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This study records that Pompeii, long before its final devastation by the 79
A.D. Vesuvius eruption in southern Italy, was damaged by several mass grav-
ity flows. Composition of the deposits indicates that they were derived from
volcaniclastic cover of carbonate highlands positioned 14 km NE of the city.
Stratigraphic and petrologic analyses of sections in excavations and drill cores
in and near Pompeii record the presence of three downslope-directed debris
flows dated between 8th and 2nd century B.C. Some of these deposits were
channelized via a stream bed that once extended from high reliefs to Pompeii.
It is proposed that one of these events may have been partially responsible for
urban decline during the 4th century B.C. These mass flows are interpreted as
having been triggered primarily by intense rains in a manner similar to those
that have occurred and destroyed towns in this region during the past 50 years.
Our investigation shows that Pompeii and adjacent areas in the past, much as
in recent time, have likely been most frequently susceptible to episodic dam-
age by avalanches and mass flows of volcaniclastic material resulting from hy-
drological effects rather than from volcanic events, earthquake tremors, and

societal disruptions such as wars. © 2013 Wiley Periodicals, Inc.

INTRODUCTION

Historical records from many cities document damage,
discontinuity, and decline during their municipal devel-
opment as a result of natural phenomena such as earth-
quakes, volcanic eruptions, floods, sediment instability,
and slope failures. Pompeii, a thriving center in south-
ern Italy until the 1st century A.D., is a distinct but by
no means unique example. The present study focuses on
the discovery of pre-79 A.D. volcaniclastic deposits em-
placed by avalanches, slumps, and associated debris flows
(secondary lahars) during volcanically quiescent phases
of Mount Vesuvius volcano (Andronico & Cioni, 2002).
It is postulated that such mass flows periodically dam-
aged the city long before its major destruction by the
well-documented earthquake activity in 62 A.D. and its
final demise from the plinian eruption in 79 A.D. (oth-
erwise called the Pompeii eruption; e.g., Cioni et al.,
1992, 1995), and that these events likely were similar
to the causes of municipal damage that have affected
the Pompeii—-Campania region during the past 50 years

(Gurioli et al., 2005, 2007, 2010). Our geological re-
searches in this region, largely by means of stratigraphic
and petrologic analyses of sediment sequences in drill
cores and excavations, have been conducted to better in-
terpret how past natural processes have influenced the
development and evolution of Pompeii before the 79 A.D.
Vesuvius eruption.

Archaeological exploration at Pompeii during the past
two and half centuries has emphasized this city’s most
recent history, that is, the period following its defeat by
Rome in 89 B.C. until its demise 168 years later by the
A.D. 79 Pompeii eruption. Until now, however, study of
natural events affecting Pompeii during its early history
has been seriously hampered by the thick (to >10 m)
cover of pyroclastic deposits from the 79 A.D. eruption
that almost completely buried the city (Cioni et al., 1992).
At present, nearly 30% of Pompeii still remains to be ex-
cavated, and relatively little is known of pre-79 A.D. con-
struction levels and early development of the ancient city.
Moreover, to protect now-exposed and vulnerable struc-
tures at the site, excavated foundations there are reburied
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Figure 1 Map of the Campania Plain-Gulf of Naples region showing Pompeii, other population centers, and geographic features discussed in the study.

almost immediately after exposure and preliminary ex-
ploratory study.

Pompeii is situated southeast of Naples, in the Sarno
Plain at the base of the Somma-Vesuvius volcano and
about 2 km from the present Tyrrhenian coastline
(Figure 1). The Sarno Plain is part of the Campania Plain,
a broad Plio-Pleistocene graben bounded by Mesozoic
and Cenozoic carbonate mountainous terrains and low
areas partially filled by alluvial, pyroclastic, and marine
deposits (Brocchini et al.,, 2001). The Late Pleistocene
and Holocene volcanic activity of the Somma-Vesuvius
complex is characterized by major plinian and subplinian
eruptions that are followed by minor interplinian explo-
sive activity (small-scale subplinian, violent strombolian,
and vulcanian eruptions) and phases of quiescence (Arno
et al., 1987; Andronico et al., 1995; Rolandi, Petrosino,
& McGeehin, 1998). The geography and development of
land and population centers in the surrounding area have
all been affected during this period.

After the Avellino eruption dated 3960 yr B.P. (Cioni
et al., 2008), the Somma-Vesuvius remained in quies-
cence until 3200 yr B.P. (APl eruption) according to

several authors (among others, Rolandi, Petrosino, &
McGeehin, 1998 and Andronico & Cioni, 2002). The in-
terplinian period between Avellino and Pompeii erup-
tions was characterized by several eruptions (AP1, AP2,
AP3, and AP4/5) up to about 2700 yr B.P. Following this,
the stratigraphy shows a tephra deposit (Vesuvian AP6)
linked to a small eruption that produced a thin, only lo-
cally preserved volcanic layer according to Andronico and
Cioni (2002). A written passage by the epic poet Silius
Italicus (cf. Stothers & Rampino, 1983) indicates an age of
217 B.C. can be attributed to this last interplinian erup-
tion (AP6) before the quiescence phase cited by Andron-
ico and Cioni (2002).

