
  

M a g nit u d e of t h e 3 9. 8 k a C a m p a ni a n I g ni m b rit e  E r u pti o n , It al y: a 1  

r e vi e w a n d r e ass ess m e nt usi n g a n i g ni m b rit e is o p a c h m a p  2  

A u r o r a Sill e ni 1 , 2* , G ui d o Gi o r d a n o 1 , R o b e rt o Is ai a 3 , Mi c h a el H. O rt2  3  

1  Di p arti m e nt o di S ci e n z e, U ni v ersit à  di R o m a Tr e, R o m e, It al y  4  

2  S E S, N ort h er n Ar i z o n a U ni v ersit y, Fl a gst aff, U S A, A Z  5  

3  Istit ut o N a zi o n al e di G e ofisi c a e V ul c a n ol o gi a, O ss er v at ori o V es u vi a n o, N a pl es, It al y  6  

* C o r r es p o n d e n c e:  7  
C orr es p o n di n g A ut h or  8  
A ur or a. Sill e ni @ n a u. e d u  9  

K e y w o r d s: C a m p a ni a n I g ni m b rit e; C a m pi Fl e g r ei; Is o p a c h m a p s; I g ni m b rit e v ol u m es; 1 0  
P y r o cl asti c d e nsit y c u r r e nts; S u p e r -e r u pti o n . 1 1  

M a n u s c ri pt L e n gt h  1 2  

T h is m a n us cri pt c o nsist s of  9 3 3 5  w or ds , 8 fi g ur es a n d 3  t a bl es . 1 3  

A bst r a ct  1 4  

T h e 3 9. 8 k a C a m p a ni a n I g ni m brit e er u pti o n is t h e l ar g est c al d er a-f or mi n g er u pti o n of t h e C a m pi 1 5  
Fl e gr ei  a n d  h a d a gl o b al -s c al e i m p a ct o n t h e e n vir o n m e nt a n d h u m a n p o p ul ati o ns. T h e c o oli n g 1 6  
f oll o wi n g t h e er u pti o n a n d it s wi d es pr e a d t e p hr a str o n gl y aff e ct e d t h e p al e o e n vir o n m e nt a n d t h e 1 7  
mi gr ati o n of h o mi ni ds i n E ur o p e. D es pit e a l ar g e n u m b er of st u di es, t h e C a m p a ni a n I g ni m brit e 1 8  
D e ns e R o c k E q ui v al e nt ( D R E)  v ol u m e esti m at es r a n g e fr o m 6 0 t o 3 0 0 k m 3 . H er e w e pr es e nt a 1 9  
r e vi e w of t h e pr e vi o us v ol u m e e v al u ati o ns a n d a n e w c al c ul ati o n of t h e v ol u m e of t h e i g ni m brit e. 2 0  
T his esti m at e is c o nstr ai n e d b y t h e fir st t ot al is o p a c h m a p  of t h e C a m p a ni a n I g ni m brit e  P D C d e p osi t 2 1  
pr es er v e d o n l a n d,  d e v el o p e d t hr o u g h a m et h o d t h at r e c o nstr u cts t h e p al e o-t o p o gr a p h y at t h e ti m e of  2 2  
t h e er u pti o n. T h e m et h o d is r e pr o d u ci bl e f or all str o n gl y t o p o gr a p hi c all y c o ntr oll e d i g ni m brit es a n d 2 3  
all o ws t h e c al c ul ati o n of w ell -d efi n e d u n c ert a i nti es i n t h e o n-l a n d i g ni m brit e d e p osits. T h e pr es er v e d 2 4  
t ot al e xtr a-c al d er a b ul k v ol u m e of t h e i g ni m brit e is esti m at e d at 6 8. 2  k m 3  ± 6. 6  k m 3 . T h e t ot al P D C 2 5  
d e p osit v ol u m e is t h e n c orr e ct e d f or er osi o n, a s h el utri ati o n, t h e i ntr a c al d er a d e p osit v ol u m e a n d t h e 2 6  
v ol u m e of t e p hr a d e p osit e d i n t h e s e a , a n d v ol u m e s of f all o ut ar e t a k e n fr o m ot h er st u di es. T h e fi n al 2 7  
t ot al v ol u m e esti m at e of t h e er u pti o n r a n g es fr o m 1 7 7  k m 3  –  2 6 5  k m 3  D R E. T his v al u e c orr es p o n ds 2 8  
t o a m ass of 4. 6  - 6. 9  x 1 0 1 4  k g, a m a g nit u d e ( M) of 7. 7  –  7. 8  a n d a  v ol c a ni c e x pl osi vit y i n d e x  (V EI ) 2 9  
of 7. T h e n e w d et ail e d esti m at e  of t h e C a m p a ni a n Ig ni m brit e  er u pti o n p h ysi c al p ar a m et ers , f or t h e 3 0  
first ti m e c o nstr ai ne d b y  t h e i g ni m brit e d e p osit, c o nfir ms  t he m a g nit u d e of t his  e v e nt . 3 1  

1  I nt r o d u cti o n  3 2  

P yr o cl asti c d e nsit y c urr e nts ( P D Cs) h a v e l ar g e i m p a cts o n h u m a n c o m m u niti es a n d t h e e n vir o n m e nt; 3 3  
t h e y c a n c a us e c at astr o p hi c e n vir o n m e nt al a n d pr o p ert y d a m a g e a n d l oss of lif e, as w ell as 3 4  
a c c o u nti n g f or a l ar g e  pr o p orti o n of d e at hs c a us e d b y dir e ct v ol c a ni c a cti vit y. Fr o m 1 5 0 0 t o 2 0 1 7  C E , 3 5  
2 8 % of v ol c a n o -i n d u c e d m ort alit y r es ult e d fr o m P D Cs, s e c o n d o nl y t o f a mi n e a n d e pi d e mi c dis e as e 3 6  
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(A u k er et al., 2 0 1 3  a n d r ef er e n c es t h er ei n; Br o w n et al., 2 0 1 7). M or e o v er, gl o b al a n d r e gi o n al 3 7  
cli m ati c eff e cts c a n r es ult fr o m t h e i nj e cti o n of as h a n d s ulf ur a er os ols i nt o t h e str at os p h e r e d uri n g 3 8  
l ar g e e x pl osi v e er u pti o ns, l e a di n g t o a “ v ol c a ni c wi nt er ” ( R a m pi n o a n d S elf, 1 9 9 2; St ui v er et al., 3 9  
1 9 9 5; T h or d ars o n a n d S elf, 1 9 9 6) . T h e q u a ntit ati v e c o m p ut ati o n of t h e si z e of e x pl osi v e er u pti o ns i s 4 0  
ess e nti al t o u n d erst a n d t h eir p ot e nti al i m p a ct o n h u m a ns, cli m at e a n d e c os yst e ms (e. g. , M as o n et al., 4 1  
2 0 0 4) . C al c ul ati n g t h e v ol u m e of l ar g e v ol c a ni c er u pti o ns is als o n e c ess ar y t o d efi n e t h e ir si z e (e. g. , 4 2  
N e w h a ll a n d S elf, 1 9 8 2; P yl e, 2 0 0 0, 2 0 1 5; Cr os w ell er et al., 2 0 1 2) a n d t o m o d el t h e cli m at e eff e cts 4 3  
of t h es e n at ur al p h e n o m e n a  t h at o c c urr e d i n t h e p a st.  4 4  

L ar g e  (v ol c a ni c e x pl osi vit y i n d e x    4; e. g. , Cr os w ell er et al., 2 0 1 2)  c al d er a -f or mi n g er u pti o ns 4 5  
pr o d u c e  b ot h f all d e p osit s a n d i g ni m brit es ( P arfitt a n d Wil s o n, 2 0 0 8), a n d t y pi c all y t h e l ar g est 4 6  
pr o p orti o n of v ol c a ni c m at eri al is tr a ns p ort e d i n P D Cs a n d em pl a c e d as i g ni m brit es  ( e. g., t h e Or u a n ui 4 7  
er u pti o n; Wil s o n, 1 9 9 1 ; t h e Ot o wi M e m b er of t h e B a n d eli er T uff; C o o k et al., 2 0 1 6 ). T h e t e p hr a f all 4 8  
d e p osits ar e a n al y z e d t hr o u g h fi el d a n d st atisti c al t e c h ni q u es t o m a k e  is o p a c h m a ps dir e ctl y fr o m 4 9  
t hi c k n ess d at a (e. g. , W al k er a n d Cr o as d al e, 1 9 7 0; W al k er, 1 9 7 3; R h o a d es et al., 2 0 0 2; B ur d e n et al., 5 0  
2 0 1 3; E n g w ell et al., 2 0 1 5; Y a n g a n d B ursi k, 2 0 1 6; C utl er et al., 2 0 2 0) , fr o m w hi c h n u m eri c al 5 1  
m o d els  c a n  b e us e d t o  c al c ul at e t ot al v ol u m es  ( B o n a d o n n a et al., 1 9 9 8; B o n a d o n n a a n d P hilli ps, 5 2  
2 0 0 3; B o n a d o n n a a n d H o u g ht o n, 2 0 0 5; F ol c h et al., 2 0 1 0; C ost a et al., 2 0 1 2;  F ol c h, 2 0 1 2) . T h e 5 3  
r es ulti n g t e p hr a v ol u m es a p p e ar  t o b e b ett er c o nstr ai ne d  t h a n i g ni m brit e v ol u m es, w h er e a cl e ar 5 4  
“r ef er e n c e ” m et h o d d o es n ot e xist a n d u n c ert ai nti e s o n s u c h c o m p ut ati o ns ar e si g nifi c a nt  ( M as o n et 5 5  
al., 2 0 0 4).  5 6  

C al c ul ati o n of t h e v ol u m e of i g ni m brit es h as b e e n  t h e s u bj e ct of n u m er o us st u di es ( W al k er, 1 9 8 3; 5 7  
Al diss a n d G h a z ali, 1 9 8 4; H e nr y a n d Pri c e, 1 9 8 4;  M or g a n et al., 1 9 8 4; R att é et al., 1 9 8 4; S p ar ks et 5 8  
al., 1 9 8 5;  S c ott et al., 1 9 9 6 ; Wils o n, 2 0 0 1; P ér e z et al., 2 0 0 6; Gi or d a n o et al., 2 0 1 0; F ol k es et al., 5 9  
2 0 1 1; B est et al., 2 0 1 3 a, 2 0 1 3 b;  C o o k et al., 2 0 1 6 ; P a c h e c o-H o y os et al., 2 0 1 8 ; T a k ar a d a a n d 6 0  
H os h i z u mi, 2 0 2 0), b ut  it r e m ai ns diffi c ult t o e v al u at e d u e t o t h e irr e g ul arit y of t h e i g ni m brit e s urf a c e, 6 1  
t h e v ari a bl e t hi c k n ess ( c o ntr oll e d b y t h e p al e ot o p o gr a p h y; e. g., Y o k o y a m a, 1 9 7 4: Wils o n 1 9 9 1 ; 6 2  
Br o xt o n a n d R e n e a u, 1 9 9 6: D a a g a n d v a n W est e n, 1 9 9 6 ), t h e eff e ct of er osi o n  ( e. g., Y o k o y a m a, 6 3  
1 9 8 5) , t h e pr es e n c e of o v erl yi n g d e p osits,  a n d t h e v ari a bl e d e nsit y of t h e d e p osits. T h e er u pti v e 6 4  
v ol u m e, a n d as a c o ns e q u e n c e t h e i g ni m brit e v ol u m e, is e ss e nti al f or  c o m p ut ati o n of t h e  m a g nit u d e 6 5  
( M; M as o n et al., 2 0 0 4 ) a n d v ol c a ni c e x pl osi vit y i n d e x ( V EI ; N e w h all a n d S elf, 1 9 8 2) of a n er u pti o n. 6 6  
T h e c al c ul ati o n of t h e v ol u m e of i g ni m brit es, w hi c h f or m t h e m ai n  p art of er u pti o n s wit h M >  5, 6 7  
r e m ai ns o n e of t h e o utst a n di n g i ss u e s i n v ol c a n ol o g y ( e. g., t h e c oll a ps e c al d er a d at a b as e ( C C D B) 6 8  
pr oj e ct, G e y er a n d M artí, 2 0 0 8 ; t h e L A M E V E pr oj e ct, Cr os w ell er et al., 2 0 1 2). 6 9  

T h e l a c k of a st a n d ar di z e d a c c ur at e m et h o d f or t h e c al c ul ati o n of i g ni m brit e v ol u m es  m a k es m ost  of 7 0  
t h e e xisti n g fi g ur es f or l ar g e-v ol u m e i g ni m brit es p o orl y c o nstr ai n e d a n d , i n m a n y c as es, 7 1  
u nr e pr o d u ci bl e, r es ulti n g i n a wi d e r a n g e of esti m at e d v ol u m es of t h e s a m e i g ni m brit e ( e. g., C err o 7 2  
G al á n, F ol k es et al., 2 0 1 1; C a m p a ni a n I g ni m bit e, S c ar p ati et al. , 2 0 1 4). T h e c as e st u d y f or  t hi s w or k 7 3  
is t h e C a m p a ni a n I g ni m brit e ( CI; B ar b eri et al., 1 9 7 8; Fis h er et al., 1 9 9 3 ; D e Vi v o et al., 2 0 0 1; 7 4  
F e d el e et al., 2 0 0 8) , ass o ci at e d wit h t h e m ost p o w erf ul c al d er a -f or min g er u pti o n fr o m t h e C a m pi 7 5  
Fl e gr ei  c al d er a  ( C F) ( Fi g. 1 A) ( R osi a n d S br a n a, 1 9 8 7; P err ott a et al., 2 0 0 6; S c ar p ati et al., 2 0 1 3). It 7 6  
is o n e of t h e l ar g est l at e Q u at er n ar y e x pl osi v e e v e nts a n d h as b e e n c o nsi d er e d as a n e x a m pl e of a 7 7  
s u p er -er u pti o n ( S p ar ks et al., 2 0 0 5). T h e 3 9. 8 k a CI t e p hr a  (Pli ni a n a n d c o -i g ni m brit e pr o d u cts; 7 8  
Gi a c ci o et al., 2 0 1 7)  r e pr es e nts t h e m ost wi d es pr e a d v ol c a ni c d e p osit a n d o n e of t h e m ost i m p ort a nt 7 9  
t e m p or al/ str ati gr a p hi c m ar k ers for t h e E arl y U p p er P al e olit hi c of W est er n E ur asi a ( F e d el e et al., 8 0  
2 0 0 3; P yl e et al., 2 0 0 6; Gi a c ci o et al., 2 0 0 8) . T h e er u pti o n m a y h a v e aff e ct e d h u m a n r esi d e nts i n 8 1  
diff er e nt w a ys: b y d estr o yi n g t h e a ni m al a n d h u m a n p o p ul ati o ns, b y alt eri n g t h e s p e ci es c o m p ositi o n 8 2  
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a n d gr o wt h r h yt h m a n d b y c h a n gi n g t h e a v ail a bilit y of w at er ( F e d el e et al., 2 0 0 2, 2 0 0 3,  2 0 0 7; L o w e 8 3  
et al., 2 0 1 2) . T h e a br u pt v ol c a ni c c o oli ng f oll o wi n g t h e er u pt i o n pr o d u c e d a r e gi o n al dr o p of 6 ° C t o 8 4  
9 ° C i n E ast er n E ur o p e a n d N ort h er n Asi a ( Bl a c k et al., 2 0 1 5). T h e c o oli n g c o ul d h a v e i nfl u e n c e d t h e 8 5  
mi gr ati o n of t h e p o p ul ati o ns a n d h a v e aff e ct e d t h e d ail y lif e f or N e a n d ert h als a n d m o d er n h u m a ns  8 6  
d uri n g t h e Mi d dl e t o  U p p er P al e olit hi c tr a nsiti o n (F e d el e et al., 2 0 0 2,  2 0 0 3; Bl a c k et al., 2 0 1 5; M arti 8 7  
et al., 2 0 1 6) . 8 8  

I n t hi s w or k, w e pr es e nt a r e vi e w of all arti cl e s t h at  c al c ul at e d  t h e CI v ol u m e. D es pit e t h e l ar g e 8 9  
n u m b er of st u di es, t h e esti m at es of t ot al D e ns e R o c k E q ui v al e nt ( D R E) v ol u m e of t h e C I er u pti o n 9 0  
r a n g e fr o m 6 0 t o 3 0 0 k m3  ( T h u n ell et al., 1 9 7 9; C or n ell et al., 1 9 8 3; R osi et al., 1 9 8 3, 1 9 9 9; Fis h er et 9 1  
al., 1 9 9 3; Ci v ett a et  al., 1 9 9 7; F e d el e et al., 2 0 0 3; P err ott a a n d S c ar p ati, 2 0 0 3; R ol a n di et al., 2 0 0 3; 9 2  
Gi a c ci o, 2 0 0 6; M ari a n elli et al., 2 0 0 6;  P yl e et al., 2 0 0 6; P a p p al ar d o et al., 2 0 0 8; C ost a et al., 2 0 1 2; 9 3  
S c ar p ati et al., 2 0 1 4; M arti et al., 2 0 1 6).  F urt h er m or e, n o n e of t h e s e st u di es pr o vi d e s a s oli d m et h o d 9 4  
t o d et er mi n e  t h e i g ni m brit e v ol u m e i n t h e A p e n ni n e M o u nt ai ns. T h e v ol u m e of d is p ers ed  t e p hr a 9 5  
( b ot h Pli ni a n a n d c o-i g ni m brit e) w as  b ett er  d efi n e d d u e t o t h e m a n y m e as ur e m e nts a cr oss t h e v ast 9 6  
r e gi o n bl a n k et e d  b y t h e CI as h  a n d a r e c e nt i m pr o v e m e nt of c o m p ut ati o n al m et h o ds ( C ost a et al., 9 7  
2 0 1 2; M arti et al., 2 0 1 6) , as w ell as b y t h e si m pl er nat ur e of its m a ntli n g d e p ositi o n . I n c o ntr ast, t h e 9 8  
v ol u m e of t h e i g ni m brit e d e p osits h as  n e v er b e e n c al c ul at e d b y  a c c ur at e  dir e ct m e as ur e m e nts , b ut 9 9  
o nl y b y a p pr o xi m at e t hi c k n ess es  ( T h u n ell et al., 1 9 7 9; Fis h er et al., 1 9 9 3;  Ci v ett a e t al., 1 9 9 7; 1 0 0  
Gi a c ci o, 2 0 0 6 ). H er e , w e ass ess t h e i g ni m brit e v ol u m e usi n g pr e cis e t hi c k n ess m e as ur e m e nts a n d 1 0 1  
r e p orti n g t h ose o n  a n is o p a c h m a p. W e d e m o nstr at e  a ri g or o us m et h o d t o cr e at e a c o m pl et e is o p a c h 1 0 2  
m a p of t h e C I, wit h a si mil ar a p pr o a c h t o t h at n or m all y a p pli e d t o t e p hr a -f all d e p osits (e. g., E n g w ell 1 0 3  
et al., 2 0 1 5)  a n d it c a n b e e asil y us e d  o n  ot h er i g ni m brit es i n t h e w orl d.  T h e m a p is  b as e d o n t h e 1 0 4  
m a p pi n g of t h e pr es er v e d  i g ni m brit e d e p osits , wit h o ut t h e f all d e p osits, a n d r e c o nstr u cti o n of t h e 1 0 5  
p al e o t o p o gr a p h y, es p e ci all y m o u nt ai n o us ar e a s . T his all o ws us t o pr o vi d e a n a c c ur at e esti m at e  of t h e  1 0 6  
v ol u m e of t h e  e xtr a -c al d er a d e p osits of t h e CI  p yr o cl asti c d e nsit y c urr e nt pr es er v e d o n l a n d b as e d o n 1 0 7  
a v erifi a bl e m et h o d of c al c ul ati o n a n d wit h t h e r el ati v e u n c ert ai nti es. Usi n g t his  as a b as e, w e c orr e ct 1 0 8  
f or er osi o n, el utri ati o n, i ntr a c al d er a v ol u m e a n d u n d er w at er de p osits t o c al c ul at e t h e , u p t o d at e, m o st 1 0 9  
r eli a bl e t ot al b ul k a n d D R E v ol u m es f or t hi s i g ni m brit e. W e t h e n esti m at e t h e c o -i g ni m brit e v ol u m e 1 1 0  
a n d  a d d t h e  f all o ut v ol u m e fro m pr e vi o us st u di es  t o c al c ul at e t h e t ot al er u pt e d v ol u m e f or t h e 1 1 1  
er u pti o n . T h e o bt ai n e d er u pti v e v ol u m e si g ni fi c a ntl y r e d u c es t h e t ot al u n c ert ai nt y of t h e t ot al v ol u m e 1 1 2  
c al c ul ati o n  a n d s h o ul d b e us e d t o b ett er d esi g n a n d c o nstr ai n t h e er u pti v e d y n a mi cs . S u c h d at a, w ell 1 1 3  
c o nstr ai n e d a n d e v al u at e d, fr o m m a n y v ol c a n o es c o ul d  h el p d et er mi n e t h e fr e q u e n c y of er u pti o ns of 1 1 4  
a gi v e n m a g nit u d e ar o u n d t h e w orl d.  1 1 5  

2. V ol c a n ol o gi c al b a c k g r o u n d  1 1 6  

V ol c a ni c a cti vit y i n t h e  C a m pi Fl e gr ei b e g a n pri or t o 8 0 k a  (P a p p al ar d o et al.,  1 9 9 9; S c ar p ati et al., 1 1 7  
2 0 1 3 ) a n d  c al d er a c oll a p s es o c c urr e d d uri n g  t h e er u pti o ns of t h e  CI, t h e ~ 1 5 k a N e a p olit a n Y ell o w 1 1 8  
T uff ( N Y T)  er u pti o ns ( Orsi et al., 1 9 9 6; P err ott a et al., 2 0 0 6; A c o c ell a, 2 0 0 8; Vit al e a n d Is ai a, 2 0 1 4) 1 1 9  
a n d t h e M 6. 6 e v e nt M as s eri a d el M o nt e T u ff c orr el at e d t o t h e Y-3 m ari n e t e p hr a ( Al b ert et al., 1 2 0  
2 0 1 9) . P ost -N Y T a cti vit y i n t h e c al d er a is w ell d es cri b e d b y Di Vit o et al. ( 1 9 9 9), Is ai a et al. ( 2 0 0 9) 1 2 1  
a n d S mit h et al. ( 2 0 1 1).  1 2 2  

