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Abstract

The 398 ka Campanian gnimbrite eruption is the largest caldera-forming eruption of the Campi
Flegrei and had a global-scale impact on the environment and human populations. The cooling
following the eruption and its widespread tephra strongly affected the palecenvironment and the
migration of hominids in Europe. Despite a large number of studies, the Campanian |gnimbrite
Dense Rock Equivalent (DRE) volume estimates range from 60 to 300 kma. Here we present a
review of the previous volume evaluations and a new calculation of the volume of the ignimbrite.
This estimate is constrained by the fTirst total isopach map of the Campanian |gnimbrite PDC deposit
preserved on land, developed through a method that reconstructs the paleo-topography at the time of
the eruption. Tne method is reproducible for all strongly topographically controlled ignimbrites and
allows the calculation of well-defined uncertainties in the on-land ignimbrite deposits. The preserved
total extra-caldera bulk volume of the ignimbrite is estimated at 682 kn"|3 i 66 km3. The total PDC
deposit volume is then corrected Tor erosion, ash elutriation, the intracaldera deposit volume and the
volume of tephra deposited in the sea, and volumes of fallout are taken from other studies. Tne final
total volume estimate of the eruption ranges from 177 I(n"|3 - 265 km3 DRE This value corresponds
to a mass of 46 - 69 X 1014 kg, a magnitude (M) of 77—78 and a volcanic explosivity index (VED
of 7 The new detailed estimate of the Campanian |gnimbrite eruption physical parameters, for the

firsttime constrained by the ignimbrite deposit, confirms the magnitude of this event.
1 Introduction

Pyrcclastic density currents (PDCS) have large impacts on human communities and the environment,
they can cause catastrophic environmental and property damage and loss of life, as well as
accounting for a large proportion of deaths caused by direct volcanic activity. From ‘]500 to 2017 CE,

o]
28%) of volcano~-induced mortality resulted from PDCs, second only to famine and epidemic disease
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(Auker et al., 2013 and references therein; Brown et al., 2017) I'\Aoreo\.-'erJ global and regional
climatic effects can result from the injection of ash and sulfur aeroscls into the stratosphere during
large explosive eruptions, leading to a “volcanic winter” (Rampino ana Seir, 1992; Stuiver et al.,
‘]995, Thordarson and Self, ‘]996) The quantitative computation of the size of explosive eruptions is
essential to understand their potential impact on humans, climate and ecosystems (e.g., Mason et al.,
2004) Calculating the volume of large volcanic eruptions is also necessary to define their size (e.g.J

Newhall and Self, ‘]982, Pyle, 2000, 20‘]5, Crosweller et al., 20‘] 2) and to model the climate effects

of these natural phenomena that occurred in the past.

I_arge (volcanic explosivity index = 4, e.g., Crosweller et al., 2012) caldera-forming eruptions
produce both fall deposits and ignimbrites (Parfitt and Wilson, 2008), and typically the largest
proportion of volcanic material is transported in PDCS and emplaced as ignimbrites (e.g.J the Oruanui
eruption, Wilson, 199‘], the Otowi Member of the Bandelier Tuff,' Cook et al., 2016) The tephra fall
deposits are analyzed through field and statistical techniques to make isopach maps directly from
thickness data (e.g., Walker and Croasdale, 1970, Walker, ‘]973, Rhoades et al., 2002, Burden et al.,
20‘]3, Engwell et al., 20‘]5, Yang and Bursik, 20‘] 6, Cutler et al., 2020), from which numerical
models can be used to calculate total volumes (Bonadonna et al., 1998, Bonadonna and Phillips,

2003, Bonadonna and Houghton, 2005, Folch et al., 20‘]0, Costa et al., 201 2, Folch, 20‘] 2) The

resulting tephra volumes appear to be better constrained than ignimbrite volumes, where a clear
“reference” method does not exist and uncertainties on such computations are signiricant (Mason et
ar., 2004).

Calculation of the volume of ignimbrites has been the subject of numerous studies (V\l'(alkerJ 1983,

Aldiss and (EhazaliJ 1984, Henr:,ur and Price, ‘]984, Morgan et al., 1984, Ratte et al., 1984, Sparks et
al., ‘]985, Scott et al., ‘]996, Wilson, 2001, Perez et al., 2006, Giordano et al., 20‘]0, Folkes et al.,
20“”, Best et al., 20‘] 3a, 201 3b: Cook et al., 20‘]6, Pacheco—Hoyos et al., 2018, Takaracla and
HoshizumiJ 2020), but it remains difficult to evaluate due to the irregularity of the ignimbrite surface,
the variable thickness (controlled by the paleotopography, e.g., Yokoya ma, 1974 Wilson ‘]991,
Broxton and Reneau, ‘]996 Daag and van Westen, 1996), the effect of erosion (e.g., Yokoyama,
‘]985), the presence of overlying deposits, and the variable density of the deposits. The eruptive
volume, and as a consequence the ignimbrite volume, is essential for computation of the magnitude
(M, Mason et al., 2004) and volcanic explosivity index (VE|, Newhall and Sell’J 1982) of an eruption.
The calculation of the volume of ignimbrites, which form the main part of eruptions with M > 5,

remains one of the outstanding issues in volcanology (e.g., the collapse caldera database (CCDB)

project, Geyer and r\/llartiJ 2008, the LAMEVE project, Crosweller et al., 201 2)

The lack of a standardized accurate method for the calculation of ignimbrite volumes makes most of
the existing figures Tor large-volume ignimbrites poorly constrained and, in many cases,
unreproducible, resulting in a wide range of estimated volumes of the same ignimbrite (e.g., Cerro
Galan, Folkes et al., 201‘], Campanian |gnimbite, Scarpati et al., 2014) The case study fTor this work
isthe Campanian |gnimbrite (Cl, Barberi et al., 1978, Fisher et al., 1993, De Vi\.ro et al., 200‘],
Fedele et al., 2008), associated with the most powerful caldera-forming eruption from the Campi
Flegrei caldera (CF) (Fig. 1A) (Rosi and Sbrana, ‘]987, Perrotta et al., 2006, Scarpati et al., 201 3) |t
is one of the largest late Quaternary explosive events and has been considered as an example of a
super-eruption (Sparks et al., 2005) The 398 ka Cl tephra (Plinian and co-ignimbrite products,
Giaccio et al., 20‘] 7) represents the most widespread volcanic deposit and one of the most important
temporal/‘stratigraphic markers for the Early Upper Paleolithic of Western Eurasia (Fedele et al.,
2003, Pyle et al., 2006, Giaccio et al., 2008) The eruption may have affected human residents in

different ways. by destroying the animal and human populations, by altering the species composition

This is a provisional Tile, not the final typeset article
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and growth rhythm and by changing the availability of water (Fedele etal., 2002, 2003, 2007, I_owe
et al., 20‘] 2) The abrupt volcanic cooling following the eruption produced a regional drop of BGC to
9°C in Eastern Europe and Northern Asia (Black et al., 20‘] 5) The cooling could have influenced the

migration of the populations and have affected the daily life for Neanderthals and modern humans

during the Middle to Upper Paleolithic: transition (Fedele et al., 2002, 2003, Blac:k et al., 201 5, Marti
et al., 2016)

|n this work, we present a review of all articles that calculated the Cl volume. Despite the large

number of studies, the estimates of total Dense Rock Equivalent (DRE) volume of the C| eruption

range from 60 to 300 I(m3 (Thunell et al., 1979, Cornell et al., 1983, Rosi et al., ‘]983, 1999, Fisher et
al., ‘]993, Civetta et al., 1997, Fedele et al., 2003, Perrotta and Scarpati, 2003, Rolandi et al., 2003,
Giac:c:io, 2006, Marianelli et al., 2006, Pyle et al., 2006, Pappalardo et al., 2008, Costa et al., 201 2,