HISTORICAL NOTES

Pompeii was founded by a population from central Italy,
the Oscans, at the end of 7th century B.C. (De Caro,
1992; Guzzo & d’Ambrosio, 1998; Figure 2). The town
was built on a localized elevated terrain formed by lava
associated with eruptive events of the Somma-Vesuvius
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Figure 2 Synoptic framework highlighting the history of Pompeii, depicting the ages of some major archaeological structures and natural events that
affected the city area from prior to its founding in the 7th century B.C. to its demise in 79 A.D. Pompeii development: (A) After De Caro (1992): 1—Pompeii
foundation (end VIl century B.C.); 2—Greek and Etruscan occupation (VI century and part of V century B.C.); 3—Samnitic occupation (end V century B.C.)
and city expansion; 4—Samnitic immigration (IV century B.C.), city’s decline and alliance with Rome (343-290 B.C.); 5—city’s great prosperity; 6—Roman
colony (80 B.C.); (B) After Ward-Perkins (1984); (C) After Sakai (2000-2001). City Walls: After De Caro (1985): 1—wall building (mid-VI century B.C.); 2—wall
raising (about 500 B.C.); 3—wall restoration and raising (end IV century B.C.); 4—new wall restoration and raising (Il century B.C.). Guard Towers: After
Maiuri (1929) and Chiaramonte Treré (1986); Aqueducts: 1—Avella (80 B.C.; Ohlig, 2001); 2—Serino (20/30 B.C.; Potenza, 2001). Waterwheels: 1-2 Stabian
Baths and House of Queen of England (tannery; Maiuri, 1931); 3—Republican Baths (Oleson, 1994). Natural events: Eruptions: (D) After Andronico and
Cioni (2002): 1—AP3 (2710 B.P.); 2—AP4 and AP5 (strombolian or phreatoplinian activity, no age), AP6; 3—216 B.C. (Silius Italicus); A.D. 79; E) After
Rolandi, Petrosino, and McGeehin (1998): 1—Third protohistoric eruption; 2—216 B.C. (Silius Italicus); A.D. 79. Earthquakes: 62 A.D. (Seneca, Naturales
quaestiones: 6,1, 1-3, 6, 1, 106, 25, 3, 6, 30, 4-5, 6, 31, 1-3; Tacitus, Annales: 15, 22, 2); Mass gravity flows: this study.

and interpreted as the distal segment of a lava flow that
remains undated. On the basis of geomorphological ev-
idence, Cinque and Irollo (2004) interpret the elevated
lava terrain as the possible remains of a separate volcano.
The city was positioned in proximity to the Tyrrhenian
coast and mouth of Sarno River where an active port was
established (Pescatore et al., 2001). Salient events associ-
ated with the city’s history and development are summa-
rized in Figure 2.

The earliest urban nucleus of Pompeii (termed archaic
city; Figure 3) occupied the southwestern part of a wider
area enclosed by low walls (Maiuri, 1929; De Caro, 1985;
Figure 2). The wall perimeter remained fairly constant
during the city’s occupation. The archaic city, covering an
area of about 10 hectares, had an irregular street network
delineating small city blocks and the presence of two
sanctuaries. During the 6th and part of the 5th century
B.C., the city was occupied by Greeks and Etruscans and,
during this time, the walls were reinforced and raised (De
Caro, 1985; Figure 2).

At the end of the 5th century B.C., the Samnites, a pop-
ulation coming from inland regions of the southern Ital-
ian peninsula conquered Pompeii. Their arrival marked
the beginning of a new age for the city that was becoming

an important trading centre (Figure 2). As a consequence,
an increase in population led to an enlargement toward
the east and north of the archaic city (Ward-Perkins,
1984; De Caro, 1992). The new quarters were laid out
according to a regular orthogonal plan with rectangular
blocks delineated by intersections of east-west (decumani)
and north-south (cardines) streets; these were connected
to the street network of the earlier urban nucleus. In the
4th century B.C., the Samnite immigration forced Pom-
peii to establish an alliance with Rome that accepted it as
socia of the Roman political organization. Following this
expansion and until the 3rd century B.C., the city experi-
enced a decline (Figure 2) as no public buildings or sanc-
tuaries can be dated prior to the 2nd century B.C. (De
Caro, 1992; Sakai, 2000-2001). At the end of that cen-
tury the walls were once again reinforced and eventually
raised (De Caro, 1985; Figure 2).

From the first half of the 2nd century B.C., Pompeii ex-
perienced a period of considerable prosperity as recorded
by homes of the wealthy, renovation and improvement
of earlier public buildings, and new expansion within
the perimeter of city walls. The walls were restored
(De Caro, 1985; Sakai, 2000-2001) and Guard Towers
were inserted along these (Maiuri, 1929; Chiaramonte

Geoarchaeology: An International Journal 29 (2014) 1-15 Copyright © 2013 Wiley Periodicals, Inc. 3



DEBRIS FLOWS AT POMPEII PRIOR TO THE 79 AD ERUPTION

SENATORE ET AL.

