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ABSTRACT

Ancient harbours are rich archives of human-envirent interaction. However, dating harbour
deposits and correlating their stratigraphy is ajomahallenge because of typically high
sedimentation rates over short periods and possibiive dredging events. Portus, the maritime
harbour of Rome at the height of the Roman Empwaes a port complex composed of basins and
canals connecting the commercial harbour to Rorag¢hg Tiber River. Sediment core CPS1 in the
narrowest of these canals, Canale Traverso, igddceentrally in what was the capital city’'s
commercial hub and contains a continuous harboosigpnal record with average sedimentation
rates greater than 1 cm per year. Here we usenptstong, high-resolution core scanning and a
multi-proxy sediment analysis including for thesfitime paleo- and rock-magnetism, and bulk and
clay mineralogy in order to overcome the problemdating harbour deposits and correlating their
stratigraphy. The method allowed precise identiica of major reworked events, including a
dredged deposit and a hyperpycnal deposit, whigirome the chronostratigraphy and water depth
reconstruction, and sheds light on harbour teclgiesoat the height of the Roman Empire. A debris
layer with abundant ceramic fragments and rocksksndre decommissioning of Canale Traverso
and provides a new chronostratigraphic marker atuBoMulti-proxy riverine input signatures

point to the possible use of canal gate technofogwater flow management.
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1. INTRODUCTION

Ancient harbour deposits around the Mediterraneza [#ave high accumulation rates of up to one
to four centimeters per year (Goiran and Morhar&§§1; Marriner and Morhange, 2006; 2007,
Morhange and Marriner, 2010; Goiran et al., 2018to®on et al., 2012), which is orders of
magnitude higher than in most natural environmentsh as lakes and oceans (Sadler, 1981). As
such, ancient harbour sediment archives can patgntprovide high-resolution sedimentary
records. With time resolution comparable to varake sediment and ice core palaeoclimate
records, ancient harbour archives also have tharddge of abundant historical reports. The high
time resolution of ancient harbour archives isndéiiest across disciplines for documenting human-
environment interaction, palaeoclimate and hist@ay,well as geomagnetic field change. Such
records could, for example, allow further investiga of hypothesised and debated links between
climate stability and Roman Empire expansion andtregtion (e.g., Blntgen et al., 2011,
McCormick et al., 2012; Mensing et al., 2015).

Dating is a major challenge that impedes most pnétations of ancient harbour archives. It is
challenging because of the large uncertainty ofodbon dating and calibration relative to the
short time periods covered by ancient deposits¢hvtypically do not exceed several hundred years
(e.g., Goiran and Morhange, 2001; Salomon et 8122 Dating also depends on the available
artefacts, if any, found within the stratigraphycls as ceramic fragments that can be associated
with a specific period. Most importantly, possibdeedging of ancient harbour infrastructure
significantly complicates attempts to build prectsgonologies (Salomon et al., 2016). Historical
reports and geoarchaeological evidence indicatentgehanical mud removal was performed to
maintain sufficient draught for boats to navigatatewways since the™century BC, and more
extensively during the Roman Empire (Morhange ardrMer, 2010). Dredging boats unearthed in
Marseille constitute direct archaeological eviderae that technology (Pomey, 1995). Further

stratigraphic evidence also exists such as a aiHfiintalus exposed during excavation in
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Marseilles (Morhange et al., 2003), and wedgedssaarvolcanic tufa bedrock in the ancient
harbour of Naples (Morhange and Marriner, 2010sddiment cores, however, dredging is at best
tentatively identified from radiocarbon date invens and chronological hiatuses (e.g., Marriner
and Morhange, 2006; Marriner et al., 2006; Salombal., 2012; Delile et al., 2014; Goiran et al.,
2014; Salomon et al., 2016; Stock et al., 2016jrdfme storm, tsunami, and flood events can also
cause chronological hiatuses and ‘instantaneousbsigon (St-Onge et al., 2004; Goiran et al,
2014; Vott et al, 2014; Hadler et al, 2015; Robkd ®06tt 2017).

Canal gates represent another technology that mag hffected sedimentation, but for which
evidence is elusive. Historical reports indicatattibanal gates may have been used for flood
control, navigation or protection (Plinius (natsthilll 9,53); Bockius, 2014), yet direct physical
evidence is limited to rocky ancient Mediterranderbours, where rock walls have man-made
cuttings (Allen, 1853; McCann, 1979; Erol and Pa@lg 1992). Without precise identification of
dredging events, extreme weather events, canal gae and associated chronological hiatuses
and/or reworked deposits within a sedimentary secgiea precise age-depth model cannot be
obtained. Precise identification of event depasitske and marine sediment archives is commonly
achieved using piston coring to recover the mostistarbed stratigraphy, and high-resolution
sediment analysis such as core scanning and meagmetperties (e.g., Duchesne et al., 2006;
Storen et al., 2010; Gilli et al., 2013). There aceuniversal criteria to identify what caused dven
deposits, and consideration of the local settirdj@amulti-proxy approach are important. Expected
sedimentological evidence for dredging includesrgl@ntacts, sedimentary discontinuities, and
age hiatuses from removal of dredged sedimentpasdibly disturbed stratigraphy and mixing of
sediment layers from shoveling. In contrast, hyginanic high-energy storm, tsunami, flood, and
canal gate control events would likely produce gohtheds from changes in flow intensity and
sediment transport capacity. Event deposits mugtken into account to build robust age-depth

models.
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Portus, the ancient harbour of Rome, is one ofbés-studied ancient harbour sites (Keay et al.,
2005; Keay and Paroli, 2011). The Emperor Claudiugted Portus’ construction in AD 42 near
the Tiber River mouth on the Tyrrhenian Sea, witkegond phase of development under the
Emperor Trajan (AD 112-117) (Keay et al., 2005)jchhincluded construction of the emblematic
hexagonal basin that is visible today (Fig. 1).te®xas a large harbour complex that served as the
commercial hub and store for Rome at the heighhefRoman Empire, receiving goods from all
around the Mediterranean Sea. Today, remains dti®are landlocked three kilometers from the
coastline, with part of the port complex lying undlee Leonardo da Vinci-Fiumicino International
Airport. With exceptionally high sedimentation @ its basins and canals (Giraudi et al., 2009;
Goiran et al., 2010; Salomon et al., 2012; 2014jl®et al., 2014), the sedimentary archive of
Portus has the potential to provide high-resolutigaoarchaeological, palaeoclimatic and
paleomagnetic records. No previous study has peovigrecise chronologies because of. 1) the
disturbed stratigraphy of cores that were drillegsing rotating core barrels and extraction of
sediment into plastic trays; 2) possibly unideatfihiatuses and\or event deposits; and 3) large
radiocarbon dating and calibration uncertaintiéatinge to the short period covered by the harbour
deposit. As a result, age-depth models from Patasmostly vertical with several meters of mud
having the same age, and the stratigraphy of aerésficult to correlate to each other. At Portus,
sedimentary radiocarbon date inversions providéshoh dredging (Delile et al., 2014; Salomon et
al., 2012; Goiran et al., 2010) and dredging inté®basins is depicted in an epigraph at ca AD 400
(Coccia, 1993; Giraudi et al., 2009). Flood gatesamal locks were also hypothesised on the canals
of Portus, including the Canale Traverso (Testagui®70), the Fossa Traiana, and the Canale
Romano (Salomon et al., 2014); however, there hssnlno conclusive evidence for these
technologies. Portus was clearly influenced by illinput however, no flood layer has been
identified (Salomon et al., 2012; 2014). Flood andtorm/tsunami deposits have been reported in
the harbour of Ostia, also located on the Tibetad@h the centuries preceding the construction of

Portus (Goiran et al, 2014; Hadler et al, 2015; riviar et al, 2017). Here we apply methods
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commonly used in marine geology, including pistarirg, high-resolution core scanning, and
multi-proxy sediment analyses (grain size, palead aock-magnetism, and bulk and clay
mineralogy), together with radiocarbon dating araydsian age modelling to precisely identify
event deposits and to better constrain the Portwenostratigraphy, and to document Roman

harbour technologies.