Sc:arpati et al., 20‘]4, Marti et al., 2016) Furthermore, none of these studies provides a solid method
to determine the ignimbrite volume in the Apennine Mountains. The volume of dispersed tephra
(both Plinian and co—ignimbrite) was better defined due to the many measurements across the vast
region blanketed by the Cl ash and a recent improvement of computational methods (Costa et al.,
20‘]2, Marti et al., 20‘] 6), as well as by the simpler nature of its mantling deposition. |n contrast, the
volume of the ignimbrite deposits has never been calculated by accurate direct measurements, but
only by approximate thicknesses (Thunell et al., 1979, Fisher et al., 1993, Civetta et al., ‘]997,
Giac:c:io, 2006) Here, we assess the ignimbrite volume using precise thickness measurements and
reporting those on an isopach map. We demonstrate a rigorous method to create a complete isopach
map of the Cl, with a similar approach to that normally applied to tephra-fall deposits (e.g., Engwell
et al., 20‘] 5) and it can be easily used on other ignimbrites in the world. The map is based on the
mapping of the preserved ignimbrite deposits, without the fall deposits, and reconstruction of the
paleotopography, especially mountainous areas. This allows us to provide an accurate estimate of the
volume of the extra-caldera deposits of the Cl pyroclastic density current preserved on land based on
a verifiable method of calculation and with the relative uncertainties. Using this as a base, we correct
for erosion, elutriation, intracaldera volume and underwater deposits to calculate the, up to date, most
reliable total bulk and DRE volumes for this ignimbrite. We then estimate the co-ignimbrite volume
and add the fallout volume from previous studies to calculate the total erupted volume for the
eruption. The obtained eruptive volume significantly reduces the total uncertainty of the total volume
calculation and should be used to better design and constrain the eruptive dynamics. Such data, well
constrained and evaluated, from many volcanoes could help determine the frequency of eruptions of

a given magnitude around the world.
2. Volcanological background

Volcanic: activity in the Campi Flegrei began prior to 80 ka (Pappalardo et al., 1999, Scarpati et al.,
20‘] 3) and caldera collapses occurred during the eruptions of the Cl, the ""15 ka Neapolitan Yellow
Tuff (NYT) eruptions (Orsi et al., 1996, Perrotta et al., 2006, Acocella, 2008, Vitale and |saia, 201 4)
and the M 66 event Masseria del Monte Tuff correlated to the Y‘S marine tephra (Albert et al.,

20‘] 9) Post—NYT activity in the caldera is well described by Di Vito et al. (1999), |saia et al. (2009)
and Smith et al. (2011)

The C| eruption emplaced both pyroclastic fall and PDC deposits in a complex sequence currently

exposed in proximal, sporadic medial, distal and ultra-distal outcrops (Fig. ‘]) (Barberi et al., 1978,

Rosi et al., 1988, ‘]996, 1999, Fisher et al., ‘]993, Perrotta and ScarpatiJ 1994, 2003, Orsi et al., 1996,
De Vivo et al., 200‘], Cappelletti et al., 2003, Perrotta et al., 2006, Fedele et al., 2008, Engwell et al.,
20‘]4, Scarpati et al., 201 5a, 2015b, Sparice, 20‘]5, Scarpati and Perrotta, 2016, Smith et al., 2016)



128
129
130
131
132
133
134
135
136
137
138
139
140
147

142
143
144
145
146
147
148
149
150

157

152
153
154
155
156

157

158
159
160
167
162
163
164
165
166

167

168
169

Magnitude of the Campanian Ignimbrite

The first phase of the eruption generated Plinian columns up to 44 km high (Rcsi et al., 1999, Marti
et al., 20‘] 6), producing a widespread fall deposit dispersed by winds to the east (Rcsi et al., 1999,
Perrotta and Scarpati, 2003, Marti et al., 2016, Scarpati and Perrotta, 20‘] 6) A pyroclastic density
current then spread over an area of 7,000 km2 and surmounted ridges more than 1,000 m high
(Barberi et al., 1978, Fisher et al., 1993) This stage caused the caldera collapse and the accumulation
of lithic breccia deposits (Breccia Museo) in scattered outcrops along the calderarim (Perrctta and
Sc:arpatiJ 1994, Mellusc et al., 1995, Rosi et al., 1996, Feclele et al., 2008) |n distal outcrops, most of
the Cl is represented by a massive, gray ignimbrite (Barberi et al., ‘]978, Fisher et al., ‘]993, Scarpati
and perrc:ttar 20‘]2, Scarpati et al., 201 5a). Beyond about 80 km from the vent, deposits are made up
of coarse to Tine ash containing both c:c:-Plinian and co-ignimbrite tephra (Thunell et al., ‘]979, Sparks
and Huang, 1980, Engwell et al., 201 4, Smith et al., 20‘] 6) The tephra marker related to this eruption
is essential to correlate volcanological and archaeological sites in the Mediterranean area and Eastern

Eurcpe. Tephra—based correlations of human sites were used to date the Miclclle to Upper Paleolithic

transition (Giaccic et al., 2008, 2017, I_cwe et al., 20‘] 2)

The complex stratigraphy of this eruption differs between proximal and distal outcrops. Mc:rec:\.rer, it
is difficult to study the lateral correlations due to the absence of outcrops in medial areas (except for
the I_ago di Patria outcrop, Table 2 in Data Repositcry), because all quarry-pits have been refilled.
The limited drill core data shows little evidence of lateral unit change. |n our study, we refer to the
stratigraphic units proposed by Feclele et al. (2008) (proximal area) and Cappelletti et al. (2003)
(clistal areas) (Online Supplementary Material). The first flow unit is the unconsolidated stratified ash
Tlow (USAF) both in proximal and distal stratigraphy, which is followed by the main units of Pipernc:
and Breccia Museo inside the caldera and the welded gray ignimbrite (WG') and lithified yellow tuff

(LYT) in medial and distal outcrops.
3. Estimating eruption volume

Most studies of eruptive volume focus their attention on the Plinian fallout and the ignimbrite phases
of volcanic eruptions, but the total volume calculation is a complex result of many different
components. The total volume erupted during a caldera-forming eruption, like the Cl, is composed of

the mass ejected during the phases that produced Plinian columns (VPCO.), and pyroclastic density

currents (VPUC) (1 ):

V=Vpeo + V;pdf: (1)

Bcth VPCD. and Vpac refer to the primary deposits (respectively the Plinian fallout VPfa.., the proximal
pumice lapilli deposit, and the ignimbrite V.gn) and their associated co-Plinian fall (VcoPra..) and co-
ignimbrite ash ftall (Vw.gn), respectively. |ndeecl, fine ash suspended in the atmosphere can be co-
Plinian rather than co-ignimbrite (Fierstein and HilclrethJ 1992) |n this work, the co-Plinian ash is
defined as the fine-grained Plinian ash, decoupled from the coarser fallout and subject to atmospheric
turbulence (Fierstein and Hilclreth, ‘]992) The co-ignimbrite ash is considered to be the buoyant
material that rises from the PDC through the entrainment, heating and expansion of ambient air

(Wcods and Wchletz, ‘]991), and may represent the counterpart to the crystal-enriched ignimbrite

(Sparks and Walker, ‘]977) Cc:msequentl:,ur (2)
V= (VPfalI + Vf:onaH) + (Vign + Vcoign) (2)

The erosion and re-deposition can subsequently modify these components before measurement of the

thicknesses occurs. In the following sections, we discuss different methods used in the past to

This is a provisional Tile, not the final typeset article
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estimate the C| eruption volume. The Cl is not a unigue example and those methods have been

applied on many eruptions (e.g., Pyle, 1989)
3.1 The previous estimates of the CI eruptive volume
A synopsis of the previously determined estimates of the total volume is provided in Table 1

Due to the difficulty to distinguish the contribution of the co‘PIinian fall and the co-ignimbrite ash
fall in ultra-distal locations, some authors simply refer to the widespread Y-5 ash layer, which
comprises both (Table 1) (Thunell et al., 1979, Cornell et al., ‘]983, Rc:landi et al., 2003, Costa et al.,
20‘] 2) Other previous studies distinguished the co—PIinian and co~ignimbrite contribution (Sparks
and Huang, 1980, Perrc:tta and Scarpati, 2003, Engwell et al., 201 4, Marti et al., 20‘] 6, Smith et al.,

20‘] 6), but only some of them calculated the relative volumes (Perrotta and Scarpati, 2003, Marti et

ar., 2016).
3.1.1 From direct measurements

The first volume estimate of the ignimbrite was presented by Thunell et al. (1979) Based on a

geometrical method that considers a covered area of over 6,000 km2 with a thickness up to 100 m and

assuming radial flow of the PDC, they estimated the DRE volume was at least 30—40 kms. The DRE

volume of the Y—5 ash la ithi J|- i i 30-40 3 (65
yer within the cm isopach contour was also estimated at km

km3 bulk). Their total DRE volume was 60-80 Km3 for the eruption.

Cc:rnell et al. (1983) calculated the ash-ftall layer volume of Y—5 from an isopach map derived by
different cores drilled in the Mediterranean Sea (73 Km3 bulk). The).r then included the ignimbrite
DRE volume proposed by Thunell et al. (‘] 979) in their overall eruption volume estimate. On the
other hand, the bulk volume of the original pyroclastic current deposit was estimated by Fisher et al.
(1993) to be about 500 km3 by circumscribing a circle of deposits with a radius of 100 km, 100 m
thick at the center that thinned to zero at the perimeter of the circle, with no consideration of

topography.