H ERT line
@ Excavation
Villa of the Al
Mysteries W Borehole  a-b Photo

Guard tower
GX

Vesuvius Gate

Archaic city

#* Waterwheel
B Castellum Aquae

14°27'E 14°28'E 14°29E  14°30'E

N

®

s
Torre Annunziata

Pompeii

40°45'N

channel axis

GULF OF
z| NAPLES

Rovigliano
Islet

200m

Figure 3 Map showing the archaeological area of Pompeii. The archaic sector of the city is shaded in the inset (upper right, not to scale). Position of
boreholes, excavations, an ERT profile (X-X’) and photograph (a—b) used in this study are depicted along with city sites and archaeological structures
discussed in text (waterwheels: 1) Stabian baths; 2) tannery; 3) Republican baths).

Trere, 1986; Figure 2). During the Social War (89-90
B.C.), Pompeii struggled against Rome to obtain political
rights deriving from Roman citizenship. In April 89 B.C.,
the Roman army, led by Sulla, besieged Pompeii and then
occupied it. A few years later (80 B.C.), the Roman colony
named Cornelia Veneria Pompeianorum was established. By
the Ist century A.D., Pompeii had become a thriving city
of the Roman province, with a population that had ex-
panded well beyond its walls.

In 62 A.D., a severe earthquake interrupted the expan-
sion of Pompeii (Figure 2; Seneca, Naturales quaestiones: 6,
1, 1-3; 6, 1, 106, 25, 3; 6, 30, 4-5; 6, 31, 1-3; and Tacitus,
Annales 15, 22, 2). So many buildings were seriously dam-
aged that part of the population was obliged to aban-
don the city and surrounding area. After several other
weak earthquakes (Cioni et al., 2000) and while still un-
der repair from the 62 A.D. event (De Simone, 1995;
Jacobelli, 1995), Pompeii was destroyed and buried by
pyroclastic deposits from the devastating Vesuvius erup-
tion of 79 A.D. (Sigurdsson et al., 1985; Giacomelli et al.,
2003; Gurioli et al., 2005, 2007, 2010). The Roman em-
peror Titus, informed of the calamity, appointed a sen-
atorial committee to provide aid to survivors and assess
the magnitude of the damage in view of a possible recon-
struction of the city. However, Pompeii had been buried
by such a large volume of volcanic material that no plans
or efforts were made to rebuild the city as it had been
before the disaster.

After a long period of abandonment, Pompeii was
rediscovered in the 16th century by the architect D.
Fontana, with excavations initially made in a small area.
The first systematic exploration did not begin until 1748
under the reign of Charles III, Bourbon king of Naples,
and this continued to the 19th century, along with ex-
posure and restoration of the ancient city. The archae-
ological site of Pompeii covers an area of approximately
66 hectares, of which about 45 have been excavated.

METHODS

The research leading to the present study has been con-
ducted since 1995 using about 25 continuous drill cores
recovered across broad area around and throughout the
ancient city. The detailed stratigraphy of sediment se-
quences in these recent drill cores serves as a base ref-
erence with which to reinterpret about 400 logs of older
drill cores that serve to reconstruct the paleolandscape of
this region. The logs of older cores, recovered for differ-
ent purposes since the end of the 1800s, are archived at
the Pompeii Center of the “Soprintendenza Speciale per
i Beni Archeologici di Napoli e Pompei.” Drilling of the
25 newer cores was performed without use of circulation
fluid to minimize effects of sediment reworking and bet-
ter preserve sedimentary structures, textures and fabric
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to better interpret paleodepositional and environmental
conditions.

This investigation emphasizes the results of analyses of
three boreholes (S1, S2 and S3) recovered in the north-
ern sector of the city (Figure 3). An archaeological exca-
vation in the archaic city and one section located later-
ally to Guard Tower GX along the northern city walls at
Vesuvius Gate were detailed (Figure 3). Moreover, a dig
carried outside of Capua Gate made by the Japan Insti-
tute of Paleological Studies of Kyoto (Sakai, 2000-2001)
was examined and photographed. After reburying the ex-
cavated area at Capua Gate, an electrical resistivity to-
mography (ERT) profile on the unexcavated dig-front
was recorded (Figure 3, X-X’) to obtain additional infor-
mation on the subsurface stratigraphic framework. The
equipment included an MAE A300E Georesistimeter with
64 electrodes along a 115-m-long profile. The Wenner—
Schlumberger and dipole—dipole array methods were em-
ployed as a measure of resistance distribution; Res3DInv
software was used for data interpretation. Additional in-
formation on the geoelectric equipment and settings used
are available in an internal report (GTGeoTesting s.r.l.,
2007).

Two samples were dated by AMS radiocarbon analysis
using recovered animal bones, one from the dig in the
archaic city, the other at the GX section. The base of the
paleo-environmental map is an official geo-referenced
topographic sheet produced at a scale of 1:5000. All
boreholes used to reconstruct the compiled map were
carefully positioned on this referenced topographic doc-
ument. Data used for geological interpretations in the
present study were obtained from studies of excavations,
available sections, and sediment cores that were inte-
grated with available archaeological information.