T h e CI er u pti o n e m pl a c e d  b ot h p yr o cl asti c f all a n d P D C d e p osits i n a c o m pl e x s e q u e n c e c urr e ntl y 1 2 3  
e x p os e d i n pr o xi m al, sp or a di c m e di al, di st al a n d ultr a -dist al o ut cr o ps ( Fi g. 1) ( B ar b eri et al., 1 9 7 8; 1 2 4  
R osi et al., 1 9 8 8, 1 9 9 6, 1 9 9 9; Fis h er et al., 1 9 9 3; P err ott a a n d S c ar p ati, 1 9 9 4, 2 0 0 3; Orsi et al., 1 9 9 6; 1 2 5  
D e Vi v o et al., 2 0 0 1; C a p p ell etti et al., 2 0 0 3; P err ott a et al., 2 0 0 6; F e d el e et al., 2 0 0 8; E n g w ell et a l., 1 2 6  
2 0 1 4; S c ar p ati et al., 2 0 1 5 a, 2 0 1 5 b; S p ari c e, 2 0 1 5; S c ar p ati a n d P err ott a, 2 0 1 6; S mit h et al.,  2 0 1 6) . 1 2 7  
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T h e first p h as e of t h e er u pti o n g e n er at e d  Pli ni a n c ol u m n s u p t o 4 4 k m hi g h ( R osi et al., 1 9 9 9; M arti 1 2 8  
et al., 2 0 1 6) , pr o d u ci n g a wi d es pr e a d f all d e p osit dis p ers e d b y wi n ds t o t h e e ast ( R osi et al., 1 9 9 9; 1 2 9  
P err ott a a n d S c ar p ati, 2 0 0 3; M arti et al., 2 0 1 6; S c ar p ati a n d P err ot t a, 2 0 1 6). A p yr o cl asti c d e nsit y 1 3 0  
c urr e nt t h e n s pr e a d o v er a n ar e a of 7, 0 0 0 k m 2  a n d s ur m o u nt e d ri d g es m or e t h a n 1, 0 0 0 m hi g h 1 3 1  
( B ar b eri et al., 1 9 7 8; Fis h er et al., 1 9 9 3). T his st a g e c a us e d t h e c al d er a c oll a ps e a n d t h e a c c u m ul ati o n 1 3 2  
of lit hi c br e c ci a d e p o sit s ( Br e c ci a M us e o) i n s c att er e d o ut cr o ps al o n g t h e c al d er a ri m ( P err ott a a n d 1 3 3  
S c ar p ati, 1 9 9 4; M ell us o et al., 1 9 9 5; R osi et al., 1 9 9 6; F e d el e et  al., 2 0 0 8) . I n dist al o ut cr o ps, m ost of 1 3 4  
t h e CI is r e pr es e nt e d b y a m assi v e, gr a y i g ni m brit e ( B ar b eri et al., 1 9 7 8; Fis h er et al., 1 9 9 3; S c ar p ati 1 3 5  
a n d P err ott a, 2 0 1 2; S c ar p ati et al., 2 0 1 5 a) . B e y o n d a b o ut 8 0 k m fr o m t h e v e nt, d e p osits ar e m a d e u p 1 3 6  
of  c o ars e t o fi n e as h c o nt ai ni n g b ot h c o -P li ni a n a n d c o-i g ni m brit e t e p hr a ( T h u n ell et al., 1 9 7 9; S p ar ks 1 3 7  
a n d H u a n g, 1 9 8 0; E n g w ell et a l., 2 0 1 4; S mit h et al., 2 0 1 6). T h e t e p hr a m ar k er r el at e d t o t hi s er u pti o n 1 3 8  
is ess e nti al t o c orr el at e v ol c a n ol o gi c al a n d ar c ha e ol o gi c al sit es i n t h e M e dit err a n e a n ar e a a n d E ast er n 1 3 9  
E ur o p e. T e p hr a -b as e d c orr el ati o ns of h u m a n sit es w er e us e d t o d at e t h e Mi d dl e  t o U p p er P al e olit hi c 1 4 0  
tr a nsiti o n (Gi a c ci o et al., 2 0 0 8; 2 0 1 7; L o w e et al., 2 0 1 2) . 1 4 1  

T h e c o m pl e x str ati gr a p h y of t his er u pti o n diff ers b et w e e n pr o xi m al a n d dist al o ut cr o ps. M or e o v er, it 1 4 2  
is diffi c ult t o st u d y t h e l at er al c orr el ati o ns d u e t o t h e a bs e n c e of o ut cr o ps i n m e di al ar e as ( e xc e pt f or 1 4 3  
t h e L a g o di P atri a o ut cr o p, T a bl e 2 i n D at a R e p osit or y), b e c a us e all q u arr y-pit s h a v e b e e n r efill e d. 1 4 4  
T h e li mit e d drill c or e d at a s h o ws littl e e vi d e n c e of l at er al u nit c h a n g e. I n o ur st u d y, w e r ef er t o t h e 1 4 5  
str ati gr a p hi c u nits pr o p os e d b y F e d el e et al. ( 2 0 0 8 ) ( pr o xi m al ar e a) a n d C a p p ell etti et al. ( 2 0 0 3 ) 1 4 6  
(d ist al ar e as) ( O nli n e S u p pl e m e nt ar y M at eri al). T h e first fl o w u nit is t h e u n c o ns oli d at e d str atifi e d a s h 1 4 7  
fl o w ( U S A F) b ot h i n pr o xi m al a n d dist al str ati gr a p h y, w hi c h is f oll o w e d b y t h e m ai n u nit s of P i p er n o 1 4 8  
a n d Br e c ci a M us e o  i nsi d e t h e c al d er a a n d t h e w el d e d gr a y i g ni m brit e ( W GI)  a n d lit hifi e d y ell o w t uff 1 4 9  
( L Y T) i n m e di al a n d dist al o ut cr o ps. 1 5 0  

3. Esti m ati n g e r u pti o n v ol u m e  1 5 1  

M ost st u di es of  er u pti v e v ol u m e  f o c us t h eir att e nti o n o n t h e Pli ni a n f all o ut a n d t h e i g ni m brit e p h as e s  1 5 2  
of  v ol c a ni c er u pti o n s, b ut  t h e t ot al v ol u m e c al c ul ati o n  is a c o m pl e x r es ult of m a n y diff er e nt 1 5 3  
c o m p o n e nts. T h e t ot al v ol u m e er u pt e d d uri n g a c al d er a -f or mi n g er u pti o n, li k e t h e CI, is c o m p os e d of 1 5 4  
t h e m ass ej e ct e d d uri n g t h e p h as es t h at pr o d u c e d Pli ni a n c ol u m ns (V P c ol ), a n d p yr o cl asti c d e nsit y 1 5 5  
c u rr e nts ( Vp d c ) ( 1): 1 5 6  

𝑽 = 𝑽 𝑷 𝒄 𝒐𝒍 + 𝑽 𝒑 𝒅 𝒄                                                                  ( 1) 1 5 7  

B ot h V P c ol  a n d V p d c  r ef er t o t h e pri m ar y d e p osits (r es p e cti v el y t h e Pli ni a n f all o ut VP fall , t h e pr o xi m al 1 5 8  
p u mi c e l a pilli d e p osit, a n d t h e i g n i m brit e Vig n ) a n d t h eir ass o ci at e d c o-P li ni a n f all (V c o P fall ) a n d c o-1 5 9  
i g ni m brit e as h f all ( Vc o ig n ), r es p e cti v el y. I n d e e d, fi n e as h s us p e n d e d i n t h e at m os p h er e c a n b e c o -1 6 0  
P li ni a n r at h er t h a n c o-i g ni m brit e ( Fi erst ei n a n d Hil dr et h, 1 9 9 2). I n t hi s w or k, t h e c o-Pli ni a n as h is 1 6 1  
d efi n e d as  t h e fi n e-gr ai n e d P li ni a n as h, d e c o u pl e d fr o m t h e c o ars er f all o ut a n d s u bj e ct t o at m os p h eri c 1 6 2  
t ur b ul e n c e ( Fi erst ei n a n d Hil dr et h, 1 9 9 2). Th e c o -i g ni m brit e as h is c o nsi d er e d t o b e t h e b u o y a nt 1 6 3  
m at eri al t h at ris es fr o m t h e P D C t hr o u g h t h e e ntr ai n m e nt, h e ati n g a n d e x p a nsi o n of a m bi e nt air 1 6 4  
( W o o ds a n d W o hl et z, 1 9 9 1), a n d m a y r e pr es e nt t h e c o u nt erp art t o t h e cr yst al -e nri c h e d i g ni m brit e 1 6 5  
( S p ar ks a n d W al k er, 1 9 7 7). C o ns e q u e ntl y ( 2):  1 6 6  

𝑽 = ( 𝑽 𝑷 𝒇 𝒂𝒍𝒍 + 𝑽 𝒄 𝒐 𝑷 𝒇 𝒂𝒍𝒍 ) + ( 𝑽 𝒊𝒈 𝒏 + 𝑽 𝒄 𝒐 𝒊𝒈 𝒏 )                                          ( 2) 1 6 7  

T h e er osi o n a n d r e -d e p ositi o n c a n s u bs e q u e ntl y m o dif y t h es e c o m p o n e nts  b ef or e m e as ur e m e nt of t h e 1 6 8  
t hi c k n ess es o c c urs. I n th e f oll o wi n g s e cti o n s, w e dis c uss  diff er e nt m et h o ds us e d i n t h e p ast t o 1 6 9  
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esti m at e t h e CI er u pti o n v ol u m e. T h e CI is n ot a u ni q u e e x a m pl e a n d t h os e m et h o ds h a v e b e e n  1 7 0  
a p pli e d o n m a n y  er u pti o ns ( e. g. , P yl e, 1 9 8 9).  1 7 1  

3. 1 T h e p r e vi o u s esti m at es of t h e CI er u pti v e v ol u m e  1 7 2  

A s y n o psi s of  t h e pr e vi o usl y d et er mi n e d esti m at e s of t h e t ot al v ol u m e is pr o vi d e d i n T a bl e 1. 1 7 3  

D u e t o t h e diffi c ult y t o disti n g ui s h t h e c o ntri b uti o n of t h e c o -P li ni a n f all a n d t h e c o-i g ni m brit e as h 1 7 4  
f all i n ultr a-dist al l o c ati o ns, s o m e a ut h ors si m pl y r ef er t o t h e wi d es pr e a d Y -5 as h l a y er, w hi c h 1 7 5  
c o m pris es b ot h ( T a bl e 1)  ( T h u n ell et al., 1 9 7 9; C or n ell et al., 1 9 8 3; R ol a n di et al., 2 0 0 3; C ost a et al., 1 7 6  
2 0 1 2) . O t h er p r e vi o us st u di es disti n g uis h e d t h e c o-P li ni a n a n d c o-i g ni m brit e c o ntri b uti o n ( S p arks 1 7 7  
a n d H u a n g, 1 9 8 0; P err ott a a n d S c ar p ati, 2 0 0 3;  E n g w ell et al., 2 0 1 4;  M arti et al., 2 0 1 6; S mit h et al., 1 7 8  
2 0 1 6) , b ut o nl y s o m e of t h e m c al c ul at e d t h e r el ati v e v ol u m es ( P err ott a a n d S c ar p ati, 2 0 0 3; M arti et 1 7 9  
al., 2 0 1 6) . 1 8 0  

3. 1. 1 F r o m dir e ct m e as ur e m e nt s  1 8 1  

T h e first v ol u m e esti m at e of t h e i g ni m brit e w as pr es e nt e d b y T h u n ell et al. ( 1 9 7 9 ). B as e d o n a 1 8 2  
g e o m etri c al m et h o d t h at c o nsi d ers a c o v er e d ar e a of o v er 6 ,0 0 0 k m 2  wit h a t hi c k n ess u p t o 1 0 0 m a n d 1 8 3  
ass u mi n g r a di al fl o w of t h e P D C, t h e y esti m at e d  t h e D R E v ol u m e w a s at l e ast 3 0 -4 0 k m 3 . T h e D R E 1 8 4  
v ol u m e of t h e Y -5 as h l a y er wit hi n t h e 1 -c m i s o p a c h c o nt o ur w as als o esti m at e d at 3 0 -4 0 k m 3  ( 6 5 1 8 5  
k m 3  b ul k). T h eir t ot al D R E v ol u m e w a s 6 0 -8 0 k m 3  f or t h e er u pti o n. 1 8 6  

C or n e ll et al. ( 1 9 8 3) c al c ul at e d t h e as h-f all l a y er v ol u m e of Y-5 fr o m a n is o p a c h m a p d eri v e d b y 1 8 7  
diff er e nt c or es drill e d i n t h e M e dit err a n e a n S e a ( 7 3 k m 3  b ul k). T h e y t h e n i n cl u d e d t h e i g ni m brit e 1 8 8  
D R E v ol u m e pr o p os e d b y T h u n ell et al. ( 1 9 7 9 ) i n t h eir o v er all er u pti o n v ol u m e esti m at e. O n t h e 1 8 9  
ot h er h a n d, t h e b ul k v ol u m e of t h e ori gi n al p yr o cl asti c c urr e nt d e p osit w as esti m at e d b y Fis h er et al. 1 9 0  
( 1 9 9 3) t o b e a b o ut 5 0 0 k m 3  b y cir c u ms cri bi n g a cir cl e of d e p osits wit h a r a di us of 1 0 0 k m, 1 0 0 m 1 9 1  
t hi c k at t h e c e nt er t h at t hi n n e d t o z er o at t h e p eri m et er of t h e cir cl e, wit h n o c o nsi d er ati o n of 1 9 2  
t o p o gr a p h y. 1 9 3  

R osi et al. ( 1 9 9 9) c al c ul at e d t h e b ul k v ol u m e of t h e Pli ni a n f all o ut as 1 5 k m 3  b as e d o n t h e m et h o d 1 9 4  
pr o p os e d b y P yl e ( 1 9 8 9 ); i n t h e CI er u pti o n , t h e f o c us of t h e elli pti c al i s o p a c h distri b uti o n 1 9 5  
c orr es p o n ds t o a c e ntr al v e nt l o c at e d i n t h e C a m pi Fl e gr ei c al d er a c e nt er (t o w n of P o z z u oli).  T h e 1 9 6  
a ut h ors us e d t hi c k n ess v al u es fr o m dist al o ut cr o ps, u p t o 6 4 k m  fr o m t h e v e nt. T h e s a m e t e c h n i q u e 1 9 7  
w as us e d b y P err ott a a n d  S c ar p ati ( 2 0 0 3 ), w h o esti m at e d a b ul k v ol u m e of a b o ut 4 k m 3 , t h e diff er e nt 1 9 8  
v al u e of t his w or k b ei n g t h e r es ult of a  diff er e nt is o p a c h m o d el c o m p ar e d t o t h e o n e us e d b y  R osi et 1 9 9  
al. ( 1 9 9 9) . I n t h e s a m e p a p er P err ott a a n d S c ar p ati  (2 0 0 3)  att e m pt e d , f or t h e first ti m e, t o di s cri mi n at e 2 0 0  
b et w e e n t h e v ol u m es  of  t h e c o-P li ni a n a n d c o -i g ni m brit e c o m p o n e nts. T h e c o ars e as h of ultr a-dist al 2 0 1  
d e p osits w as i nt er pr et e d as t h e c o -P li ni a n p h as e, w hil e t h e fi n e as h r e pr es e nts t h e c o -i g ni m brit e 2 0 2  
c o m p o n e nt. T h e a ut h ors e v al u at e d t h e t hi c k n ess es of t h e t w o p arts a n d e sti m at e d 1 6 k m 3  b ul k of c o -2 0 3  
P li ni a n as h a n d 1 0 0 k m3  b ul k of c o -i g ni m brit e as h. 2 0 4  

T h es e a n al ys es w er e t h e n i m pr o v e d b y  P yl e et al. ( 2 0 0 6) , w h o us e d ultr a -dist al t hi ck n ess v al u es all 2 0 5  
o v er  E ast er n E ur o p e. T h e a ut h ors  esti m at e d t h e mi ni m u m b ul k v ol u m e of t h e CI f all o ut at  7 4 k m 3  or 2 0 6  
3 1 k m 3  D R E  ( usi n g m a g m a d e nsit y of  2 ,4 0 0 k g/ m 3  a n d  1 ,0 0 0 k g/ m 3  b ul k  d e p osit d e nsit y ) usi n g 2 0 7  
P yl e’s ( 1 9 8 9)  g e n er al o b s er v ati o n t h at m a n y f all o u t d e p osits s h o w e x p o n e nti al d e c a y of t hi c k n ess. 2 0 8  
P yl e et al. ( 2 0 0 6)  c o m p ar e d t h es e r es ult s wit h a s e c o n d a p pr o a c h b as e d o n t h e r at e of t hi n ni n g of t h e 2 0 9  
dist al as h s h e ets (b as e d o n P yl e, 1 9 8 9, 1 9 9 0) : gi v e n t h at t h e t hi c k est as h l a y er i n m ari n e c or es is i n 2 1 0  
t h e or der of 1 0 – 2 0 c m, it i s m ost li k el y t h at t h e t ot al b ul k as h v ol u m e ass o ci at e d wit h t h e er u pti o n 2 1 1  
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w as i n t h e r a n g e 7 4 -1 2 0 k m 3  ( 3 1– 5 0 k m 3  D R E) ( P yl e et al., 2 0 0 6). S c ar p ati a n d P err ott a ( 2 0 1 6 ) 2 1 2  
s u b di vi d e d t h e f all o ut i nt o fi v e l a y ers ( A  t o E) o n t h e b asis of gr ai n si z e, c o m p o n e nt v ari ati o ns a n d 2 1 3  
gr a d e d b e d di n g.  T h e v ol u m es f or e a c h l a y er  w er e  c al c ul at e d usi n g t h e e x p o n e nti al fitti n g  m et h o d of 2 1 4  
P yl e ( 1 9 8 9) , o bt ai ni n g a pri m ar y f all o ut of a b o ut 5 k m3  ( ~ 1 k m3  D R E , usi n g a m a g m a d e nsit y of 2 1 5  
2 ,4 0 0 k g/ m 3  pr o p os e d b y R osi et al., 1 9 9 9 ) a n d a c o-P li ni a n as h of a b o ut 1 5 k m3  ( ~ 7 k m3  D R E , usi n g 2 1 6  
t h e sa m e m a g m a d e nsit y as  t h e pri m ar y f all o ut). 2 1 7  

A first att e m pt t o c o ll at e all  t h e v ol u m e esti m at es w as m a de b y F e d el e et al. ( 2 0 0 3 ), w h o c o nsi d er e d 2 1 8  
t h e s u m of t h e c o ns er v ati v e esti m at es r e p ort e d i n lit er at ur e  (t h e s u m of t h e f all o ut, t h e P D C d e p osits 2 1 9  
a n d t h e Y -5 as h l a y er v ol u m es ; T h u n ell et al., 1 9 7 9; Ci v ett a et al., 1 9 9 7; R osi et al., 1 9 9 9 ). T h e t ot al 2 2 0  
D R E v ol u m e t h e y pr o p os e d is 2 0 0 k m 3 , usi n g a b ul k d e p osit d e nsit y of ar o u n d 1 ,2 5 0 k g/ m 3 . R ol a n di 2 2 1  
et al. ( 2 0 0 3) pr o p os e d  t h e s a m e v ol u m e ( 2 0 0 k m3  D R E , 32 0 k m 3  b ul k) , c o nsisti n g of 1 8 0 k m 3  b ul k of 2 2 2  
P D C ( 1 5 0 k m 3  i n pr o xi m al ar e a a n d 3 0 k m3  i n di st al ar e a, o bt ai n e d b y t h e a n al ysi s of s eis mi c d at a, 2 2 3  
drill -h ol es, a n d c o nsi d eri n g t h e ar e al e xt e nt of t h e d e p osits) a n d 1 4 0 k m 3  b ul k of t h e dist al as h ( 8 0 2 2 4  
k m 3  i n th e M e dit err a n e a n S e a a n d 6 0 k m 3  as ultr a -dist al t e p hr a, usi n g a n is o p a c h m a p).  2 2 5  

A s i mil ar v al u e w as pr o p os e d b y Gi a c ci o ( 2 0 0 6 ), 2 1 5 k m3  D R E ( 3 8 5 k m 3  b ul k), w h o  c al c ul at e d t h e 2 2 6  
v ol u m e of t h e P D C usi n g a c o m pl e x tr u n c at e d c o n e,  wit h a c o n c a v e s urf a c e a n d v ari a bl e h ei g ht s: 7 0 2 2 7  
m u p t o 1 0 k m fr o m t h e c e nt er, 5 0 m u p t o 2 0 k m, 2 0 m u p t o 4 5 k m a n d 0 m u p t o 1 0 0 k m. At t h e 2 2 8  
s a m e ti m e, h e pr o p os e d a r e vis e d is o p a c h m a p f or t h e f all o ut d e p osits, r es ulti n g i n a v ol u m e esti m at e 2 2 9  
of 1 0 k m 3  ( 3 k m3  D R E). M or e o v er, c o m bi ni n g all a v ail a bl e d at a o n t h e dist al t e p hr a of CI fr o m t h e 2 3 0  
lit er at ur e ( C or n ell et al., 1 9 8 3; M el e k ests e v et al., 1 9 8 4; P at er n e et al., 1 9 8 6; M c C o y a n d C or n ell, 2 3 1  
1 9 9 0; Ci ni C ast a g n oli et al., 1 9 9 5; S e y m o ur a n d C hrist a nis, 1 9 9 5; N ar cisi a n d V e z z oli, 1 9 9 9; T o n -2 3 2  
T h at et al., 2 0 0 1; U pt o n et al., 2 0 0 2; S e y m o ur et al., 2 0 0 4) , Gi a c ci o ( 2 0 0 6) c al c ul ate d t h e v ol u m e of 2 3 3  
t h e dist al fr a cti o n as 1 8 0 k m3  ( 8 6 k m3  D R E) a n d t h us esti m at e d a b ul k v ol u m e of 5 7 5 k m 3  ( 3 0 0 k m3  2 3 4  
D R E).  T h e D R E v ol u m e s w er e c al c ul at e d usi n g a b ul k d e nsit y, r a n gi n g  b et w e e n 1 ,4 0 0 a n d 2 ,5 0 0 2 3 5  
k g/ m 3  f or t h e i g ni m brit e, 1,2 0 0 k g/ m 3  f or t h e distal as h a n d 8 0 0 k g/ m 3  f or t h e f all o ut p u mi c es. 2 3 6  

3. 1 . 2 Fr o m  p etr ol o gi c al d at a a n d n u m eri c al m o d eli n g  2 3 7  

Ci v ett a et al. ( 1 9 9 7) is o n e of t h e first w or ks t h at s u b di vi d e d t h e v ol u m e of t h e CI er u pti o n  b as e d o n 2 3 8  
t h e p u mi c e c o m p ositi o n. T h e a ut h ors di vi d e d t h e m a g m a i nt o t hr e e diff er e nt t y p es: a m ost e v ol v e d 2 3 9  
o n e t h at c o nsists of Pli ni a n f all o ut a n d s o m e i g ni m brit e u p t o 5 0 k m fr o m t h e v e nt ( a v ol u m e of 2 5 2 4 0  
k m 3  D R E), a m a g m a wit h i nt er m e di at e c o m p ositi o n t h at i n cl u d es s o m e of t h e i g ni m brit e o ut t o it s 2 4 1  
f art h est e xt e nt ( 1 0 0 km 3  D R E), a n d a l e ast -e v ol v e d m a g m a t h at i n cl u d es m u c h of t h e i g ni m brit e i n 2 4 2  
t h e C a m p a ni a n Pl ai n ( 2 0 k m3  D R E). All t h e v ol u m e c al c ul ati o ns w er e m a d e b y cir c u ms cri bi n g 2 4 3  
cir cl es wit h a r a di us s i mil ar t o t h e m a xi m u m dist a n c e r e a c h e d fr o m t h e v e nt b y t h at m a g m a ty p e a n d 2 4 4  
a t hi c k n ess t h at g o es fr o m t h e m a xi m u m t hi c k n ess of i g ni m brit e of t h at  gi v e n  c o m p ositi o n at t h e 2 4 5  
c al d er a c e nt er t o z er o at t h e p eri m et er of t h e cir cl e.  2 4 6  