2. MATERIAL AND METHODS

2.1 Field Work
Coring operations were completed in September 2&1ig a stationary hydraulic piston system

operated by th€entre d’Etude Techniques de I'Equipem@DETE) Méditerranée This method
allows recovery of relatively undisturbed and contius sediment sequences with core sections
preserved in polyvinyl chloride (PVC) tube linefhe cores were sealed and shipped tdribttut

des sciences de la mer de RimoykkMER) of theUniversité du Québec a RimougkiQAR) for
analysis. Based on the high sediment accumulasitas (Salomon et al., 2012) and the results of a
pilot rock-magnetic study (cf. section 2.2) it wdecided to core Canale Traverso. The coring site in
Canale Traverso was selected near the access tH{&mmelB) based on the hypothesis that the
hydraulic energy would dissipate and, thus, sedimeruld accumulate most rapidly where canal
widens. Two cores, CPS1 and CPS4, were recoveoed tinat location (Figs. 1B, D). CPS1 was

selected for high-resolution multi-proxy study bese of its thicker apparent harbour deposit.

2.2 Pilot Study
Samples from previous rotary drilling at Portus if@o et al., 2010; Salomon et al., 2012) were

analysed at ISMER prior to field work to evaluake tpotential for paleo- and environmental
magnetism studies at Portus. Eight sediment sanwes chosen from core TR-20 in the access
channel and seven samples from core CT1 in Camaleefiso (see core locations in Fig. 1B). The
performed analyses include temperature dependehoeagnetic susceptibility (50 to 700 °C),

alternating field (AF) demagnetisation of the naturemanent magnetisation (NRM), hysteresis

properties, and isothermal remanent magnetisaliRi ) acquisition (methods summarized in Lisé-
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Pronovost et al., 2013). Results of the pilot st(glypplementary material 1) indicate that Canale
Traverso was the most promising site with a stroragnetic signal dominated by low coercivity
magnetite with single domain (SD) to vortex magnstate, and a stable NRM, which are suitable
for paleomagnetic recording (Tauxe, 1993). By comnspa, sediment from the access channel (TR-
20) has a weak magnetic signal likely associatet dissolution of detrital ferrimagnetic particles
in less oxygenated and more organic-rich sedinegt,(Roberts, 2015), because the site is located

further away from fluvial input to the harbour.

2.3 High-Resolution Analyses
Magnetic, physical, and mineralogical analysesonécCPS1 were undertaken at high-resolution on

whole core sections, on half-core split surfaces,continuous u-channels (2 cm x 2 cm x core
length), and on a series of discrete samples (Tapl&he discrete samples are a series of 50
standard 8 crhcubes (2 cm x 2 cm x 2 cm) that were used for raégranalysis and ca 5 g of
sediment that was used for mineralogical analytsisen at ca 10 cm intervals down-core (see
sampling strategy log in Fig. 2). This discrete phng interval is comparable to the highest

sampling resolution previously achieved in Portus.

2.3.1 Physical Properties
CT-scan images and gamma ray attenuation provideations of sediment density. They are

measured rapidly at high-resolution and are notrgesve (St-Onge et al., 2007; Fortin et al.,
2013). CT-scan images of whole cores was obtairtethalnstitut national de la recherche
scientifique Eau-Terre-EnvironmenttNRS-ETE) using a Siemens SOMATOM Definition sthig
gantry CT-Scanner. Tomograms were acquired contisiyovith a pixel size of 0.06 cm and were
then transferred into digital format using a stadddounsfield scale (Hounsfield, 1973). Higher
density and higher atomic numbers generate gre&tay attenuation, which is represented by
higher CT number and lighter tones on a CT scamg@n&amma ray attenuation was measured on

whole cores at 1-cm intervals using a Cesium-137#inga ray source and detector mounted on a
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multi-sensor core logger (MSCL; Geotek Ltd.) at Bl UQAR. Imaging of half-core split

surfaces was done using a linescan imaging GedSc@beotek Ltd) instrument.

2.3.2 Magnetic Properties
Magnetic mineral assemblages in the sediment wér@racterised using room-temperature

magnetic properties, including the magnetic susiodipt, NRM and laboratory-induced
magnetisations, and coercivity-dependent paramedMegnetic susceptibility primarily reflects
ferrimagnetic mineral concentration and is influethcby sediment composition, magnetic
mineralogy, and grain size. The volume magneticejisbility (k) was measured on the whole
cores using a Bartington Instruments MS2C loop @eat1-cm stratigraphic intervals, and then on
the half-core split surface with a MS2E high-semgijt point sensor at 0.5-cm stratigraphic
intervals at ISMER. Frequency-dependent magnetsceqtibility (rpe) Of cube samples was
measured using a MS2B dual frequency sensor atAlis&ralian Archaeomagnetism Laboratory
(TAAL), La Trobe University.xrpy is defined agepw = (e xnr)/ e X 100, with low and high
frequencies (LF and HF) of 0.46 and 4.6 kHz, respely (Dearing, 1999)yrp is controlled by
the grain size distribution of superparamagn¢8®) and stable SD particles (Eyre, 1997).
Measurements were repeated at least six timesageeralues and standard errors are reported.
The NRM and ARM were measured and stepwise demiagdetn u-channels from 0 to 100 mT in
13 and 5 steps, respectively, using a 2-G Ent&prigyogenic magnetometer for u-channels at
ISMER. ARM was imparted in a peak AF of 100 mT watklirect bias field of 0.05 mkarwm is the
ARM normalised by the direct bias field. Principagbmponent analysis (PCA) of NRM
demagnetisation data was performed using the PRifi software (Lurcock and Wilson, 2012).
Four data points were masked at section ends twuatdor the width of the response function of
the cryogenic magnetometer pick-up coils (Weekslet 1993) and data from intervals with
incompletely filled u-channels or gaps were removHte median destructive field (MDF) is the
AF required to demagnetise half of the initial rermace. MDF is a coercivity indicator and is a

useful grain size indicator when the magnetic nahessemblage is uniform (Dankers, 1981;
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Dunlop and Ozdemir, 1997). Like, ARM is controlled mainly by the concentration of
ferrimagnetic particles. In addition, SD grains measily acquire ARM than coarser multi-domain
(MD) grains (Maher, 1988; Evans and Heller, 20@8),ARM is also a useful magnetic grain size
indicator (i.e.xarm/x, MDFarm).

Hysteresis loops, IRM acquisition curves, and batifdemagnetisation curves were measured for
each sample in a maximum field of 1 T using a Rtioe Measurement Corp. vibrating sample
magnetometer at the Australian National Univer¢®NU). The bulk coercive force (i the
remanent coercive force {j the saturation magnetisation Mand the saturation remanence)(M
were obtained and the ratios/Ms and H,/H; are used as magnetic grain size indicators (Dal et
1977). The hard isothermal remanent magnetisatibiRNl = (IRM;++IRM_37)/2; King and
Channell, 1991) and the S-ratio (S-ratio = -IRMh/SIRM; Stober and Thompson, 1979) were
calculated; they reflect the absolute concentratbrigh coercivity magnetic minerals and the
relative concentration of low to high coercivitymarals, respectively (Liu et al., 2012),Hs half

the applied field required for a sample to readhrssion and reflects the ease with which a sample
IS magnetised; it is a coercivity indicator. TherG@asured IRM acquisition curves were unmixed
using an unsupervised approach (Heslop and Dik®97) to identify and characterise the end-
members that represent magnetic grain populatioadlffj first-order reversal curve (FORC,;
Roberts et al., 2000) diagrams for seven sample${1€3-7, 4-5, 4-11, 5-5, 5-8, 6-8, and 7-3) were
obtained using the same instrument to further eeptbe magnetic coercivity spectrum, domain

structure, and magnetic interactions of differegisient types.