Macroscopic attributes of core sediment are described
here. For definition of larger grain-size, granules and
pebble-size clasts were measured directly using a calliper,
while the size of sand grains was determined optically by
using published visual comparison charts. These textu-
ral charts also served to assess clast rounding, spheric-
ity, and sediment sorting. Sediment color was determined
by means of the Munsell Color System (Munsell, 1975),
and thickness of sediment units was defined according
to Campbell (1967). Sediment grain size of selected sam-
ples was also measured by using the standard method-
ologies detailed by Folk (1968). Particles coarser than
63 um were analyzed by sieving. The <63 um fraction
was analyzed by sedimentation-grain settling methodol-
ogy. The statistical parameters of Folk and Ward (1957)
were calculated and, to obtain further information on de-
positional environments, the textural-based method of
Passega (1964) was used. A graphic stratigraphic log was
plotted to summarize the sediment attributes of each drill
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core examined. The recent sediment cores and logs that
constitute the geostratigraphic archive for the study area
are archived at the Soprintendenza Laboratory of Applied
Researches at Pompeii.

PRE-79 A.D. STRATIGRAPHIC SEQUENCES
Major Depositional Units

The observed sediment sequences between the basal
volcanic lava underlying Pompeii and the 79 A.D.
pyroclastic deposits in archaeological excavations and
boreholes comprise mostly volcaniclastic deposits. The
latter are dark grayish brown and olive brown in color
and display variable lateral distributions, with thicknesses
that range from a few centimeters to several meters.
The bases of these layers are either sharply defined or
irregular.

Strata to 1-m-thick tend to be massive and structure-
less (Figure 4A and B), while some thinner basal beds
show cross- or planar lamination. A volcaniclastic matrix
is prevalent, with clasts that commonly comprise rounded
volcanic clasts (vol, in Figure 4A and C) and/or calcareous
pebbles (cal, in Figure 4D), rounded to angular fragments
of brick and ceramics (pot, in Figure 4A and E), plaster
(pla, in Figure 4A), animal bone (Figure 4E) and plant
matter. In most deposits, clasts are randomly distributed
(Figure 4E), although locally, some larger clasts (to
>10 cm) may be imbricated (Figure 4A).

Three such flow deposits, termed Units 1 to 3, from
the lava base of sequence upward in three core sections
(S1-S3 in Figure 5A) are identified in Pompeii and the
surrounding area. Root structures observed at boundaries
between the units indicate that some time elapsed be-
tween deposition of different mass flow events.

Unit 1, widespread throughout the area, has a thick-
ness ranging between 1 and 5 m and rests directly on
the lava base upon which Pompeii was built (sections S1
and S2 in Figure 5A). Radiocarbon-dated animal bone
fragments recovered in this unit excavated and tem-
porarily exposed beneath a dwelling in the archaic city
(Figure 5B) provided a calibrated age (cf. Stuiver et al.,
1998) of 764 years B.C. (Lab. ETH Zurich-25911; sample:
N. 2, Region VII (Init 1); AMS '*C age: 2530 + 50; § 1°C:
—15.1 £ 1.2).

Unit 2, identified within and outside city walls, has an
average thickness of ~2 m. In the archaic city, Unit 2 in-
cises Unit 1 and covers an older building level (shown as 1
in the circle, in Figure 5B); Unit 2 is interbedded between
two construction levels at this site (shown as circled 1 and
2, Figure 5B). The older dwelling (1), built upon Unit
1, appears to have been damaged by the Unit 2 debris
flow. Subsequently, a younger structure was built at a
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Figure 4 Examples of sediment gravity flow deposits in Pompeii (locations in Figure 3). (A) poorly sorted matrix-supported clasts in Unit 2, in the archaic
city excavation. Sediment core sections: (B) volcaniclastic matrix enclosing granules and small pebbles, Unit 1 in core 52 (~8.0-8.7 m depth from core
top); (C) three volcanic clasts in fine matrix, Unit 2 in S1 (~3.0-3.3 m depth); (D) rounded Mesozoic limestone pebble and potsherds in fine matrix, Unit
2in 52 (~4.0-4.3 m); (E) angular anthropogenic debris, Unit 2 in 52 (~2.4-3.3 m). Abbreviations: cal = calcareous clast; pla = plaster; pot = potsherd,;

vol = volcanic clast. Horizontal bars provide size scale.

somewhat higher elevation directly upon Unit 2 (2 in the
circle, Figure 5B), and this feature remained in use until
its destruction by the 79 A.D. eruption.