M ari a n elli at al. ( 2 0 0 6)  pr o p os e d diff er e nt cr yst alli z ati o n d e pt hs s u g g est e d b y t h e r es ult s of CI  m elt 2 4 7  
i n cl usi o n st u di es a n d  t h e n esti m at e d t h e v ol u m e of t h e er u pti o n dir e ctl y fr o m  a m a g m a c h a m b er 2 4 8  
m o d el, attri b uti n g 2 0 k m 3  D R E t o t h e f all o ut d e p osits, a n d 1 3 0 k m 3  D R E t o t h e i g ni m br it e. T h e 2 4 9  
m et h o d w as  n ot e x pl ai n e d wit h m or e d et ails  i n t h e arti cl e  ( M ari a n elli et al., 2 0 0 6). P a p p al ar d o et al. 2 5 0  
( 2 0 0 8) us e d p etr ol o gi c al d at a t o c o nstr ai n t h e pr e-er u pti v e m a g m a st or a g e d y n a mi cs a n al y zi n g t h e 2 5 1  
diff er e nt m a g m a c o m p ositi o ns f or e a c h er u pti v e p h as e. I n a gr e e m e nt wit h Ci v ett a et al. ( 1 9 9 7 ), 2 5 2  
P a p p al a r d o et al. ( 2 0 0 8) pr o p os e d a t ot al v ol u m e of 2 0 0 k m 3  D R E b as e d o n a m aj or a n d tr a c e 2 5 3  
el e m e nt m o d eli n g ( 2 0 k m3  f or t h e f all o ut a n d 1 8 0 k m3  f or t h e i g ni m brit e). Th e a ut h ors us e d  t h e t ot al 2 5 4  
p or osit y of e a c h a n al y z e d s a m pl e, w hi c h v ari es b et w e e n 0. 3 6 a n d 0. 9 3, w it h a n a v er a g e of 0. 5 8. 2 5 5  
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C ost a et al. ( 2 0 1 2)  pr o p o s e d a n e w t e p hr a v ol u m e esti m at e  b as e d o n t h e fit of a n a d v e cti o n –  2 5 6  
diff usi o n t e p hr a dis p ersi o n m o d el t o t hi c k n ess d at a  ( m or e t h a n 1 0 0 ultr a -dist al l o c ati o ns) . T h e y 2 5 7  
o bt ai n e d a b ul k v ol u m e of t h e t e p hr a of 2 5 0 -3 0 0 k m 3  ( 1 0 4-1 2 5 k m 3  D R E , t h e m o d el ass u m es a n 2 5 8  
a v er a g e b ul k d e p osit d e n sit y of 1 ,0 0 0 k g/ m 3 ) a n d a t ot al v ol u m e of t h e er u pti o n of 4 3 0-6 8 0 k m 3  ( 1 8 0-2 5 9  
2 8 0 k m 3  D R E).  2 6 0  

S c ar p ati et al. ( 2 0 1 4 ) esti m at e d t h e P D C v ol u m e a p pl yi n g e q u ati o n ( 3) (s e e b el o w) ass u mi n g a c o -2 6 1  
i g ni m brit e v ol u m e ( Vc o ig n ) of 1 0 0 k m3  o bt ai n e d b y P err ott a a n d S c ar p ati ( 2 0 0 3)  a n d a m e a n vitri c l oss 2 6 2  
of 0. 6 5. T h e m et h o d is b as e d o n t h e e nri c h m e nt f a ct or of W al k er ( 1 9 7 2, 1 9 8 0)  a n d t h e vitri c l oss of 2 6 3  
t h e i g ni m brit e pr o p os e d b y S p ar ks a n d W al k er ( 1 9 7 7 ). T h e i g ni m brit e v ol u m e ( V i g n) ( 3) is e q u al t o: 2 6 4  

𝑽 𝑽 𝑷 𝒄 =
𝒐 𝒍 𝑽 𝒑𝒅 𝒄

𝑽𝑽 𝑷 𝒇𝒂 𝒍  𝒍 𝑽 𝒄 𝒐
− 𝑷 𝒇 𝒂 𝒍𝒍 𝑽                                                          ( 3) 2 6 5  

T his m et h o d i s str o n gl y i nfl u e n c e d b y t h e m e a n v al u e of vitri c l oss us e d, w hi c h is n or m all y esti m at e d 2 6 6  
fr om s p or a di c p oi nt  m e as ur e m e nts. T h e b ul k v ol u m e of t h e P D C d e p osits t h us esti m at e d is 5 4 k m 3  2 6 7  
( 2 5 k m3  D R E, usi n g a d e nsit y of 2 ,6 0 0 k g/ m 3 ). I n t h e s a m e st u d y, t h e a ut h ors pr o p os e d a r e vi e w of 2 6 8  
t h e pr e vi o us v ol u m e esti m ati o ns ( S c ar p ati et al., 2 0 1 4). 2 6 9  

T h e m ost r e c e nt w or k o n t h e f all o ut v ol u m e w as pr es e nt e d b y M arti et al. ( 2 0 1 6 ). T h e a ut h ors 2 7 0  
r e c o g ni z e d t w o disti n ct pl u m e p h as es: t h e Pli ni a n (V P c ol ) a n d t h e c o-i g ni m brit e f all. T h e y ap pli e d a 2 7 1  
c o m p ut ati o n al i n v ersi o n m et h o d t h at e x pli citl y a c c o u nts f or t h e t w o p h as es a n d f or gr a vit ati o n al 2 7 2  
s p r e a di n g of t h e u m br ell a cl o u d. Di vi di n g t h e m o d eli n g i n t w o diff er e nt er u pti v e p h as es pr o vi d e s t h e 2 7 3  
b est esti m at e, as t h e y ar e t w o diff er e nt s pr e a di n g a n d s o ur c e p h e n o m e n a. T h e Pli ni a n f all o ut b ul k 2 7 4  
v ol u m e t h us c al c ul at e d is 5 4 k m 3  ( 2 2. 6 k m3  D R E, usi n g a  m a g m a  d e nsit y of 2 ,5 0 0 k g/ m 3 ) a n d t h e c o-2 7 5  
i g ni m brit e b ul k v ol u m e as  1 5 3. 9 k m 3  ( 6 1. 6 k m3  D R E), f or a t ot al b ul k v ol u m e of 2 0 7. 9 k m 3  ( 8 4. 2 2 7 6  
k m 3  D R E).  2 7 7  

T o s u m m ari z e, th e r a n g e i n v ol u m es is wi d e  ( a n or d er of m a g nit u d e, 5 4 –  5 0 0 k m 3 , i n b ul k v ol u m e) 2 7 8  
d u e t o t h e dif f er e nt m et h o ds us e d, w hi c h is a pr o bl e m i n vi e w of t h e i m p ort a n c e of s u c h fi g ur es in  2 7 9  
c al c ul ati n g  t h e i m p a ct o n cli m at e a n d t h e e n vir o n m e nt.  W hil e t h e c o m p ut ati o n al m et h o ds f or t h e 2 8 0  
f all o ut d e p osits h a v e i m pr o v e d si g nifi c a ntl y i n t h e p ast t e n y e ars a n d t h e r el at e d fi g ur es f or t h e CI 2 8 1  
f all o ut p h as e a p p e ar str o n g a n d s oli dl y b as e d o n fi el d d at a ( C ost a et al., 2 0 1 2; M arti et al., 2 0 1 6), t h e 2 8 2  
v ol u m e fi g ur es f or t h e CI i g ni m brit e ar e still  p o orl y c o nstr ai n e d  b y  fi el d d at a a n d l a c k w ell -ass ess e d  2 8 3  
( e pist e mi c) u n c ert ai nti es. T h e i g ni m brit e  v ol u m e als o  aff e cts t h e esti m at e  of t h e v ol u m e of el utri at e d 2 8 4  
c o -i g ni m brit e as h, w hi c h is t h e d o mi n a nt f all o ut p h as e a cr oss E ur o p e a n d t h e m ai n  fr a cti o n of as h 2 8 5  
i nj e ct e d i nt o t h e str at os p h er e b y  t h e er u pti o n ( e. g., C ost a et al., 2 0 1 8) . 2 8 6  

4. M et h o d s  2 8 7  

4. 1 I n v esti g at e d  CI er u pti v e u nit  2 8 8  

I n or d er t o r e d u c e t hi s wi d e r a n g e i n v ol u m e esti m at es, w e f o c us o n c o nstr ai ni n g t h e v ol u m e of t h e 2 8 9  
i g ni m brit e d e p osits  of t h e CI , as t hi s is t h e m ost p o orl y c o nstr ai n e d at pr es e nt.  W e us e v ol u m es 2 9 0  
c al c ul at e d b y P err ott a a n d S c ar p ati ( 2 0 0 3) a n d M arti et al.  ( 2 0 1 6) f or t h e i niti al p yr o cl asti c Pli ni a n 2 9 1  
f all p h as e a n d t h e c o-i g ni m brit e f all o ut t o esti m at e t h e t ot al er u pt e d v ol u m e. O ur CI is o p a c h m a p i s 2 9 2  
b as e d o n pr e vi o us p u bli s h e d d at a, n e w fi el d w or k a n d t h e ass ess m e nt of t h e p al e o-t o p o gr a p hi c c o ntr ol 2 9 3  
e x ert e d o n t h e d e p osits t hi c k n ess di stri b uti o n. 2 9 4  
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T his i s a pr o visi o n al fil e, n ot t h e fi n al t y p es et arti cl e  

4. 2  D e n sit y m e as ur e m e nt s  2 9 5  

M or e t h a n 4 0 s a m pl es fr o m diff er e nt o ut cr o ps s c att er e d ar o u n d t h e C a m p a ni a n Pl ai n  w er e a n al y z e d 2 9 6  
t o d et er mi n e t h eir d e nsit y. S a m pl es w er e c ut i n c yli n d ers ( wit h r a di us b et w e e n 0. 9 a n d 2 c m a n d 2 9 7  
h e i g ht b et w e e n 0. 8 a n d 5. 7 c m) or c u b es (si d es fr o m 0. 8 t o 2. 5 c m) a n d a n al y z e d usi n g a 2 9 8  
Mi cr o m eriti cs A c c u P y c II 1 3 4 0 h eli u m p y c n o m et er.  T h e i nst r u m e nt pr o vi d es a st a n d ar d d e vi ati o n f or 2 9 9  
e a c h m e as ur e m e nt t h at w as us e d t o e v al u at e t h e d e nsit y err ors.  T h e r es ul ti n g d e nsit y w as us e d t o 3 0 0  
i nt er pr et t ot al a n d o p e n p or osit y. O p e n p or osit y w as esti m at e d wit h g e o m etri c ( V g ) a n d m atri x 3 0 1  
v ol u m e ( V m x ): 1 0 0 *( V g -V m x )/ Vg , w hil e cl os e d p or osit y w as d et er mi n e d usi n g t h e D R E of t h e W GI 3 0 2  
a n d Pi p er n o p o w d er, w hi c h w as o bt ai n e d b y t h e p y c n o m et er.  T h e t ot al p or osit y ( φ t) w as c al c ul at e d 3 0 3  
dir e ctl y b y s u m mi n g  cl os e d a n d o p e n p or osit y . T h e d e nsit y is us e d t o d et er mi n e t h e D R E v ol u m e.  3 0 4  

4. 3  D at a b as e a n d fi el d w or k  3 0 5  

P u bli s h e d d at a r e g ar di n g CI t hi c k n ess a n d o ut cr o p l o c ati o ns w er e c oll e ct e d fr o m 4 2 p a p ers 3 0 6  
(pr es e nt e d i n D at a R e p osit or y, T a bl e 1 ). T h e d at a  w er e i ns ert e d i n a GI S O p e n -S o ur c e Q GI S 3. 4 3 0 7  
(htt ps:// w w w. q gis. or g/it/sit e/ ) d at a b as e i n cl u di n g 2 3 8  l o c ali z e d o ut cr o ps. T h e d at a b as e i n cl u d es t h e 3 0 8  
l o c ati o n n a m e, th e lit h ol o gi c a l d es cri pti o n, t h e g e o gr a p hi c c o or di n at es, t h e el e v ati o n a.s.l., t h e 3 0 9  
t hi c k n ess of t h e fl o w u nit s (s p e cif yi n g w h et h er t ot al or mi ni m u m o ut cr o p t hi c k n ess), t h e m a xi m u m 3 1 0  
lit hi c di m e nsi o ns a n d t h e d e gr e e of w el di n g. W h er e b ot h b as e a n d t o p of t h e CI ar e e x p os e d , t h e 3 1 1  
t hi c k n ess i s cl assifi e d as t ot al a n d els e w h er e it is c o nsi d er e d a mi ni m u m t hi c k n ess. T h e d at a b as e 3 1 2  
r e p orts r a w t hi c k n ess d at a a n d  a dj ust m e nt s d u e t o er osi o n ar e  e x pl ai n e d l at er o n.  3 1 3  

T his d at a b as e h as b e e n a u g m e nt e d b y o ur fi el d d at a a c q ui r e d i n 9 7 l o c ati o ns (pr es e nt e d i n D at a 3 1 4  
R e p osit or y, T a bl e 2 ), b ot h i n pr o xi m al a n d dist al ar e as ( Fi g. 1A ). At t h es e n e w fi el d sit es, 3 1 5  
i nf or m ati o n o n t ot al or mi ni m u m t hi c k n ess, t o v erif y t h e l o c al str ati gr a p h y, a n d t h e r el ati o n of t h e 3 1 6  
i g ni m brit e t o t o p o gr a p hy w as c oll e ct e d.  3 1 7  

4. 4  D efi ni n g t h e CI P D C  d e p osit e xt e nt  3 1 8  

T h e 0 -m  is o p a c h is a n o ut er li mit b e y o n d w hi c h t he CI  is n ot pr es e nt, a n d it d eli mits t h e c urr e nt ar e al 3 1 9  
distri b uti o n of t h e i g ni m brit e o ut cr o ps. T h e is o p a c h w as r e c o nstr u ct e d t hr o u g h a first p h as e of 3 2 0  
r e visi o n of t he g e ol o gi c al m a ps alr e a d y e xisti n g at t h e s c al e 1: 5 0, 0 0 0 or 1: 1 0 0, 0 0 0  (S er vi zi o 3 2 1  
G e ol o gi c o d’It ali a, 1 9 6 3, 1 9 6 5, 1 9 6 6, 1 9 6 7, 1 9 7 1 a, 1 9 7 1 b, 1 9 7 5;  I S P R A, 2 0 0 9, 2 0 1 0, 2 0 1 1 a, 2 0 1 1 b, 3 2 2  
2 0 1 1 c, 2 0 1 1 d, 2 0 1 4 a, 2 0 1 4 b, 2 0 1 6, 2 0 1 8). T h e c o nt a ct w as tr a c e d b et w e e n t h e CI a n d ol d er u nit s a n d 3 2 3  
e xtr a p ol at e d w h er e CI d o es n ot cr o p o ut. I n t hi s cir c u mst a n c e, t h e i g ni m brit e is g e n er all y c o v er e d b y 3 2 4  
y o u n g er d e p osits, s o it is n e c ess ar y t o ass ess if t h e CI w as e m pl a c e d i n t h es e l o c ati o ns . T o do t hi s , a 3 2 5  
st atisti c al a n d m or p h ol o gi c al a n al ysi s of t h e sl o p e of t h e t o p of t h e CI w as a p pli e d a n d a c o m p aris o n 3 2 6  
b et w e e n t h e t o p o gr a p h y a n d t h e a v er a g e sl o p e of t h e CI t o p w as c arri e d o ut. W h er e t h e sl o p e a n gl e i s 3 2 7  
c o m p ar a bl e, t h e ar e a w as i n cl u d e d i n t h e 0 -m  is o p a c h, e v e n if CI d o es n ot cr o p  o ut.  T h e u n d erl yi n g 3 2 8  
b as e m e nt ( m ostl y M es o -C e n o z oi c c al c ar e o us or fl ys c h  r o c ks) h as g e n er al l y hi g h er sl o p e a n gl es t h a n 3 2 9  
t h e CI (f or e x a m pl e t h e A p e n ni n e fl a n ks), s o t h e CI pr o d u c es a m or p h ol o gi c all y disti n ct sl o p e . Th e 3 3 0  
is o p a c h w as tr a c e d t o l e a v e o ut hi g h -sl o p e  ar e as a n d n o pri m ar y CI d e p ositi o n w as i nt er pr et e d.  T h e 3 3 1  
sl o p e a n al ysi s w as p erf or m e d o n  a sl o p e m a p d e v el o p e d  usi n g a 1 0 -m r es ol uti o n Di git al El e v ati o n 3 3 2  
M o d el ( D E M) ( T ar q ui ni et  al., 2 0 0 7; T ar q ui ni et al., 2 0 1 2; T ar q ui ni a n d N a n ni pi eri, 2 0 1 7).  T h e 3 3 3  
st atisti c al a n d m or p h ol o gi c al a n al ysi s of t h e u p p er s urf a c e of t h e CI us e d 4 8 ,8 0 4 p oi nt s distri b ut e d 3 3 4  
t hr o u g h o ut t h e ar e al e xt e nt of t h e d e p osits ( b ot h i n pr o xi m al a n d dist al ar e as).  3 3 5  

https://www.qgis.org/it/site/
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4. 5  T h e is o p a c h s  3 3 6  

T o d et er mi n e t h e is o p a c h l o c ati o ns, t w o diff er e nt m et h o ds w er e us e d, o n e i n t h e pr o xi m al ar e a t o 3 3 7  
m e di al (fr o m t h e c al d er a t o t h e b as e of t h e A p e n ni n e M o u nt ai ns, i n cl u di n g t h e C a m p a ni a n Pl ai n) a n d 3 3 8  
o n e i n t h e dist al ar e a. T h e al m ost c o m pl et e l a c k of o ut cr o ps i n t h e C a m p a ni a n Pl ai n a n d t h e v all e y -3 3 9  
p o n d e d d e p ositi o n al st yl e i n t h e ri d g e -v all e y t o p o gr a p h y of t h e A p e n ni n e M o u nt ai ns ( R osi et al., 3 4 0  
1 9 8 3, 1 9 9 6; P err ott a et al., 2 0 1 0; L a n g ell a et al., 2 0 1 3; S c ar p ati et al., 2 0 1 4, 2 0 1 5 a; S p ari c e, 2 0 1 5; 3 4 1  
F e d el e e t al., 2 0 1 6) m a k e t h es e diff er e nt a p pr o a c h es n e c ess ar y.  3 4 2  

I n t h e pr o xi m al-m e di al  ar e a, d at a fr o m t h e lit er at ur e  (Ort ol a ni a n d A pril e, 1 9 8 5; S c a n d o n e et al., 3 4 3  
1 9 9 1; B ell u c ci , 1 9 9 4; R ol a n di et al., 2 0 0 3; Mili a a n d T orr e nt e, 2 0 0 7; T orr e nt e et al., 2 0 1 0; I S P R A, 3 4 4  
2 0 1 1 d) , c o nsisti n g of m or e t h a n 3 0 0 t hi c k n ess v al u es of CI fr o m b or e h ol es, o ut cr o ps a n d g e ol o gi c al 3 4 5  
s e cti o ns w er e us e d t o fit is o p a c hs o n t h e m a p  ( O nli n e S u p pl e m e nt ar y M at eri al). I n t h e dist al ar e a, t h e 3 4 6  
is o p a c h l o c ati o ns w er e b as e d u p o n o ur fi el d o bs er v ati o ns a n d a  r e c o nstr u cti o n of t h e pr e-CI 3 4 7  
t o p o gr a p h y ( Fi g. 2), w hi c h w as a s e p ar at e  a n al ysi s  b as e d o n s eri es of ~ 1 5 0 pr ofil es i n t h e A p e n ni n e 3 4 8  
M o u nt ai ns , dr a w n t o o utli n e t h e tr e n d of t h e v all e ys ( Fi g. 2 B ). T h e c o astli n e of t h e  M e dit err a n e a n 3 4 9  
S e a at t h e ti m e of t h e CI e m pl a c e m e nt ( 3 9. 8  k a) w as l o w er t h a n t o d a y. B as e d u p o n li mit e d s e a -l e v el 3 5 0  
c orr el ati o n w or k i n t h e M e dit err a n e a n b asi n ( L a m b e c k a n d B ar d, 2 0 0 0; A nt o ni oli et al., 2 0 0 4; 3 5 1  
A nt o ni oli, 2 0 1 2) , w e ass u m e d a s e a l e v el b et w e e n 7 5 m a n d 8 7 m b el o w  t he  pr es e nt  l e v el. 3 5 2  

T o p o gr a p hi c cr oss -s e cti o ns  w er e tr a c e d ort h o g o n all y t o t h e c e nt er of t h e v all e y a n d t o t h e c o nt o ur  3 5 3  
li n es, i n cl u di n g t h e fl a n ks  of t h e r eli efs a n d t h e 0 -m  is o p a c h. T h e sl o p es of t h e v all e y a b o v e t h e CI 0 -3 5 4  
m  is o p a c h w er e e xt e n d e d a n d gr a d u all y d e e p e n e d  t o w ar d t h e v all e y c e nt er i n or d er t o r e c o nstr u ct t h e 3 5 5  
p al e o -v all e y wit h a n i n cli n ati o n of t h e si d es si mil ar t o t h e c urr e nt sl o p e, al w a ys t a ki n g i nt o 3 5 6  
c o nsi d er ati o n t h e g e ol o gi c al a n d m or p h ol o gi c al f e at ur es ( Fi g. 2 B ), a n d ass u mi n g t h at t h e M es o-3 5 7  
C e n o z oi c m o u nt ai n sl o p e s h a v e n ot si g nifi c a ntl y c h a n g e d si n c e 4 0 k a. T h e b as e el e v ati o n of t h e 3 5 8  
p al e o -v all e ys is c o nstr ai n e d b y fi el d d at a w h er e t h e CI b as e h as b e e n m e as ur e d.  3 5 9  

T h es e r e c o nstr u ct e d v all e ys c ul mi n at e g e n er all y i n a V s h a p e , n ot c o nsi d eri n g t h e CI t h at fill e d t he m , 3 6 0  
wit h t h e b ott o m el e v ati o n , f or e a c h pr ofil e, r e pr es e nti n g t h e p al e o-v all e y fl o or. All t h es e el e v ati o ns 3 6 1  
r e pr es e nt t h e a n ci e nt p att er n of t h e v all e y b ott o m, f or t hi s r e as o n, t h e y w er e m o difi e d if t h e y w er e 3 6 2  
i n c o nsist e nt wit h t h e pr o gr essi v e d o w nsl o p e d e cr e as e i n el e v ati o n t o w ar ds t h e s e a. 3 6 3  