Rc:si et al. (1999) calculated the bulk volume of the Plinian fallout as 15 I(m3 based on the method
proposed by Pyle (1989), in the Cl eruption, the focus of the elliptical isopach distribution
corresponds to a central vent located in the Campi Flegrei caldera center (town of Pozzuoli). The
authors used thickness values from distal outcrops, up to 64 km from the vent. The same technique
was used by Perrc:tta and Scarpati (2003), who estimated a bulk volume of about 4 km3J the different
value of this work being the result of a different isopach model compared to the one used by Rc:si et
al. (‘] 999) |n the same paper Perrotta and Scarpati (2003) attem pted, for the firsttime, to discriminate
between the volumes of the co‘PIinian and co-ignimbrite components. The coarse ash of ultra-distal
deposits was interpreted as the co—PIinian phase, while the fine ash represents the co-ignimbrite
component. The authors evaluated the thicknesses of the two parts and estimated 16 km3 bulk of co-

3
Plinian ash and 100 km bulk of cotignimbrite ash.

These analyses were then improved by Pyle et al. (2006), who used ultra-distal thickness values all
over Eastern Eurcpe. The authors estimated the minimum bulk volume of the Cl fallout at 74 km3 or
31 I(m3 DRE (using magma density of 2,400 kg/m3 and 1,000 kg/m3 bulk deposit density) using
PYIG,S (1989) general observation that many fallout deposits show exponential decay of thickness.
Pyle et al. (2006) compared these results with a second approach based on the rate of thinning of the
distal ash sheets (based on Pyle, 1989, 1990) given that the thickest ash layer in marine cores is in

the order of 10—20 cm, it is most likely that the total bulk ash volume associated with the eruption
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was in the range 74—1 20 km3 (31—50 km3 DRE) (Pyle et al., 2006) Scarpati and Perrotta (2016)

subdivided the fallout into Tive layers (A to E) on the basis of grain size, component variations and

graded bedding. The volumes for each layer were calculated using the exponential fitting method of
3 3

Pyle (‘] 989), obtaining a primary fallout of about 5 km ("“1 km DRE, using a magma density of

2,400 kg/m3 proposed by Rosi et al., ‘]999) and a co‘PIinian ash of about 15 km3 (""7 I(m3 DREJ using

the same magma density as the primary fallout).

A first attempt to collate all the volume estimates was made by Fedele et al. (2003), who considered
the sum of the conservative estimates reported in literature (the sum of the Tallout, the PDC deposits
and the Y—5 ash layer volumes, Thunell et al., 1979, Civetta et al., ‘]997, Rosi et al., 1999) The total
DRE volume they proposed is 200 Km3J using a bulk deposit density of around 1,250 kg/‘m3. Rolandi
et al. (2003) proposed the same volume (200 I(m3 DRE, 320 I(m3 bulk), consisting of 180 km3 bulk of
PDC (1 50 I(m3 in proximal area and 30 I(m3 in distal area, obtained by the analysis of seismic data,
drill-holes, and considering the areal extent of the deposits) and 140 km3 bulk of the distal ash (80

3 in the Meai S 60 km® | - -
km in the editerranean Jea and km as ultra-distal tephra, using an isopach map/.

A similar value was proposed by Giaccio (2006), 215 km3 DRE (385 km3 bulk), who calculated the

volume of the PDC using a complex truncated cone, with a concave surface and variable heights. 70
m up to ‘]O km from the center, 50 m up to 20 km, 20 m up to 45 km and 0 m up to 100 km. Atthe
same time, he proposed a revised isopach map for the fallout deposits, resulting in a volume estimate

of 10 I(m3 (3 I(m3 DRE) Moreover, combining all available data on the distal tephra of C| from the

literature (Cornell et al., 1983, Melekestsev et al., ‘]984, Paterne et al., ‘]986, McCoy and Cc:;rnellJ
‘]990, Cini Castagnoli et al., ‘]995, Seymcur and Christanis, 1995, Narcisi and Vezzoli, 1999, Ton-
That et al., 2001, Uptcn et al., 2002, Seymour et al., 2004), Giaccic (2006) calculated the volume of
the distal fraction as 180 km3 (86 km3 DRE) and thus estimated a bulk volume of 575 km3 (300 km3
DRE) The DRE volumes were calculated using a bulk density, ranging between ‘],400 and 2,500

kg/‘m3 for the ignimbrite, ‘],200 kg/m3 for the distal ash and 800 kg/m3 for the fallout pumices.
3.1.2 From petrological data and numerical modeling

Civetta et al. (1997) is one of the first works that subdivided the volume of the Cl eruption based on
the pumice composition. The authors divided the magma into three differenttypes. a most evolved
one that consists of Plinian fallout and some ignimbrite up to 50 km from the vent (a volume of 25
km3 DRE), a magma with intermediate composition that includes some of the ignimbrite out to its
farthest extent (‘]OO km3 DRE), and a leastevolved magma that includes much of the ignimbrite in
the Campanian Plain (20 Km3 DRE) AII the volume calculations were made by circumscribing
circles with a radius similar to the maximum distance reached from the vent by that magma type and
a thickness that goes from the maximum thickness of ignimbrite of that given composition at the

caldera center to zero at the perimeter of the circle.

Marianelli at al. (2006) proposed different crystallization depths suggested by the results of Cl melt
inclusion studies and then estimated the volume of the eruption directly from a magma chamber
model, attributing 20 km3 DRE to the fallout deposits, and 130 km3 DRE to the ignimbrite. The
method was not explained with more details in the article (Marianelli et al., 2006) Pappalardo et al.
(2008) used petrological data to constrain the pre-eruptive magma storage dynamics analyzing the
different magma compositions for each eruptive phase. |n agreement with Civetta et al. (1 997),
Pappalardc et al. (2008) proposed a total volume of 200 km3 DRE based on a major and trace
element modeling (20 km3 for the fallout and 180 I(m3 for the ignimbrite). The authors used the total

porosity of each analyzed sample, which varies between 036 and 093, with an average of 058

This is a provisional Tile, not the final typeset article
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Ccsta et al. (201 2) proposed a new tephra volume estimate based on the fit of an advection —
diffusion tephra dispersion model to thickness data (mc:re than 100 ultra-distal Iocations). They
obtained a bulk volume of the tephra of 250-300 km3 (104-‘] 25 km3 DRE, the model assumes an
average bulk deposit density of ‘],OOO kg!ms) and a total volume of the eruption of 430—680 I(m3 (180-

280 «m3 DRE).

Scarpati et al. (20‘] 4) esti mated the PDC volume applying egquation (3) (see below) assuming a co~
ignimbrite volume (Vco.g,—.) of 100 Km3 obtained by Perrotta and Scarpati (2003) and a mean vitric loss
of 065 The method is based on the enrichment factor of Walker (1972, 1980) and the vitric loss of

the ignimbrite proposed by Sparks and Walker (‘] 977) The ignimbrite volume (V.g,.) (3) is equal to.

_ Vcoiyﬂ
Vign — pitric loss Vcaign (3)

This method is strongly influenced by the mean value of vitric loss used, which is normally estimated
3
from sporadic point measurements. The bulk volume of the PDC deposits thus estimated is 54 km
3 3
(25 km DRE, using a density of 2,600 kg;lm ) |n the same study, the authors proposed a review of

the previous volume estimations (Scarpati et al., 2014)

The most recent work on the fallout volume was presented by Marti et al. (2016) The authors
recognized two distinct plume phases. the Plinian (VPCO.) and the co-ignimbrite Tall. They applied a
computational inversion method that explicitly accounts for the two phases and fTor gravitational
spreading of the umbrella cloud. Dividing the modeling in two different eruptive phases provides the
best estimate, as they are two different spreading and source phenomena. The Plinian fallout bulk

volume thus calculated is 54 km3 (226 I(m3 DRE, using a magma density of 2,500 kg;fm:i) and the co-
ignimbrite bulk volume as 1539 I(m3 (6‘]6 I(m3 DRE), for a total bulk volume of 2079 I(m3 (842
km3 DRE).