Unit 3, with an average thickness of ~1 m, occurs along
the northern city wall (boreholes S1 and S2 in Figure 5A);
this layer is thicker in borehole S3 and its deposition
buried an ancient road that extended from the city to-
ward Villa of the Mysteries (S3 in Figure 5A; location in
Figure 3). The core section shows that another road was
subsequently built upon Unit 3 and remained in use until
it, in turn, was buried by the 79 A.D. pyroclastic deposits
(section S3 in Figure 5A). Guard towers were added to
this city wall during the 2nd century B.C. (d’Ambrosio,
2002; Figure 2); the tower door openings at their base
presently occur beneath the ground surface exposed un-
til 79 A.D. (see road shown at position (a) in Figure 5C
and D). The openings appear to have been buried by Unit
3, and became usable again after removal of Unit 3 mate-
rial sometime before 79 A.D. (Figure 5D). Radiocarbon-
dated animal bone in Unit 3, collected along the side of
the guard tower GX door (Figures 3, 5D), yielded a cali-
brated age (cf. Stuiver et al., 1998) of 170 years B.C. (Lab.
ETH Zurich-25912; sample: N.1, Pomerio (Unit 3); AMS
14C age: 2130 £ 50; § °C: —16.4 £ 1.2).

The presence of the pre-79 A.D. volcaniclastic mate-
rial in an excavation under a house in the archaic city
(Figure 3), between below-surface construction levels
(Unit 2, in Figure 5A and B), provides a means to better
interpret the early evolution of Pompeii. Unit 2, exceed-
ing 1 m in thickness, comprises mainly poorly sorted vol-
canic matrix of fine sand to clay size in which pebbles,
animal remains, and anthropogenic debris of variable
size are enclosed (matrix supported; Figures 4A-E and
Figure 5B). A chaotic fabric generally prevails, although
in some instances the long axes of some are oriented
in a direction that parallels the transport path. The base
of some layers appears erosive (between Units 1 and
2 in Figure 5A), although this attribute depends on
the consistency of underlying layers (Figure 5B). It ap-
pears that some anthropogenic material in the above-
described deposits originated in disposal sites and dumps
proximal to ancient Pompeii (Maiuri, 1929; De Caro,
1985) prior to their being collected and displaced by the
flows.

The assemblage of sedimentological attributes of these
deposits indicates that mass gravity mechanisms, espe-
cially debris flows, were the dominant processes respon-
sible for their transport. Volcaniclastic sediment with
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Figure 5 (A) Logs of boring S1-53 (core sites shown in Figure 3) depicting three mass flow deposits (Units 1-3, depth in meters). Base of core sections S1
and S2 reached the layer of Pleistocene lava on which Pompeii was built. (B) Excavation beneath a dwelling in archaic Pompeii, showing: older dwelling
foundation (1 in the circle) built on Unit 1; Unit 2 incises underlying Unit 1; a younger dwelling foundation (2 in the circle) is built on Unit 2 mass flow deposit
(this structure was later destroyed in 79 AD). (C) Guard tower (arrow, location in Figure 1) added to city wall during the 2nd century B.C., and excavated
Roman road (a in circle) used until the 79 A.D. event. (D) Door at base of guard tower was formerly covered by Unit 3; mass flow sediment was removed
from the door after 170 B.C. and prior to the 79 A.D. eruption; note a road (a in circle) that functioned prior to 79 A.D.

matrix-supported clasts likely originated as slope collapse
and avalanche displacement from the flanks of calcare-
ous terrains in mountains to the NE (Pizzo D’Alvano
area; Figure 1). These deposits were released from hy-
perconcentrated slumps and debris flows that had in-
corporated sediment and water during the course of
downslope transport. During landslides, slumped masses
of unconsolidated material can be transformed to high-
concentration debris flows as has been recorded in vol-
canic areas elsewhere (Scott et al., 2001). Confined
within downslope-trending depressions such as channels,
flows can travel considerable distances to lowlands by ex-
panding in volume during transport through a bulking
mechanism that involves incorporation of additional sed-
iment and water (Scott et al., 2005).

Capua Gate Sector and ERT

An excavation outside of Capua Gate (Figure 3) was
made to examine the subsurface beneath the 79 A.D.
eruption deposits to explore for an important road that
had extended from Pompeii toward the north. During
the course of this work, a natural feature discovered un-
expectedly under the 79 A.D. pyroclastic deposits has
been interpreted by us as a segment of an alluvial system
(Figure 6). A channel and adjacent levee deposits were
identified. The channel was oriented toward west, with
its base cutting the underlying lava deposit that forms
the morphologic high on which the city was founded.
On the northern side of the channel, relict plough
furrows were noted on the topographic surface upon
which the 79 A.D. volcaniclastic products were deposited
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Figure 6 Photo of the excavation located outside of Capua Gate showing channel, its axis and associated levee deposits buried beneath 79 A.D.
pyroclastic deposits (location in Figure 3). A schematic cross-section (a—b) is shown below (not to scale).

(Figure 6). The eruption material had completely covered
these paleomorphologies. Another channel that partially
eroded the top of the 79 A.D. eruption deposits indicates
that channel flow became active once again following the
eruption (Figure 6).