Fi n all y, t h e n e o -i n cisi o n of ri v ers i n t h e pr ofil es w as “fill e d i n ” , s o as t o r e m o v e t h e li n ear er osi o n of 3 6 4  
t h e l ast 3 9. 8  k yr , dr a wi n g a li n e t h at r e pr o d u c es t h e ori gi n al i g ni m brit e d e p osit b ef or e t h at t h e er osi o n 3 6 5  
o c c urr e d  ( Fi g. 2B) . T h e CI t hi c k n ess i s c al c ul at e d fr o m t h es e m o difi e d pr ofil es, a n d it is fr o m t h e t o p 3 6 6  
of t h e d e p osit o bt ai n e d b y t h e p r ofil es i nt o t h e p al e o-v all e y  sl o p e . H o we v er, t h e t hi c k n ess i s al w a ys 3 6 7  
c o nstr ai n e d b y fi el d d at a o f t h e CI t hi c k n ess a n d b y  t h e g e ol o gi c al m a ps. T h es e t hi c k n ess v al u es ar e 3 6 8  
t h e n r e p ort e d o n t h e is o p a c h m a p. 3 6 9  

All t h e is o p a c hs w er e tr a c e d i n a c c or d a n c e wit h fi e l dw or k, l o o ki n g b ot h t o t h e b as e CI el e v ati o n a n d 3 7 0  
t h e CI t hi c k n ess, t h e g e ol o g y of M es o-C e n o z oi c v all e y si d es a n d, fi n all y, t h e pr es e nt -d a y dr ai n a g e 3 7 1  
n et w or k c o m p ar e d t o  t h e p al e o-v all e ys d uri n g t h e er u pti o n ( Fi g. 2). W h er e t h es e d at a w er e n ot 3 7 2  
c o nsist e nt, a n a dj ust m e nt i n s o m e pr ofil es w as n e c ess ar y. I n s o m e c as es, a c orr e cti o n  w as  m a d e f or 3 7 3  
a n  o v er -t hi c k e ni n g i n t h e v all e ys c a us e d b y a n  o v er -d e e p e ni n g  of t h e e xt e n d e d v all e y si d es , n ot 3 7 4  
c o nsist e nt wit h fi el d o bs er v ati o ns.  I n t h es e c as es, t h e t hi c k n ess w as m o difi e d i n c o h er e n c e wit h 3 7 5  
fi el d w or k. 3 7 6  

W e us e, as a st arti n g  p oi nt f or t h e v ol u m e esti m at e , t h e i g ni m brit e d e p osits v ol u m e o bt ai n e d fr o m t h e 3 7 7  
d et ail e d is o p a c h m a p. T his i nf or m ati o n i s l a c ki n g i n pr e vi o us esti m at es o f t h e CI v ol u m e. We r ef er t o 3 7 8  
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all P D C u nits of t h e CI  a s t h e CI , wit h o ut disti n g ui s hi n g t h e m; i n t h e m e di al a n d dist al o ut cr o ps, t h e 3 7 9  
CI is  m ai nl y c o m p os e d of  W GI.  3 8 0  

5. R es ults  3 8 1  

5. 1 T h e is o p a c h m a p  3 8 2  

T h e m or p h ol o gi c al  a n al ysi s s h o ws t h at 6 4 % ( 3 1 ,0 5 7) of t h e p oi nt s h a v e sl o p es l o w er t h a n 5 °. 3 8 3  
M or e o v er, 8 8 % of t h e p oi nt s h a v e sl o p es l o w er t h a n 15 ° a n d 9 9 % h a v e a s urf a c e sl o p e l o w er t h a n 3 8 4  
5 5 ° ( Fi g. 3). T h e CI sl o p e v al u es ar e  c o n sist e nt wit h fi el d o bs er v ati o n s d uri n g t hi s w or k a n d  i n 3 8 5  
a gr e e m e nt wit h t h e o bs er v ati o n o n t h e sl o p e of t h e t o p s urf a c e of t h e v all e y -p o n d e d T a u p o 3 8 6  
I g ni m brit e, w hi c h is ar o u n d 8 ° ( Wil s o n a n d W al k er, 1 9 8 5) . 3 8 7  

B as e d o n t h es e r es ult s, t h e 0 -m i s o p a c h w as tr a c e d t o e n cl os e all t h e m a p p e d CI a n d ar e as t h at 3 8 8  
pr o b a bl y h a v e t h e CI b el o w t h e r e c e nt s e di m e nt ar y c o v er , t h e y h a v e a sl o p e l ess t h a n 1 5 °  a n d  t h e y 3 8 9  
ar e i n c o nt a ct wit h m a p p e d  CI  o ut cr o p . T h e 1 5 ° sl o p e is c o nsist e nt wit h t h e r es ult s, a n d it all o ws t h e 3 9 0  
i n cl usi o n of all t h e p ossi bl e CI e xt e nt. W ith  t hi s a p pr o a c h, s o m e CI -c o nt ai ni n g  v all e ys ar e  is ol at e d 3 9 1  
fr o m t h e m ai n CI d e p osits ( Fi g. 4). T h e is ol at e d v all e ys c o nt ai n s o m e CI o ut cr o ps, b ut t h e y ar e 3 9 2  
c o nfi n e d b y  hi g h sl o p e or b as e m e nt d e p osits n e ar b y , a n d t h e y ar e s e p ar at e d fr o m  t h e m ai n i g ni m brit e 3 9 3  
b y p ost -e m pl a c e m e nt  er o si o n.  T h e t ot al ar e a e n cl o s e d b y t h e 0 -m i s o p a c h of t h e CI is 3 ,2 1 6 k m 2 ( Fi g. 3 9 4  
4). T o u n d erst a n d als o t h e t ot al ar e a of t h e r e gi o n i n u n d at e d b y th e P D C , a n d a v oi d u n d er esti m ati o n, 3 9 5  
a s h a p e w as dr a w n c o m prisi n g all t h e  m a xi m u m  ar e al e xt e nsi o n of t h e is o p a c h 0 -m. T h e e n v el o p e d 3 9 6  
ar e a is 6 ,0 9 5  k m 2  ( O nli n e S u p pl e m e nt ar y M at eri al), si mil ar t o t h e 6 ,0 0 0 k m 2  esti m at e of  T h u n ell et 3 9 7  
al. ( 1 9 7 9) . 3 9 8  

T h e is o p a c h m a p  tr a c e d i n t h e pr o xi m al ar e a d o es n ot i n cl u d e t h e i ntr a c al d er a d e p osits. T h e 3 9 9  
m a xi m u m t hi c k n ess i n pr o xi m al ar e as is 8 0 m ( Fi g. 5), m ai nl y b as e d o n o ut cr o ps n e ar t h e c al d er a 4 0 0  
ri m; t h e CI t hi ns gr a d u all y a w a y fr o m t h e c al d er a m ar gi n. T h e d et ail e d is o p a c h m a ps  s h o w t h e ar e a 4 0 1  
of t hi c k e ni n g or t hi n ni n g i n t h e C a m p a ni a n Pl ai n a n d i n t h e A p e n ni n es  ( Fi g. 6). T h e is o p a c h f or t h e 4 0 2  
dist al r e a c h es h as a m a xi m u m t hi c k n ess of 5 0 m i n t h e V all e d ei M a d d al o ni  ( Fi g. 6C ). I n dist al ar e a s, 4 0 3  
a s eri es of c o nfi n e d v all e ys s h o w l o c al  t hi c k e ni n g. 4 0 4  

5. 2 D e n sit y of t h e CI d e p osits  4 0 5  

T h e b ul k d e nsit y ( ρ) of t h e W GI s a m pl es r a n g es fr o m 7 4 5   1 5 k g/ m 3  t o 1,3 3 0   3 k g/ m 3 , wit h a n 4 0 6  
a v er a g e of  9 8 0   1 1 k g/ m 3  (se e s e cti o n 4. 2  t o m et h o ds o n h o w t h e err or s w er e c al c ul at e d) . Err or-fr e e 4 0 7  
m e as ur es f or all s a m pl es  f oll o w a G a ussi a n distri b uti o n  wit h  a st a n d ar d d e vi ati o n of t h e G a ussi a n 4 0 8  
pr o b a bilit y d e nsit y f u n cti o n  of 1 2 7 k g/ m 3 . T h e b ul k d e nsit y of t h e Pi p er n o u nit r a n g es fr o m 1,2 7 5   8 4 0 9  
k g/ m 3 t o 1,3 0 2   2 k g/ m 3 , wit h a n a v er a g e of 1,2 8 7   4 k g/ m 3  (pr es e nt e d i n D at a R e p osit or y,  T a bl e 4 1 0  
3). T h e t ot al W GI p or osit y r a n g es fr o m 4 9   5 % t o 7 1    5 % a n d t h e a v er a g e is 6 1. 6   5 % . T h e 4 1 1  
a v er a g e  f or t h e Pi p er n o u nit it is 5 0   1 %. T h e t ot al p or osit y m at c h es wit h t h e r a n g e us e d b y 4 1 2  
P a p p al ar d o et al. ( 2 0 0 8). T h e ρ D R E is 2 ,6 0 7   3 1 k g/ m 3 , w hi c h is i n a gr e e m e nt wit h t h e m a g m a 4 1 3  
d e nsit y us e d b y S c ar p ati et al. ( 2 0 1 4) . T h e D R E v ol u m e is d et er mi n e d m ulti pl yi n g t h e b ul k v ol u m e 4 1 4  
b y ( 1 0 0 - φ t)/ 1 0 0. 4 1 5  

5. 3 D e p osits v ol u m e c al c ul ati o n  4 1 6  

D at a w er e pl ott e d i n a s e mi -l o g arit h mi c pl ot ( Fi g. 7) i n w hi c h t hi c k n ess ( T) a n d ar e a ( A) f oll o w t h e 4 1 7  
r el ati o n: T = Tm a x ∙e x p( -k 1 A) ( Wil s o n, 1 9 9 1). T m a x  of t h e CI fr o m t his r el ati o n is 7 1. 3 m (t h e m e as ur e d 4 1 8  
v al u e i n t h e fi el d is 8 0 m), k 1  is e q u al t o 1 0-3  m -2  a n d r 2  is 0. 9 2 9. T h es e v al u es w er e o bt ai n e d pl otti n g  4 1 9  
t hi c k n ess a n d ar e a wit h t h e s a m e u nit ( m). 4 2 0  
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F oll o wi n g t hi s e q u ati o n, t h e v ol u m e is t h e d efi nit e i nt e gr al of t h e f u n cti o n, w h er e  t h e ar e a of e a c h 4 2 1  
is o p a c h w as c al c ul at e d dir e ctl y fr o m t h e Q GI S s oft w ar e. T a bl e 2 dis pl a ys t h e v al u es of t h e ar e a a n d 4 2 2  
th e v ol u m e f or e a c h is o p a c h  e xtr a p ol at e d b y t h e f u n cti o n ( Fi g. 7). S u m m i n g all t h e is o p a c h v ol u m e s , 4 2 3  
t h e t ot al v ol u m e of t h e pr es er v e d e xtr a-c al d er a CI d e p osits o n l a n d is 6 8. 2    6. 6  k m 3  (2 6. 8    2. 6  k m 3  4 2 4  
D R E).  T h e s o ur c es of err or a n d t h e u n c ert ai nti es w er e c al c ul at e d s e p ar at el y f or t h e pr o xi m al a n d 4 2 5  
m e di al ar e a a n d f or t h e dist al o n e ; t h eir c al c ul ati o n is e x pl ai n e d i n t h e O nli n e S u p pl e m e nt ar y 4 2 6  
M at eri al . T h e CI v ol u m e w as c o m p ar e d t o ot h er i g ni m brit es , w h os e b ul k v ol u m es s p a n t hr e e or d er s 4 2 7  
of m a g nit u d e: t h e L u n d I g ni m brit e ( 4,4 0 0 k m 3 ; B est et al., 2 0 1 3 a), t h e Gr e e ns C a n y o n T uff ( G C T, 4 2 8  
6 0 0 k m 3 ; B est et al., 2 0 1 3 a), t h e P etr o gl y p h Cliff ( 4 0 k m3 ; B est et al., 2 0 1 3 a) , t h e Or u a n ui I g ni m brit e 4 2 9  
( 3 0 0 k m3 ; Wil s o n, 1 9 9 1) a n d t h e P o z z ol a n e R oss e i g ni m brit e ( R E D, 3 5  k m 3 ; Gi or d a n o et al., 2 0 1 0 ; 4 3 0  
Gi or d a n o a n d D or o n z o, 2 0 1 7)  ( Fi g. 7). 4 3 1  

T o u n d erst a n d t h e e xtr a -c al d er a v ol u m e s u b di visi o n i n pr o xi m al a n d dist al ar e as, t h e is o p a c h m a p is 4 3 2  
di vi d e d  i nt o t w o p arts, o n e c o m prisi n g all t h e C a m p a ni a n Pl ai n, a n d t h e ot h er fr o m t h e first A p e n ni n e 4 3 3  
ri d g es t o t h e fi n al r u n o ut ( Fi g. 5). T h e r es ulti n g e xtr a-c al d er a v ol u m es  ar e 4 8. 6    1. 7  k m 3  i n t h e 4 3 4  
pr o xi m al ar e a ( ~ 7 0 %) a n d 1 9. 6    4 . 9 k m3  i n t h e dist al ar e a ( ~3 0 %) . 4 3 5  

6. Dis c u ssi o n  4 3 6  

T h e li n e ar r el ati o ns b et w e e n l o g 1 0  t hi c k n ess a n d ar e a pr es e nt e d  i n Fi g. 7 s h o w all t h e i g ni m brit es 4 3 7  
h a v e  r2  v al u es  a b o v e 0. 9. k 1  v ari es b et w e e n 1 0 -4 m -2  a n d 1 0 -3  m -2  f or e a c h i g ni m brit e, b ut it s e e ms t h at 4 3 8  
bi g g er i g ni m brit es ( L u n d a n d Or u a n ui i g ni m brit es) h a v e  l o w er k1  v al u es . T h e c o n c a vit y of t his c ur v e 4 3 9  
gi v es i nf or m ati o n o n t h e as p e ct r ati o of t h e d e p osits: c o n c a v e -u p w ar d c ur v e s  (i. e. c o n v e x) r ef er t o 4 4 0  
l o w-as p e ct -r ati o d e p osits w hil e c o n c a v e -d o w n w ar d c ur v e s a p pl y t o hi g h -a s p e ct -r ati o i g ni m brit es 4 4 1  
( Wil s o n, 1 9 9 1). T h e CI s h o ws a n i nt er m e di at e as p e ct r ati o, wit h t h e first p art of t h e c u r v e u p w ar d 4 4 2  
a n d t h e s e c o n d  d o w n w ar d, w hi c h  r efl e cts t h e fi el d e vi d e n c e, n oti c e d d uri n g t h e fi el d w or k, of b ot h 4 4 3  
l o w a n d hi g h as p e ct r ati o b e h a vi or of t h e CI.  G C T a n d R E D s h o w  a si mil ar  c h a n g e i n  c o n c a vit y. T h e 4 4 4  
R E D s h o ws si mil ar f e at ur es t o t h e CI in t h e fi el d : b ot h  i g ni m brit es e n c o u nt er e d t o p o gr a p hi c b arri ers 4 4 5  
p er p e n di c ul ar t o t h e fl o w, s u c h t h at t h e R E D cli m b e d t o p o gr a p hi c b arri ers as hi g h as 4 0 0 m 4 4 6  
( Gi or d a n o et al., 2 0 1 0) w hil e t h e CI o v ert o p p e d 1 ,0 0 0 -m  b arri ers . S u c h i nt er a cti o n h as a n i m p ort a nt 4 4 7  
r ol e i n t h e fl o w d y n a mi cs ( e. g., B ursi k a n d W o o ds, 2 0 0 0; A n dr e ws a n d M a n g a, 2 0 1 1 ) a n d it is 4 4 8  
ass o ci at e d wit h a d e cr e as e i n  c arr yi n g c a p a cit y a n d a n i n cr e as e of t h e s e di m e nt ati o n r at e ( Gi or d a n o, 4 4 9  
1 9 9 8). T h e c h a n g e of t h e c ur v e c o n c a vi t y c o ul d dir e ctl y s h o w t h e s e di m e nt ati o n r at e fl u ct u ati o ns.  4 5 0  

6. 1 E xtr a c al d er a v ol u m e  4 5 1  

T h e d at a fr o m  t hi s w or k w er e c o m p ar e d wit h R u b erti et al. ( 2 0 2 0), w h o  pr o p os e d c o nt o ur m a ps of 4 5 2  
t h e l o w er a n d t h e u p p er surf a c es of t h e CI f or t h e n ort h w est er n s e ct or of t h e pr o xi m al -m e di al  ar e a, 4 5 3  
b as e d o n 1 ,0 0 0 lit h ostr ati gr a p hi c l o gs fr o m b or e h ol es. T h e e xtr a p ol at e d t hi c k n ess es fr o m t h eir m a ps 4 5 4  
w er e c o m p ar e d wit h t h e is o p a c h m a p of t hi s w or k  b y dr a wi n g  a n e w pr o xi m al is o p a c h m a p b as e d o n 4 5 5  
t h eir c o nt o ur m a ps . T h e v ol u m e c al c ul at e d fr o m  t hi s n e w is o p a c h m a p is 4 6. 5  k m 3 , 2. 1  k m 3  l ess t h a n 4 5 6  
t h e v ol u m e w e  esti m at e d . T his diff er e n c e is i n cl u d e d i n t h e 6. 6 k m3  of t h e t ot al v ol u m e err or a n d 4 5 7  
u n c ert ai nti es  h er e pr es e nt e d . T h e d at a pr o p os e d b y R u b erti et al. ( 2 0 2 0) w er e n ot i ns ert e d i n t h e 4 5 8  
is o p a c h m a p r e p ort e d i n t his w or k t o a v oi d  err or pr o p a g at i o n d u e t o d at a c o mi n g fr o m c o nt o ur m a ps 4 5 9  
r at h er t h a n d e p osit t hi c k n ess m e as ur e m e nts . H o w e v er, a  gr e at er t hi c k n ess i n t h e V olt ur n o Pl ai n  4 6 0  
c o m p ar e d t o t his w or k  c o ul d b e c o nsi d er e d , as pr o p os e d b y R u b erti et al. ( 2 0 2 0) . 4 6 1  

T h e err or a n d u n c er t ai nti es ass o ci at e d  wit h  o ur  v ol u m e  esti m at e  of t h e t err e stri al CI i g ni m brit e 4 6 2  
d e p osits ( 6 8. 2   6. 6  k m 3 ) ar e l ess t h a n 1 0 %  ( O nli n e S u p pl e m e nt ar y M at eri al), a g o o d pr e cisi o n  4 6 3  
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c o nsi d eri n g t h at m a n y p u bli s h e d esti m at es of er u pti o n v ol u m e m a y b e b ar el y m or e pr e c is e t h a n o n e  4 6 4  
or d er of m a g nit u d e ( M as o n et al., 2 0 0 4). T h e a c c ur a c y of t h e a p pli e d m et h o d is als o d u e t o t h e 4 6 5  
d e v el o p m e nt of t h e 0 -m i s o p a c h ar e al e xt e nt. C utl er et  al. ( 2 0 2 0) d e m o nstr at e d t h at t h e i n cl usi o n of 4 6 6  
z er o v al u es i m pr o v e d t h e m o d eli n g a n d t h e v ol u m e c al c ul ati o ns f or t e p hr a l a y er s  of M o u nt St H el e ns . 4 6 7  
M or e o v er, t h e c o m pl e xit y of t h e is o p a c h s h a p es, i nst e a d of si m plifi e d o bl at e s h a p es, all o w s b ett er 4 6 8  
c o nsi d er at io n of  r a w t hi c k n ess d at a a n d l ess e ns i n a c c ur at e v ol u m e esti m at es  ( E n g w ell et al., 2 0 1 5). 4 6 9  
T his m et h o d c a n n o w b e a p pli e d t o  i g ni m brit e d e p osits, wit h  a g o o d p ar all eli s m b et w e e n fl o w a n d 4 7 0  
f all v ol u m e c al c ul ati o ns. 4 7 1  

T h e v ol u m e  w e pr es e nt e d a b o v e  is n ot t h e t ot al v ol u m e of t h e CI P D C d e p osit s, b ut t h e pr es er v e d 4 7 2  
e xtr a -c al d er a i g ni m brit e v ol u m e a n d  s e v er al c orr e cti o ns m ust b e a p pli e d t o t his v al u e  ( M as o n et al., 4 7 3  
2 0 0 4; F ol k es et al., 2 0 1 1) . E a c h f a ct or h as r el ati v e u n c ert ai nti es, b ut  h er e w e c o nstr ai n t h e m t o a 4 7 4  
w ell -d efi n e d pr es er v e d e xtr a -c al d er a v ol u m e a n d w e a n al y z e e a c h mi ni m u m a n d m a xi m u m v ol u m e. 4 7 5  
A si g nifi c a nt a m o u nt of p yr o cl asti c m at eri al w as d e p osit e d i n t h e s e a a n d wit hi n t h e c al d er a, 4 7 6  
si g nifi c a nt er osi o n h as o c c urr e d i n t h e l ast 3 9. 8 k yr s, a n d a l ar g e a m o u nt of c o -i g ni m brit e as h 4 7 7  
el utri at e d or r os e i nt o t h e air as a c ol u m n.  4 7 8  

T h e r e c o nstr u ct e d is o p a c hs d o n ot c o nsi d er t h e li n e ar er osi o n d u e t o ri v er i n cisi o n of t h e CI s o t h e 4 7 9  
p ossi bl e ar e al er osi o n m ust b e c al c ul at e d. T h e li n e ar er osi o n is r e l at e d t o t h e s el e cti ve er osi o n d u e t o 4 8 0  
ri v ers, w hil e t h e ar e al er o si o n c o m pris es all t h e r e gi o n al pr o c ess es t h at o c c urr e d i n t h e ar e a. T h e 4 8 1  
d e p osits of W GI s h o w a m ai nl y v all e y -p o n d e d d e p osit p att er n; i n m a n y ar e as w h er e t h e i g ni m brit e 4 8 2  
w as d e p osit e d i n n arr o w v all e ys (f or i nst a n c e n e ar R o c c a m o nfi n a), t h e o nl y u nit t h at m a ntl es t h e 4 8 3  
t o p o gr a p h y is U S A F, w hil e t h e u p p er s urf a c e of W GI is m ai nl y h ori z o nt al ( Fi g. 3) ( S p ari ce, 2 0 1 5) . 4 8 4  
T his s u g g ests t h at U S A F is a f a ci es e m pl a c e d o v er a wi d er ar e a t h a n W GI, c o m prisi n g als o 4 8 5  
t o p ogr a p hi c  hi g hs wit h m a ntli n g a n d v e n e er f e at ur es, b ut w as t h e n s u bj e ct e d t o si g nifi c a nt  ar e al 4 8 6  
er osi o n ( Wil s o n, 1 9 9 1) . T h e t hi c k n ess of U S A F is m ai nl y b et w e e n 1 0 c m a n d 1 m ; i n r ar e c as es, it 4 8 7  
c a n r e a c h 3 m ( F e d el e et al., 2 0 1 6). A m e di a n t hi c k n ess of 1 m is ass u m e d as er o d e d m at eri al f or all 4 8 8  
t h e e n v el o p e d ar e a (6 ,0 9 5  k m 2 , pr oj e ct e d ar e a) n ot c o v er e d b y v all e y-p o n d f a ci es, as a r ef er e n c e f or 4 8 9  
t h e ar e al er osi o n. T o c al c ul at e t h e er osi o n , w e us e d t h e r e al s urf a c e of t h e e n v el o p e d ar e a. T h e r e al 4 9 0  
s urf a c e is t h e a ct u al s urf a c e of a n ar e a, n ot its pr oj e cti o n, a n d it c o nsi d ers al s o t h e m o u nt ai n sl o p es.  4 9 1  
Fr o m t h e D E M, t h e r e al s urf a c e w as c o m p ut e d at 9 ,5 7 5 k m 2 . T h e v ol u m e ass o ci at e d wi t h t h e ar e al 4 9 2  
er osi o n , o n t h e r e al s urf a c e, is 9. 6 k m3  ( Ve ) ( 3. 7 k m3  D R E, usi n g t h e a v er a g e d e nsit y of W GI). T his is 4 9 3  
a c orr e cti o n b as e d o n fi el d o bs er v ati o n s ( U S A F m a ntli n g t h e t o p o gr a p h y) a n d a n a v er a g e c al c ul ati o n 4 9 4  
(t h e t hi c k n ess a n d t h e ar e a) c o ul d v ar y if t h e er o d e d t hi c k n ess, or i n v ol v e d ar e a, ar e s u bst a nti all y 4 9 5  
diff er e nt  fr o m t h os e ass u m e d h er e. 4 9 6  

