be 100% certain that our modern storm samples are the best comparison to those past storms. That said, we can easily differentiate the anomalous from the modern storm, and the modern storm is not the closest match relative to other reference samples. Therefore, we feel confident excluding the storm interpretation. Relative sea level has not changed significantly over the past 2000 years, in fact fluctuating by about 0.3 m over that time and being approximately at today’s level during the eighth century [104]. As there are no significant age gaps within the harbor sediments [98], large-scale dredging operations can also be ruled out. This leaves tsunami deposition as the only possibility that cannot be refuted.



An additional aspect of the destruction layer that supports its tsunamigenic origin is the directionality and concentration of the collapse of the walls into the rooms. In earthquake debris, the damage tends to be distributed over an area, with damage decreasing with distance from the epicenter (disregarding substrate character changes) [54,105]. Tsunamis, on the other hand, tend to leave a ‘wrackline’ between the damaged and undamaged areas [105,106]. In Area LL, the severity of the damage is isolated to the south and west sides of the building. Similar destruction patterns have been described after the modern 2018 tsunami in Sulawesi, Indonesia, and the ancient, Thera-eruption-driven tsunami at Cesme Baglararasi [7,107].



Furthermore, the collapse of the wall appears to have come from a southern direction (Figure 8), rather than the more ‘obvious’ western, seaward direction. This can be explained as the result of a phenomenon that often occurs when tsunamis enter harbors and other confined spaces. The shallowing and constriction of the wave energy can redirect flow and produce eddies that magnify the intensity of erosion and destruction along the harbor’s edges, often more so than on open coastlines exposed directly to the incoming waves [34,108]. For example, an earthquake-generated tsunami in the Gulf of Aqaba-Eilat offshore the southeastern Sinai Peninsula reached an amplitude of about 1 m along the Sinai’s open coast. However, the amplitude reached three to four meters after entering Nuweiba Harbor [109,110]. In addition, tsunamis with amplitudes of only 1.5 m have been known to produce currents in harbors strong enough to detach freighter ships from their mooring lines [111,112]. Area LL is located on the northern side of the harbor basin, and therefore, the wave’s arrival and destruction from the south fits a causal tsunami mechanism better than storm- or aeolian-delivered sands.




4.4. Chronological Association with the Earthquake of 749 CE


The 8th century CE timing of the collapsed warehouse room coincides with the earthquake of 749 CE. At Caesarea, clear and unequivocal evidence for such a massive earthquake at that time was absent. Rather, isolated reports describe single-column-fall damage or other structural failures [113], but none were as comprehensive as those seen inland.



The collapse of the ceiling in Area LL’s eastern warehouse possibly coincided with this earthquake, along with the fire that ravaged the complex, reddening stones in the warehouse walls and producing the abundance of charcoal found in the upper Umayyad archaeological fill. The burnt chunks of sand (see Figure 3) could indicate that the tsunami water and deposits extinguished that raging fire. In addition, several historical sources, including the Chronicle of Michael the Syrian, mention a flooding of the coastline around this time [48,114,115]. However, these accounts were written down hundreds of years after the earthquake occurred, so the correlation between the earthquake of 749 CE and a tsunami cannot be secured based solely on the historical record.



Depending on a tsunami deposit’s contents and condition and the unique set of circumstances specific to tsunami transport, many approaches to chronology have been used [2,7,15,24,116,117,118]. One important thing to establish is whether the deposit occurred in a single event rather than gradually. This is complicated by the problem that tsunamis can entrain and redistribute older materials from the landscape, and therefore older dates, as well as a wide range of dates, can be expected and even diagnostic. Dating is especially dependent on the bracketing produced by underlying and overlying deposits. There, too, one must be cautious because lower erosional contacts can lead to even older dates. Great care must be taken to try to measure the most representative materials, as well as in the interpretation of results.



OSL ages in tsunami deposits from Caesarea Maritima were shown to have wide overdispersion values [116], which is a reflection of the chaotic mixing during transport, wherein grains of varying burial times are mixed together, zeroing is incomplete, and the sediments are reburied quickly enough to conserve their original signal. In this case, the most recent dates in those measurements are a better reflection of the deposit’s age, and the overdispersion values are useful in confirming the sedimentary transport mechanism. Another tool for establishing chronology involves the use of only articulated bivalves for radiocarbon dating. Dead bivalves rarely maintain their pairing when in open-water conditions or when predation occurs; they tend to remain intact only if buried rapidly while still alive or recently dead [15]. In some cases, the presence of cultural remains such as pottery or other closely datable artifacts can also help to date a deposit [15], or at least establish the earliest possible date-range for its deposition (it cannot pre-date the materials deposited below it unless mixing or layer reversal occurred).