The archaeological excavation outside of Capua Gate
was reburied after examination as required by the au-
thorities. Thus, to obtain additional information on the
subsurface paleogeography and sediment attributes of
this sector, an ERT profile on the unexcavated dig-front
was acquired. The profile orientation is NNW-SSE (X-X’
in Figure 3), with the SSE sector extending ca. 25 m in-
side an unexcavated section of Pompeii (Figure 7). The
profile is 115 m long and reaches a depth of ~18 m below
the modern topographic surface (Figure 7), that is, the
depth at which the channel base in the excavation was
measured. As the electrodes were placed at 5 m spacings,
the profile could take into account major morphological
features identified in Figure 6. Four resistivity anomalies

are observed on the ERT profile. The first two (AN1 and
AN2), with resistivity values ranging between 222 and
129 Q/m (Figure 7) are interpreted, respectively, as the
levee and axis of the channel shown in Figure 6. There is
a close match with regards to both their position relative
to electrodes and their depths beneath the present topo-
graphic surface. Resistivity values ranging between 382
and 659 Q/m recorded at the base of profile are inter-
preted as the top of the lava layer on which the channel
is formed and on which Pompeii was built.

Two other ERT anomalies are identified that have gen-
erally circular shapes, one of which (AN4) occurs in
the archaeological area that has not yet been excavated.
Anomaly AN3 positioned near the wall presents a series
of concentric resistivity values that range from 129 Q/m
at the periphery to 14.6 ©/m at the center of the feature;
these values  suggest the presence of sediments char-
acterized by high humidity or, possibly, water content.
The characteristics of anomaly AN3, the base of which
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SENATORE ET AL.

X Outside Pompeii wall

DEBRIS FLOWS AT POMPEII PRIOR TO THE 79 AD ERUPTION

Inside Pompeii wall b &

11 |
1l

Elevation |
in metres

channel levee channel axis

1
basin water?

60.0 AN3 800

conduit?

20.0 AN1 AN2

lava top—>

N . T O ) O O .
6 252 433 747 129 222 382

14,
Resistivity in ohm/m

Arl\l4 100

Unit Electrode Spacing = 5.00 m
659 Wenner-Schlumberger
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above the lava top are discussed in text.

is at the same depth as that of the channel mapped in
the excavation (Figure 6), is suggestive of an anthro-
pogenic structure, probably one associated with water
supply distribution to Pompeii. Anomaly AN4, with its
narrower, circular profile and smaller size than AN3, has
resistivity values at its center comparable to those of
the channel (222 and 129 Q/m). It is interpreted as a
smaller channeling feature such as a duct or conduit that
probably was also related to the city’s water distribution
system.

DISCUSSION AND IMPLICATIONS
Role of Fluvial Channel and Canal Systems

It is postulated that during their downslope transport,
some flood waters and mass gravity flows would have
been funneled into and channelized along stream beds,
some of which extended to the immediate proximity of
Pompeii such as to the northern walled margin of the city
discussed above. Presently, there are no obvious river val-
leys or channels visible on land that would indicate how
gravity flows would have reached into the walled city.
Some useful information, nevertheless, is provided by fo-
cusing on what is known of Pompeii’s water sources and
supplies. Historians have long suggested that the city’s
water needs were derived from the Sarnus river (modern
Sarno), the largest fluvial system in the region (Maiuri,
1958; Cinque & Russo, 1986). The modern Sarno chan-
nel, however, is presently positioned well to the south-
east and south of Pompeii (Figures 1 and 8). On the other
hand, the meandering course of the ancient Sarno river
and its delta, identified by study of boreholes collected
west and southwest of the Messigno area (Figure 8), was
located at least 1 km south and southwest of the ancient
city walls (Pescatore et al., 1999, 2001; Ciarallo, Pesca-
tore, & Senatore, 2003; Vogel & Marker, 2010; Ciarallo,
De Carolis, & Senatore, 2012).

Currently, there is a stream, named Conte Sarno
Canal, extending from the base of Pizzo D’Alvano ridge
(1133 m elevation) about 14 km to the NE toward Pom-
peii (Figure 1). On the northeastern side of the city, the
stream shows a curvilinear path due to the high-reliet
barrier effect of the lava mound upon which Pompeii
was built. The stream waters originally flowed from the
Avella Mountains and which during the Samnite occu-
pation were associated with springs located at the base
of the Pizzo D’Alvano ridge (Murano, 1894). Borehole
data collected N and W of the city indicate that a flu-
vial system reached the Pompeii outside of Capua Gate.
The fluvial system is an artificial branch of the Conte
Sarno Canal that was diverted toward the W and had
most likely been excavated to supply the city with wa-
ter (Figure 8). We postulate that it was constructed by
Samnites when modifications were performed along the
path of Conte Sarno Canal (Murano, 1894). Support for
this hypothesis is provided by the presence of water-
wheel installations to distribute water for the Stabian
baths and a tannery that date to the 4th century B.C.,
and the Republican baths to the 2nd century B.C. (cf.
Maiuri, 1931; Oleson, 1994; Figure 2). According to Ole-
son (1994) these waterwheels were driven by men, al-
though our study suggests that perhaps they could also
have been moved by flowing water as they are aligned in
one direction at the edge of the archaic city, that is, along
the southerly trending slope toward and into the city
(Figure 3).