T h e C F c al d er a is l o c at e d n e ar a n d b el o w t h e c urr e nt s e a -l e v el b ut, a b o ut 4 0 k a, t h e c o astli n e w as 4 9 7  
f art h er t o t h e s o ut h w est  c orr es p o n di n g t o a l e v el b et w e e n 7 5 a n d 8 7 m b el o w its pr es e nt p ositi o n 4 9 8  
( L a m b e c k a n d B ar d, 2 0 0 0; A nt o ni oli et al., 2 0 0 4; A nt o ni oli, 2 0 1 2) ( Fi g. 8). B as e d o n t h e distri b uti o n 4 9 9  
o n l a n d of t h e i g ni m brit e, t h e ass u m e d r a di al s pr e a di n g ( T h u n ell et al., 1 9 7 9; Fis h er et al., 1 9 9 3; Ort 5 0 0  
et al.,  2 0 0 3) , a n d t h e p ositi o n of t h e C F c al d er a r el ati v e t o t h e c o astli n e ( Fi g. 8), a r o u g hl y e q u al 5 0 1  
a m o u nt of m at eri al s h o ul d b e pr es e nt b ot h o n l a n d a n d offs h or e. T h e b at h y m etr y offs h or e s h o ws 5 0 2  
d e pr essi o ns a n d v all e ys s o ut h of t h e c al d er a t h at c o ul d  b e ar e as o f i g ni m brit e d e p osit a c c u m ul ati o n 5 0 3  
( Fi g. 8). Fl o w d e p osits of K os a n d Kr a k at a u de m o nstr at e t h at P D C s c a n tr a v el c o nsi d er a bl e dist a n c e s 5 0 4  
a b o v e s e a w at er ( C ar e y et al., 1 9 9 6; All e n a n d C as, 2 0 0 1; D uf e k a n d B er g a nt z, 2 0 0 7) a n d it is k n o w n  5 0 5  
t h e C a m p a ni a n P D C fl o w e d o v er t h e w at er of t h e B a y of N a pl es t o d e p osit o n t h e S orr e nt o P e ni ns ul a 5 0 6  
(  3 5 k m fr o m P o z z u oli B a y t o S orr e nt o) ( Fis h er et al., 19 9 3) . 5 0 7  
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T h e o c c urr e n c e  of t ur bi dit y c urr e nts i n t h e M e dit err a n e a n b asi n c o e v al wit h  t h e er u pti o n w as 5 0 8  
c o nfir m e d b y a n al ys es of t h e c or e C T 8 5 -5 i n t h e T yrr h e ni a n S e a ( 4 0 ° 1 9’ 0 2’’ N , 1 1 ° 1 5’ 4 2’’ E), m or e 5 0 9  
t h a n 2 0 0 k m w est of  t h e C F c al d er a (Ci ni C ast a g n oli et al., 1 9 9 5; Gi a c ci o, 2 0 0 6; Gi a c ci o et al., 2 0 0 6; 5 1 0  
H aj d as et al., 2 0 1 1) . T h e 4 5 -c m -t hi c k CI t e p hr a r e c o g ni z e d wit hi n t h e c or e w as us e d a s a n i m p ort a nt 5 1 1  
ti m e m ar k er. T h e n e ar b y C T 8 5-6 c o nfir m e d t h e pr es e n c e of t h e CI t e p hr a, b ut  it w as l ess st u di e d as 5 1 2  
it s r e c or d is s h ort er a n d t h e CI t e p hr a is n ot r e p ort e d f ull y ( H aj d as et al., 2 0 1 1). T h e CI l a y er c o nt ai n s  5 1 3  
s h all o w w at er g astr o p o ds a n d i nt er n al l a mi n ati o n, w hi c h i n di c at e t h at at l e a st 1 0 c m of t h e s e cti o n ar e 5 1 4  
fr o m t ur bi diti c ori gi n (Ci n i C ast a g n oli et al., 1 9 9 5; Gi a c ci o, 2 0 0 6; H aj d as et al., 2 0 1 1) . T h es e 5 1 5  
v ol c a n i cl asti c c urr e nts r el at e d t o t h e CI er u pti o n ar e r e p ort e d t hr o u g h o ut  t h e T yrr h e ni a n b asi n 5 1 6  
(M c C o y a n d C or n ell, 1 9 9 0 ; Gi a c ci o, 2 0 0 6) a n d  i nt er pr et e d as t h e r es ult s of l ar g e s y n-er u pti v e 5 1 7  
tr a ns p ort of t h e CI m at eri al as  t h e P D Cs e nt er e d t h e w at er. T h e t ur bi dit y c urr e nts c a n b e r e as o n a bl y 5 1 8  
c o nsi d er e d as pri m ar y pr o d u cts of t h e er u pti o n ( Gi a c ci o, 2 0 0 6). Mili a et al. ( 2 0 2 0)  r e p ort t h e 5 1 9  
pr es e n c e of a d e bris fl o w r el at e d t o t h e CI er u pti o n i n t h e C E T 2 c or e ( 3 9 ° 5 5. 2 3′ N, 1 4 ° 0 7. 5 6′ E ) a n d 5 2 0  
a n er osi v e s urf a c e i n t h e n e ar b y C E T 1 c or e ( 3 9 ° 5 4. 6 9' N, 1 4 ° 0 6. 6 5' E ), b ot h l o c at e d i n t h e l o w er 5 2 1  
b at h y al z o n e offs h or e of t h e C a m p a ni a m ar gi n. T h e s e a ut h ors r e c o g ni z e d t h e CI ’s i m p a ct i n t h e ar e a 5 2 2  
a n d t h e p ossi bl e g e n er ati o n of a ts u n a mi r el at e d t o t h e er u pti o n.  5 2 3  

F or t h es e r e as o ns , a l ar g e a m o u nt of u n d er w at er m at eri al is r e ali sti c a n d, b e c a us e o f t h e n e arl y e q u al 5 2 4  
r a di al ar e a c o v er e d b y s e a v ers us o n l a n d, is c o nsi d er e d e q u al t o t h e o n -la n d m at eri al, s o e a c h is 5 2 5  
c o nsi d er e d t o h a v e a v ol u m e of 6 8. 2  k m 3    6. 6  k m 3 ( Vm ). H o w e v er, t h e t ot al v ol u m e t h at e nt er e d  t h e 5 2 6  
w at er d uri n g a n d aft er t h e er u pti o n w as e q u al t o t h e pr es er v e d v ol u m e  o n l a n d  pl us t h e er o d e d 5 2 7  
v ol u m e ( 6 8. 2  k m 3  + 9. 6 k m 3 ). 5 2 8  

6. 2 I ntr a c al d er a v ol u m e  5 2 9  

W ell s  w er e drill e d si n c e t h e 1 9 4 0s t o u n d erst a n d t h e d e e p g e ot h er m al s yst e m i n C a m pi Fl e gr ei, 5 3 0  
r e a c hi n g d e pt hs of 1,6 0 0 -3 ,0 0 0 m b el o w gr o u n d s urf a c e ( R osi a n d S br a n a, 1 9 8 7). A str o n g 5 3 1  
h y dr ot h er m al alt er ati o n w as r e c o g ni z e d , wit h f o ur m ai n z o n es m ar k e d b y disti n cti v e mi n er al 5 3 2  
ass e m bl a g es . T h es e w ell s r e a c h e d t h e CI  u nit s , b ut t h e e xt e nsi v e h y dr ot h er m al alt er ati o n pr e v e nt e d 5 3 3  
its i d e ntifi c ati o n. D u e t o t h e hi g h u n c ert ai nti es of c orr el ati n g CI d e p osits i nsi d e t h e c al d er a, t h e 5 3 4  
is o p a c h m a p w as tr a c e d wit h o ut t h e intr a c al d er a ar e a a n d t h e i ntr a c al d er a v ol u m e w as n ot esti m at e d 5 3 5  
i n t his w or k. 5 3 6  

M or e r e c e ntl y, a 5 0 6 -m b or e h ol e w as drill e d  w est of N a pl es, p e n etr ati n g  b ot h  t h e N Y T a n d CI 5 3 7  
(M or m o n e et al., 2 0 1 5;  D e N at al e et al., 2 0 1 6) . T h e h y dr ot h er m al alt er ati o n i n t h e pr o xi mit y of CI 5 3 8  
( ar o u n d 43 9 a n d 5 0 1 m) w as r e c o g ni z e d a n d m a d e t h e c orr el ati o n wit h t h e d e p osits e xtr e m el y 5 3 9  
diffi c ult. H o w e v er, t hr o u g h lit h ol o gi c al, mi n er al o gi c al a n d 4 0 Ar/ 3 9 Ar d ati n g t h e a ut h ors r e c o g ni z e d 5 4 0  
ar o u n d  2 5 0 m of i ntr a c al d er a CI ( D e N at al e et al., 2 0 1 6). T his t hi c k n ess v al u e w as pr e vi o usl y 5 4 1  
o bs er v e d t hr o u g h g e ol o gi c al a n d g e o p h ysi c al f e at ur es ( T orr e nt e et al., 2 0 1 0). T h e i g ni m brit e v ol u m e 5 4 2  
i nsi d e t h e c al d er a w as t h e n esti m at e d at l ess t h a n 1 6 k m3 , usi n g a c al d er a di m e nsi o n of 6 4 k m2  ( D e 5 4 3  
N at al e et al., 2 0 1 6).  5 4 4  

T h er e ar e s o m e u n c ert ai nti es d u e t o t h e c al d er a ’s tr u e s h a p e. Vit al e a n d Is ai a ( 2 0 1 4)  pr o p os e d a 1 2 -5 4 5  
k m -wi d e p ol y g o n al c al d er a, w hi c h c orr es p o n ds t o a n ar e a of 1 4 4 k m 2 , w hil e D e N at al e et al. ( 2 0 1 6) 5 4 6  
s u g g est e d a mi n i m u m ar e a of 6 4 k m 2 . C o nsi d eri n g a n a v er a g e t hi c k n ess of 2 5 0 m o f i ntr a c al d era  5 4 7  
d e p osits ( D e N at al e et al., 2 0 1 6), a n d a n ar e a v ar yi n g fr o m 6 4 t o 1 4 4 k m2 , t h e i ntr a c al d er a v ol u m e 5 4 8  
(V i nt r) r a n g es b et w e e n 1 6 k m3  a n d  4 3. 2 k m 3  ( 7.9 -2 1. 4 k m 3  D R E , usi n g t h e pr o xi m al  u nit d e n sit y  of 5 4 9  
t h e Pi p er n o ). 5 5 0  

6. 3 Dist al t e p h r a v ol u m e  5 5 1  
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T his i s a pr o visi o n al fil e, n ot t h e fi n al t y p es et arti cl e  

T h e CI t e p hr a is a n i m p ort a nt c orr el ati o n t o ol a n d ti m e m ar k er f or Q u at er n ar y str ati gr a p h y i n 5 5 2  
diff er e nt b asi ns a n d ar c h a e ol o gi c al sit es i n W est er n E ur asi a. T h e t e p hr a  l a y er is visi bl e i n n u m er o us 5 5 3  
s e di m e nt ar y r e c or ds, i n cl u di n g m ari n e ( K ell er et al., 1 9 7 8; P at er n e et al., 1 9 8 6, 1 9 9 9; T o n-T h at et al., 5 5 4  
2 0 0 1) , t err estri al s e q u e n c es ( V er es et al., 2 0 1 3), c a v e -e ntr a n c e e n vir o n m e nt s ( F e d el e et al., 2 0 0 3; 5 5 5  
Gi a c ci o et al., 2 0 0 8) , l a c ustri n e r e c or ds ( N ar cisi, 1 9 9 6) a n d ar c h a e ol o gi c al  sit es  (e. g., B a di n o et al., i n 5 5 6  
pr ess a n d r ef er e n c es t h er ei n ). T h e o c c urr e n c e of t h e CI t e p hr a  i n ar c ha e ol o gi c al sit es  h el ps t o a d dr es s 5 5 7  
t h e h u m a n bi o -c ult ur al e v ol uti o n at t h e Mi d dl e -U p p er P al e olit hi c tr a nsiti o n i n It al y ( C ast el ci vit a, 5 5 8  
S eri n o a n d Gr ott a d el C a v all o sit es ; G a m b assi ni, 1 9 9 7; Gi a c ci o et al., 2 0 0 8 a n d r ef er e n c es t h er ei n; 5 5 9  
L o w e et al., 2 0 1 2; W o o d et al., 2 0 1 2; Z a n c h ett a et al., 2 0 1 8 ), i n M o nt e n e gr o ( Cr v e n a Stij e n a ; M orl e y 5 6 0  
a n d W o o d w ar d, 2 0 1 1; Mi h ajl o vi c a n d W h all o n, 2 0 1 7 ), i n Gr e e c e ( D o u k a et al., 2 0 1 4; Z a n c h ett a et 5 6 1  
al., 2 0 1 8) a n d  i n R ussi a ( K ost e n ki; Gi a c ci o et al., 2 0 0 8 a n d r ef er e n c es t h er ei n). I n v er y dist al sit es, it 5 6 2  
c a n b e f o u n d as a c r y pt ot e p hr a n ot vi si bl e t o t h e n a k e d e y e, b ut cl e arl y us ef ul as a n a bs ol ut e a n d 5 6 3  
r el ati v e c hr o n ol o gi c al a n d str ati gr a p hi c m ar k er ( L o w e et al., 2 0 1 2). 5 6 4  

D efi ni n g t h e distri b uti o n of t h e ultr a -dist al d e p osit s is a diffi c ult t as k d u e t o t h e li mit ati o n of t h e fi el d 5 6 5  
d at a a v ail a bl e a n d t o t h e t hi n ni n g of t h e as h l a y ers. U n d er esti m ati o n of t h e d e p osit v ol u m e  c a n b e 5 6 6  
d eri v e d b y si m pl e e xtr a p ol ati o n fr o m pr o xi m al, m e di al a n d dist al d at a t o t h e ultr a -dist al r e gi o n. T h e 5 6 7  
c as e of t h e CI is c o m pli c at e d b y t h e pr es e n c e of b ot h c o -P li ni a n f all o ut as h a n d c o -i g ni m brit e f all o ut 5 6 8  
as h, b ot h tr a ns p ort e d f ar fr o m t h e v e nt t hro u g h  t o E ast er n E ur o p e a n d R ussi a ( T h u n ell et al., 1 9 7 9; 5 6 9  
C or n ell et al., 1 9 8 3; N ar cisi a n d V e z z ol i, 1 9 9 9; F e d el e et al., 2 0 0 3; Gi a c ci o et al., 2 0 0 6; P yl e et al., 5 7 0  
2 0 0 6; E n g w ell et al., 2 0 1 4; S mit h et al., 2 0 1 6) . 5 7 1  

N e v ert h el ess, t h e ultr a -d i st al t e p hr a v ol u m e is n e c ess ar y t o d efi n e t h e t ot al CI er u pti v e v ol u m e. 5 7 2  
S p ar ks a n d H u a n g ( 1 9 8 0) r e c o g ni z e d t h e bi m o d al gr ai n -si z e of t h e ultr a -dist al d e p osits of t h e CI, 5 7 3  
i nt er pr eti n g t h e c o ars e l o w er u nit a s f or m e d d uri n g t h e P li ni a n p h as e, a n d  t h e fi n er u p p er u nit as t h e 5 7 4  
c o -i g ni m brit e p h as e. T h e s e f e at ur es w er e als o  o bs er v e d b y W ulf et a l. ( 2 0 0 4) at  M o nti c c hi o L a k e. 5 7 5  
S p ar ks a n d H u a n g ( 1 9 8 0)  esti m at e d t h at t h e fi n e l a y er r e pr es e nts, o n a v er a g e, 6 5 % of t h e t e p hr a 5 7 6  
v ol u m e  a n d  i n cr e as es i n pr o p orti o n a w a y fr o m t h e v e nt, fr o m 2 0 % at 4 5 0 k m t o 9 5 % of t h e d e p osit at 5 7 7  
1 ,6 6 0 k m fr o m t h e v e nt. H o w e v er, a n a bs ol ut e v ol u m e f or e a c h p h as e w as n ot d efi n e d. T h e 5 7 8  
d e cr e asi n g of Pli ni a n m at eri al wit h dist a n c e fr o m t h e s o ur c e w as als o o bs er v e d b y E n g w ell et al. 5 7 9  
( 2 0 1 4), w h o us e d t h e gr ai n-si z e d at a t o i n v esti g at e t h e dis p ers al of t h e c o-P li ni a n a n d t h e c o-5 8 0  
i g ni m brit e p h as es. T h e a ut h ors c al c ul at e d t h at 4 0   5 % of t h e v ol u m e of t e p hr a wit hi n 8 5 0 k m of t h e 5 8 1  
v e nt i s r el at e d t o t h e Pli ni a n p h as e  ( as a c o ns e q u e n c e, ar o u n d 6 0 % r el at es t o t h e c o-i g ni m brit e p h as e, 5 8 2  
i n a gr e e m e nt wit h S p ar ks a n d H u a n g, 1 9 8 0). F urt h er m or e, t h e y r e c o g ni z e d t h e diffi c ulty i n 5 8 3  
q u a ntif yi n g  t h e a bs ol ut e v ol u m e of t h e t w o p h as es, d u e t o t h e c o m pl e xit y of s e p ar ati n g t h e t w o l a y er s 5 8 4  
i n m or e dist al d e p osits. 5 8 5  

S mit h et al. ( 2 0 1 6)  us e d t h e CI t e p hr a gl ass c o m p ositi o n t o m a p t h e dis p ers al of t h e Pli ni a n a n d c o -5 8 6  
i g ni m brit e c o m p o n e nts o v er t h e dis p ers al r e gi o n. B as e d o n t h e gl ass c o m p ositi o n, t h e a ut h ors 5 8 7  
r e c o g ni z e d t h at t h e P D C c o m p o n e nt is d o mi n a nt i n t h e ultr a-dist al d e p os it s, a n d t he P D C pr o d u c e d 5 8 8  
t h e m ost v ol u mi n o us d e p osit s of t h e er u pti o n. 5 8 9  

S u m m ari zi n g,  a si g nifi c a nt  p art of t h e p yr o cl asti c c urr e nt w as el utri at e d or r os e i nt o t h e at m os p h er e  5 9 0  
as a c o -i g ni m brit e cl o u d d uri n g t h e er u pti o n a n d dis p ers e d t o t h e e ast ( T h u n ell et al., 1 9 7 9; C or n ell et 5 9 1  
al., 1 9 8 3; P err ott a a n d S c ar p ati, 2 0 0 3; P yl e et al., 2 0 0 6; E n g w ell et al., 2 0 1 4; S c ar p ati a n d P err ott a, 5 9 2  
2 0 1 6) . T h e c o-i g ni m brit e p h as e w as a s u bst a nti al p art of t h e t ot al v ol u m e; b ut  it r em ai ns diffi c ult t o 5 9 3  
d efi n e t h e ass o ci at e d a bs ol ut e v ol u m e r at h er t h a n as a  p er c e nt a g e of t h e t e p hr a l a y er.  5 9 4  
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6. 4 T h e v ol u m e, m ass a n d m a g nit u d e of t h e CI  er u pti o n  5 9 5  

T h e b ul k i g ni m brit e v ol u m e ( Vig n ) ( 4 a n d 5) wit h o ut t h e c o-i g ni m brit e p h as e c a n b e esti m at e d as 5 9 6  
foll o ws:  5 9 7  

𝑽 𝑽𝑷 𝒄 𝒐𝒍 𝑽 =  𝒑 𝒅 𝒄 + 𝑽 𝑽 + 𝑷 𝒇 𝒂 𝒍 𝒍 + 𝑽 𝒄 𝒐 = 𝑷 𝒇 .𝒂 + 𝒍 𝒍 .𝑽 + 𝒊 𝒈 + 𝒏 .𝑽 + 𝒄 .𝒐 = 𝒊 𝒈 𝒏 .𝟒  𝒌 𝒎 𝟑             ( 4) 5 9 8  

a n d  5 9 9  

𝑽 𝒊𝒈 𝒏 𝒎 𝒂 𝒙 = 𝑽 𝒑 𝒓 + 𝑽 𝒎 + 𝑽 𝒊 𝒏 𝒕 𝒓 + 𝟐 𝑽 𝒆 =  𝟕 𝟒 .𝟖 + 𝟕 𝟒 .𝟖 + 𝟒 𝟑 .𝟐 + 𝟗 .𝟔 + 𝟗 .𝟔 = 𝟐 𝟏 𝟐 .𝟎  𝒌 𝒎 𝟑          ( 5) 6 0 0  

T h e t ot al b ul k P D C v ol u m e o bt ai n e d usi n g  ( 4) a n d ( 5) is 1 5 8. 4  –  2 1 2. 0  k m 3  ( T a bl e 3). Th e  c o -6 0 1  
i g ni m brit e v ol u m e ( Vc o ig n ) is esti m at e d usi n g t h e f or m ul a ( 6) b as e d o n t h e cr yst al c o n c e ntr ati o n 6 0 2  
m et h o d pr o p os e d b y S c ar p ati et al. (2 0 1 4 ) ( 3):  6 0 3  