To summarize, the range in volumes is wide (an order of magnitude, 54—500 km3J in bulk volume)
due to the different methods used, which is a problem in view of the importance of such figures in
calculating the impact on climate and the environment. While the computational methods for the
fallout deposits have improved significantly in the past ten years and the related figures for the Cl
fallout phase appear strong and solidly based on field data (Costa et al., 2012, Marti et al., 2016), the
volume figures for the C| ignimbrite are still poorly constrained by field data and lack well-assessed
(epistemic) uncertainties. The ignimbrite volume also affects the estimate of the volume of elutriated
co-ignimbrite ash, which is the dominant fallout phase across Europe and the main fraction of ash

injected into the stratosphere by the eruption (e.g., Costa et al., 2018)

4. Methods

4.1 Investigated CI eruptive unit

|r1 order to reduce this wide range in volume estimates, we focus on constraining the volume of the
ignimbrite deposits of the Cl, as this is the most poorly constrained at present. We use volumes
calculated by Perrotta and Scarpati (2003) and Marti et al. (201 6) for the initial pyroclastic Plinian
fall phase and the co-ignimbrite fallout to estimate the total erupted volume. Our Cl isopach map is
based on previous published data, new fieldwork and the assessment of the paleo-topographic control

exerted on the deposits thickness distribution.
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4.2 Density measurements

More than 40 samples from different outcrops scattered around the Campanian Plain were analyzed
to determine their density. Samples were cut in cylinders (With radius between 09 and 2 cm and
height between 08 and 57 c:m) or cubes (sides from 08 to 25 cm) and analyzed using a
Micromeritics Accupyc || ‘]340 helium pycnometer. The instrument provides a standard deviation for
each measurement that was used to evaluate the density errors. The resulting density was used to
interpret total and open porosity. Open porosity was estimated with geometric (Vg) and matrix
volume (me): 100*(\/9—\/,”,),’\/9, while closed porosity was determined using the DRE of the WG|
and Piperno powder, which was obtained by the pycnometer. The totar pOl‘OSity ((Pt) was calculated

directly by summing closed and open porosity. The density is used to determine the DRE volume.

4.3 Database and fieldwork

ublished data regarding thickness and outcrop locations were collected from papers
P Cl 42
(presented in Data Repositcry, Table ‘]) The data were inserted in a GlS Open—Source QG'S 34

(https:frfrwww.qqis.orqtlit/sitel'l) database including 238 localized outcrops. The database includes the

location name, the lithological description, the geographic coordinates, the elevation a.s.l., the
thickness of the flow units (spec:ifying whether total or minimum outcrop thickness), the maximum
lithic dimensions and the degree of welding. Where both base and top of the Cl are exposed, the
thickness is classified as total and elsewhere it is considered a minimum thickness. The database

reports raw thickness data and adjustments due to erosion are explained later on.

This database has been augmented by our field data acquired in 97 locations (presented in Data
Repository, Table 2), both in proximal and distal areas (Fig. ‘]A) At these new field sites,
information on total or minimum thickness, to verify the local stratigraphy, and the relation of the

ignimbrite to topography was collected.

4.4 Defining the CI PDC deposit extent

The O-m isopach is an ocouter limit beyond which the C| is not present, and it delimits the current areal
distribution of the ignimbrite outcrops. The isopach was reconstructed through a first phase of

revision of the geoclogical maps already existing at the scale 150,000 or 1100,000 (Servizio
Geologico d’Ttalia, 1963, 1965, 1966, 1967, 1971a, 1971b, 1975; ISPRA, 2009, 2010, 2011a, 201 1s,
20“”-:, 201‘]11, 20143, 201413, 2016, 20‘] 8) The contact was traced between the Cl and older units and

extrapolated where C| does not crop out. |r1 this circumstance, the ignimbrite is generally covered by
younger deposits, so it is necessary to assess if the C| was emplaced in these locations. Tc do this, a
statistical and morphological analysis of the slope of the top of the Cl was applied and a comparison
between the topography and the average slope of the Cl top was carried out. Where the slope angle is
comparable, the area was included in the O-m isopach, even if Cl does not crop out. The underlying
basement (mostly Meso-Cenozoic calcareous or flysch roc:ks) has generally higher slope angles than
the Cl (for example the Apennine flanks), so the Cl produces a morphologically distinct slope. The
isopach was traced to leave out high-slope areas and no primary Cl deposition was interpreted. The
slope analysis was performed on a slope map developed using a 10—m resolution Digital Elevation
Model (DEM) (Tarquini et al., 2007, Tarquini et al., 201 2, Tarquini and Nannipieri, 20‘] 7) The
statistical and morphological analysis of the upper surface of the C| used 48,804 points distributed

throughout the areal extent of the deposits (bc:th in proximal and distal areas).

This is a provisional Tile, not the final typeset article
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4.5 The isopachs

To determine the isopach locations, two different methods were used, one in the proximal area to
medial (from the caldera to the base of the Apennine Mountains, including the Campanian Plain) and
one in the distal area. The almost complete lack of outcrops in the Campanian Plain and the valley~
ponded depositional style in the ridge-valley topography of the Apennine Mountains (Rosi et al.,

‘]983, 1996, Perrotta et al., 2010, I_angella et al., 2013, Scarpati et al., 2014, 2015a, Sparice, 201 5,

Fedele et al., 20‘] 6) make these different approaches necessary.

|n the proximal-medial area, data from the literature (Ortolani and Aprile, 1985, Scandone et al.,
‘]991, Bellucci, 1994, Rolandi et al., 2003, Milia and Tc:rrente, 2007, Torrente et al., 2010, |SPRA,
20“”d), consisting of more than 300 thickness values of C| from boreholes, outcrops and geological
sections were used to fit isopachs on the map (Online Supplementary Material). |n the distal area, the
isopach locations were based upon our field observations and a reconstruction of the pre-C|
topography (Fig. 2), which was a separate analysis based on series of ™~ 150 profiles in the Apennine
MDL]FItEiI"IS, drawn to coutline the trend of the valleys (Fig. ZB) The coastline of the Mediterranean
Sea at the time of the Cl emplacement (398 ka) was lower than today. Based upon limited sea-level
correlation work in the Mediterranean basin (l_ambeck and Bard, 2000, Antonioli et al., 2004,

)‘B\ntonioliJ 201 2), we assumed a sea level between 75 m and 87 m below the present level.

Topographic cross-sections were traced orthogonally to the center of the valley and to the contour
lines, including the flanks of the reliefs and the O-m isopach. The slopes of the valley above the Cl O-
m isopach were extended and gradually deepened toward the valley center in order to reconstruct the
paleo~-valley with an inclination of the sides similar to the current slope, always taking into
consideration the geclogical and morphological features (Fig. ZB), and assuming that the Mesc-
Cenozcic mountain slopes have not significantly changed since 40 ka. The base elevation of the

paleo-valleys is constrained by Tield data where the C| base has been measured.

These reconstructed valleys culminate generally in a V shape, not considering the Cl that filled them,
with the bottom elevation, for each profile, representing the paleo-valley floor. AII these elevations
represent the ancient pattern of the valley bottom, for this reason, they were modified if they were

inconsistent with the progressive downslope decrease in elevation towards the sea.

FinallyJ the neo-incision of rivers in the profiles was “fﬂled ].Il”, s0 as to remove the linear erosion of
the last 398 kyr, drawing a line that reproduces the original ignimbrite deposit before that the erosion
occurred (Fig. ZB) The C| thickness is calculated from these modified profiles, and it is from the top
of the deposit obtained by the profiles into the paleo-valley slope. HOWEVEF, the thickness is always
constrained by field data of the Cl thickness and by the geoclogical maps. These thickness values are

then reported on the isopach map.

AII the isopachs were traced in accordance with fieldwork, looking both to the base Cl elevation and
the Cl thickness, the geclogy of Meso-Cenozcic valley sides and, finally, the present-day drainage
network compared to the paleo~-valleys during the eruption (Fig. 2) Where these data were not
consistent, an adjustment in some profiles was necessary. |n some cases, a correction was made for
an over-thickening in the valleys caused by an over-deepening of the extended valley sides, not
consistent with field observations. In these cases, the thickness was modified in coherence with

fieldwork.

We use, as a starting point for the volume estimate, the ignimbrite deposits volume obtained from the

detailed isopach map. This information is lacking in previous estimates of the Cl volume. We refer to
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all PDC units of the C| as the C|, without distinguishing them: in the medial and distal outcrops, the

C| is mainly composed of WG'

5. Results

5.1 The isopach map

The morphological analysis shows that 64% (31,057) of the points have slopes lower than 50.
Morecver, 88% of the points have slopes lower than ‘]50 and 99% have a surface slope lower than
550 (Fig. 3) The C| slope values are consistent with field observations during this work and in

agreement with the observation on the slope of the top surface of the valley-ponded Taupc

|gnimbriter which is around 8o (Wilson and Walker, 1985)

Based on these results, the O-m isopach was traced to enclose all the mapped Cl and areas that
probably have the C| below the recent sedimentary cover, they have a slope less than 150 and they
are in contact with mapped C| outcrop. The 150 slope is consistent with the results, and it allows the
inclusion of all the possible C| extent. With this approach, some Cl-containing valleys are isolated
from the main C| deposits (Fig. 4) The isolated valleys contain some Cl outcrops, but they are
confined by high slope or basement deposits nearby, and they are separated from the main ignimbrite
by post—emplacement erosion. The total area enclosed by the O-m isopach of the Cl is 3,216 km2 (Fig.
4) To understand also the total area of the region inundated by the PDC, and avoid underestimation,
a shape was drawn comprising all the maximum areal extension of the isopach O-m. The enveloped

area is 6,095 km2 (Online Supplementary Material), similar to the 6,000 km2 estimate of Thunell et

a1, (1979).