In the case of the deposit in Area LL at Caesarea Maritima, the radiocarbon dates of charcoal and organic material from the upper contact of the Umayyad archaeological deposit (Unit C) range from 605 to 779 CE. Only a chronological range that, with error, is later than 749 would negate the possibility that the deposit is synchronous with the earthquake of that year. The stratigraphic placement of the deposit between one floor still in use in the early 8th century and another installed in the later 8th or early 9th centuries [46] further supports the association of the deposit with the event of 749 CE. Table S2 lists all reliable earthquakes that fit these chronological constraints (partially or fully) and details why they are or are not likely candidates for the LL deposit.




4.5. Primary, Secondary, and Tertiary Events


Although the 749 CE earthquake occurred inland, it could have triggered an offshore submarine landslide (slump) that, in turn, generated a tsunami. Through modeling, it has been proposed that earthquakes with magnitudes over 6–6.5 with epicenters along the Dead Sea Transform less than 80–100 km from the coast can trigger marine slumping events [43], which leave distinctive morphological features in the offshore bathymetry. Many such forms have been identified along the Israeli continental shelf [119,120], some of which could have corresponded with this earthquake. Over the past 2000 years, several earthquakes with inland epicenters in the Levant have been associated with historically-documented tsunami events that have impacted the Levantine coast [121]. Until recently, this terrestrial earthquake-offshore slump-tsunami sequence was anchored in historical sources, modeling, and theoretical parameters [43], but lacked physical evidence. However, a 7.7 magnitude earthquake in 2013 with its epicenter along the inland Makran subduction zone, struck southern Pakistan. Immediately afterwards, tide gauges in ports in Oman and Iran recorded tsunami waves of approximately 1 m in height. Submarine slides along the Makran margin most likely generated these tsunami waves [122]. In addition, the eastern Mediterranean has a multitude of tsunami-generating sources; so a different offshore source, independent but chronologically close to the recorded 749 CE earthquake, is also a possibility [123].




4.6. Lack of Other Identified Onshore Deposits


As described in Dey et al., 2014 [4], other onshore deposits from the same tsunami event have likely been exposed during previous excavations. In the decades after the transition from Umayyad to Abbasid rule, Area LL was reoccupied and rebuilt [46], but instead of removing the entire tsunami deposit, the restorers apparently simply leveled the anomalous layer where necessary to support the new floors built above it. This is what led to the preservation of the deposit, and it follows that the extant portions represent only a remnant of the original deposit, which was probably both thicker in places and more extensive (as thick, sandy layers documented elsewhere in the LL complex in the past indeed suggest [46]. The original deposit, prior to post-depositional disturbances, may have contained other signs of typical tsunami deposits found along Israel’s coast, such as allochthonous shell beds or debris from the harbor bottom. Nevertheless, enough of the deposit was preserved to shed light on its probable origins.




4.7. Tsunami Sediment Source


One final consideration is the source of the sediment deposited in Area LL. Reinhardt and Raban (1999) [99] postulate that a natural barrier of sand formed across the entrance to the harbor beginning in the fourth century [99]. Evidence for this lies in the fine-grained muddy sediment from the harbor bottom during this period, which resembled a lagoonal environment [98]. Archaeology of the harbor and site indicates that the harbor was in disrepair, and while maritime commerce continued, onloading/offloading activities probably shifted to anchoring locations seaward [61]. Therefore, a natural feature, such as a sand barrier overlying and connecting the disarticulated remains of the original Roman harbor, could have been responsible for the creation of this lagoonal environment. This increased availability of sand overall, and particularly near the warehouse complex in Area LL, may explain why transport and deposition by the tsunami of 749 CE contained such large volumes of marine sand. A similar clean, sandy tsunami deposit on the floor of a building has been observed in a post-earthquake-tsunami survey in 2018 on Sulawesi, Indonesia [124].