𝑽 𝒄 𝒐 𝒊𝒈 𝒏 =
𝑽𝒊 𝒕 𝒓𝒊 𝒄  𝒍 𝒐 𝒔 𝒔∗ 𝑽 𝒊𝒈 𝒏

𝟏 − 𝑽𝒊 𝒕 𝒓 𝒊 𝒄 𝒍 𝒐 𝒔𝒔
=

𝟎 .𝟔 𝟓 ∗ 𝑽 𝒊𝒈 𝒏

𝟏 − 𝟎 .𝟔 𝟓
= 𝟐 𝟗 𝟒 .𝟐 − 𝟑 𝟗 𝟑 .𝟕  𝒌 𝒎 𝟑                               ( 6) 6 0 4  

T h e c o -i g ni m brit e v ol u m e, usi n g a vitri c l oss of 0. 6 5, r a n g es b et w e e n 29 4. 2  k m 3  a n d 3 9 3. 7  k m 3  6 0 5  
(1 1 5. 8  k m 3  –  1 5 5. 0  k m 3  D R E) , pr o d u ci n g t h e hi g h e st  of all pr e vi o us es ti m at es. H o w e v er, Vc o ig n  c o ul d 6 0 6  
c h a n g e si g nifi c a ntl y b as e d u p o n  t h e v al u e of vitri c l oss us e d. W al k er ( 1 9 7 2)  pr o p os e d a vitri c l oss of 6 0 7  
0. 5 5  f or a W GI out cr o p at Alt a vill a, n e ar B e n e v e nt o . Usi n g t his d atu m , t h e c o-i g ni m brit e b ul k 6 0 8  
v ol u m e d e cr e as es t o b et w e e n 1 9 3. 6  k m 3  a n d 2 5 9. 1  k m 3 . I n t hi s w or k, w e u s e 0. 6 5, as pr o p os e d b y 6 0 9  
S c ar p ati et al. ( 2 0 1 4) , w hi c h is a n a v er a g e of m or e s a m pl es l o c at e d i n s e v er al dist al sit es all o v er t h e 6 1 0  
CI distri b uti o n , a n d fr o m diff er e nt u nits b ut  it is n ot f ar fr o m 0. 5 5 pr o p os e d b y W al k er (1 9 7 2) . 6 1 1  
B e c a us e t h e c al c ul ati o n of t h e V c o ig n  is b e y o n d t h e p ur p os e of t his w or k, a n alt er n ati v e is t o  us e t h e 6 1 2  
mi ni m u m a n d m a xi m u m c o -i g ni m brit e v ol u m e r e p orte d  i n t h e lit er at ur e, w hi c h ar e b et w e e n 7 2 k m3  6 1 3  
a n d 1 5 3. 9  k m 3  b ul k ( 3 1 k m 3  –  6 1. 6  k m 3  D R E; r es p e cti v el y fr o m P yl e et al., 2 0 0 6 a n d M arti et al., 6 1 4  
2 0 1 6 ), b ut it i s w ort h c o nsi d eri n g t h at t his m a y b e a si g nifi c a nt u n d er esti m at e. 6 1 5  

T h e t ot al v ol u m e of t h e m at eri al er u pt e d d uri n g t h e P D C p h as e of t h e CI er u pti o n r a n g es b et w e e n 6 1 6  
4 5 2. 6  k m 3  a n d 6 0 5. 7  k m 3  (1 7 5. 8  k m 3  –  2 4 2. 6  k m 3  D R E) ( T a bl e 3). T his esti m at e is b as e d o n t h e 6 1 7  
pr es er v e d d e p osits of t h e CI. A m o n g t h e pr e vi o us esti m at es pr es e nt e d i n t h e lit er at ur e, t h e cl os est t o 6 1 8  
o ur P D C v ol u m e ar e t h os e pr o p os e d b y Gi a c ci o ( 2 0 0 6) a n d P a p p al ar d o et al. ( 2 0 0 8 ). 6 1 9  

Usi n g t h e pr e vi o usl y p u blis h e d f all o ut v ol u m e (t h e mi ni m u m a n d t h e m a xi m u m pr o p os e d; P err ott a 6 2 0  
a n d S c ar p ati, 2 0 0 3 ; M art i et al., 2 0 1 6), i n c o m bi n ati o n wit h o ur P D C v ol u m e, gi v es a t ot al er u pti v e 6 2 1  
v ol u m e of all er u pti v e p h as es of 4 5 6. 6  k m 3  t o 6 5 9. 7  k m 3  (1 7 7. 5  k m 3  –  2 6 5. 2  k m 3  D R E) ( T a bl e 3).  6 2 2  
H o w e v er, a n y of t h e pr e vi o us esti m at es f or t h e f all o ut v ol u m e c o ul d b e us e d i n o ur t o t al v ol u m e 6 2 3  
esti m at e. T h es e v al u es ar e si mil ar t o s o m e pr e vi o u sl y pr o p os e d t ot al v ol u m es ( C or n ell et al., 1 9 8 3; 6 2 4  
F e d el e et al., 2 0 0 3; Gi a c ci o, 2 0 0 6; P yl e et al., 2 0 0 6; P a p p al ar d o et al., 2 0 0 8; C ost a et al., 2 0 1 2) , b ut  6 2 5  
t h e y ar e c o nstr ai n e d, f or t h e first ti m e, b y dir e ct t hi c k n ess m e as ur e m e nts of t h e i g ni m brit e d e p osit.  6 2 6  

T h e m ass ass o ci at e d wit h t his v ol u m e, usi n g o ur d e nsit y esti m at e i s ( 7):  6 2 7  

𝒎 𝒂 𝒔 𝒔 𝒎𝒊 𝒏 = 𝟏 𝟕 𝟕 .𝟓  𝒌 𝒎 𝟑 ∗ 𝟐 ,𝟔 𝟎 𝟖 𝒌 𝒈 𝒎 𝟑⁄ = 𝟒 .𝟔 𝟑 ∗ 𝟏 𝟎 𝟏 𝟒 𝒌 𝒈                               ( 7) 6 2 8  

A n d ( 8) : 6 2 9  

𝒎 𝒂 𝒔 𝒔 𝒎 𝒂 𝒙 = 𝟐 𝟔 𝟓 .𝟐  𝒌 𝒎 𝟑 ∗ 𝟐 ,𝟔 𝟎 𝟖 𝒌 𝒈 𝒎 𝟑⁄ = 𝟔 .𝟗 𝟐 ∗ 𝟏 𝟎 𝟏 𝟒 𝒌 𝒈                              ( 8) 6 3 0  
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a n d t h e m a g nit u d e ( M) ( 9) ( M as o n et al., 2 0 0 4): 6 3 1  

𝑽  = 𝑽 𝑷 𝒄 𝒐 𝒍( 𝑽 𝒑 𝒅 𝒄 ) − 𝑽 = 𝑽 .𝑷 − 𝒇 .𝒂                                                ( 9) 6 3 2  

T his v al u e is c o nsist e nt wit h a V EI 7 a n d a M = 7. 7  –  7. 8  a n d  c o nfir m s t hi s er u pti o n  as  t h e l ar g est 6 3 3  
Q u at er n ar y e v e nt i n  E ur o p e , as pr o p os e d pr e vi o usl y i n t h e L A M E V E pr oj e ct (M = 7. 7; Cr os w ell er et 6 3 4  
al., 2 0 1 2 ). 6 3 5  

7. C o n cl u si o n s  6 3 6  

T h e CI er u pti o n is t h e l ar g est er u pti v e e v e nt of t h e C F c al d er a a n d a f u n d a m e nt al c hr o n ol o gi c al 6 3 7  
m ar k er i n all C e ntr al a n d E ast er n E ur o p e. H er e w e pr es e nt e d  a r e vi e w of pr e vi o us esti m at e s i n t h e 6 3 8  
s ci e ntifi c lit er at ur e a n d pr o p os e d  a n e w m et h o d t o tr a c e i g ni m brit e is o p a c h s b as e d o n t h e 6 3 9  
e xtr a p ol ati o n of t h e p al e o -t o p o gr a p h y. It w or ks w ell i n v all e y -p o n d e d i g ni m brit es s u c h as t h e CI, a n d 6 4 0  
all o ws t h e c al c ul ati o n of w ell -d efi n e d u n c ert ai nti es i n t h e o n-l a n d t ot al v ol u m e. B ef or e t h e  pr es e nt 6 4 1  
st u d y, n o  c o m pl et e is o p a c h m a p of t h e i g ni m brit e w as  a v ail a bl e , d u e t o t h e hi g h irr e g ul ariti es of t h e 6 4 2  
d e p osits. A n e w is o p a c h m a p of t h e e xtr a c al d er a s u b -a eri al CI p yr o cl asti c fl o w d e p osits yi el ds a 6 4 3  
v ol u m e of 6 8. 2  k m 3    6. 6  k m 3 , b as e d dir e ctl y o n d e p osit t hi c k n ess v al u es . T h e gr e at er p art of t hi s 6 4 4  
v ol u m e is i n t h e pr o xi m al ar e a ( 4 8. 6    1. 7  k m 3 , ~7 0 %) w hil e o nl y ar o u n d t h e 3 0 % of t h e v ol u m e is i n 6 4 5  
t h e dist al r e gi o n wit hi n  t h e A p e n ni n e M o u nt ai ns (1 9. 6    4 . 9 k m3 ). T h e m et h o d, si mil ar t o  t h os e us e d 6 4 6  
f or t e p hr a d e p osits, c a n b e us e d o n ot h er i g ni m brit es, t o pr o d u c e m or e a c c ur at e v ol u m e esti m at es.  6 4 7  

E vi d e n c e s u g g ests t h at t h e s a m e a m o u nt of m at eri al s h o ul d b e b ot h o n l a n d a n d offs h or e ( ass u mi n g  6 4 8  
r a di al s pr e a di n g of t h e fl o w). T h e g e n er at e d s u b mari n e c urr e nts c o ul d h a v e d e p osit e d  a l ar g e a m o u nt 6 4 9  
of v ol c a n icl asti c d e p osits i n all t h e s u b m ari n e c a n y o ns i n t h e G ulf of N a pl e s a n d  i n t h e T yrr h e ni a n 6 5 0  
S e a a n d p ossi bl y h a d a str o n g i m p a ct o n t h e u n d er w a t er d y n a mi cs of t h at ar e a. C o m bi ni n g  s e p ar at e 6 5 1  
esti m at e s of t h e m ari n e v ol u m e, t h e v ol u m e r e m o v e d b y er osi o n, t h e i ntr a c al d er a v ol u m e, a n d t h e c o -6 5 2  
i g ni m brit e as h v ol u m e yi el ds a t ot al v ol u m e of 4 5 3  k m 3  t o 6 0 6  k m 3  (1 7 6  k m 3  –  2 4 3  k m 3  D R E)  f or t h e 6 5 3  
P D C d e p osits.  T h es e v al u es ar e i n a gr e e m e nt wit h Gi a c ci o ( 2 0 0 6) a n d P a p p al ar d o et al. ( 2 0 0 8 ), 6 5 4  
alt h o u g h it i s t h e first ti me t h at t h e y ar e c al c ul at e d b y dir e ct m e as ur e m e nts  wit h c o nstr ai n e d err or 6 5 5  
esti m at es . T his w or k d e al s wit h t h e i m p ort a n c e of c o nstr ai ni n g er u pti v e v ol u m e wit h  fi el d d at a, 6 5 6  
pr es e nti n g  a ri g or o us m et h o d t o d e v el o p i g ni m brit e is o p a c hs t h at a v oi ds t he i n a c c ur a c y of 6 5 7  
a p pr o xi m at e t e c h ni q u es  a n d  d efi n es  st e p-b y -st e p t e c h ni q u es f or is o p a c h c o nstr u cti o n a n d t h e err or 6 5 8  
c orr e cti o ns.  T his i s t h e first att e m pt t o esti m at e i g ni m brit e v ol u m e i n a c o m p ar a bl e w a y t o t e p hr a 6 5 9  
f all o ut v ol u m e a n d b y dir e ct t hi c k n ess d at a. T h e d e v el o p m e nt of is o p a c h m a ps f or i g ni m brit e 6 6 0  
d e p osits, es p e ci all y i n c o m pl e x t o p o gr a p hi c ar e as, is t h e m ost a c c ur at e i nstr u m e nt t o c al c ul at e 6 6 1  
i g ni m brit e v ol u m es, a n d is b ett er t h a n a p pr o xi m at e t e c h ni q u es usi n g a v er a g e t hi c k n ess es or c o ni c al 6 6 2  
s h a p es. A ri g or o us d efi niti o n of t h e 0-m i s o p a c h, t h e is o p a c hs a n d e a c h c orr e cti o n f a ct or is n e c ess ar y 6 6 3  
t o a v oi d i n e x a ct v ol u m es. Fi el d d at a r e m ai n a n ess e nti al t o ol t o c o nstr ai n pri m ar y pr o p erti es of 6 6 4  
P D Cs.  6 6 5  

T h e  t ot al (i n cl u di n g Pli ni a n f all o ut) fi n al v ol u m e e sti m at e is 4 5 7  k m 3  –  6 6 0  k m 3  (1 7 7  k m 3  –  2 6 5  k m 3  6 6 6  
D R E). T his v ol u m e c orr e s p o n ds t o a m ass of 4. 6 - 6. 9  x 1 0 1 4  k g, t o a m a g nit u d e of 7. 7  –  7 . 8 a n d t o a 6 6 7  
V EI 7.  T his w as a hi g h -i m p a ct e v e nt t h at li k el y h a d si g nifi c a nt eff e ct s o n t h e cli m at e a n d p o p ul ati o ns 6 6 8  
of t h e P al e o lit hi c E ur o p e a n r e gi o n a n d is a pr o of t h at t h e C a m pi Fl e gr ei v ol c a n o  w as a bl e t o g e n er at e 6 6 9  
a d e v ast ati n g er u pti o n of t his di m e nsi o n.  6 7 0  

2  A rti cl e t y p es  6 7 1  

Ori gi n al R es e ar c h  6 7 2  
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3  M a n u s c ri pt F o r m atti n g  6 7 3  

3. 1  Fi g u r e l e g e n d s  6 7 4  

 6 7 5  

 6 7 6  

Fi g u r e 1 . T h e C a m p a ni a n I g n i m brit e distri b uti o n. (A ) T h e C a m p a ni a n I g ni m brit e distri b uti o n i n t h e 6 7 7  
C a m p a ni a n r e gi o n (t h e b as e m a p is fr o m G o o gl e S at ellit e) , d efi n e d m er gi n g fi el d w or k a n d 6 7 8  
g e ol o gi c al m a ps ( S er vizi o G e ol ogi c o d’It ali a, 1 9 6 3, 1 9 6 6, 1 9 6 7 , 1 9 7 1 a, 1 9 7 1 b, 1 9 7 5; I S P R A, 2 0 0 9, 6 7 9  
2 0 1 0, 2 0 1 1 a, 2 0 1 1 b, 2 0 1 1 c , 20 1 1 d, 2 0 1 4 a, 2 0 1 4 b, 2 0 1 6, 2 0 1 8 ). Bl u e d ots i n di c at e t h e l o c ati o n of t h e 6 8 0  
st u di e d e x p os ur e s ( c o or di n at es ar e r e p ort e d i n t h e d at a r e p osit or y). (B ) Dis p ers al ar e a of t h e CI 6 8 1  
t e p hr a fr o m t h e C a m pi Fl e gr ei c al d er a (r e d st ar), m o difi e d  fr o m Gi a c ci o et al. ( 2 0 1 7) . T h e m a ps 6 8 2  
w er e g e n er at e d usi n g t h e Q GI S O p e n -S o ur c e 3. 4 ( htt ps:// w w w. q gis. or g/it/ sit e/ ). 6 8 3  

https://www.qgis.org/it/site/
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 6 8 4  

Fi g u r e 2 . T h e t o p o gr a p hi c r e c o nstr u cti o n  i n t h e S a nt’ A g at a d ei G oti ar e a ( r e p ort e d i n t h e ri g ht 6 8 5  
c or n er, t h e r e d st ar is t h e v e nt) . (A ) A s eri es of pr ofil es tr a c e d t o st u d y t h e p al e o -v all e y; t h e r e d d ots 6 8 6  
ar e t h e st u di e d o ut cr o ps w h er e t h e CI is e x p os e d.  T h e r e d li n es r e pr es e nt t h e ri v er n et w or k d e v el o p e d 6 8 7  
t hr o u g h t h e Q GI S  s oft w ar e , w hil e t h e bl a c k li n e is t h e 0 -m  is o p a ch . (B ) R e c o nstr u cti o n of t h e p al e o -6 8 8  
v all e y i n pr ofil e P -P’, t h e b as e el e v ati o n is c o nstr ai n e d t o t h e CI b as e o bs er v e d b y fi el d w or k a n d t o 6 8 9  
th e c urr e nt sl o p e of t h e v all e y. T h e r es ulti n g t hi c k n ess i s c o h er e nt wit h fi el d w or k, s o w h er e 6 9 0  
t hi c k n ess es ar e t o o hi g h, t h e y w er e n o t c o nsi d er e d a n d t h e is o p a c hs w er e tr a c e d u p t o a r e ali sti c 6 9 1  
t hi c k n ess. T h e n u m b ers r e pr es e nt t h e t hi c k n ess of t h e CI i n m et ers. T h e diff er e nt c ol ors r e pr es e nt 6 9 2  
diff er e nt t y p es of d e p osits, w hil e t h e d as h e d r e d li n e, is t h e li n e ar er osi o n t h at o c c urr e d i n 3 9 k yrs.  6 9 3  



M a g nit u d e of t h e C a m p a ni a n I g ni m b rit e  

 
1 9  

 6 9 4  

Fi g u r e 3.  Fr e q u e n c y of t h e sl o p e of t h e u p p er s urf a c e of t h e CI. At l e ast 8 0 % of t h e e x p os e d CI u p p er 6 9 5  
s urf a c e sl o p es  l ess t h a n 1 0 °. T h e ar e as wit h sl o p e gr e at er t h a n 3 5 °  ar e r el at e d t o ri v er i n cisi o ns a n d 6 9 6  
CI es c ar p m e nts.  6 9 7  
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 6 9 8  

Fi g u r e 4.  R e c o nstr u cti o n of t h e ar e al e xt e nt of t h e i g ni m brit e d e p osits , e n cl os e d wit hi n t h e 0 -m 6 9 9  
is o p a c h is s h o w n i n or a n g e. T h e t ot al ar e a c o v er e d b y t h e pr es er v e d d e p osits of CI is 3 ,2 1 6 k m 2 , t h e 7 0 0  
e n v el o p m e nt wit h a s h a p e is e q u al t o 6 ,0 9 5  k m 2  ( O nli n e S u p ple m e nt ar y M at eri al) . T h e is ol at e d ar e as 7 0 1  
fr o m t h e s o ur c e ar e d u e t o t h e er osi o n of v e n e er f a ci es . 7 0 2  



M a g nit u d e of t h e C a m p a ni a n I g ni m b rit e  

 
2 1  

 7 0 3  

Fi g u r e 5.  Is o p a c h m a p of t h e pr es er v e d e xtr a-c al d er a d e p osits of t h e C a m p a ni a n I g ni m brit e. T his 7 0 4  
m a p r ef ers o nl y t o t h e i g ni m brit e d e p osits; it e x cl u d es t h e Pl i ni a n f all o ut a n d t h e c o-i g ni m brit e as h. 7 0 5  
T h e diff er e nt c ol ors f or e a c h is o p a c h ar e r e p ort e d i n t h e m a p k e y.  T h e r e d d as h e d li n e di vi d es t h e 7 0 6  
pr o xi m al a n d t h e dist al ar e a.  7 0 7  
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 7 0 8  
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Fi g u r e 6.  D et ail e d is o p a c h m a ps of s el e ct e d ar e a s of t h e C a m p a ni a n I g ni m brit e ( e x cl u d es f all o ut): 7 0 9  
( A) n ort h of t h e c al d er a, b et w e e n L a g o P atri a a n d A c err a; ( B) n ort h er n p a rt of t h e C a m p a ni a n 7 1 0  
Pl ai n; ( C) A p e n ni n e ri d g es e ast of t h e C a m pi Fl e gr ei c al d er a a n d t h e V all e y of M a d d al o ni; ( D) 7 1 1  
R o c c a m o nfi n a a n d M ort ol a, i n t h e n ort h of t h e st u di e d a r e a; ( E) V olt ur n o pl ai n a n d S a n L or e nz ell o 7 1 2  
ar e a, n ort h e ast of t h e c al d er a; ( F) dist al ar e a of A v elli n o, s o ut h e ast of t h e c al d er a; ( G) S orr e nt o 7 1 3  
p e ni ns ul a, i n t h e s o ut h er n p art of t h e  st u di e d ar e a.  S e e s e cti o n 4. 5  t o d et ail e d m et h o ds o n h o w t h e 7 1 4  
is o p a c hs w er e tr a c e d. 7 1 5  

 7 1 6  

Fi g u r e 7.  T hi c k n ess (i n l o g s c al e) v ers us t h e c u m ul ati v e ar e a e n cl os e d i n t h at t hi c k n ess  of e a c h 7 1 7  
is o p a c h of diff er e nt i g ni m brit es (t h e CI  i n or a n ge;  t h e L u n d I g ni m brit e i n r e d, B est et al., 2 0 1 3 a; t h e 7 1 8  
Gr e e ns C a n y o n T uff  i n gr e e n, B est et al., 2 0 1 3 a; t h e Or u a n ui I g ni m brit e i n bl u e, Wil s o n, 1 9 9 1;  t h e 7 1 9  
P etr o gl y p h Cliff  i n pi n k, B est et al., 2 0 1 3 a;  a n d t h e P ozz ol a n e R oss e I g ni m brit e  i n y ell o w, Gi ord a n o 7 2 0  
a n d D or o nz o, 2 0 1 7 ). T h e d as h e d li n es r e pr es e nt t h e fit of e a c h i g ni m brit e. T h e v al u es of t h e fitti n g 7 2 1  
( Tm a x , k1 , a n d r 2 ) ar e r e p ort e d i n t h e u p p er ri g ht c or n er. T h e pl ott e d CI p oi nt s ar e t h os e o bt ai n e d b y 7 2 2  
t h e is o p a c h m a p. T h e CI v ol u m e is t h e i nt e gr at ed  ar e a dis pl a y e d  i n or a n g e. 7 2 3  
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 7 2 4  

Fi g u r e 8.  B at h y m etr y of t h e s u b m er g e d ar e a of t h e C a m pi Fl e gr ei C al d er a. T h e r e d li n e is t h e 4 0 k a 7 2 5  
c o astli n e, e q ui v al e nt t o -7 5 –  -8 7 m of t h e pr es e nt o n e.  T h e bl u e arr o ws i n di c at e t h e p ossi bl e r a di al 7 2 6  
s pr e a di n g of t h e P D C b as e d o n o ut cr o ps dis p os e d r a di all y fr o m t h e c e nt er of t h e C al d er a ( y ell o w 7 2 7  
st ar) a n d t ur bi dit y c urr e n ts i n t h e T yrr h e ni a n S e a. A c c u m ul ati o n of v ol u m e s o ut h of t h e c al d er a is 7 2 8  
cr e di bl e, d u e t o t h e l ar g e s u b m ari n e d e pr essi o ns a n d v all e ys.  7 2 9  

3. 2   T a bl es  7 3 0  

T a bl e 1 . B ul k a n d D R E ( *) v ol u m e c al c ul ati o ns pr o p os e d f or t h e CI er u pti o n b y diff er e nt a ut h ors. Y -7 3 1  
5 r ef ers t o t h os e st u di es t h at di d n ot i d e ntif y t h e c o -P li ni a n a n d c o-i g ni m brit e c o ntri b uti o n. T h e 7 3 2  
m et h o ds ar e d es cri b e d i n t h e t e xt. T h e us e d d e nsit y ( k g/ m 3 ) is r e p ort e d b ul k or D R E ( *), i: i g ni m brit e, 7 3 3  
a: as h, p: p u mi c es.  7 3 4  