The ERT survey helps further clarify the function of the
discovered artificial channel. The AN3 and AN4 anoma-
lies on the profile (Figure 7) are linked with a proba-
ble water entry system into the city. The feature iden-
tified as the AN3 anomaly is interpreted as a water basin,
and that of AN4 as a conduit that carried this water into
Pompeii. Additional evidence for dispersed major water
flows to Pompeii is also provided by pollen spectra exam-
ined in borings and excavations N and southeast of the
city. Pollen indicate the presence of poplar and willow

Geoarchaeology: An International Journal 29 (2014) 1-15 Copyright © 2013 Wiley Periodicals, Inc. 9
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(Figure 8) as well as cultivated plants, associated with Floods and Mass Gravity Flows into Pompeii
evidence of plough furrows (Figures 6 and 8), all of
which indicate the need for an adequate supply of
water (Ciarallo, 2001-2002). In summary, dense sedi-
ment slurries originating in highlands to the NE of the
city flowed downslope, along depressions such as the
Conte Sarno Canal and its excavated channel (Figures 1
and 8), and likely reached the city by way of one or
more gated passages and/or a breach in the northern
wall. It was along its western and southwestern paths
that the channel likely collected the city’s wastewater
that was then discharged further downslope in a delta
once positioned along the coastal margin SW of Pompeii
(Figure 8).

It appears that at times of unusually high rainfall and
flood, the sediment-charged flows that could not be con-
tained within channels and ducts likely overflowed and
rushed into and across Pompeii. These flood waters and
denser slurries were dispersed primarily in SSE and SE
directions, on the prevailing slopes of the city, stream-
ing along streets between buildings before reaching exit
drains and gates placed at the town'’s lower elevations.
Rounded calcareous clasts of diverse size (cal, in
Figure 4D) indicate that the three mass flows were de-
rived from high-relief limestone terrains NE of the Sarno
plain, that were partially covered (to ca. 5 m in thickness)
with volcaniclastic deposits. Unit 1 was widely deposited
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prior to the founding of the early population center at
Pompeii. Coarse debris flow Unit 2 appears to have been
particularly destructive, blanketing the city with a mud-
rich deposit of highly irregular thickness. While generally
similar in lithology to Units 1 and 3, this deposit contains
much higher amounts of anthropogenic debris (Figure 4A
and E). Unit 2, although not radiocarbon dated, accumu-
lated between the 5th and 3rd century B.C., quite possi-
bly during the 4th century B.C., a period when according
to historians the town remained in decline for some time
and major public edifices were not built (Figure 2; Sakai,
2000-2001).

The wall surrounding the city is a source of useful
information pertaining to deposition of Unit 2. A first
wall, much lower than the one observed today, was con-
structed during the second half of the 6th century B.C.
The wall was reinforced and elevated at the beginning
of the 5th century B.C., and then was raised to an even
higher level in the 4th century B.C. (Lorenzoni et al.,
2001). We suggest that these alterations were made not
only to protect the city against hostile attack (Sakai,
2000-2001), but also as a buffer against effects of nat-
ural hazards, such as debris flow Unit 2, that had caused
damage and decline in city development prior to the 2nd
century B.C. A considerable time after the Unit 2 event,
building activity resumed, and the wall was again rein-
forced and a broad internal embankment was emplaced
at the end of the 3rd century B.C. The city flourished dur-
ing the 2nd century B.C. (Figures 2 and 5B).

Twelve massive guard towers were added to the wall in
the 2nd century B.C. in preparation for battle between in-
habitants of Pompeii and Roman aggressors (d’Ambrosio,
2002). Our study indicates that tower construction was
completed before deposition of mass flow Unit 3 in
170 B.C. This material buried the base of wall towers, in-
cluding their doors (Figure 5C and D). Moreover, bore-
hole S3 (Figure 5A) reveals the presence of a road that
had been built on Unit 2, and then was subsequently
buried by Unit 3. A new road built on top of Unit 3 was
used from ca. 170 B.C. until the city’s final destruction in
79 A.D. This sequence of events is confirmed by recent
excavations beneath the 79 A.D. volcanic horizon else-
where within the city walls in Pompeii’s northern area.
These exposures reveal at least 80 cm of sediment thick-
ness (Bourdial, 2004), some of which comprise Unit 3 of
mass gravity flow origin.

Archaeologists of the Japan Institute of Paleological
Studies in Kyoto also excavated inside the city close
to Capua Gate that exposed an archaeological structure
(Figure 3). Sakai (2000-2001) suggested that the struc-
ture was probably part of a Guard Tower, but noted that
its building style, having only one entrance, was older
than that of other Guard Towers. This opening was not

DEBRIS FLOWS AT POMPEII PRIOR TO THE 79 AD ERUPTION

used before the 79 A.D. eruption as indicated by the ex-
cavation record showing sediment of Unit 3 piled against
the entrance, thus preventing its access. Moreover, a duct
extending from outside the walls into the city was dis-
covered under the first floor of the building, and this fea-
ture was filled with sediment. The AN4 anomaly on the
ERT profile may represent a conduit to this duct found
below the excavated structure inside the city close to Ca-
pua Gate (Sakai, 2000-2001). According to our core data,
the sediments found inside of the duct and those piled
against the door of the structure are comparable to, and
thus interpreted as, those of Unit 3. At the time of the
79 A.D. eruption neither duct nor structure were in use.
It appears that after the mass gravity flood event that de-
posited Unit 3, the water distribution system at Capua
Gate had to be abandoned because its position posed a
risk to the city. A new method of supplying water was
thus installed at a different locality, the Vesuvius Gate
(Figure 3). Capua and Vesuvius gates are both positioned
at sites of Pompeii’s highest elevation and, therefore, they
occupy strategic points for distribution of the city’s wa-
ter supply. It was from here that water entering into the
city, discharged by gravity flow, was able to activate three
waterwheels (Maiuri 1931; Oleson, 1994) located at the
edge of the archaic city (Figures 2 and 3).