4.8. Summary of Events, Presuming Tsunami Interpretation


As Caesarea Maritima transitioned from a capital Byzantine city before 640 CE to a smaller early Islamic settlement from the mid-7th century on, usage of the harbor declined further. The harbor warehouse complex eventually fell out of use during the late seventh century and was abandoned. In 749 CE, the region was devastated by an earthquake, and while Caesarea Maritima did not bear the brunt of the impact, the earthquake was strong enough to shake the warehouse complex, causing the roof to collapse and a fire to spread. This earthquake also indirectly created a tsunami that arrived from the west and entered the harbor, causing further damage to harbor infrastructure. Structures on the interior sides of the harbor, such as the warehouse, were particularly vulnerable to the force of the tsunami due to eddy formation and magnification. The force of the tsunami collapsed the southern wall of the warehouse, and the inundation and deposition of marine sand may have extinguished the active fires. The tsunami damage to this area was left unremedied until several decades after the incorporation of the city into the Abbasid Caliphate (beginning 750 CE), when the deposit was merely flattened and built over during the resettlement of Area LL, effectively preserving the remains of the tsunami deposit.




4.9. Tsunami in Caesarea Maritima and Social Context: The Umayyad-Abbasid Shift of Power


Where human societies are concerned, there is no such thing as a ‘natural’ disaster. The perception, recording, responses to—and scientific study of—environmental and biological traumas are, essentially, social phenomena. Floods and droughts, plagues and famines, earthquakes and tsunamis do not affect communities in uniform and predictable ways, nor do they necessarily lead to ‘negative’ outcomes (such as demographic collapse and breakdowns in social and/or material structures) in the long term. They may even have constructive consequences, such as increased community cohesion, the redistribution of resources, and opportunities for upward mobility for the survivors. What matters most for the future prospects of an individual city or an entire society afflicted by a ‘natural’ cataclysm is not so much the severity of an event (however this is measured or perceived: in terms of deviation from established norms, duration, body-count, etc.), but rather the capacity of the affected population to respond and recover, and the mechanisms and mitigation strategies it employs in order to do so, which in turn depend on contingent webs of environmental, biological, social, political, and economic factors [125,126,127,128].



Hence, we would steer well clear of any simplistic, generalizing claims that the earthquake and tsunami of 749 inevitably transformed the historical trajectory of the settlement at Caesarea, much less of the early Islamic Levant as a whole. At the same time, the earthquake and perhaps especially the resulting tsunami clearly caused localized destruction in Caesarea and disruptions in the lives of its inhabitants. By integrating the 8th-century tsunami deposits identified in terrestrial contexts with the expanding archaeological record for the town as a whole, we can hope to learn more about ways in which this particular population coped with the effects of a substantial ‘natural’ disaster.



Most of the c. 128 ha enclosed within the old Byzantine city had already become depopulated in the century following the Islamic conquest in 640 CE [45,129,130,131]; and in these areas, the extensive deposits we propose were left by the marine inundation of 749, which apparently accelerated processes of abandonment and dereliction that were already well under way. Between the temple platform and the theater in the south, for example, expanses of irrigated gardens installed among abandoned buildings were buried under layers of shell and sand that were never removed, where subsequently only sparse burials testify to any continuing human presence [4,45]. In the zone around the old inner harbor, which was becoming the center of the much-reduced Islamic town, however, the tsunami appears not to have compromised future development in profound and lasting ways. On the contrary, in the former warehouse complex in Area LL and also in the other excavated areas around the inner harbor (Areas TP, I, and Z), a phase of relative vitality begins in the later 8th and early 9th centuries. We have already described the new structures that rose above the marine deposits in the warehouse in Area LL in the decades around 800, and similar clusters of houses, workshops, and granaries formed among and above Byzantine-era structures in Areas TP, I, and Z also beginning in the later 8th and early 9th centuries. Based also on the quantities of pottery and other small finds recovered from the surroundings of the inner harbor, it looks as though population and density of settlement were, if anything, increasing in the century after 749 [46,67,130]. This also appears to be when the roughly rectangular circuit of walls surrounding the inner harbor on three sides (later rebuilt and considerably thickened during the Crusader period) was first built. While far smaller than the Byzantine circuit that preceded it, this was a very substantial masonry structure, 2.5 m thick and reinforced with projecting towers, that enclosed an area of 24 ha [132]. Evidence for more activity and agriculture in the southern dunefields also support this argument [62].