The isopach map traced in the proximal area does not include the intracaldera deposits. The
maximum thickness in proximal areas is 80 m (Fig. 5), mainly based on outcrops near the caldera
rim, the Cl thins gradually away from the caldera margin. The detailed isopach maps show the area
of thickening or thinning in the Campanian Plain and in the Apennines (Fig. 6) The isopach for the
distal reaches has a maximum thickness of 50 m in the Valle dei Maddaloni (Fig. 6C) |n distal areas,

a series of confined valleys show local thickening.

5.2 Density of the CI deposits
The bulk de]]Sity (p) of the WGI Samples ranges from 145+ 15 Kgxm3 to 1,330 +3 kgxms, with an

average or 980+ 11 kgf‘ma (see section 4.2 to methods on how the errors were calculated). Error-free
measures for all samples follow a Gaussian distribution with a standard deviation of the Gaussian
probability density function of 12/ kg/m3. The buik density of the Piperno unit ranges from 1,2/5+ 8
kg/‘m3tc: 1,302 £ 2 Kg/ma, with an average of 1,287 4 kg!‘m3 (presented in Data Repository, lable
3) The totat WG porosity ranges from 49 £ 5% t0 71 £ 5% and the average is 61.6 £5%. The
average for the Piperno unit it is D0+ 1%. The total porosity matches with the range used by
Pappalardc et al. (2008) The P DRE is 2,607 + 317 kgfma, which is in agreement with the magma

density used by Sc:arpati et al. (201 4) The DRE volume is determined multiplying the bulk volume

by (100- .)/100.

5.3 Deposits volume calculation

Data were plotted in a semi-logarithmic plot (Fig. 7) in which thickness (T) and area (A) follow the

relation. TZTmax'exp(-k‘IA) (Wilscn, 1991) Tmax of the Cl from this relation is 7‘]3 m (the measured

-2

value in the Tield is 80 m), k] is equal to 10_3 m and r2 is 0929 These values were obtained plotting

thickness and area with the same unit (m)

10

This is a provisional Tile, not the final typeset article



421
422
423
424
425
426
4217
428
429
430
431

432
433
434
435

436

437
438
439
440
441
442
443
444
445
446
447
448
449
450

457

452
453
454
455
456
45]
458
459
460
461

462
463

Magnitude of the Campanian Ignimbrite

Fcllowing this equation, the volume is the definite integral of the function, where the area of each
isopach was calculated directly from the QG'S software. Table 2 displays the values of the area and
the volume for each isopach extrapolated by the function (Fig. 7) Summing all the isopach volumes,
the total volume of the preserved extra-caldera Cl deposits on land is 682 + 66 km3 (268 + 26 km3
DRE) The sources of error and the uncertainties were calculated separately for the proximal and
medial area and for the distal one, their calculation is explained in the Online Supplementary

Material. The Cl volume was compared to other ignimbrites, whose bulk volumes span three orders

of magnitude: the I_und |gnimbrite (4,400 km3; Best et al., 201 33), the Greens Canyon Tuff (GCT,
600 kms: Best et al., 201 33), the Petrcglyph Cliﬂ= (40 kms,' Best et al., 201 33), the Oruanui |gnimbrite
(300 kma,' Wilscn, 1991) and the Pczzolane Rosse ignimbrite (RED, 35 km3,' Gic:rdanc: et al., 2010,
Gic:rdanc: and Dcrcnzc, 20‘] 7) (Fig. 7)

To understand the extra-caldera volume subdivision in proximal and distal areas, the isopach map is
divided into two parts, one comprising all the Campanian Plain, and the other from the first Apennine

ridges to the final runout (Fig. 5) The resulting extra-caldera volumes are 486 + 1 7 km3 in the

proximal area ("‘70%) and 196 =+ 49 km3 in the distal area (""30%)

6. Discussion

The linear relations between log]) thickness and area presented in Fig. 7 show all the ignimbrites
have r2 values above 09 k] varies between 10_4 m_2 and ‘]0_3 m_2 for each ignimbrite, but it seems that
bigger ignimbrites (I_und and Oruanui ignimbrites) have lower k] values. The concavity of this curve
gives information on the aspect ratio of the deposits. concave-upward curves (i.e. convex) refer to
low-aspect-ratio deposits while concave-downward curves apply to high-aspect-ratio ignimbrites
(Wilson, ‘]991) The C| shows an intermediate aspect ratio, with the first part of the curve upward
and the second downward, which reflects the field evidence, noticed during the fieldwork, of both
low and high aspectratio behavior of the C| GCT and RED show a similar change in concavity. The
RED shows similar features to the Cl inthe field. both ignimbrites encountered topographic barriers
perpendicular to the flow, such that the RED climbed topographic barriers as high as 400 m
(Giordanc et al., 20‘] 0) while the C| overtopped 1,000-m barriers. Suc:h interaction has an important
role in the flow dynamics (e.g., Bursik and Wocds, 2000, Andrews and Manga, 2011) and it is
associated with a decrease in carrying capacity and an increase of the sedimentation rate (Gicrdano,

‘]998) The change of the curve concavity could directly show the sedimentation rate fluctuations.
6.1 Extracaldera volume

The data from this work were compared with Ruberti et al. (2020), who proposed contour maps of
the lower and the upper surfaces of the C| for the northwestern sector of the proximal-medial area,
based on 1,000 lithostratigraphic logs from boreholes. The extrapolated thicknesses from their maps
were compared with the isopach map of this work by drawing a new proximal isopach map based on
their contour maps. The volume calculated from this new isopach map is 465 kms, 21 km3 less than
the volume we estimated. This difference is included in the 66 Km3 of the total volume error and
uncertainties here presented. The data proposed by Ruberti et al. (2020) were not inserted in the
isopach map reported in this work to avoid error propagation due to data coming from contour maps
rather than deposit thickness measurements. However, a greater thickness in the Volturnc Plain

compared to this work could be considered, as proposed by Ruberti et al. (2020)

The error and uncertainties associated with our volume estimate of the terrestrial Cl ignimbrite

deposits (682i66 km3) are less than 10% (Online Supplementary Material), a good precision

11
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considering that many published estimates of eruption volume may be barely more precise than one
order of magnitude (Mason et al., 2004) The accuracy of the applied method is also due to the
development of the O-m isopach areal extent. Cutler et al. (2020) demonstrated that the inclusion of
zero values improved the modeling and the volume calculations for tephra layers of Mount St Helens.
Morecver, the complexity of the isopach shapes, instead of simplified oblate shapes, allows better
consideration of ravw thickness data and lessens inaccurate volume estimates (Engwell et al., 201 5)
This method can now be applied to ignimbrite deposits, with a good parallelism between flow and

fall volume calculations.

The volume we presented above is not the total volume of the Cl PDC deposits, but the preserved
extra-caldera ignimbrite volume and several corrections must be applied to this value (Mason et al.,
2004, Fc:lkes et al., 20‘] 1) Each factor has relative uncertainties, but here we constrain them to a
well-defined preserved extra-caldera volume and we analyze each minimum and maximum volume.
A significant amount of pyroclastic material was deposited in the sea and within the caldera,
significant erosion has occurred in the last 398 kyrs, and a large amount of coTignimbrite ash

elutriated or rose into the air as a column.

The reconstructed isopachs do not consider the linear erosion due to river incision of the Cl so the
possible areal erosion must be calculated. The linear erosion is related to the selective erosion due to
rivers, while the areal erosion comprises all the regional processes that occurred in the area. The
deposits of WG| show a mainly valley-ponded deposit pattern, in many areas where the ignimbrite
was deposited in narrow valleys (for instance near Roccamcnfina), the only unit that mantles the
topography is USAF, while the upper surface of WG' is mainly horizontal (Fig. 3) (Sparic:eJ 201 5)
This suggests that USAF is a Tacies emplaced over a wider area than WG', comprising also
topographic highs with mantling and veneer features, but was then subjected to significant areal
erosion (Wilson, ‘]991) The thickness of USAF is mainly between 10 cm and J| m: in rare cases, it
can reach 3 m (Fedele et al., 20‘] 6) A median thickness of 1 m is assumed as eroded material for all
the enveloped area (6,095 km2, projected area) not covered by valley-pond facies, as a reference for
the areal erosion. Tc calculate the erosion, we used the real surface of the enveloped area. The real
surface is the actual surface of an area, not its projection, and it considers also the mountain slopes.
From the DEM, the real surface was computed at 9,575 kmz. The volume associated with the areal
erosion, on the real surface, is 96 km3 (Ve) (37 km3 DRE, using the average density of WG') This is
a correction based on field observations (USAF mantling the topography) and an average calculation
(the thickness and the area) could vary if the eroded thickness, or involved area, are substantially

different from those assumed here.