2.3.3 Granulometry
After completion of magnetic analyses, sedimentscuibe samples were air-dried at room

temperature. To prepare samples for grain sizeysisaldried sediments were sieved through a 2-
mm mesh and were gently homogenised using an agatar and pestle. Subsamples of about 2 g
were treated repeatedly with hydrogen peroxideOgH and gentle heating to remove organic

matter, until peroxide addition to the sediment wiad react further. Finally, sediment dispersion of
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the treated and rinsed samples was achieved by@ddmL of 0.5M sodium hexametaphosphate
(NaPQ) and ultrasonicating for 15 minutes. Grain sizalgses were performed using a Malvern
Mastersizer 2000 laser diffraction spectrophotomete the Australian Nuclear Science and
Technology Organisation (ANSTO). Each prepared $ampderwent three successive 10-second
measurement runs using continuous sonication pe8e aggregated particles. All statistical grain-
size parameters were calculated with the GRADISBAftware (Blott and Pye, 2001) using the
Folk and Ward graphical method (Folk and Ward, }9b@garithmic biplots of the median (D50)
and 93" percentile diameter (D90) or the Passega diagiassega, 1964; Bravard and Peiry,
1999) were used to estimate the hydrodynamic enasggciated with sediment deposition from

decantation to rolling.

2.3.4 Bulk and Clay Mineralogy
Before mineralogical analysis, the detrital seditrfeaction of the samples was isolated using 10

mL of peroxide (30% kD) and 10 mL of hydrochloric acid (0.5M HCI) to remsoorganic matter
and biogenic carbonate, respectively. Defloccutaticas achieved by successive washings with
distilled water. Next, for bulk mineralogy, sedinhesamples were ground with a McCrone
micronizing mill with agate grinding elements forl® min with 10 mL of ethanol to obtain a
consistent grain size of <3gm. The slurry was oven dried overnight at 60°C ara$ slightly
homogenised with an agate mortar to avoid agglotoeraf finer particles during drying. Random
powder samples were analysed by X-ray diffractidR[) using a PANalytical X'Pert Powder
diffractometer (copper anode; 45 kV; 40 mA inteyjsiBamples were scanned from 5° to 65° two-
theta in steps of 0.020° two-theta and a counting bf 2 seconds per step.

For semi-quantification of major mineralogical camnpnts, bulk sediment XRD scans were
processed using the software package X'Pert Higihveé5@lus (PANalytical) with Rietveld full-
pattern fitting. This method permits semi-quangtion of whole-sediment mineralogy with a
precision of 5-10% for phyllosilicates and 5% foaig minerals. Major mineralogical components

guantified by this technique are quartz, K-feldspalagioclase feldspar, pyroxene, magnetite,
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pyrite, and phyllosilicates. The sum of quartz, lfgsylicates, K-feldspar, and Na-plagioclase
contents is a detritus index that reflects chamgetetrital influx or terrigenous supply (e.g., kKl
and Pardo, 2004; Mort et al., 2008; Montero-Serretnal., 2015). The ratio of fine detrital material
(phyllosillicates) to coarse detrital material (dua plagioclases, and K-feldspars) is denoted
Phy/(Qz+PIl+Feld) and indicates hydrodynamic soriirignsity.

Clay-mineral associations (smectite, illite, kaén and chlorite) were studied using XRD
following the protocols of Bout-Roumazeilles et @999) and Montero-Serrano et al. (2009). The
clay fraction was separated by settling accordm&tokes’s law, concentrated by centrifugation,
and oriented by wet smearing on glass slides. Aealywvere run from 2.49° to 32.499 @n a
PANalytical X’Pert Powder diffractometer. Three sunere made after air-drying each sample with
ethyleneglycol vapour saturation for 12 hours aedtimg at 490°C for 2 hours. Each clay mineral
is characterised by its basal layer plus interlayeerval (d) from XRD analysis (Brown and
Brindley, 1980). Semi-quantitative clay mineral alance estimation (smectite, illite, chlorite, and
kaolinite), based on peak areas, was performedyusia MacDiff® 4.2.5 software (Petschick,
2000). The reproducibility of measurements is estad to be 5% for each clay mineral, as checked

by replicate sample analysis.

2.3.5 Radiocarbon dating
Radiocarbon dating was performed using an Accalensltass Spectrometry (AMS) at ANSTO

(Fink et al., 2004). Six samples of short-livedréstrial material were measured, including three
seeds, one coniferous bud, and two pollen/charesaaiples (Table 2). Measured ages were

calibrated using th&'C calibration program CALIB 7.0 (http://calib.qub.ak/calib/calib.html; 1.0

(Stuiver et al., 2017) and the IntCall3 dataseinRe et al., 2013) and are stated using 2 sigma
errors. The pollen extraction by density separatath lithium heteropolytungstate (LST) heavy
liquid revealed abundant charcoal in the two poamples, and charcoal could not be separated

from the pollen prior to dating. The dated carbon amples OZS598 and OZS602 must, thus,

10
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come from both pollen and charcoal with possiblffedent respective ages. This was taken into
account using Bayesian age modelling with the Giar©utlier Model in OxCal v4.2.3 (Bronk

Ramsey and Lee, 2013), with an overall agreemef8%6. This model considers sample types and
for the two pollen samples that also incorporatedrcoal, outliers to older times are allowed to
account for possible older wood in charcoal. Thmesaadiocarbon calibration and age modelling
method was applied to previously published radiogardates from Portus cores TR14 (Delile et

al., 2014) and CT1 (Salomon et al., 2012).

3. RESULTS

3.1 Stratigraphy
Six sedimentary units, labelled A to F from basedjp, are defined based on lithology from core
descriptions, photos, CT-scanning, density (gamawyaattenuation and CT-number), magnetic

susceptibility, and physical grain size data (RijgThese units are described as follows.

3.1.1 Unit A

Unit A occurs at the base of the core (696 cm) 8 Bm and is composed of laminated yellow
muddy sands characterised by relatively high dgresid magnetic susceptibility values (Fig. 2).
Grain size analysis of four discrete samples irtdiamimodal distributions and mean grain size
ranging from 47 to 119 um. The upper 10 cm hasléingnations of sandy muds and muddy sands.
A sharp oblique discontinuity cuts these laminati@nd marks the end of unit A. Unit A has
relatively high quartz content (up to 45%), coadsrital material (Phy/(Qz+Pl+Feld)), and
virtually no pyrite or pyroxene (Fig. 3). The magoeparticle assemblage is dominated by low
coercivity minerals, as indicated by saturatiortref IRM below 300 mT, which results in S-ratio
values close to one and low HIRM values (Fig. 3)e Tow-coercivity magnetic component EM1

has the highest relative contribution in unit Aaaking 86% of the IRM (Fig. 3).