Together, these developments indicate considerable investment in the townscape. The new circuit of walls in particular was a resource- and labor-intensive project that presumably (there is no hard evidence one way or the other) required the intervention of the governing authorities, beginning in the Abbasid period after 750 or, perhaps more likely, beginning under the Abbasids themselves [132]. In any case, Caesarea’s relative resurgence during the first century of Abbasid rule is striking, particularly in light of the prevailing consensus for declining prosperity and investment in Palestine’s towns following the Abbasids’ overthrow of the Umayyads and their transfer of the capital from nearby Damascus to distant Baghdad [131,133,134,135]. Perhaps, for reasons that can only be guessed at, the Abbasids and their local governors decided to privilege Caesarea as a strategic coastal site and consequently sponsored its new circuit of walls and possibly offered other incentives to encourage settlement in the intramural area. Whatever the explanation, the point stands that the town-center was apparently somewhat more densely settled and prosperous in 800, a half-century after the earthquake and tsunami, than it had been in the period c. 700–750.



Evidently, then, the earthquake and tsunami of 749 did not strike a mortal blow to a town already in terminal decline. More archaeological work by excavators primed to recognize tsunami deposits in terrestrial contexts is needed to flesh out our understanding of how Caesarea’s population responded to the trauma of 749. Based on the evidence already available, however, it would seem that some of the destruction and marine deposits left by the inundation of the inner harbor area were put to practical and essentially constructive uses. In the former warehouse in Area LL, the thick deposits left in situ became the foundation for a distinctly Islamic neighborhood that rose some 2 m above the Byzantine levels below, where the new structures were perhaps somewhat drier and less exposed to future marine inundations, and similar sequences of later 8th- and 9th-century buildings atop probable tsunami deposits were observed in the 1990s in the nearby Area I [4,136]. We would thus propose as a working hypothesis, pending the results of future investigations, that those responsible for the consolidation of the town-center in the early Abbasid period took the destruction and marine deposits around the inner harbor as an opportunity to begin shaping a new town center, distinct in both plan and elevation from the derelict remains of antiquity that it partially superseded.