 7 3 5  

V ol u m e c al c ul ati o ns ( k m 3 )   

Pli ni a n 
f all o ut 

C o -P li ni a n 
as h  

P D C  C o -i g ni m brit e 
as h  

Y -5  T ot al  A ut h o rs  Us e d d e n sit y ( k g/ m 3 ) 

5. 3 3 ( 0. 8 8 *)  1 4. 6 7 ( 6. 8 8 *)         S c ar p ati a n d P err ott a, 2 0 1 6  1 ,0 0 0 ( 2 ,4 0 0 *)  

4  1 6    1 0 0     P err ott a a n d S c ar p ati, 2 0 0 3   

    5 4 ( 2 5 *)  1 0 0 ( 4 2 *)     S c ar p ati  et al., 2 0 1 4  2 ,6 0 0 *  

    3 0 -4 0 *   1 0 0 ( 3 0 -4 0 * ) 6 0 -8 0 *  T h u n ell et al., 1 9 7 9   
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T a bl e 2.  T h e v al u es of t hi c k n ess ( m), ar e a ( k m 2 ), c u m ul ati v e ar e a ( k m 2 ), v ol u m e ( k m 3 ), c u m ul ati v e 7 3 7  
v ol u m e ( k m 3 ) a n d t h e p er c e nt a g e of v ol u m e f or e a c h is o p a c h.  7 3 8  

 7 3 9  

T hi c k n ess ( m)  A r e a ( k m 2 ) 
C u m ul ati v e 
a r e a ( k m 2 ) V ol u m e ( k m 3 ) 

C u m ul ati v e 
v ol u m e ( k m 3 ) V ol u m e ( %)  

> 8 0  1 2. 6  1 2. 6  0. 9  0. 9  1. 3  

7 0 -7 9  1 2. 3  2 4. 9  0. 9  1. 8  1. 3  

6 0 -6 9  1 9. 1  4 4. 0  1. 3  3. 1  1. 9  

5 0 -5 9  3 1. 3  7 5. 3  2. 1  5. 2  3. 1  

4 0 -4 9  2 3 4. 0  3 0 9. 4  1 3. 8  1 9. 0  2 0. 2  

3 0 -3 9  1 9 4. 5  5 0 3. 9  9. 2  2 8. 2  1 3. 6  

2 0 -2 9  8 5 4. 0  1 ,3 5 7. 9  2 4. 7  5 3. 0  3 6. 3  

1 0 -1 9  8 6 2. 0  2 ,2 1 9. 9  1 0. 6  6 3. 6  1 5. 5  

0 -9  9 9 5. 7  3 ,2 1 5. 6  4. 6  6 8. 2  6. 8  

T ot al  3 ,2 1 5. 6    6 8. 2      

 7 4 0  

T a bl e 3 . T h e v ol u m e of t h e CI er u pti o n. T h e v ari o us p art s of t h e P D C v ol u m e esti m at e ar e e x pl ai n e d 7 4 1  
i n t h e t e xt. T h e f all o ut v ol u m e c o nsi d er e d i n t his w or k is t h e m a xi m u m a n d t h e mi ni m u m pr o p os e d i n 7 4 2  
lit er at ur e b y P err ott a a n d S c ar p ati ( 2 0 0 3 ) a n d M arti et al. ( 2 0 1 6 ). 7 4 3  

 7 4 4  

 
B ul k V ol u m e ( k m 3 ) D R E V ol u m e ( k m 3 ) 

P r es e r v e d e xt r a -c al d e r a 
i g ni m b rit e v ol u m e ( Vp r ) 

6 2  –  7 5  2 4 –  2 9  

M a ri n e v ol u m e  ( Vm ) 6 2  –  7 5  2 4 –  2 9  

1 5           R o si et al., 1 9 9 9   

       7 3  > 1 5 0  C or n ell et al., 1 9 8 3   

5 4 ( 2 2. 6 *)      1 5 3. 9 ( 6 1. 6 *)   2 0 7. 9 ( 8 4. 2 *)  M arti et al., 2 0 1 6  2 ,5 0 0 *  

      7 2 -1 2 0 ( 3 1 -5 0 *)   1 0 5 -2 1 0 *  P yl e e t al., 2 0 0 6 2 ,4 0 0 *  

2 5 *    1 2 0 *     1 4 5 *  Ci v ett a et al., 1 9 9 7   

2 0 *    1 3 0 *     1 5 0 *  M ari a n elli et al., 2 0 0 6   

         2 0 0 *  F e d el e et al., 2 0 0 3  ~ 1 ,2 5 0  

    1 8 0  
 

1 4 0  3 2 0 ( 2 0 0 *)  R ol a n di et al., 2 0 0 3   

2 0 *    1 8 0 *     2 0 0 *  P a p p al ar d o et al., 2 0 0 8  A v er a g e p or o sit y:  0. 5 8  

       2 5 0 -3 0 0 ( 1 0 4-1 2 5 *)  4 3 0 -6 8 0 ( 1 8 0 -2 8 0 *)  C o st a et al., 2 0 1 2  1 ,0 0 0  

1 0 ( 3 *)    3 8 5 ( 2 1 5 *)  
 

1 8 0 ( 8 6 *)  5 7 5 ( 3 0 0 *)  Gi a c ci o, 2 0 0 6  1 ,4 0 0 -2 ,5 0 0 i, 1 ,2 0 0 a, 8 0 0 p  

    5 0 0       Fi s h er et al., 1 9 9 3   
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I nt r a c al d e r a v ol u m e  ( Vi nt r) 1 6  –  4 3  8  –  2 1  

A r e al e r osi o n  v ol u m e ( Ve ) 1 0  4  

C o -i g ni m b rit e as h v ol u m e 
( Vc o ig n ) 

2 9 4 –  3 9 4  1 1 6  –  1 5 5  

T ot al P D C v ol u m e  ( Vp d c ) 4 5 3  –  6 0 6  1 7 6  –  2 4 3  

F all o ut v ol u m e  ( VP fall ) ( P err ott a 
a n d S c ar p ati, 2 0 0 3; M arti et al., 
2 0 1 6)  

4 –  5 4  2  –  2 3  

T ot al CI v ol u m e  ( V) 4 5 7  –  6 6 0  1 7 7  –  2 6 5  

 7 4 5  

4  N o m e n cl at u r e  7 4 6  

A b b r e vi ati o n s  a n d a c r o n y m s  7 4 7  

a.s.l.: a b o v e s e a l e v el; C C D B: C oll a ps e C al d er a D at a b as e; C E: C o m m o n Er a; C F: C a m pi Fl e gr ei; CI: 7 4 8  
C a m p a ni a n I g ni m brit e; D E M: Di git al El e v ati o n M o d el; D R E: D e ns e R o c k E q ui v al e nt;  k a : th o us a n ds 7 4 9  
of y e ars a g o ; k yrs : t h o us a n d y e ars; G C T: Gr e e ns C a n y o n T uff; L A M E V E: L ar g e M a g nit u d e 7 5 0  
E x pl osi v e V ol c a ni c Er u pti o ns , htt ps:// w w w. b gs. a c. u k/ v o gri p a/ vi e w/ c o ntr oll er. cf c ? m et h o d =l a m e v e ; 7 5 1  
L Y T: Lit hifi e d  Y ell o w T uff; M: M a g nit u d e;  N Y T: N e a p olit a n Y ell o w T uff;  P D C: P yr o cl asti c 7 5 2  
D e nsit y C urr e nt; R E D: P o z z ol a n e R oss e I g ni m brit e; U S A F: U n c o ns oli d at e d Str atifi e d As h Fl o w; V: 7 5 3  
t ot al v ol u m e; Vc o ig n : c o-i g ni m brit e as h f all v ol u m e ; V P c ol : v ol u m e  ej e ct e d d uri n g t h e p h as es t h at 7 5 4  
pr o d u c e d Pli ni a n c ol u m ns ; V c o Pf all : c o-P li ni a n f all v ol u m e; V e : ar e al er osi o n v ol u m e; V EI: V ol c a ni c 7 5 5  
E x pl osi vit y I n d e x; V g : g e o m etri c v ol u m e; V ig n : i g ni m brit e v ol u m e; V i ntr: i ntr a c al d er a v ol u m e; Vm : 7 5 6  
m ari n e v ol u m e; V m x : m atri x v ol u m e; V p d c : p yr o cl asti c d e nsit y c urr e nt  v ol u m e ; V P fall : pr o xi m al 7 5 7  
p u mi c e l a pilli d e p osit s v ol u m e ; V pr : pr es er v e d e xtr a-c al d er a b ul k v ol u m e; W GI: W el d e d Gr a y 7 5 8  
I g ni m brit e; ρ : b ul k d e nsit y; φt: t ot al p or osit y.  7 5 9  

5  C o nfli ct of I nt e r est  7 6 0  

T h e a ut h ors d e cl ar e t h at t h e r es e ar c h w as c o n d u ct e d i n t h e a bs e n c e of a n y c o m m er ci al or fi n a n ci al 7 6 1  
r el ati o ns hi ps t h at c o ul d b e c o nstr u e d as a p ot e nti al c o nfli ct of i nt er est . 7 6 2  

6  A ut h o r C o nt ri b uti o ns  7 6 3  

A S  c o n d u ct e d fi el d w or k, a n al ysi s, wr ot e t h e dr aft of t his m a n us cri pt a n d m a d e t h e fi g ur es. G G 7 6 4  
d esi g n e d t h e r es e ar c h a n d h el p e d i n t h e d e v el o p m e nt of t h e m et h o d. RI c o ntri b ut e d t o d at a c oll e cti o n. 7 6 5  
All t h e a ut h ors c o ntri b ut e d t o t h e fi el d w or k, r e vi e w e d a n d e dit e d t h e dr aft.  7 6 6  

7  F u n di n g  7 6 7  

A S a n d G G gr at ef ull y a c k n o wl e d g e T h e Gr a nt of E x c ell e n c e D e p art m e nts, MI U R -It al y. P arti al 7 6 8  
s u p p ort w as pr o vi d e d b y N S F E A R 1 7 6 1 7 1 3 t o M H O  a n d A S .  7 6 9  

https://www.bgs.ac.uk/vogripa/view/controller.cfc?method=lameve
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8  A c k n o wl e d g m e nts  7 7 0  

A S a n d G G gr at ef ull y a c k n o wl e d g e T h e Gr a nt of E x c ell e n c e D e p art m e nts, MI U R -It al y. A S t h a n ks 7 7 1  
E m a n u el e S ci arri n o a n d R os e G all o f or t h eir h el p i n t h e fi el d w or k. P arti al s u p p ort w as pr o vi d e d b y 7 7 2  
N S F E A R 1 7 6 1 7 1 3 t o M H O  a n d A S. W e t h a n k D a nil o M. P all a di n o  a n d A nt o ni o C ost a  f or 7 7 3  
dis c ussi o ns  t h at i m pr o v e d a n e arli er  v ersi o n of t h i s p a p er . C oli n J. N. Wil s o n , S a m a nt h a E n g w ell , a s 7 7 4  
w ell as a n  a n o n y m o us r e vi e w er a n d t h e e dit or P a bl o Ti er z ar e a c k n o wl e d g e d f or h el pf ul c o m m e nts 7 7 5  
t h at h a v e hi g hl y i m pr o v e d t h e m a n us cri pt.  7 7 6  

9  R ef e r e n c e s  7 7 7  

A c o c ell a, V. ( 2 0 0 8 ). A cti v ati n g a n d r e a cti v ati n g p airs of n est e d c oll a ps es d uri n g c al d er a -f or mi n g 7 7 8  
er u pti o ns: C a m pi Fl e gr ei (It al y). G e o p h ys. R es. L ett.  3 5,  L 1 7 3 0 4 . d oi: 1 0. 1 0 2 9/ 2 0 0 8 G L 0 3 5 0 7 8 7 7 9  

Al b ert, P. G., Gi a c ci o, B., Is ai a, R., C ost a, A., Ni e s p ol o , E. M., N o m a d e, S., et al. ( 2 0 1 9). E vi d e n c e 7 8 0  
f or a l ar g e-m a g nit u d e er u pti o n fr o m C a m pi Fl e gr ei c al d er a (It al y) at 2 9 k a. G e ol o g y  4 7, 5 9 5 –7 8 1  
5 9 9. d oi: 1 0. 1 1 3 0/ G 4 5 8 0 5. 1  7 8 2  

Al diss, D. T., a n d G h a z ali, S. A. ( 1 9 8 4). T h e r e gi o n al g e ol o g y a n d e v ol uti o n of t h e T o b a v ol c a n o -7 8 3  
t e ct o ni c d e pr essi o n, I nd o n esi a. J. G e ol. S o c. L o n d o n  1 4 1, 4 8 7 – 5 0 0. 7 8 4  
d oi: 1 0. 1 1 4 4/ gsj gs. 1 4 1. 3. 0 4 8 7  7 8 5  

All e n, S. R., a n d C as, R. A. F. ( 2 0 0 1). Tr a ns p ort of p yr o cl asti c fl o ws a cr oss t h e s e a d uri n g t h e 7 8 6  
e x pl osi v e, r h y oliti c er u pti o n of t h e K os Pl at e a u T uff, Gr e e c e. B ull. V ol c a n ol.  6 2, 4 4 1 – 4 5 6. 7 8 7  
d oi: 1 0. 1 0 0 7/s 0 0 4 4 5 0 0 0 0 1 0 7  7 8 8  

A n dr e ws, B.  J., a n d M a n g a, M.  (2 0 1 1 ). Effe cts of t o p o gr a p h y o n p yr o cl asti c d e nsit y c ur r e nt r u n o ut 7 8 9  
a n d f or m ati o n of c oi g ni m brit es. G e ol o g y  3 9, 1 0 9 9 – 1 1 0 2. d oi: 1 0. 1 1 3 0/ G 3 2 2 2 6. 1  7 9 0  

A nt o ni oli, F. ( 2 0 1 2). S e a l e v el c h a n g e i n W est er n -C e ntr al M e dit err a n e a n si n c e 3 0 0 k yr: c o m p ari n g 7 9 1  
gl o b al s e a l e v el c ur v es wi t h o bs er v e d d at a. Al p. M e dit err. Q u at.  2 5, 1 5 – 2 3.  7 9 2  

A nt o ni oli, F., B ar d, E., P ott er, E. K., Sil e n zi, S., a n d I m pr ot a, S. ( 2 0 0 4). 2 1 5 -k a hist or y of s e a -l e v el 7 9 3  
os cill ati o ns fr o m m ari n e a n d  c o nti n e nt al l a y ers i n Ar g e nt ar ol a C a v e s p el e ot h e ms (It al y). Gl o b. 7 9 4  
Pl a n et . C h a n g e 4 3, 5 7 – 7 8. d oi: 1 0. 1 0 1 6/j. gl o pl a c h a. 2 0 0 4. 0 2. 0 0 4  7 9 5  

A u k er , M . R ., S p ar ks, R . S . J., Si e b ert, L ., Cr os w ell er, H . S ., a n d E w ert , J. ( 2 0 1 3). A st ati sti c al 7 9 6  
a n al ysi s of t h e gl o b al hist ori c al v ol c a ni c f at aliti es r e c or d. J . A p pl . V ol c a n ol . 2, 2. 7 9 7  
d oi: 1 0. 1 1 8 6/ 2 1 9 1 -5 0 4 0 -2 -2  7 9 8  

B a di n o, F., Pi ni, R., R a v a z zi, C., M ar g arit or a, D., Arri g hi, S., B ort oli ni, E., et al . A n o v er vi e w of 7 9 9  
Al pi n e a n d M e dit err a n e a n p al a e o g e o gr a p h y, t err e stri al e c os yst e ms a n d  cli m at e hist or y d uri n g 8 0 0  
MI S 3 wit h f o c us o n t h e Mi d dl e t o U p p er P al a e olit hi c tr a nsiti o n. Q u at. I nt.  I n pr ess. 8 0 1  
d oi :1 0. 1 0 1 6/j. q u ai nt. 2 0 1 9. 0 9. 0 2 4  8 0 2  

B ar b eri, F., I n n o c e nti, F., Lir er, L., M u n n o, R., P e s c at or e, T., a n d S a nt a cr o c e, R. ( 1 9 7 8). T h e 8 0 3  
C a m p a ni a n Ig ni m br it e: a M aj or P r e hist ori c E r u pti o n i n t h e N e a p olit a n ar e a (It al y). B ull. 8 0 4  
V ol c a n ol.  4 1, 1 0 – 3 1. d oi: 1 0. 1 0 0 7/ B F 0 2 5 9 7 6 8 0  8 0 5  

B ell u c ci, F. ( 1 9 9 4). N u o v e c o n os c e n z e str ati gr afi c h e s ui d e p ositi v ul c a ni ci d el s ott os u ol o d el s ett or e 8 0 6  
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m eri di o n al e d ell a P i a n a C a m p a n a. B oll . S o c. G e ol. It. 1 1 3, 3 9 5 – 4 2 0.  8 0 7  

B est, M. G., C hristi a ns e n, E. H., D ei n o, A. L., Gr o m m e, S., H art, G. L., a n d Ti n g e y, D. G. ( 2 0 1 3 a). 8 0 8  
T h e 3 6 -1 8 M a I n di a n P e a k -C ali e nt e i g ni m brit e fi el d a n d c al d er as, s o ut h e ast er n Gr e at B asi n, 8 0 9  
U S A: M ulti c y cli c s u p er -er u pti o ns. G e os p h er e  9, 8 6 4 – 9 5 0. d oi: 1 0. 1 1 3 0/ G E S 0 0 9 0 2. 1  8 1 0  

B est, M. G., Gr o m m e, S., D ei n o, A. L., C hristi a ns e n, E. H., H art, G. L. , a n d Ti n g e y, D. G. ( 2 0 1 3 b). 8 1 1  
T h e 3 6 -1 8 M a C e ntr al N e v a d a i g ni m brit e fi el d a n d c al d er as, Gr e at B asi n, U S A: M ulti c y cli c 8 1 2  
s u p er-er u pti o ns. G e os p h e r e  9, 1 5 6 2 – 1 6 3 6. d oi: 1 0. 1 1 3 0/ G E S 0 0 9 4 5. 1  8 1 3  

Bl a c k, B. A., N e el y, R. R., a n d M a n g a, M. ( 2 0 1 5). C a m p a ni a n I g ni m brit e v ol c a nis m, cli m at e, a n d t h e 8 1 4  
fi n al d e cli n e of t h e N e a n d ert h als. G e ol o g y  4 3, 4 1 1 – 4 1 4. d oi: 1 0. 1 1 3 0/ G 3 6 5 1 4. 1  8 1 5  

B o n a d o n n a, C., Er nst, G. G. J., a n d S p ar ks, R. S. J. ( 1 9 9 8). T hi c k n ess v ari ati o ns a n d v ol u m e 8 1 6  
esti m at es of t e p hr a f all d e p osits: t h e i m p ort a n c e of p arti cl e R e y n ol ds n u m b er. J. V ol c a n ol. 8 1 7  
G e ot h er m. R es.  8 1, 1 7 3 – 1 8 7. d oi: 1 0. 1 0 1 6/ S 0 3 7 7 -0 2 7 3( 9 8) 0 0 0 0 7 -9  8 1 8  

B o n a d o n n a , C., a n d  H o u g ht o n, B. F. ( 2 0 0 5). T ot a l gr ai n-si z e distri b uti o n a n d v ol u m e of t e p hr a -f all 8 1 9  
d e p osits. B ull . V ol c a n ol . 6 7, 4 4 1 -4 5 6.  d oi: 1 0. 1 0 0 7/s 0 0 4 4 5 -0 0 4 -0 3 8 6 -2  8 2 0  

B o n a d o n n a, C., a n d P hilli ps, J. C. ( 2 0 0 3). S e di m e nt ati o n fr o m str o n g v ol c a ni c pl u m es. J. G e o p h ys. 8 2 1  
R es.  1 0 8, 2 3 4 0 . d oi: 1 0. 1 0 2 9/ 2 0 0 2j b 0 0 20 3 4  8 2 2  

Br o w n, S. K., J e n ki ns, S. F., S p ar ks, R. S. J., O d b ert, H., a n d  A u k er, M. R. ( 2 0 1 7). V ol c a ni c f at aliti es 8 2 3  
d at a b as e: a n al ysi s of v ol c a ni c t hr e at wit h dist a n c e a n d vi cti m cl assifi c ati o n. J. A p pl. V ol c a n ol.  6, 8 2 4  
1 5 . d oi: 1 0. 1 1 8 6/s 1 3 6 1 7 -0 1 7 -0 0 6 7 -4  8 2 5  

Br o xt o n, D.,  a n d R e n e a u, S. ( 1 9 9 6). " B uri e d e arl y Pl eist o c e n e l a n ds c a p es b e n e at h t h e P aj arit o 8 2 6  
Pl at e a u , N ort h er n N e w M e xi c o," i n  T h e J e m e z M o u nt ai ns R e gi o n. N e w M e xi c o G e ol o gi c al 8 2 7  
S o ci et y 4 7t h Fi el d C o nf er e n c e G ui d e b o o k , e ds F. G off, B. S. K u es , M. A.  R o g ers,  L. D.  8 2 8  
M c F a d d e n a n d J. N. G ar d n er, 3 2 5 – 3 3 4.  8 2 9  

B ur d e n , R . E ., C h e n, L ., a n d  P hilli ps , J. C . ( 2 0 1 3). A st ati sti c al m et h o d f or d et er mi ni n g t h e v ol u m e of 8 3 0  
v ol c a ni c f all d e p osits. B ull . V ol c a n ol . 7 5,  7 0 7.  d oi: 1 0. 1 0 0 7/s 0 0 4 4 5 -0 1 3 -0 7 0 7 -4  8 3 1  
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2 5 7 – 2 6 4 . d oi: 1 0. 1 0 1 6/ B 9 7 8 -0 -1 2 -3 8 5 9 3 8 -9. 0 0 0 1 3 -4  1 0 8 5  

P yl e, D. M., Ri c k e tt s, G. D., M ar g ari, V., v a n A n d el, T. H., Si nit s y n, A. A., Pr asl o v, N. D., et al. 1 0 8 6  
( 2 0 0 6). Wi d e dis p ers al a n d d e p ositi o n of dist al t e p hr a d uri n g t h e Pl eist o c e n e “ C a m p a ni a n 1 0 8 7  
I g ni m brit e/ Y 5 ” er u pti o n, It al y. Q u at. S ci. R e v.  2 5, 2 7 1 3 – 2 7 2 8. 1 0 8 8  
d oi : 1 0. 1 0 1 6/j. q u as cire v. 2 0 0 6. 0 6. 0 0 8  1 0 8 9  

R a m pi n o, M. R., a n d S elf, S. ( 1 9 9 2). V ol c a ni c wi nt er a n d a c c el er at e d gl a ci ati o n f oll o wi n g t h e T o b a 1 0 9 0  
s u p er-er u pti o n. N at ur e  3 5 9, 5 0 – 5 2.  d oi: 1 0. 1 0 3 8/ 3 5 9 0 5 0 a 0  1 0 9 1  