The CF caldera is located near and below the current sea-level but, about 40 ka, the coastline was
farther to the southwest corresponding to a level between 75 and 87 m below its present position
(l_ambeck and Bard, 2000, Antonioli et al., 2004, Antc:nic:li, 20‘] 2) (Fig. 8) Based on the distribution
on land of the ignimbrite, the assumed radial spreading (Thunell et al., 1979, Fisher et al., 1993, Ort
et al., 2003), and the position of the CF caldera relative to the coastline (Fig. 8), aroughly equal
amount of material should be present both on land and offshore. The bathymetry offshore shows
depressions and valleys south of the caldera that could be areas of ignimbrite deposit accumulation
(Fig. 8) Flow deposits of Kos and Krakatau demonstrate that PDCS can travel considerable distances

above sea water (Carey et al., 1996, Allen and Cas, 200‘], Dufek and Bergantz, 2007) and it is known

the Campanian PDC flowed over the water of the Bay of Naples to deposit on the Scrrento Peninsula

("“-’ 35 km from Pozzuoli Bay to Sorrentc) (Fisher et al., 1993)

12
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The occurrence of turbidity currents in the Mediterranean basin coeval with the eruption was

confirmed by analyses of the core CT85-51n the Tyrlhema]] Sea (40019,02”N, 11015,42”]5), more
than 200 km west of the CF caldera (Cini Castagncli et al., 1995, Giac:c:ic:, 2006, Giaccio et al., 2006,
Hajdas et al., 2011) The 45-cm-thick Cl tephra recognized within the core was used as an important
time marker. The nearby CT85-6 confirmed the presence of the C| tephra, but it was less studied as
its record is shorter and the Cl tephra is not reported Tully (Hajdas et al., 2011) The C| layer contains
shallow wwater gastropods and internal lamination, which indicate that at least 10 cm of the section are
from turbiditic origin (Cini Castagnoli et al., ‘]995, Giaccio, 2006, Hajdas et al., 2011) These
volcaniclastic currents related to the C| eruption are reported throughout the Tyrrhenian basin
(McCoy and Cc:;rnellJ 1990, Giac:c:ic:, 2006) and interpreted as the results of large syn-eruptive
transport of the C| material as the PDCS entered the water. The turbidity currents can be reasonably

considered as primary products of the eruption (Giaccio, 2006) Milia et al. (2020) report the
presence of a debris flow related to the Cl eruption in the CETZ core (3905523'N, 1400756' E) and
an erosive surface in the nearby CET] core (3905469I N, 1400665 E), both located in the lower

?
bathyal zone offshore of the Campania margin. These authors recognized the Cl S impact in the area

and the possible generation of a tsunami related to the eruption.

Fc:r these reasons, a large amount of underwvwater material is realistic and, because of the nearly equal
radial area covered by sea versus on land, is considered equal to the on-land material, so each is

3 3
considered to have a volume of 682 km i 66 km (Vm) However, the total volume that entered the

water during and after the eruption was equal to the preserved volume on land plus the eroded

volume (682 km3 + 96 kma).

6.2 Intracaldera volume

Wells were drilled since the 19405 to understand the deep geothermal system in Campi FlegreiJ
reaching depths of 1,600—3,000 m below ground surface (Rosi and Sbrana, 1987) A strong
hydrothermal alteration was recognized, with four main zones marked by distinctive mineral
assemblages. These wells reached the C| units, but the extensive hydrothermal alteration prevented
its identification. Due to the high uncertainties of correlating C| deposits inside the caldera, the
isopach map was traced without the intracaldera area and the intracaldera volume was not estimated

in this work.

More recently, a 506—m borehole was drilled west of Naples, penetrating both the NYT and C|
(Mormcne et al., 2015, De Natale et al., 2016) The hydrothermal alteration in the proximity of Cl
(around 439 and 50‘] m) was recognized and made the correlation with the deposits extremely
difficult. chever, through lithological, mineralogical and 40Ar/‘39Ar dating the authors recognized
around 250 m of intracaldera Cl (De Natale et al., 20‘] 6) This thickness value was previously
observed through geological and geophysical features (Tcrrente etal., 2010) The ignimbrite volume

3 2
inside the caldera was then estimated at less than 16 km , using a caldera dimension of 64 km (De

Natale et al., 2016)

There are some uncertainties due to the caldera S {IUe Shape. Vitale and Isaia (201 4) proposed a 12-
km-wide polygonal caldera, which corresponds to an area of 144 Km2J while De Natale et al. (2016)
suggested a minimum area of 64 km2. Considering an average thickness of 250 m of intracaldera
deposits (De Natale et al., 2016), and an area varying from 64 to 144 km2, the intracaldera volume
(Vimr) ranges between 16 km3 and 432 km3 (79-214 km3 DRE, using the proximal unit density of

the Pi pern o).

6.3 Distal tephra volume

13
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The C| tephra is an important correlation tool and time marker for Quaternary stratigraphy in
different basins and archaeological sites in Western Eurasia. The tephra layer is visible in numerous
sedimentary records, including marine (Keller et al., ‘]978, Paterne et al., 1986, ‘]999, Ton-That et al.,
2001), terrestrial sequences (Veres et al., 201 3), cave-entrance environments (Fedele et al., 2003,
Giac:c:io et al., 2008), lacustrine records (Narcisi, 1996) and archaeological sites (e.g., Badino et al., in
press and references therein). The occurrence of the C| tephra in archaeoclogical sites helps to address
the human bio-cultural evolution at the Middle—Upper Paleolithic: transition in |ta|y (Castelci\.uritaJ

Serino and Grotta del Cavallo sites,' Gambassini, 1997, Giaccio et al., 2008 and references therein;

I_owe et al., 20‘]2, Wood et al., 20‘]2, Zanc:hetta et al., 20‘] 8), in Montenegro (Crvena StiJ’ena: Morley
and Woodward, 20‘]1, Mihajlovic and Whallon, 201 7), in Greece (Douka et al., 2014, Zanchetta et
al., 20‘] 8) and in Russia (Kostenki; Giaccio et al., 2008 and references therein). |n very distal sites, it
can be found as a cryptotephra not visible to the naked eye, but clearly useful as an absolute and

relative chronological and stratigraphic marker (I_owe et al., 20‘] 2)

Defining the distribution of the ultra-distal deposits is a difficult task due to the limitation of the Tield
data available and to the thinning of the ash layers. Underestimation of the deposit volume can be
derived by simple extrapolation from proximal, medial and distal data to the ultra-distal region. The
case of the C| is complicated by the presence of both co-PIinian fallout ash and co-ignimbrite fallout

ash, both transported fTar from the vent through to Eastern Europe and Russia (Thunell et al., 1979,

Cornell et al., 1983, Narc:isi and Vezzoli, 1999, Fedele et al., 2003, Giaccio et al., 2006, Pyle et al.,
2006, Engwell et al., 20‘]4, Smith et al., 2016)

Nevertheless, the ultra-distal tephra volume is necessary to define the total C| eruptive volume.
Sparks and Huang (‘] 980) recognized the bimodal grain-size of the ultra-distal deposits of the Cl,
interpreting the coarse lower unit as formed during the Plinian phase, and the finer upper unit as the
co-ignimbrite phase. These features were also observed by Wulf et al. (2004) at Monticchio |_ake.
Sparks and Huang (‘] 980) estimated that the fine layer represents, on average, 65% of the tephra
volume and increases in proportion away from the vent, from 20% at 450 km to 95% of the deposit at
‘],660 km from the vent. However, an absolute volume for each phase was not defined. The
decreasing of Plinian material with distance from the source was also observed by Engwell et al.
(2014), who used the grain-size data to investigate the dispersal of the co-PIinian and the co-
ignimbrite phases. The authors calculated that 40 =+ 5% of the volume of tephra within 850 km of the
vent is related to the Plinian phase (as a conseqguence, around 60% relates to the co-ignimbrite phase,
in agreement with Sparks and Huang, 1980) Furthermore, they recognized the difficulty in
quantifying the absolute volume of the two phases, due to the complexity of separating the two layers

in more distal deposits.

Smith et al. (2016) used the Cl tephra glass composition to map the dispersal of the Plinian and co~
ignimbrite components over the dispersal region. Based on the glass composition, the authors
recognized that the PDC component is dominant in the ultra-distal deposits, and the PDC produced

the most voluminous deposits of the eruption.