5. Significance


This study aimed to further the understanding and identification of terrestrial tsunami deposits within archaeological contexts, particularly with regards to tsunami-prone coastlines or insecurely interpreted deposits are present. Defining the characteristics of these tsunami deposits can help in the early identification of anomalous sandy units as potential tsunami deposits in future excavations along Mediterranean shores. It is important to note that he approach is exclusionary, meaning ha I can increase the confidence of interpretation through elimination of known possibilities, but is not a fool-proof means to determine with absolute certainty. The findings of this paper call for the reevaluation of previously reported eighth-century sandy deposits in the region. In addition, the identification of further terrestrial tsunami deposits can help in defining the minimum distance inland that future tsunamis have the potential of reaching, as well as the energy of such tsunamis. This will enhance efforts in tsunami mitigation and improve the accuracy of hazard maps.
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Figure 1. Location and aerial photographs of Caesarea Maritima. All colored dots are linked to locations where samples were taken. (A) Location of the study site. Shaded region shows zone of intense damage from the 749 CE earthquake [45]. (B) Map of Israel with Caesarea Maritima marked along the coast. (C) Map of the coastal study region. (D) Aerial view of the archaeological site and southern part of the Upper aqueduct, where reference samples were collected (See Table 1 for color legend.). (E) Aerial view of Area LL, bordering the northern side of the inner harbor basin. The blue dots indicate cores collected within the excavation layers, and the green dots mark the southern baulk adjacent to a later crusader wall (after [46]. The bolded white rectangle in E highlights the Corridor area of Area LL, the primary focus of the study. 
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Figure 2. Archaeological layers uncovered during the 2016 excavation. Chronology in the figure is based on archaeological finds associated with the layers [46]. (A) Abbasid floor. (B) Anomalous layer (the top of which touched the Abbasid floor above). (C) Umayyad archaeological fill directly underlying the anomalous deposit. Inset shows fire-burnt stones in the eastern wall of the corridor, at the same level as the top of the Umayyad archaeological fill. 
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Figure 3. Cores C1 and C2 (left) and Southern Baulk section (right). Descriptions of all layers identified in cores C1, C2, and the Southern Baulk section. 
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Figure 4. Core LL16 C1 results. Grain size distribution with depth in the core (1 cm sampling resolution) presented as a contour map (Ocean Data View ‘ODV’ Version 5.5.2 (Schlitzer, Reiner, Ocean Data View, https://odv.awi.de, 2021, accessed 1 February 2021)) as well as in conventional profiles (mean, mode, standard deviation). TOC and IC values (%) of a representative set of samples are shown as a profile for Core C1, reference samples are shown in squares (TOC) and triangles (IC) to show their comparative values to the core (yellow = aqueduct beach sand ramp; aquamarine = shallow marine (−5 m depth), see Figure 1 for specific locations). Total and pristine foraminiferal abundances are shown plotted by core depth, sampling resolution of 5 cm. B-OSL signals (photon-counts) are plotted by depth with a resolution of about 3–5 cm in units A and B, and 10 cm in Unit C. The far right core illustration provides the thickness of each unit to scale, and the colors of the data points correspond with visually recognizable units. 
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Figure 5. ‘LL Southern Baulk’ Results. ODV graph (far left) showing grain size distribution and grain sorting with depth in the LL Southern Baulk Section (19 samples); grain size statistics; total and pristine foraminiferal abundances with depth for several samples taken from each unit; section illustration with the thicknesses of each unit. Light green data points correspond to the upper ‘LL Southern Baulk’ section samples, while the dark green points correspond to the lower ‘LL Southern Baulk’ section samples. 
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Figure 6. Grain size analysis of all samples collected. (A) PaST plot showing the similarity in grain size distribution among all sediment samples analyzed, using principal coordinate analysis. (B) Expanded view of samples in outlined region. (C) Mean grain size values, plotted from lowest to highest, of all sediment samples analyzed. Refer to Figure 1 for sample collection locations. 
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Figure 7. Foraminiferal abundances of all samples collected. (A) Total and (B) Pristine abundances of both core and reference samples of foraminifera per cubic centimeter of sediment. Refer to Figure 1 for sample collection locations. 
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Figure 8. Tsunami corridor. Based on the damage to the southern and southwestern walls and orientation of the collapsed building stones, the dominant destruction came from the southern harbor-facing side of the corridor. Structure by Motion created at CHEI, University of California-San Diego. 
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Table 1. Overall Comparison Table. Table comparing the anomalous sediment characteristics to each reference sediment type. For each parameter, sample values for each sediment type have been averaged. The anomalous samples are all shaded in black. For all reference sediments, the box for each parameter is shaded based on how distant (by %) it is from the anomalous sample values, which are shaded black. With each 5% difference away from the anomalous samples, the shading becomes lighter. White cells indicate a value that shares the least similarity while black or dark gray indicates closer similarity.
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	Sample Category
	Color
	Photo
	Sampling Locations
	# Samples
	Avg Mean (µm)
	Avg Mode (µm)
	Avg Median (µm)
	Avg σ
	Forams (#/cc)
	Pristine Forams (#/cc)
	TOC (%)
	IC (%)





	Anomalous
	
	[image: Geosciences 13 00108 i001]
	Cores C1,C2
	43
	256
	218
	225
	124
	1097
	14
	0.01
	2.42



	Mixed Contact
	
	[image: Geosciences 13 00108 i002]
	Core C1
	6
	281
	210
	221
	231
	968
	7
	0.04
	3.38



	Archaeological Deposit
	
	[image: Geosciences 13 00108 i003]
	Cores C1, C2
	59
	350
	558
	241
	326
	231
	1
	0.4
	5.34



	Umayyad Floor
	
	[image: Geosciences 13 00108 i004]
	Core C1
	7
	575
	864
	414
	509
	358
	0
	X
	X



	Upper Baulk
	
	[image: Geosciences 13 00108 i005]
	Southern Baulk section
	13
	448
	527
	304
	369
	244
	2
	X
	X



	Lower Baulk
	
	[image: Geosciences 13 00108 i006]
	Southern Baulk section
	6
	253
	223
	227
	119
	1298
	10
	X
	X



	Nearshore
	
	[image: Geosciences 13 00108 i007]
	offshore Aqueduct Beach, and Sdot Yam
	5
	226
	210
	212
	80
	977
	42
	0.02
	1.98



	Dune
	
	[image: Geosciences 13 00108 i008]
	Michmoret dunes, Aqueduct sand ramp
	5
	243
	228
	233
	67
	283
	3
	0
	1.33



	Storm
	
	
	within Crusader Moat
	2
	271
	223
	237
	127
	495
	7
	X
	X



	Hamra
	
	[image: Geosciences 13 00108 i009]
	offshore Aqueduct Beach
	3
	216
	210
	202
	86
	37
	0
	X
	X
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