11
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3.1.2UnitB

Unit B is identified from depths of 573 to 480 cmdais composed of massive sands and muddy
sands with cm-sized mud clasts. Immediately abbeesharp oblique discontinuity at 573 cm is a
38-cm-thick massive medium sand layer with unimogiain size distribution (mode 340 pm;
sample 7-1; Fig. 2E) that encompasses the coarssst grain size in the studied core CPS1 (291
pm; sample 7-1; Fig. 2E). At 535 cm, a shargrop of one order of magnitude and an increased
mud content marks a change from sand to muddy ¢&ig$. 2C-D). The muddy sand has a
bimodal grain size distribution, with a first mosienilar to the massive sand (341 um) and a much
finer second mode of 39 um (each mode is calculfated 4 samples). Sample 6-8 was taken from
an individual mud clast within the muddy sands & distinctly finer medium silt with mean
grain size of 8 um (Fig. 2E). Unit B is clearly cposed of ungraded reworked sediments. This unit
is capped with fine laminations of very coarsessjihean grain size of 47 um; sample 6-5). The
mineralogical and magnetic properties in the massands of unit B are similar to these of unit A.
In contrast, the muddy sands with mud clasts i Brinave relatively lower quartz content (30 to
34%), finer detrital minerals (Phy/(Qz+Pl+Feld)pdahigher pyrite (0.5 to 1.4%) contents (Fig. 4).
The magnetic component EM2 appears in unit B aadhes maximum values in mud clast sample

6-8 (Fig. 4).

3.1.3UnitC
Unit C from 480 to 414 cm is composed of gradedsbefl muddy sands and sandy muds

intercalated with a 30-cm-thick central layer (483 cm) of abundant cm-size rocks, ceramic
fragments, wood, and other organic debris. A sl@a@gnge in gamma ray attenuation and CT-
number at 480 cm (Fig. 2A-B) reflects the distidensities of sedimentary units B and C. The grain
size distributions of the six discrete samples fronit C reveal, from base to top, a coarsening
upward sequence and a fining upward sequence. &iyilthe concentration of ferrimagnetic
minerals as indicated by, Mg, ARM, and NRM increases steeply from the baseruf @ to the

debris layer, and decreases gradually to the tamibfC. The three samples within the debris layer
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have trimodal grain size distributions with the rs@a mode reaching 590 um (Fig. 2E). In contrast,
samples below and above the debris layer have lahastributions (224 and 6 pm). Mineralogical
and magnetic properties have sharp and large ardplithanges in the debris layer of unit C.
Notably HIRM, magnetic component EM1, and the pgrox content reach peak values (Fig. 3). In
addition, paleomagnetic inclinations depart markéaim the expected value for a geocentric axial
dipole (GAD) field at the latitude of the coringesi Instead of dipping 61° below the horizontal

plane, the magnetic inclination is flattened hontadly and has reversed polarity.

3.1.4 UnitD
Unit D is from 414 to 165 cm and is the thickestl anost homogenous sedimentary unit of core

CPS1. The base of unit D is characterised by gpsharease in mud content from 44% (sample 5-8
at 423 cm in unit C) to 86% (sample 5-7 at 413 oranit D). Overall, unit D has lower amplitude
variations in density, magnetic susceptibility, andd content (Fig. 2). Two sub-units D1 (414-220
cm) and D2 (220-165 cm) are identified. D1 is cosgabof medium silts with average grain size of
13 £ 3 um (19 samples) and unimodal grain sizeridigtons (Fig. 3E). D1 has virtually no
particles bigger than 2 mm. In contrast, sub-urt 8 samples) has particles over 2 mm and
organic debris, it is composed of coarsening upwai@se to very coarse silts with average grain
size of 30 £ 4 um, and grain size distributionstareodal at the base and trimodal at the top (Fig.
2E). Unit D has distinctively finer detrital mingsgPhy/(Qz+PIl+Feld)), relatively higher pyrite and
gypsum contents, and lower S-ratios than the athis (Fig. 3), and there are three magnetic grain
populations (Fig. 4). The two sub-units have rerablk different mineralogy and magnetic
properties. The detrital minerals are much coarseub-unit D2 than D1, and the quartz content
increases from 29% to 36% (Fig. 3). Sub-unit D2 peak values of HIRM, EM1, and pyroxene;
the same signature occurs in the debris layer agf@rand is found in overlying unit E (Fig. 3).
Moreover, in sub-unit D2 the magnetic grain sizéigators M/Ms, He/He, MDFagwm, xro (Fig. 5)
and the open shape of hysteresis loops (supplemeantderial 3) all indicate smaller ferrimagnetic

grains.
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3.1.5UnitE
Unit E from 165 to 50 cm is composed of abundartsiperds and shell fragments, rocks, and

organic debris associated with large amplitude gharn density, magnetic susceptibility, and mud
content (Fig. 2). The irregular surface of the cedominated unit E prevented the use of the multi-
sensor core logger for core section 2. U-chann@lpag was also impossible with many debris
pieces being larger than the u-channel width (2.dWevertheless, the four discrete sediment
samples analyzed for granulometry are coarsetsilfime sands with highly variable average grain
size (ranging from 23 to 158 pum) and uni- to tridab grain size distributions. Magnetic
mineralogy and grain size are also variable (Figgand 5). There is a trend toward finer detrital
minerals and the pyrite content decreases shavptyinimum values (Fig. 3). Magnetic component
EM2 has maximum values (Fig. 4), with values from 3 to 7 being indicative of fine SD &3

grains.

3.1.6 UnitF
The uppermost unit F from 50 to 0 cm is composediltd with a color transition from yellow to

brown. The yellow mud has unimodal grain size thstion and average grain size of 9 um
(sample 1-2; Fig. 2E). The brown mud has a trimalistkibution and average grain size of 19 pm

(sample 1-1). Magnetic component EM1 dominates wallnes up to 79%, similar to unit A.

3.2 Magnetic Mineral Assemblage
Magnetic properties provide information about tteune, source, and transportation of magnetic

particle populations in a sediment. The studiedk sddiment is dominated by low coercivity
magnetic minerals, as indicated by IRM saturatiofiglds below 300 mT (Fig. 4). FORC diagrams
(supplementary material 3) aggbs, values (Fig. 5) indicate a mixture of SD, MD, &ld domain

states. MDkrv has the same general down-core trendi=8% and values (32 to 40 mT) are
consistent with those of detrital and low coergiviliogenic magnetic minerals (Egli, 2004).
Ultrafine SP particles form commonly in soils ang lurning (Evans and Heller, 2003; Herries,

2009), the latter being likely in Portus from caudiand heating.
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Unmixing analysis of 50 IRM acquisition curves (lgs 2015) indicates that there are three end-
members (EM1, 2 and 3; Fig. 4) with the fit yielgian R value of 0.988. The three magnetic
subpopulations EM1, EM2, and EM3 have coercivitiBs;; Fig. 4) of 21, 31, and 11 mT,
respectively. The proportion of the higher coetgiyiopulation EM2 is greater in muddy sediments
(units C, D, E), while the intermediate coercividill component has peak values in sandy deposits
(units A, B, F). Peak concentrations of EM1 alsorespond to lower relative contributions from
the other magnetic component (Fig. 4), which hettsaa sudden input of EM1. Moreover, EM1
peaks are associated with peak pyroxene contergs3F; which likely come from basalts in the
Tiber River catchment; peak HIRM values (Fig. 3)ymaéso correspond to inputs of these volcanic
grains, or to pedogenic magnetic minerals such @aethge and hematite brought by runoff.
Altogether, the magnetic properties suggest thail Ebtresponds to detrital magnetic minerals of
fluvial origin and that EM2 corresponds to biogemmagnetic minerals from the harbour. The
lowest coercivity population EM3 is present in lowoportions (generally < 30%; Fig. 4), with
higher absolute values in the sands of units ABr{dot shown), and hysteresis loops, coercivity

ratios, and remanence ratios indicative of MD mégmainerals.