Sum marizing, a significant part of the pyroclastic current was elutriated or rose into the atmosphere
as a coignimbrite cloud during the eruption and dispersed to the east (Thunell et al., 1979, Cornell et
al., ‘]983, Perrotta and Scarpati, 2003, Pyle et al., 2006, Engwell et al., 20‘]4, Sc:arpati and perrottar
20‘] 6) The co-ignimbrite phase was a substantial part of the total volume, but it remains difficult to

define the associated absolute volume rather than as a percentage of the tephra layer.
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6.4 The volume, mass and magnitude of the CI eruption

The bulk ignimbrite volume (V.gn) (4 and 5) without the co-ignimbrite phase can be estimated as

follows.
Vignmin = Vor + Vi + Viner + 2V = 61.6 + 61.6 + 16 + 9.6 + 9.6 = 158.4 km? (4)

and

Vignmax = Vor + Van + Viger + 2V, = 74.8+74.8 +43.2+9.6 +9.6 = 212.0 km®>  (5)

The total bulk PDC volume obtained using (4) and (5) is 1584—2120 I(r'r'|3 (Table 3) The co~

ignimbrite volume (vcmg,—.) is estimated using the formula (6) based on the crystal concentration

method proposed by Scarpati et al. (2014) (3)

Vitric loss+Vig, _ 0.65+V;g,

= = _ 3
Veoign = S imrictoss — 12065~ 20+2 393.7 km ©6)

The co-ignimbrite volume, using a vitric loss of 065, ranges between 2942 km3 and 3937 I(m3
(1158 km3 - 1550’ km3 DRE), producing the highest of all previous estimates. Hc:rweverJ chgn could
change significantly based upon the value of vitric loss used. Walker (‘] 972) proposed a vitric loss of
055 for a WG' outcrop at Altavilla, near Benevento. Using this datum, the co-ignimbrite bulk
volume decreases to between 1936 kr‘r‘|3 and 2591 km3. |n this work, we use 065, as proposed by
Scarpati et al. (2014), which is an average of more samples located in several distal sites all over the
C| distribution, and from different units but it is not far from 055 proposed by Walker (1972)
Because the calculation of the vcmg,—. is beyond the purpose of this work, an alternative is to use the

3

minimum and maximum co~ignimbrite volume reported in the literature, which are between 72 km
and 1539 km3 bulk (31 km3—61.6 km3 DRE, respectively from Pyle et al., 2006 and Marti et al.,

20‘] 6), but it is worth considering that this may be a significant underestimate.

The total volume of the material erupted during the PDC phase of the Cl eruption ranges between
4526 km3 and 6057 I(r'r'|3 (‘] 758 km3—242.6 km3 DRE) (Table 3) This estimate is based on the

preserved deposits of the Cl Among the previous estimates presented in the literature, the closest to

our PDC volume are those proposed by Giac:c:ic (200’6) and Pappalardc et al. (2008)

Using the previously published fallout volume (the minimum and the maximum proposed, Perrotta

and ScarpatiJ 2003, Marti et al., 20‘] 6), in combination with our PDC volume, gives a total eruptive
volume of all eruptive phases of 4566 I(r'r'|3 to 6597 I(r'r'|3 (1 775 km3—265.2 km3 DRE) (Table 3)

However, any of the previous estimates for the fallout volume could be used in our total volume

estimate. These values are similar to some previously proposed total volumes (Cornell etal., 1983,
Fedele et al., 2003, C‘JiaccioJ 2006, Pyle et al., 2006, Pappalardo et al., 200’8, Costa et al., 20‘] 2), but

they are constrained, for the Tirsttime, by direct thickness measurements of the ignimbrite deposit.

The mass associated with this volume, using our density estimate is (7)
massp, = 177.5 km3 2,608 kg/m3 = 4.63 « 10'*kg (7
And (8)

MASS ey = 265.2 km3 « 2,608 kg/m3 = 6.92 = 101*kg (8)
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and the magnitude (M) (9) (Mascn et al., 2004)
M =log10(mass)—7=7.7-17.8 9)

This value is consistent with a VE| 7 and a M = 77—78 and confirms this eruption as the largest

C}uaterrlar:,ur event in Eurcpe, as proposed previously in the LAMEVE project (M = 77, Crcsweller et

a1, 2012).

7. Conclusions

The C| eruption is the largest eruptive event of the CF caldera and a fundamental chronological
marker in all Central and Eastern Europe. Here we presented areview of previous estimates in the
scientific literature and proposed a new method to trace ignimbrite isopachs based on the
extrapolation of the paleo-topography. |t works well in valley-ponded ignimbrites such as the Cl, and
allows the calculation of well-defined uncertainties in the on-land total volume. Before the present
study, no complete isopach map of the ignimbrite was available, due to the high irregularities of the
deposits. A new isopach map of the extracaldera sub-aerial Cl pyroclastic flow deposits yields a
volume of 682 I(m3 =+ 66 Km3J based directly on deposit thickness values. The greater part of this
volume is in the proximal area (486i17 kms, ""70%) while only around the 30% of the volume is in
the distal region within the Apermirle Mcuntains (196 + 49 kms). The method, similar to those used

for tephra deposits, can be used on other ignimbrites, to produce more accurate volume estimates.

E\.ridenc:e suggests that the same amount of material should be both on land and offshore (assuming
radial spreading of the flcw). The generated submarine currents could have deposited a large amount
of volcaniclastic deposits in all the submarine canyons in the Gulf of Naples and in the Tyrrhenian
Sea and possibly had a strong impact on the undervwater dynamics of that area. Combining separate

estimates of the marine volume, the volume removed by erosion, the intracaldera volume, and the co-

ignimbrite ash volume yields a total volume of 453 km3to 606 km3 (1 76 km3—243 km3 DRE) for the
PDC deposits. These values are in agreement with Giac:c:ic: (2006) and Pappalardc et al. (2008),

although it is the Tirsttime that they are calculated by direct measurements with constrained error
estimates. This work deals with the importance of constraining eruptive volume with Tield data,
presenting a rigorous method to develop ignimbrite isopachs that avoids the inaccuracy of
approximate techniques and defines step-by-step techniques for isopach construction and the error
corrections. This is the first attem pt to estimate ignimbrite volume in a comparable way to tephra
fallout volume and by direct thickness data. The development of isopach maps for ignimbrite
deposits, especially in complex topographic areas, is the most accurate instrument to calculate
ignimbrite volumes, and is better than approximate technigues using average thicknesses or conical
shapes. A rigorous definition of the O-m isopach, the isopachs and each correction factor is necessary

to avoid inexact volumes, Field data remain an essential tool to constrain primary properties of

PDCs.

The total (including Plinian fallcut) final volume estimate is 457 km3—660 km3 (177 kma— 265 km3

14
DRE) This volume corresponds to a mass of 46 - 69 X 10 kg, to a magnitude of 77 - 78 and to a
VEl 7 This was a high-impact event that likely had significant effects on the climate and populations
of the Paleclithic Eurcpean region and is a proof that the Campi Flegrei volcano was able to generate

a devastating eruption of this dimension.
2 Article types
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3 Manuscript Formatting

3.1 Figure legends

" - Calra Boundary
| Campanian Ignimbrite (CI)
@ Studied localities

14°0'E 15°0°E

Figure 1. The Campanian Ignimbrite distribution. (A) The Campanian Ignimbrite distribution in the
Campanian region (the base map is from Google Satellite), defined merging fieldwork and
geological maps (Servizio Geologico d’Italia, 1963, 1966, 1967, 1971a, 1971b, 1975; ISPRA, 2009,
2010, 2011a, 2011b, 2011¢c, 2011d, 2014a, 2014b, 2016, 2018). Blue dots indicate the location of the
studied exposures (coordinates are reported in the data repository). (B) Dispersal area of the CI
tephra from the Campi Flegrei caldera (red star), modified from Giaccio et al. (2017). The maps
were generated using the QGIS Open-Source 3.4 (https://www.qgis.org/it/site/).
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A kv;sfe 14°} a 14°34°E

0 1 2 km

14°29°E

Bl AW Profile P-P’ SE

— i Campanian Ignimbrite -'
Ay ,._____SIOpe dRposits P g 20m 10m " Carbonates

684 Base height of the valley pre-Cl: 135 m

685  Figure 2, The topographic reconstruction in the Sant’Agata dei Goti area (reported in the right

686  corner, the red star is the vent). (A) A series of profiles traced to study the paleo-valley, the red dots
687  are the studied outcrops where the CI is exposed. The red lines represent the river network developed
688  through the QGIS software, while the black line is the O-m isopach. (B) Reconstruction of the paleo-
689  wvalley in profile P-P’, the base elevation is constrained to the CI base observed by fieldwork and to
690  the current slope of the valley. The resulting thickness is coherent with fieldwork, so where