R att é, J. C., M ar vi n, R. F., N a es er, C. W., a n d Bi k er m a n, M. ( 1 9 8 4).  C al d er as a n d as h fl o w t uffs of 1 0 9 2  
t h e M o g oll o n M o u nt ai ns, s o ut h w est er n N e w M e xi c o. J. G e o p h ys. R es.  8 9, 8 7 1 3. 1 0 9 3  
d oi: 1 0. 1 0 2 9/J B 0 8 9i B 1 0 p 0 8 7 1 3  1 0 9 4  

R h o a d es, D.  A., D o wri c k, D.  J., a n d Wil s o n, C.  J. N. ( 2 0 0 2). V ol c a ni c h a z ar d i n N e w Z e al a n d: 1 0 9 5  
s c ali n g a n d att e n u ati o n r el ati o ns f or t e p hr a f all d e p osits fr o m T a u p o V ol c a n o. N at. H az ar ds  2 6, 1 0 9 6  
1 4 7 – 1 7 4. d oi: 1 0. 1 0 2 3/ A: 1 0 1 5 6 0 8 7 3 2 3 5 6  1 0 9 7  

R ol a n di, G., B ell u c ci, F., H ei zl er, M. T., B el ki n, H. E., a n d D e Vi v o, B. ( 2 0 0 3). T e ct o ni c c o ntr ols o n 1 0 9 8  
t h e g e n esis of i g ni m brit e s fr o m t h e C a m p a ni a n Vol c a ni c Z o n e, s o ut h er n It al y. Mi n er al. P etr ol.  1 0 9 9  
7 9, 3 – 3 1. d oi: 1 0. 1 0 0 7/s 0 0 7 1 0 -0 0 3 -0 0 1 4 -4  1 1 0 0  

R osi, M., a n d S br a n a, A. ( 1 9 8 7). P hl e gr e a n Fi el ds. C N R, Q u a d. L a Ri c er c a S ci.  1 1 4, 1 – 1 7 5.  1 1 0 1  

R osi, M., S br a n a, A., a n d Pri n ci p e, C. ( 1 9 8 3). T h e P hl e gr a e a n F i el ds: str u ct ur al e v ol uti o n, v ol c ani c 1 1 0 2  
hist or y a n d er u pti v e m e c h a nis m s. J. V ol c a n ol. G e ot h er m. R es.  1 7, 2 7 3 – 2 8 8. d oi: 1 0. 1 0 1 6/ 0 3 7 7 -1 1 0 3  
0 2 7 3( 8 3) 9 0 0 7 2 -0  1 1 0 4  

R osi, M., S br a n a, A., a n d V e z z oli, L. ( 1 9 8 8). C o rr el a zi o ni t efr ostr ati gr afi c h e di al c u ni li v elli di 1 1 0 5  
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Is c hi a, Pr o ci d a e C a m pi Fl e gr ei. M e m. d ell a S o c. G e ol. It al.  4 1, 1 0 1 5 – 1 0 2 7.  1 1 0 6  

R osi, M., V e z z oli, L., Al e otti, P., a n d C e nsi, M. ( 1 9 9 6). I nt er a cti o n b et w e e n c al d er a c oll a ps e a n d 1 1 0 7  
er u pti v e d y n a mi cs d uri n g t h e C a m p a ni a n I g ni m brit e er u pti o n, P hl e gr a e a n Fi el ds, It al y. B ull. 1 1 0 8  
V ol c a n ol.  5 7, 5 4 1 – 5 5 4. d oi: 1 0. 1 0 0 7 / B F 0 0 3 0 4 4 3 8 1 1 0 9  

R osi, M., V e z z oli, L., C ast el m e n z a n o, A., a n d Gri e c o, G. ( 1 9 9 9). Pli ni a n p u mi c e f all d e p osit of t h e 1 1 1 0  
C a m p a ni a n I g ni m brit e er u pti o n ( P hl e gr a e a n Fi el d s, It al y). J. V ol c a n ol. G e ot h er m. R es.  9 1, 1 7 9 –1 1 1 1  
1 9 8. d oi: 1 0. 1 0 1 6/ S 0 3 7 7 -0 2 7 3( 9 9) 0 0 0 3 5 -9  1 1 1 2  

R u b erti, D. , Vi gli otti, M., R ol a n di, R., a n d Di L as ci o, M. ( 2 0 2 0). " Eff e ct of p al e o m or p h ol o g y o n 1 1 1 3  
f a ci es distri b uti o n of t h e C a m p a ni a I g ni m brit e i n t h e n ort h er n C a m p a ni a Pl ai n, s o ut h er n It al y, " 1 1 1 4  
i n V es u vi us, C a m pi Fl e gr ei, a n d C a m p a ni a n V ol c a nis m , e ds B. D e Vi v o, H. E.  B el ki n a n d G. 1 1 1 5  
R ol a n di ( Els e vi er I n c.), 2 0 7 – 2 2 9. d oi: 1 0. 1 0 1 6/ B 9 7 8 -0 -1 2 -8 1 6 4 5 4 -9. 0 0 0 0 9 -2  1 1 1 6  

S c a n d o n e, R., B ell u c ci, F., Lir er, L., a n d R ol a n di, G. ( 1 9 9 1). T h e str u ct ur e of t h e C a m p a ni a n Pl ai n 1 1 1 7  
a n d t h e a cti vit y of t h e N e a p olit a n v ol c a n o es (It al y). J. V ol c a n ol. G e ot h er m. R es.  4 8, 1 – 3 1. 1 1 1 8  
d oi: 1 0. 1 0 1 6/ 0 3 7 7 -0 2 7 3( 9 1) 9 0 0 3 0 -4  1 1 1 9  

S c ar p ati, C., a n d P err ott a, A. ( 2 0 1 2). Er osi o n al c h ar a ct eristi cs a n d b e h a vi or of l ar g e p yr o cl asti c 1 1 2 0  
d e nsit y c urr e nts. G e ol o g y  4 0, 1 0 3 5 – 1 0 3 8. d oi: 1 0. 1 1 3 0/ G 3 3 3 8 0. 1  1 1 2 1  

S c ar p ati, C., a n d P err ott a,  A. ( 2 0 1 6).  Str ati gr a p h y a n d p h ysi c al p ar a m et ers of t h e Pli ni a n p h as e of t h e 1 1 2 2  
C a m p a ni a n I g ni m brit e er u pti o n. B ull. G e ol. S o c. A m.  1 2 8, 1 1 4 7 – 1 1 5 9. d oi: 1 0. 1 1 3 0/ B 3 1 3 3 1. 1  1 1 2 3  

S c ar p ati, C., P err ott a, A., L e p or e, S., a n d C al v ert, A. ( 2 0 1 3). Er u pti v e hist or y of N e a p ol it a n 1 1 2 4  
v ol c a n o es : c o nstr ai nt s fr o m 4 0 Ar –  3 9 Ar d ati n g. G e ol. M a g.  1 5 0, 4 1 2 – 4 2 5. 1 1 2 5  
d oi: 1 0. 1 0 1 7/ S 0 0 1 6 7 5 6 8 1 2 0 0 0 8 5 4  1 1 2 6  

S c ar p ati, C., S p ari c e, D., a n d P err ott a, A. ( 2 0 1 4). A cr yst al c o n c e ntr ati o n m et h o d f or c al c ul ati n g 1 1 2 7  
i g ni m brit e v ol u m e fr o m di st al as h-f all d e p osits a n d a r e a p p r ais al of t h e m a g nit u d e of t h e 1 1 2 8  
C a m p a ni a n I g ni m brit e. J. V ol c a n ol. G e ot h er m. R e s.  2 8 0, 6 7 – 7 5. 1 1 2 9  
d oi: 1 0. 1 0 1 6/j.j v ol g e or es. 2 0 1 4. 0 5. 0 0 9  1 1 3 0  

S c ar p ati, C., S p ari c e, D., a n d P err ott a, A. ( 2 0 1 5 a). F a ci es v ari ati o n i n t h e C a m p a ni a n I g ni m brit e. 1 1 3 1  
R e n d. O nli n e S o c. G e ol. It a l. 3 3, 8 3 – 8 7. d oi: 1 0. 3 3 0 1/ R O L: 2 0 1 5. 2 0  1 1 3 2  

S c ar p ati, C., S p ari c e, D., a n d P err ott a, A. ( 2 0 1 5 b). T h e gr o u n d l a y er of t h e C a m p a ni a n I g ni m brit e: a n 1 1 3 3  
e x a m pl e of d e p ositi o n fr o m a dil ut e p yr o cl asti c d e nsit y c urr e nt. B ull. V ol c a n ol.  7 7 , 9 7. 1 1 3 4  
d oi: 1 0. 1 0 0 7/s 0 0 4 4 5 -0 1 5 -0 9 8 5 -0  1 1 3 5  

S c ott, W. E., H o blitt, R. P., T orr es, R. C., S elf, S., M arti n e z, M. M. L., a n d Nill os, T. ( 1 9 9 6). 1 1 3 6  
" P yr o cl asti c fl o ws of t h e J u n e 1 5, 1 9 9 1, cli m a cti c er u pti o n of M o u nt Pi n at u b o ," i n  Fir e a n d 1 1 3 7  
m u d: Er u pti o ns a n d l a h ar s of M o u nt Pi n at u b o, P hili p pi n es , e ds C . G. N e w h all, a n d R. 1 1 3 8  
P u n o n g b a y a n ( S e attl e: U ni v ersit y of W as hi n gt o n Pr ess), 5 4 5 -5 7 0.  1 1 3 9  

S er vi zi o G e ol o gi c o d’It ali a ( 1 9 6 3). C art a g e o l o gi c a d’It ali a s c al a 1: 1 0 0. 0 0 0, f o gli o 1 7 4 –  Ari a n o 1 1 4 0  
Ir pi n o “ G e ol o gi c al m a p of It al y at 1: 1 0 0. 0 0 0 s c al e, s h e et n u m b er 1 7 4 –  Ari a n o Ir pi n o ”. S er vi zi o 1 1 4 1  
G e ol o gi c o d’It ali a, R o m e.  1 1 4 2  
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S er vi zi o G e ol o gi c o d’It ali a ( 1 9 6 5). C art a g e ol o gi c a d’It ali a s c al a 1: 1 0 0. 0 0 0, f o g li o 1 9 7 –  A m alfi 1 1 4 3  
“ G e ol o gi c al m a p of It al y at 1: 1 0 0. 0 0 0 s c al e, s h e et n u m b er 1 9 7 –  A m alfi ”. S er vi zi o G e ol o gi c o 1 1 4 4  
d’It ali a, R o m e.  1 1 4 5  

S e r vi zi o G e ol o gi c o d’It ali a ( 1 9 6 6). F o gli o G e ol o gi c o n ° 1 7 2 - C as ert a. C art a G e ol o gi c a d’It ali a, s c al a 1 1 4 6  
1: 1 0 0. 0 0 0, II e di z., Istit ut o  P oli gr afi c o e Z e c c a d ell o St at o, R o m a.  1 1 4 7  

S er vi zi o G e ol o gi c o d’It ali a ( 1 9 6 7). C art a g e ol o gi c a d’It ali a s c al a 1: 1 0 0. 0 0 0, f o gli 1 6 0  –  C assi n o 1 1 4 8  
“ G e ol o gi c al m a p of It al y at 1: 1 0 0. 0 0 0 s c al e, s h e et n u m b er 1 6 0 –  C assi n o ”. S er vi zi o G e ol o gi c o 1 1 4 9  
d’It ali a, R o m e.  1 1 5 0  

S er vi zi o G e ol o gi c o d’It ali a ( 1 9 7 1 a). C art a g e ol o gi c a d’It ali a s c al a 1: 1 0 0. 0 0 0, f o gli o 1 7 1 –  G a et a e 1 1 5 1  
V ul c a n o di R o c c a m o nfi n a “ G e ol o gi c al m a p of It al y at 1: 1 0 0. 0 0 0 s c al e, s h e et n u m b er 1 7 1 –  1 1 5 2  
G a et a e V ul c a n o di R o c c a m o nfi n a ”. S er vi zi o G e ol o gi c o d’It ali a, R o m e.  1 1 5 3  

S er vi zi o  G e ol o gi c o d’It ali a ( 1 9 7 1 b). C art a g e ol o gi c a d’It ali a s c al a 1: 1 0 0. 0 0 0, f o gli o 1 6 1 –  Is er ni a 1 1 5 4  
“ G e ol o gi c al m a p of It al y at 1: 1 0 0. 0 0 0 s c al e, s h e et n u m b er 1 6 1 –  Is er ni a ”. S er vi zi o G e ol o gi c o 1 1 5 5  
d’It ali a, R o m e.  1 1 5 6  

S er vi zi o G e ol o gi c o d’It ali a ( 1 9 7 5). C art a g e ol o gi c a d’It ali a s c al a 1: 1 0 0. 0 0 0, f o gli o 1 7 3 –  B e n e v e nt o 1 1 5 7  
“ G e ol o gi c al m a p of It al y at 1: 1 0 0. 0 0 0 s c al e, s h e et n u m b er 1 7 3 –  B e n e v e nt o ”. S er vi zi o 1 1 5 8  
G e ol o gi c o d’It ali a, R o m e.  1 1 5 9  

S e y m o ur, K. S., a n d C hrist a nis, K. ( 1 9 9 5). C orr el ati o n of a t e p hr a l a y er i n w est er n G re e c e wit h a l at e 1 1 6 0  
P l eist o c e n e er u pti o n i n t h e C a m p a ni a n pr o vi n c e of it al y. Q u at. R es.  4 3, 4 6 – 5 4. 1 1 6 1  
d oi: 1 0. 1 0 0 6/ qr es. 1 9 9 5. 1 0 0 5  1 1 6 2  

S e y m o ur, K. S., C hrist a nis, K., B o u zi n os, A., P a p a zisi m o u, S., P a p at h e o d or o u, G., M or a n, E., et al. 1 1 6 3  
( 2 0 0 4). T e p hr ostr ati gr a p h y a n d t ep hr o c hr o n ol o g y i n t h e P hili p pi p e at b asi n, M a c e d o ni a, 1 1 6 4  
N ort h er n H ell as ( Gr e e c e). Q u at. I nt.  1 2 1, 5 3 – 6 5. d oi: 1 0. 1 0 1 6/j. q u ai nt. 2 0 0 4. 0 1. 0 2 3  1 1 6 5  

S mit h, V. C., Is ai a, R., E n g w ell, S. L., a n d Al b ert, P. G. ( 2 0 1 6). T e p hr a dis p ers al d uri n g t h e 1 1 6 6  
C a m p a ni a n I g ni m brit e (It a l y) er u pti o n: i m pli c ati o ns f or ultr a-dist al as h tr a ns p ort d uri n g t h e 1 1 6 7  
l ar g e c al d er a-f or mi n g er u pti o n. B ull. V ol c a n ol.  7 8 , 4 5. d oi: 1 0. 1 0 0 7/s 0 04 4 5 -0 1 6 -1 0 3 7 -0  1 1 6 8  

S mit h, V. C., Is ai a, R., a n d P e ar c e, N. J. G. ( 2 0 1 1). T e p hr ostr ati gr a p h y a n d gl ass c o m p ositi o ns of 1 1 6 9  
p o st -1 5 k yr C a m pi Fl e gr ei er u pti o ns: I m pli c ati o ns f or er u pti o n hist or y a n d c hr o n ostr ati gr a p hi c 1 1 7 0  
m ar k ers. Q u at. S ci. R e v.  3 0, 3 6 3 8 – 3 6 6 0. d oi: 1 0. 1 0 1 6/j. q u as cir e v. 2 0 1 1. 0 7. 0 1 2  1 1 7 1  

S p ari c e, D. ( 2 0 1 5). D efi ni zi o n e d ell e lit of a ci es e ri c ostr u zi o n e d ell’ ar c hit ett ur a d ell ’I g ni m brit e 1 1 7 2  
C a m p a n a. [ d o ct or al di ss ert ati o n/ P h D t h esis]. [ N a pl es (I T)]: U ni v ersit y of N a pl es F e d eri c o II.  1 1 7 3  

S p ar ks, R. S. J., Fr a n cis, P. W., H a m er, R. D., P a n k h urst, R. J., O’ C all a g h a n, L. O., T h or p e, R. S., et 1 1 7 4  
al. ( 1 9 8 5). I g ni m brit es of t h e C err o G al a n c al d er a, N W Ar g e nti n a. J. V ol c a n ol. G e ot h er m. R es.  1 1 7 5  
2 4, 2 0 5 – 2 4 8.  d oi: 1 0. 1 0 1 6/ 0 3 7 7 -0 2 7 3( 8 5) 9 0 0 7 1 -X  1 1 7 6  

S p ar ks, R. S. J., a n d H u a n g, T. C. ( 1 9 8 0). T h e  v ol c a n ol o gi c al si g nifi c a n c e of d e e p -s e a as h l a y er 1 1 7 7  
ass o ci at e d wit h i g ni m brit es. G e ol. M a g.  1 1 7, 4 2 5 – 4 3 6.  d oi: 1 0. 1 0 1 7 / S 0 0 1 6 7 5 6 8 0 0 0 2 8 5 3 3 1 1 7 8  

S p ar ks, R. S. J., a n d W al k er, G. P. L. ( 1 9 7 7). T h e si g nifi c a n c e of vitri c -e nri c h e d air -f all as h es 1 1 7 9  
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ass o ci at e d wit h cr yst al -e nri c h e d i g ni m brit es. J. V ol c a n ol. G e ot h er m. R es.  2, 3 2 9 – 3 4 1.  1 1 8 0  
d oi: 1 0. 1 0 1 6/ 0 3 7 7 -0 2 7 3( 7 7) 9 0 0 1 9 -1  1 1 8 1  

S p ar ks,  R.  S.  J., S elf, S., Gr att a n, J., O p p e n h ei m er, C., P yl e, D. M., a n d R y m er, H. ( 2 0 0 5). S u p er-1 1 8 2  
er u pti o ns: gl o b al eff e cts a n d f ut ur e t hr e ats. L o n d o n.  R e p ort of a G e ol o gi c al S o ci et y of L o n d o n 1 1 8 3  
W or ki n g Gr o u p , ( L o n d o n, U K: T h e G e ol o gi c al S o ci et y). 1 1 8 4  

St ui v er, M., Gr o ot es, P. M., a n d Br a zi u n as, T. F. ( 1 9 9 5). T h e GI S P 2 δ 1 8 O Cli m at e R e c or d of t h e P a st 1 1 8 5  
1 6, 5 0 0 Y e ars a n d t h e R ol e of t h e S u n, O c e a n, a n d V ol c a n o es. Q u at. R es.  4 4, 3 4 1 – 3 5 4.  1 1 8 6  
d oi: 1 0. 1 0 0 6/ qr es. 1 9 9 5. 1 0 7 9  1 1 8 7  

T a k ar a d a, S. a n d H os hi z u mi, H. ( 2 0 2 0). Distri b uti o n a n d Er u pti v e V ol u m e of As o -4 P yr o cl asti c 1 1 8 8  
D e nsit y C urr e nt a n d T e p hr a F all D e p osits, J a p a n: A M 8 S u p er -Er u pti o n. F r o nt. E art h S ci.  1 1 8 9  
8: 1 7 0. d oi: 1 0. 3 3 8 9/f e art. 2 0 2 0. 0 0 1 7 0  1 1 9 0  

T ar q ui ni, S., Is ol a, I., F a v alli, M., M a z z ari ni, F., Biss o n, M., P ar es c hi, M. T., et al. ( 2 0 0 7). 1 1 9 1  
TI NI T A L Y/ 0 1: a n e w Tri a n g ul ar  Irr e g ul ar N et w or k of It al y. A n n. G e o p h ys.  5 0, 4 0 7 - 4 2 5.  1 1 9 2  

T ar q ui ni, S., a n d N a n ni pi eri, L. ( 2 0 1 7). T h e 1 0 m -r es ol uti o n TI NI T A L Y D E M as a tr a ns-dis ci pli n ar y 1 1 9 3  
b asis f or t h e a n al ysi s of t h e It ali a n t errit or y: C urr e nt tr e n ds a n d n e w p ers p e cti v es. 1 1 9 4  
G e o m or p h ol o g y  2 8 1, 1 0 8 -1 1 5. d oi: 1 0. 1 0 1 6 /j. g e o m pr p h. 2 0 1 6. 1 2. 0 2 2 1 1 9 5  

T ar q ui ni, S., Vi n ci, S., F a v alli, M., D o u m a z, F., F or n a ci ai, A., a n d N a n ni pi eri, L. ( 2 0 1 2). R el e as e of 1 1 9 6  
a 1 0 -m -r es ol uti o n D E M f or t h e It ali a n t errit or y: C o m p aris o n wit h gl o b al-c o v er a g e D E Ms a n d 1 1 9 7  
a n a gl y p h -m o d e e x pl or ati o n vi a t h e w e b. C o m p ut . G e os ci . 3 8, 1 6 8 -1 7 0. 1 1 9 8  
d oi: 1 0. 1 0 1 6/j. c a g e o. 2 0 1 1. 0 4. 0 1 8  1 1 9 9  

T h or d ars o n, T., a n d S elf, S. ( 1 9 9 6). S ulf ur, c hl ori n e a n d fl u ori n e d e g assi n g a n d at m os p h eri c l o a di n g 1 2 0 0  
b y t h e R o z a er u pti o n, C ol u m bi a Ri v er B as alt Gr o u p, W as hi n gt o n, U S A. J. V ol c a n ol. G e ot h er m. 1 2 0 1  
R es . 7 4, 4 9 – 7 3.  d oi: 1 0. 1 0 0 7/s 0 0 4 4 5 0 0 5 0 1 3 6  1 2 0 2  

T h u n ell, R., F e d er m a n,  A., S p ar ks, R. S. J., a n d Willi a ms, D. ( 1 9 7 9). T h e A g e, O ri gi n, a n d 1 2 0 3  
V ol c a n ol o gi c al S i g nifi c a n c e of t h e Y-5 A s h L a y er i n t h e M e dit err a n e a n. Q u at. R es.  1 2, 2 4 1 –1 2 0 4  
2 5 3. d oi: 1 0. 1 0 1 6/ 0 0 3 3 -5 8 9 4( 7 9) 9 0 0 6 0 -7  1 2 0 5  

T o n -T h at, T., Si n g er, B., a n d P at er n e, M. ( 2 0 0 1). 4 0 Ar/ 3 9 Ar  d ati n g of l at est Pl eist o c e n e ( 4 1 k a) 1 2 0 6  
m ari n e t e p hr a i n t h e M e dit err a n e a n S e a: im pli c ati o ns f or gl o b al cli m at e r e c or ds. E art h Pl a n et. 1 2 0 7  
S ci. L ett.  1 8 4, 6 4 5 – 6 5 8. d oi: 1 0. 1 0 1 6/ S 0 0 1 2 -8 2 1 X( 0 0) 0 0 3 5 8 -7  1 2 0 8  

T or r e nt e, M. M., Mili a, A., B ell u c ci, F., a n d R ol a n di, G. ( 2 0 1 0). E xt e nsi o n al t e ct o ni cs i n t h e 1 2 0 9  
C a m p a ni a V ol c a ni c Z o n e ( e ast er n T yrr h e ni a n S e a, It al y): n e w i nsi g hts i nt o t h e r el ati o ns hi p 1 2 1 0  
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