3.3 Chronology
Radiocarbon dating, calibration, and Bayesian degth modelling reveals two distinct periods in

core CPS1 (Fig. 6; Table 2). The first period cepands to sandy unit A in the lower portion of the
core and has one date (calibrated 765-492 BC; reatei64-434 BC). The second period
corresponds to homogeneous muddy unit D (414-16%ach comprises four dates between cal AD
28 and AD 311. Another date from the upper parth&f high-energy flow deposit (unit C) is

derived from extracted pollen/charcoal (sample C2Z85and gives a large modelled age
uncertainty (Table 2) because of the presence afcolal from burnt material with a possible

inherited age. Sub-centimeter-sized ceramic fragsnenthe central layer of the high-energy flow

deposit (unit C) indicate human activity and pra/gbme chronological insight. The small ceramic
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fragments have similar color and texture to thosthé uppermost debris layer (unit E) that caps the
harbour deposit (unit D).

The four dates in homogeneous unit D reveal rapttingent deposition during the Roman Empire.
The calibrated radiocarbon dates fall within theeiwal cal AD 28 — AD 311, and Bayesian age
modelling, which takes into account the type ofedamaterial, gives slightly younger probable
dates and a larger age interval AD 128 — AD 616bse the uppermost sample OZS602 consists
of a pollen/charcoal mixture (Table 2; Fig. 6). Tadiocarbon-based chronology of unit D assumes
constant sedimentation rates (linear interpolatimtjveen the median modelled ages (Table 2) and
suggests deposition over 165 years during the seamd third century AD, at average
sedimentation rates of ~1 cm per year (Fig. 6B fhe harbour deposition period could be shorter
or longer than suggested by age modelling becaluigeaincertain uppermost date. The harbour
deposit period is short relative to radiocarboningptand calibration errors, and therefore the
radiocarbon-based chronology cannot be used to ldaterical events. Instead, the core CPS1
chronology provides a detailed sequence of evdfash cm of muddy unit D in core CPS1

integrates on average less than one year, andceaehsample no more than 2 years.

4. DISCUSSION

4.1 High-resolution chronostratigraphy of core CPS1
The often complex stratigraphy of ancient Romarbbars (e.g., Hadler et al., 2015; Finkler et al.,

2017) can be simplified to a three-unit sequencpreaharbour deposit, a harbour deposit, and a
post-harbour or abandonment deposit (e.g., Goir@hMorhange, 2001; Marriner and Morhange,
2007). The same general stratigraphy is reporteel fin@m the first stationary piston core recovered
from Portus, and the new core chronostratigraphwtiesrpreted based on high-resolution multi-
proxy analysis, age modelling, and historical cente

In core CPS1, thpre-harbour depositorresponds to unit A and consists of stratifieglib-coastal
sediments. The smaller grain sizes and fine lanoinatin the upper part of unit A indicate calmer

hydrological conditions possibly associated wittuaial or lagoon environment. The radiocarbon-
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dated seed from the uppermost laminations of urnjitefd an age (Table 2; Fig. 6A) consistent with
previous geomorphological and stratigraphic stuthes indicate that the Tiber River mouth was
located near the site in the first millennium B(|Btti et al., 2011; Giraudi et al., 2009).

The harbour depositconsists of unit D and covers a continuous peab@bout one and a half
centuries (Fig. 2B). The distinctive sedimentoladjsignature of the harbour deposit relative to the
natural pre-harbour deposit is evident from gramdtyy, physical and magnetic properties, bulk
sediment, and clay mineralogy data (Figs. 2, 3,THe harbour deposit in the man-made Canale
Traverso is characterised by greater mud conteshfiaer detrital minerals (Fig. 3) that indicate a
calmer, more isolated depositional environment. aiedly higher pyrite contents, lower
ferrimagnetic mineral concentrations (lowmer Ms, NRM, ARM), and the presence of biogenic
magnetite (EM2; Fig. 4) indicate a more organitrriteposit and more hypoxic conditions. An age
for the start of the harbour deposit in Canale &raw core CPS1 is obtained by interpolation and is
modelled at AD 120 — AD 186 (Fig. 6). This age restie suggests that the onset of harbour
deposition in core CPS1 followed the massive eelagnt and reorganization of Portus by Trajan
that was completed by AD 117 (Keay et al., 2005)wHver, it is believed that Canale Traverso
was built earlier, during the first century AD, part of the initial Claudius harbour construction.
This is based on the hypothesis of Testaguzza [18H0® suggested that the Darsena, Canale
Traverso, and Fossa Traiana formed a complex htithe same time, and on the radiocarbon
chronology of Canale Traverso core CT1 that costagdiment from the first century (Salomon et
al., 2012). If the Canale Traverso was built dutimg first century AD, the age of the basal harbour
deposit in core CPS1 does not date constructioCafale Traverso, but rather indicates that
dredging operations removed about one century eWipus harbour deposit. This issue is
considered in section 4.3. The modelled age for éhd of harbour deposit is obtained by
interpolation at AD 164 - AD 643 (Fig. 6). The largge interval is inherent to the nature of the

dated material (charcoal-rich pollen sample OZS6B2Vvertheless, the modelled age interval AD
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177 - AD 436 is obtained if sample OZS602 is natstdered and a constant sedimentation rate is
assumed from sample OZS601 to the top of the hademuence (Fig. 6).

Units E-F represent theost-harbour depositAccumulation of debris (unit E) into Canale Trese
marked the end of its use as a waterway. UpperontistF includes floodplain deposits and the
recent soil deposit. What stands out in the strapigy of core CPS1 are the two consecutive
reworked deposits (units B and C) located betwdenpre-harbour and harbour deposits. For the
first time at Portus, reworked layers are identifigecisely using high-resolution core scanning and

multi-proxy analyses. Units B and C are discusseatare detail below.

4.2 New Chronostratigraphic Marker
The estimated end of harbour deposition in Canedeélfso is consistent with dates from cores S13

and TR14 located downstream in the access chandeh(@nd 170 m distance from CPS1; Fig 1B),
but is significantly younger than in core CT1, whis located upstream toward Fossa Traiana (130
m distance from CPS1; Fig. 1B). Based on grain dgia@ in core CT1, Salomon et al. (2012)
reported two distinct harbour deposits; one with Taber River influence and one with high Tiber
River influence (Fig. 7; Salomon et al., 2012). @iiot magnetic analysis supports this stratigraphy
with a distinct magnetic mineral assemblage incitve CT1 high Tiber River influence deposit and
similar magnetic assemblages for the CT1 low Tibuence deposit and core TR20 from the
access channel (supplementary material 1). Theesuddange in CT1 sediment type corresponds
to a sharpc increase, which can be correlated to a similarpskaincrease at a similar median
modelled age in core CPS1 (Fig. 7). While the shaiqcrease in core CT1 likely corresponds to
increased river transport of ferrimagnetic detripalrticles, the sharg increase in core CPS1
corresponds to the debris layer (unit E; Fig. d)iclw also has large amplitude changes attributed to
abundant ceramic fragments, rocks, and overallrbgémeous debris having highly variable
magnetic properties. At a similar modelled agedrecTR14, a sudden onset of marine influence is
evident in the access channel based on geocherdatry(Fig. 7; Delile et al., 2014). Core CPS1 is

located between cores TR14 and CT1 and, thus, gesva link for correlating the Portus cores.
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Damming of Canale Traverso with debris at the jiomcbf the access channel (site CPS1) would
have blocked river input into the harbour basinsanging predominantly fluvial to marine
influence in the access channel (TR14), and inargasver influence upstream of Canale Traverso
(CT1). Combining age modelling records, and previous grain size and geochemsitrgties
(Salomon et al., 2012; Delile et al., 2014) reveatseew chronostratigraphic marker at Portus at the
time Canale Traverso was decommissioned. This eéhamagy correspond to Portus becoming a
town in the 4' century when the immediate vicinity of Canale &0 changed its function from

administrative to residential (Keay et al, 2005,dfa2005).