A circular water basin at Vesuvius Gate was probably
built ca. 80 B.C. and connected to the Avella aqueduct
according to Ohlig (2001). The aqueduct extended from
mountains northeast of Avella, a town distant about 25
km from Pompeii (Figure 1). This water basin was sub-
aerially exposed and constructed without a regulating de-
vice to control water flow (Ohlig, 2001). The structure
was eventually covered and, in 20 B.C., connected to the
new Serino Aqueduct (Nappo, 1996; Potenza, 2001; Mat-
sui et al., 2009) when it attained its final form as presently
observed (Castellum aquae, Figure 3). The city’s water dis-
tribution system connected with aqueducts became safer
and more reliable as it provided a more constant sup-
ply. These engineered changes also helped reduce the
danger of episodic mass flows from directly entering
Pompeii.

CONCLUSIONS

Evidence of eruptive Somma-Vesuvius volcanic activity
is not recorded in the study area during the 7th cen-
tury period prior to 79 A.D. examined here. However,
we find that slope instability and failure, slumps, and as-
sociated downslope transformed sediment gravity flows
are events that periodically affected Pompeii long be-
fore its demise in 79 A.D. There is also independent
evidence that such gravitative and associated mass flows
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of volcaniclastic material have continued to plague the
city during the past 19 centuries since burial of the city,
including a series of such events that affected the sur-
rounding region between 79 and 472 A.D. (Lirer et al.,
2001). Moreover, destructive mass flows of the type
recorded in pre-79 A.D. Pompeii and its vicinity have
also been documented in recent time over wide ar-
eas of the Vesuvian-Gulf of Naples region (Orsi et al.,
2003; Perrotta et al., 2006; Favalli, Pareschi, & Zanchetta,
2006).

It is of note that most of these recent volcaniclastic de-
positional events have not been directly associated with
phases of volcanic eruptions, although we do not ex-
clude the possibility of seismotectonic tremors that peri-
odically affect this region (Marturano et al., 2009) as trig-
gers of some mass flows that reached Pompeii during its
early history. Other factors are also critical for periodic re-
lease of large landslide-associated mass gravity sediment
flows of volcaniclastic sediment deposited at Pompeii and
that continue to prevail in this high-risk sector of Italy
(Guzzetti, 2000; Pareschi et al., 2000). These include pri-
marily periodical high rainfall events (especially in the
fall and spring), widespread distribution of an unstable
water-saturated volcaniclastic sediment cover on proxi-
mal moderate to steep highland slopes, and much inten-
sified terrain modification by human activity that lead to
further slope instability.

Altered climatic conditions involving increased rain
storm activity that occurred during cool-humid phases
in southern Italy from the 5th to the 3rd century B.C.
(Boenzi et al., 2001) may have been a major factor in
periodic destruction of Pompeii by mass flows. A mod-
ern example in this respect are the destructive avalanche
flows on 5 May 1998 released in this region after about
30 hours of strong continuous rainfall (reaching 100-
180 mm). In that instance, rain-triggered landslides of
water-saturated tephra-rich colluvium, including boul-
ders, were suddenly released from the surrounding cal-
careous highlands and displaced downslope at a rate of
ca. 50 km/h (Del Prete, Guadagno, & Hawkins, 1998;
Pareschi et al.,, 2000; Revellino, Guadagno, & Hungr,
2008). During their downslope transport, slumps evolved
to hyperconcentrated flows that incorporated remobi-
lized volcaniclastic sediment along with carbonate debris
that were discharged on the Sarno plain. Petrologically,
these deposits closely resemble those that we describe
in this study of pre-79 A.D. Pompeii sequences. The re-
cent 1998 high-density mass flows cited here as possible
modern analogues of those we interpret at Pompeii killed
more than 150 persons, destroyed numerous dwellings
and other structures, and thickly blanketed the streets of
the town of Sarno about 14 km northeast of ancient Pom-
peii (Figure 1).

SENATORE ET AL.

In summary, this geoarchaeological study indicates that
Pompeii’s phases of episodic growth and decline, includ-
ing periods of adverse social and cultural consequences,
may have been partial responses to the recurring, large-
scale natural hydrographic phenomena of the type de-
scribed here, especially when occurring during stressful
periods of wars and other societal pressures. Merging re-
sults of lithostratigraphic and petrologic analyses with
paleoclimatological investigations and findings from ar-
chaeological exploration of the pre-79 A.D. period at
Pompeii will assist in further deciphering the still poorly
documented early history and evolution of this famous
site.
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