691  thicknesses are too high, they were not considered and the isopachs were traced up to a realistic

692  thickness. The numbers represent the thickness of the CI in meters. The different colors represent

693  different types of deposits, while the dashed red line, is the linear erosion that occurred in 39 kyrs.
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Measured slope of the present day Cl upper surface
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695  Figure 3. Frequency of the slope of the upper surface of the CI. At least 80% of the exposed CI upper
696  surface slopes less than 10°. The areas with slope greater than 35° are related to river incisions and
697  CI escarpments.
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699  Figure 4. Reconstruction of the areal extent of the ignimbrite deposits, enclosed within the 0-m

700  isopach is shown in orange. The total area covered by the preserved deposits of Cl is 3,216 km?, the
701 envelopment with a shape is equal to 6,095 km? (Online Supplementary Material). The isolated areas
102 from the source are due to the erosion of veneer facies.
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Figure 5. Isopach map of the preserved extra-caldera deposits of the Campanian Ignimbrite. This
map refers only to the ignimbrite deposits; it excludes the Plinian fallout and the co-ignimbrite ash.
The different colors for each isopach are reported in the map key. The red dashed line divides the

proximal and the distal area.



Magnitude of the Campanian Ignimbrite

_

Volturno Pm

—=—- Caldera Boundary
Isopachs

ERRRRNA0[]
5

108

22

This is a provisional Tile, not the final typeset article



109
110
111
112
113
114
115

116

117
118
119
120
121
122
123

Magnitude of the Campanian Ignimbrite

Figure 6. Detailed isopach maps of selected areas of the Campanian Ignimbrite (excludes fallout):
(A) north of the caldera, between Lago Patria and Acerra, (B) northern part of the Campanian
Plain; (C) Apennine ridges east of the Campi Flegrei caldera and the Valley of Maddaloni, (D)
Roccamonfina and Mortola, in the north of the studied area; (E) Volturno plain and San Lorenzello
area, northeast of the caldera; (F) distal area of Avellino, southeast of the caldera; (G) Sorrento
peninsula, in the southern part of the studied area. See section 4.5 to detailed methods on how the
isopachs were traced.
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Figure 7. Thickness (in log scale) versus the cumulative area enclosed in that thickness of each
isopach of different ignimbrites (the CI in orange; the Lund Ignimbrite in red, Best et al., 2013a;, the
Greens Canyon Tuff in green, Best et al., 2013a; the Oruanui Ignimbrite in blue, Wilson, 1991, the
Petroglyph Cliff in pink, Best et al., 2013a; and the Pozzolane Rosse Ignimbrite in yellow, Giordano
and Doronzo, 2017). The dashed lines represent the fit of each ignimbrite. The values of the fitting
(Tmax, k1, and 1°) are reported in the upper right corner. The plotted CI points are those obtained by
the isopach map. The CI volume is the integrated area displayed in orange.
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15.000

% | -— Caldera Boundary
| Bm Inferred Campanian Ignimbrite (Om)
- A _ - Coastline (39.8 ka)

’. 3| =P PDC radial spreading
. “‘ s i iy - 3

)

124

125 Figure 8. Bathymetry of the submerged area of the Campi Flegrei Caldera. The red line is the 40 ka
126 coastline, equivalent to -75 — -87 m of the present one. The blue arrows indicate the possible radial
127 spreading of the PDC based on outcrops disposed radially from the center of the Caldera (yellow
128 star) and turbidity currents in the Tyrrhenian Sea. Accumulation of volume south of the caldera is
129  credible, due to the large submarine depressions and valleys.

730 3.2 Tables

131 Table 1. Bulk and DRE (*) volume calculations proposed for the CI eruption by different authors. Y-
132 5 refers to those studies that did not identify the co-Plinian and co-ignimbrite contribution. The

733 methods are described in the text. The used density (kg/m’) is reported bulk or DRE (*), i: ignimbrite,
134 a:ash, p: pumices.

135
Volume calculations (km?)

Plinian Co-Piinian PDC Co-ig nimbrite  Y-5 Totai Authors Used density (kg/m:’)
fallout ash ash
533 (0.88%) 14.67 (6.88%) Scarpatt ana Perrotta, 2016 1,000 (2,400%)
4 16 100 PEI’rGttE and S:arpatl. 2003

54 (25%) 100 (42%) Scarpatt et ai., 2014 2,600*

30-40* 100 (30-40%) 60-80* Thunen et ar., 1979
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15 Ros: et ai., 1999
73 >150 Corneit et ar., 1983
54 (22.6%) 153.9 (61.6%) 207.9 (84.2%) Marti et ar., 2016 2,500*
72-120 (31-50%) 105-210* Pyie et ai., 2006 2,400*
25* 120* 145* Civetta et ar., 1997
20* 130* 150* Marianei et ar., 2006
200* Feaeie et ar., 2003 ~1,250
180 140 320 (200%) Rotanat et ar., 2003
20* 180* 200* Pappaiarao et ai., 2008 Average porosity: 0.58
250-300 (104-125%) 430-680 (180-280%) Costa et ar., 2012 1,000
10 (3%) 385 (215%) 180 (86%) 575 (300%) Giaceio, 2006 1,400-2,500 1, 1,200 a, 800 p
500 Fisner et ar., 1993
7136
137 Table 2. The values of thickness (m), area (km?), cumulative area (km2), volume (kr:13), cumulative
738 volume (km’) and the percentage of volume for each isopach.
739
Cumulative Cumulative
Thickness (m) Area (km?) area (km?) Volume (km®) volume (km?) Volume (%)
>80 12.6 12.6 0.9 0.9 1.3
70-79 12.3 24.9 0.9 1.8 1.3
60-69 19.1 440 1.3 3.1 1.9
50-59 31.3 75.3 2.1 5.2 3.
40-49 234.0 309.4 13.8 19.0 20.2
30-39 194.5 503.9 9.2 28.2 13.6
20-29 854.0 1,357.9 24.7 53.0 36.3
10-19 862.0 2,219.9 10.6 63.6 15.5
0-9 995.7 3.215.6 4.6 68.2 6.8
Total 3.215.6 68.2
740
741 Table 3. The volume of the CI eruption. The various parts of the PDC volume estimate are explained
742 in the text. The fallout volume considered in this work is the maximum and the minimum proposed in
743 literature by Perrotta and Scarpati (2003) and Marti et al. (2016).
744

Bulk Volume (km?) DRE Volume (km?)
Preserved extra-caldera
ignimbrite volume (Vpr) 62175 24=29
Marine volume (Vm) 62— 175 24 - 729
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Intracaldera volume (Vintr) 16-43 821
Areal erosion volume (Ve) 10 4
Co-ignimbrite ash volume 294 _ 394 116 — 155
(Veoign)

Total PDC volume (Vpdc) 453 — 606 176 —243
Fallout volume (Vpfan) (Perrotta

and Scarpati, 2003, Marti et al., 4—54 2—23
2016)

Total CI volume (V) 457 - 660 177—-265
4 Nomenclature

Abbreviations and acronyms

a.s.l.. above sea level, CCDB Collapse Caldera Database,' CE Ccm mon Era; CF Campi Flegrei; Cl
Campanian |gnimbrite,' DEM: Digital Eievation Model; DRE: Dense Rock Equivalent: ka. thousands
of years ago, kyrs. thousand years, GCT: Greens Canyon Tuff,' LAMEVE: I_arge Magnitude
Explosive Volcanic Eruptions, httpsiﬁwww.bqs.ac.uKi'rvoqripa/'viewfcontrolIer.cfc?methodzlameve;
I_YT I_ithified Yellow Tuff; M: Magnitude; NYT Neapolitan Yellow Tuff; PDC Pyroclastic
Der‘isit).r Current: RED Pczzolane Rosse |gnimbrite: USAF Unconsclidated Stratified Ash Flow; V:

total volume, Vco.gn: co-ignimbrite ash fall volume, VPCO.: volume ejected during the phases that

produced Plinian columns, VCDPfa..: co‘PIinian fall volume, Ve: areal erosion volume, VE' Vclcanic
EXplDSiVit)l’ |r1c|ex: Vg: geometric volume, V.gn: ignimbrite volume, v.m,-: intracaldera volume, Vm:
marine volume, me: matrix volume, V,m: pyroclastic density current volume, VPra..: proximal
pumice lapilli deposits volume, vp,-: preserved extra-caldera bulk volume, WGI: Werdea C‘Jra).r

|gnimbrite: P bulk denSity; Q.. total porosity.
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