4.3 Reworking of Sediments into a Roman Canal

4.3.1 The Dredged Deposit

CT scan and digital images clearly reveal an olkligtosional contact that cuts natural laminated
deposits and is overlain by 93 cm of sands withulrgnud clasts in the upper part (unit B; Fig. 2).
The sands deposited before and after the obligoeacbhave similar physical, mineralogical, and
magnetic properties (Figs. 2, 3, 4, 5), which sstgéhat the reworked unit B was sourced locally.
The presence of rectangular-shaped mud clasts immmature texture (Lie et al., 2017) further
indicates a local mass movement event such asea lvank collapse, a landslide or debris flow,
possibly triggered by human activities or an eargkg. However, observed immature mud clasts
embedded in much coarser sands imply a local safrseid deposited in a calm environment and
a local source of sands deposited in a vigorousdaychamic environment. Contemporaneous mud
and sand deposits within a small fabricated cappkars unlikely, and a local mass movement is
unlikely to explain the oblique erosive contacthe canal center. Another hypothesis is a weather-
related event such as storm, tsunami or flood. $ugh-energy events have been reported in the
nearby Ostia harbour (Goiran et al., 2014; Hadleal.e 2015); whilst event deposits in Portus are
reported here for the first time, the river infleerat Portus is well-documented (Goiran et al. 0201
Delile et al., 2014; Salomon et al., 2012; 2014)fladod appears likely; however, a high-energy

flow is inconsistent with the ungraded sands anehature mud clasts of unit B, which rather point
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to low velocity flow. A more likely explanation that unit B corresponds to an admixture of coastal
sands and harbour mud that were shoveled locallly daopped into place, forming a dredged
deposit (Table 3; Fig. 8). Multi-proxy analysestbé mud clast (sample 6-8) indicate contrasting
magnetic and physical properties with the latetbbbar mud of unit D, which points to different
depositional conditions before and after dredgifige differences include distinctively higher S-
ratio and higher EM2 biogenic proportion in the nulaist (Figs. 3, 4), and the lowest D50 value of
core CPS1, with the grain size of sample 6-8 pigtin the lower energy or decantation end of
Figure 5F. It is, thus, possible that dredging wadormed at the time of the major Trajan work,
which drastically changed the harbour infrastruetiieay et al., 2005) and hydrodynamics (Millet
et al., 2014).

Further support for calm hydrodynamic conditionghet time of deposition of unit B comes from
the paleomagnetic inclination. Muddy sands in uppet B have a strong, stable, and well-defined
magnetic remanence with inclination values near@A® field value for the latitude of Portus
(Figs. 9D, 10). In unit B, three distinct magneparticle populations (Fig. 4) form a single
magnetization component, which indicates that aritdetremanent magnetisation (DRM)
acquisition process at about the time of deposii®mmore likely than a chemical remanent
magnetisation (CRM) that would have happened amytiater. Additional support for a DRM
comes from the predominance of biogenic partigiethé supposedly dredged deposit because such
particles are small and readily undergo chemictdraion. Such rapid remanence acquisition
within an event deposit resembles redeposition exgats of slurries with low water content
(Barton et al, 1980) and adobe brick fabricatiohere clay and water mixtures rapidly acquire a
shear or shock remanent magnetisation when throwo a mould (Games, 1977; 1983). The
paleomagnetic results, thus, indicate limited rpsuasion of slurry material and calm hydrodynamic

conditions at the site, which further supportsghggested dredged deposit interpretation for unit B
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4.3.2 The Hyperpycnal Deposit

Immediately overlying the dredged deposit (uniianother reworked deposit of 66 cm thickness
(unit C), which is composed of a coarsening upwaasal sequence, a 30 cm-thick central debris
layer, and a fining upward top sequence. Unit @ igpical hyperpycnite that results from high-
energy flow that sorts particles into a coarsersi@guence during the waxing stage of the flow, and
a fining upward sequence during the waning stagehef flow (Mulder, 2003; Fig. 8). The
hyperpycnal deposit in core CPS1 is readily idatile using grain size, bulk mineralogy, and
magnetic data (Fig. 10). In addition to grain speting, flattened paleomagnetic inclinations (Figs
9C and 10) are an indicator of high-energy dep@SitOnge et al., 2004). The distinct sedimentary
properties of the central debris layer provide @aclriver input signature, particularly using the
fluvial magnetic component EM1, the content of hagiercivity minerals (HIRM) and pyroxenes,
and a higher smectite/(illite+chlorite) ratio (F@8). Coeval peak values of these parameters in the
debris layer point to a common fluvial source aiagh$port mechanism for different types of detrital
material.

Hyperpycnal deposits in natural environments amo@ated with dense water flowing into less
dense water, the most typical example being sediaden river floodwaters plunging into the sea
(Mulder et al., 2003). Catastrophic drainage eventsh as glacial outburst flood and dam-breaks
can also generate hyperpycnites (e.g., St-Ongd.,eR@04; Mulder et al., 2009; Mulder and
Chapron, 2011; Duboc et al., 2017). To our knowdeddis is the first report of a hyperpycnal
deposit in a fabricated structure. How did a hypenite form in Canale Traverso? Did the high-
intensity flow have natural causes, such as in@ason with a river flood, storm, or tsunami event
or was it human-induced such as through openiragaainal gate, or from dredging? The hypothesis
of a major river flood is ruled out by the presenta thick central debris layer in unit C. While a
typically steady and sustained flood flow carriesugpended load over hours to weeks, the debris
layer of unit C instead indicates bedload transmhrting a short-duration high-energy flow.

Tsunami or extreme storm waves are high-energyt-shuation events that form graded deposit
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with debris (Robke and Vott, 2017). A single finingward sequence (waning flow) is typically
reported for such events, but the coarsening upwagidience (waxing flow) observed in Canale
Traverso could have been generated by inflow ar#ifluav events from the sea, travelling in the
harbour basins, and up the canals. However, tsate erosive contact at the base of unit C as may
be expected for a tsunami, the debris layer hakear fluvial signature (Table 3), and previous
combined geophysical surveys, sedimentological, raaa@and microfossil, and geochemical
analyses have not revealed a tsunamite in Porteldg[2t al., 2014; DiBella et al., 2011; Goiran et
al., 2010; Pepe et al., 2013; Sadori et al., 2GHlpmon et al., 2012; 2014).

Assuming that the deposit tracked the flow hydrpbrathe presence of debris and an erosive
contact are key to identifying the type of flow atie conditions under which the hyperpycnite
formed (Mulder, 2003). According to Mulder (2003he debris layer located below the fining
upward sequence and the absence of an erosivedmdatt in unit C best correspond to a natural
dam-break event. Erosion of a natural sediment dppears to be a good analogue for opening a
canal gate in a Roman harbour context. Opening IEaraverso would have suddenly increased
water flow from the river (waxing flow; Fig. 8), @ting and transporting sediment and debris that
would have blocked the canal, or accumulated orrittex side of the gate, and then water flow
would have decreased (waning flow; Fig. 8) uneasly flow is reached. Another hypothesis is a
dredging-generated hyperpycnal deposit, whereitiegf upward sediment would be deposited by
suction under the dredging shovel. However, absehes erosive contact between units B and C
does not support this idea, which also does naiwatdor the coarsening-upward and debris layers
(Table 3). Based on multi-proxy sediment analysid high-resolution stratigraphy, our preferred
interpretation for unit C is a canal dam-break mggenal deposit (Fig. 8), which is an analogue for

natural dam-breaks in a fabricated structure.

4.3.3 Event deposits summary
Units B and C are consecutive event deposits. Quitiqproxy data set suggests that the event

deposits were human-induced, with our preferredrpretation of unit B being a dredged deposit,
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and unit C being a canal dam-break hyperpycnal siefbable 3). The flood, tsunami or storm
hypotheses are plausible alternative interpretatiimn unit C, which was deposited under high-
energy hydrodynamic conditions. The hypothesisadiging event may have occurred during the
Trajanic redevelopment (AD 112-117) (Keay et 8002), based on age modelling and the presence
of different muds in the harbour deposit (unit Dylan the dredged deposit (mud clast sample 6-8).
Sediment mix and drop during dredging would havenfxd the dredged deposit, while waxing and
waning flows would have formed the hyperpycnal d#p(~ig. 8). For the first time, major event
deposits are described in Portus, and identifioattd a 159-cm-thick reworked sediment has
important implications for age-depth modelling andater depth reconstructions. The
Palaeoenvironmental Age-Depth Model (PADM) chaig(fBA; Salomon et al., 2016) indicates
water depth based on core stratigraphy and recmtstt local relative sea level (Goiran et al.,
2009). The water depth in Canale Traverso aftedging (top of Unit C) was about 3 m, which
provides sufficient draught for ships 150 t and Benasuch afBourse de Marseill@ndFiumicino

1 (Gassend, 1982; Pomey and Tchernia, 1978; PomeRiatit, 2005; Boetto, 2010).

4.4 Canal Gate Usage
Were canal gates used in Portus for flood contfab2r floods in the early first century AD had

silted the fluvial harbour of Ostia, which was tha@mandoned (Goiran et al., 2014; Hadler et al.,
2015). It is probable that the Romans used cartakdar flood management in Portus considering
that a main motivation for canal construction wasfiee Rome from flood dangers (AD 46
inscription - Thylander, 1952: B310 = CIL XIV 85 kS 207; and AD 102-109 inscription -
Thylander 1952: B312 = CIL XIV 878 = CIL VI 964 £3% 5797a; Keay et al., 2005). Canal gate
technology was presumably used as early as'theeBtury BC by Ptolemy Il in the Ancient Suez
Canal, which was re-built by Trajan (Moore, 195he major redevelopment of Portus by Trajan
in AD 112-117 (Keay et al., 2005) took place softeraa catastrophic Tiber flood as reported by
Pliny the Younger in the winter of 108-109 AD (Syn®85). However, it is unknown if and how
that flood impacted Portus. We now evaluate if riuibxy analysis of the harbour deposit in core

CPS1 (unit D) is consistent with canal gate use.
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The hyperpycnal deposit has a clear fluvial inpgnhature. Sub-unit D2 has a similar fluvial
signature, with peak values of EM1, HIRM, pyroxeaed higher smectite/(illite+chlorite) ratio
(Fig. 3). However, there are significant differescacluding the absence of an erosive contact or
discontinuity in D2, no grading, unchanged magngiticle concentrations (Fig. 2), and no
flattened paleomagnetic inclinations (Fig. 9A). $leresults indicate that D2 is not an event
deposit, but rather a harbour deposit with marlkeer input over a period of about 60 years. Grain
size, magnetic, and bulk mineralogical data cleankjicate increased sand content, increased
fluvial magnetic particle populations (EM1), andacger detrital minerals in D2 relative to the
previous harbour deposit D1 (Fig. 3). The D90-D¥ychm also indicates greater hydrodynamic
energy for D2 relative to D1 (Fig. 5F). These reswdre consistent with ostracod and pollen
analyses, which indicate greater freshwater inpuhe upper part of the harbour sequence in core
S5 (location on Figure 1; Sadori et al., 2010)wa#l as increased magnetic susceptibility in core
TR14 (Figs. 1 and 7; Delile et al., 2014). Togethlee results can be interpreted as: (1) sub-uait D
being deposited in an open Canale Traverso corigur that connected the Tiber River and the
harbour basins after a gate-controlled period (sub-D1), and/or (2) rapid climate change to
wetter conditions and stronger fluvial impact i tharly & century AD. River input proxies for
sub-unit D1 (Fig. 3) do not have coeval peak val@@sly the clay mineral indicator has peak
values such as in the hyperpycnal deposit and D2 .plossible that if the coarser grains tracked by
EM1, HIRM, and pyroxene content were blocked froanéle Traverso by canal gates, finer clay
particles may have flowed over the gates duringdlevents or reached the canal by local runoff in
Portus. Overall, reduced river input in D1, sulpbidiagenetic conditions indicated by increased
pyrite formation, and warmer and more saline cooils indicated by higher gypsum content (Fig.
3) are consistent with D1 being deposited undez gantrolled conditions. The multi-proxy dataset
provides abundant evidence in support of the ideamal gate usage for water flow management.
The period of sub-unit D2 corresponds to the omgeRoman Empire contraction which is

characterized by increased climate instability (@gén et al., 2011), political turmoil, cultural
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change, socio-economic instability (Duncan-Jon€€62, and human health issues such as the
large-scale Plague of Cyprian (AD 251-266; Vuorin@897). Thus, climatic or socio-economic
instabilities could possibly explain a sudden cleng harbour management and canal gate
operation, and the later decommissioning of Camed&erso. The capacity to close the only inland
waterway from the Tiber River to the capital cityiarbour basins would undoubtedly have been
advantageous during flood events and at times of Wee sedimentary archives in Portus have an
undeniably strong anthropogenic influence; the d#jamal basin itself is man-made and the site
has witnessed intense human activity. Core CPSiides evidence of over one and a half centuries
of nearly annually-resolved harbour occupationhat height of the Roman Empire, with humans

using technologies in response to natural environiah@nd societal stresses.

5. CONCLUSIONS
Multi-proxy and high-resolution sediment analysis;luding piston coring, core scanning, grain

size, paleo- and rock-magnetism, bulk and clay raiogy, and radiocarbon dating was applied in
an ancient harbour context to understand its histdnis method revealed 159 cm of event deposits
(units B and C) and 249 cm of harbour sediment {Dniin core CPS1. Without piston coring, a
fine stratigraphy would not be preserved and likisly that the suggested dredged deposit (Unit B)
would be undiscernable from the pre-harbour defasiit A), and most crucially for water depth
reconstruction, the 66-cm-thick hyperpycnal dep@sihit C) would have been included in the
harbour deposit (Unit D). Portus core correlatioasvachieved using magnetic susceptibility and
age modelling, and a chronostratigraphic markéhatime Canale Traverso was decommissioned
is proposed to reconcile previous core interpretati Piston coring, whole core CT-scanning, and
magnetic analyses have proven useful for eventigrisphy and geoarchaeology. Routine analysis
of the type presented here could greatly improverabstratigraphic analysis and water depth
reconstruction of ancient harbour deposits.

Our works also provides rare insights into Romatbdar technologies. Dredging activity in Canale
Traverso during the Trajanic-Hadrianic period®(2entury AD) provides a welle best-supported
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hypothesis for explaining unit B. The dredging evesis not been reported previously and predates
the known & century AD dredging depicted in a Roman epigrapbrtus was built in a delta,
without bedrock that may hold direct evidence ofiatagates. While future excavation of canal
walls may provide direct evidence, this work pr@sdindirect sedimentological indicators
consistent with hypothesised canal gates at Paxtub supports the ideas of Testaguzza (1970) and
Salomon et al. (2014). Magnetic analysis has beelieal here to ancient harbour geoarchaeology
for the first time. It has proven useful at Porfos core correlation (magnetic susceptibility),
identification of event deposit (paleomagnetic imafion, Karm/K, IRM acquisition), and for
providing a river input proxy (S-ratio, HIRM, IRMcaguisition). Sedimentary magnetism is a
versatile tool that can, therefore, be added to gkeearchaeologist’'s toolkit (Marriner and

Morhange, 2007).
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FIGURE CAPTIONS

Figure 1. A) Location of Portus near the Tiber RiueItaly and B) position of the coring sites,
including the stationary piston cores CPS1 and CR8d previous rotary cores discussed in the
text. x is magnetic susceptibility. C) Modern and D) antieonfiguration of Portus (modified from
Goiran et al., 2010). E) Piston coring of core Cir5%eptember 2011.

Figure 2. The stratigraphy of core CPS1 is primabdsed on A) CT number, B) gamma-ray
attenuation, C) magnetic susceptibility, and D) noadtent. Core CT-scan images and photographs
are on the left, with the sampling log (cubes arzhannels) and simplified stratigraphic log with
the types of deposit for units A to F. Square syislaoe used for data measured on cube samples,
and simple line for u-channel samples. The dasimedihdicates the D1/D2 transition within the

harbour deposit. E) Typical grain size distribuidar each deposit type.

Figure 3. Bulk, clay, and magnetic mineralogy ressul simplified stratigraphic log with deposit
type is shown on the left. The dashed line indg#te D1/D2 transition within the harbour deposit.

Figure 4. Magnetic end-member (EM) analysis witle¢h components representing distinct
magnetic particle populations in core CPS1 obtaifgd unmixing 50 isothermal remanent
magnetization (IRM) acquisition curves (Heslop dditlon, 2007; Heslop, 2015). A) IRM end-

members and B) down-core variations of the relapveportions of EM1, 2, and 3. Magnetic
properties and multi-proxy investigations indicétat EM1 represents detrital minerals of fluvial
origin, EM2 represents biogenic minerals from tlaeblour, and EM3 represents lower coercivity

multi-domain (MD) particles.

Figure 5. Magnetic grain size indicators. A) Coetyiratio H./H., B) magnetization ratio MM,

C) median destructive field of the anhysteretic ament magnetization MDQkw, and D)
frequency-dependent magnetic susceptibjiy, compared with bulk grain size indicators E) mud
content, and F) D90 vs D50 biplot (Passega, 19%4¢dre CPS1.

Figure 6. Radiocarbon-based chronology for core LB&Ayesian age modelling of A) full CPS1
core in a Palaeoenvironmental Age-Depth Model (PARKart (Salomon et al., 2016) and B) the
harbour deposit. Light grey distributions are aalibd ages and dark grey are modelled ages with a
simple sequence Bayesian model performed with thercdal Outlier Model using OxCal v4.2.3
(Bronk Ramsey and Lee, 2013). A simplified stratmgric log and lithology for units A to F are

shown.
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Figure 7. Comparison of Portus core stratigraphy magnetic susceptibility data along a NNW-
SSE transect. The cores are aligned at the propdsexshostratigraphic marker at the time of
decommissioning Canale Traverso. Debris dammed|€dmaverso at the access channel entrance
(core CPS1; this study) and resulted in more magoralitions in the access channel (core TR14;
Delile et al., 2014) and more fluvial conditionsstream in Canale Traverso (core CT1; Salomon et
al., 2012). The top of core TR14 is at -0.19 mtredato current sea level, core CPS1 at +0.3 m, and

CT1 at +1.8 m. See core locations in Figure 1.
Figure 8. Core CPS1 reconstructed depositionabityist

Figure 9. Typical demagnetization plots, orthoggmaljection diagrams, and stereonet projections
for A-B) the harbour deposit, C) the hyperpycnalpaist, and D) the dredged deposit.
Demagnetization steps considered for the princggahponent analysis (PCA) calculation are
indicated and highlighted in red. Stable and weliirted paleomagnetic directions were obtained
for (A, B) harbour mud samples and most reworkgabdis, with inclination values (bold) near the
expected GAD field value of 60.8° (D). In contra&ittened to reversed polarity inclinations are

obtained within the high-energy flow (C).

Figure 10. Magnetic parameters for identified rekeor deposits in core CPS1. Magnetic
susceptibility €), saturation magnetization gM hard isothermal remanent magnetization (HIRM),
paleomagnetic inclination, the magnetic grain siadicator Karm/KLr, and concentration of

magnetic population EM1 are proxies for the hypenay deposit, with peak values in the central
debris layer. Grain size data indicate a typicgbdrpycnite sequence, coarsening upward from
predominantly fine silts to coarse sands duringwiaging flow, and fining upward to fine sands

during the waning flow. The dredged deposit haatirgly homogenous properties within the sand,
with distinct values associated with mud claststeNibat inclination values near the geocentric

axial dipole (GAD) value are recorded in the muddpds of the dredged deposit.
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Table 1. Laboratory analyses performed on core CPSL.

Analysis Resolution
CT scan (density proxy) 0.06 cm
Gamma ray attenuation (density proxy) 1cm
Volumetric magnetic susceptibility (k) lcm
Image scan 0.025cm
Volumetric magnetic susceptibility (k) 0.5cm
Natural remanent magnetisation (NRM) 1cm
Anhysteretic remanent magnetisation (ARM) 1cm
Frequency dependant magnetic susceptibility (Xo) 10 cm
Laser granulometry (bulk grain size ) 10 cm
X-ray diffraction (bulk mineralogy) 10 cm
Hysteresis curves and properties (M,, M, H.,, H,) 10cm
Isothermal remanent magnetisation (IRM) acquisition 10 cm
First-order reversal curves (FORC) 7 samples

Table 1. Radiocarbon dating of core CPSL, calibration, and age modelling.

Core Sampl | Laborat | Material 8c | Yc | calibrat | Modelled age
dept e ory age | ed age (AD/BC)
h name (AD/BC)
(cm) | Uni code (yr |mi|ma | mi | ma | media
t BP) [n |x n X n
170- | D CPS1- | 0ZS602 | pollen/charcoal |-25.0 | 192 |A | AD | AD | AD | AD
171 3/25- +0.1 |5+ |D |127 |16 | 616 | 294
26cm 20 28 3
227- | D CPS1- | 0725601 | coniferous bud -245 | 181 |A | AD | AD |AD | AD
228 3/82- +0.1 |0+ | D |311 15 | 311 | 220
83cm 25 13 5
1
269- | D CPS1- | OZS600 | seed -23.8 | 186 | A | AD | AD |AD | AD
270 4/25- +0.1 |5+ |D |225 |14 | 226 | 186
26cm 25 80 0
357- | D CPS1- | OZS599 | seed -25.3 | 181 |A | AD | AD | AD | AD
358 5/15- +0.1 |0+ | D |310 |12 | 202 | 155
l6cm 20 13 8
1
414- | C CPS1- | 0zS598 | pollen/charcoal | -25.0 | 265 | 83 | 795 | 73 | AD | 432 BC
415 5/72- +0.1 |0+ |3 BC 5 55
73cm 20 B BC
C
580- | A CPS1- | OZS597 | seed -26.2 | 247 | 76 | 492 | 76 | 434 | 625 BC
581 7/46- +0.1 |0+ |5 BC 4 BC
47¢cm 25 B BC
C




Table 3. Summary of data and hypotheses for the event deposits of core CPS1.

Climate-driven

Human-driven

Unit C

Fining upward

Debris layer (30 cm)
Fluvial signature of debris
layer

Coarsening upward

Unit B

GAD paleomagnetic
inclination

Angular mud clasts
Massive (ungraded) sands
Erosive contact

Tsunami Flood Canal gate | Dredging
LOW

HIGH ENERGY FLOW ENERGY
FLOW
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