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Evidence of Late Holocene mud-volcanic eruptions in the Modena foothills (northern Italy)  
 
 

Borgatti L. (1), Bosi G. (2), Bracci A.E. (3), Cremonini S. (4), Falsone G. (5), Guandalini F. (6), Labate D. (7), Mainardi G. (3), Martinelli G.* (8), 
Montecchi M.C. (2), Pieraccini D. (3) 

 
 
 
Table 1 – 14C dating from selected stratigraphic units of La Rovina di Montegibbio archaeological site. 
 
Sector and 
US 

Material Method Laboratory  Lab code δ13CPDB‰ Conventional 
Radiocarbon Years 
BP (1950) 

Calibrated years 2σ and 
probability (%) 

Calibrated Years 1σ and 
probability (%) 

B - 269 charcoal AMS CEDAD LTL15767A -27.9 ± 0.5 2247 -/+ 45 400 BC-200 BC (95.4) 300 BC-210 BC (47.2) 
390 BC-350 BC (21.0) 

B - 271 charcoal AMS CEDAD LTL15204A -30.6 ± 0.7 2108 -/+ 50 240 BC-10 AD (85.5) 
360 BC-290 BC (9.9) 

200 BC-50 BC (68.2) 
 

B - 282 charcoal AMS CEDAD LTL15207A -23.8 ± 0.6 2016 -/+ 45 170 BC-80 AD (95.4) 60 BC-60 AD (65.2) 
90 BC-70 BC (3.0) 

B - 283 charcoal AMS CEDAD LTL15208A -25.8 ± 0.5 2061 -/+ 45 200 BC-30 AD (95.4) 170 BC-20 AD (64.8) 
10 BC-0 AD (3.4) 

B - 261 charcoal AMS CEDAD LTL15849A -25.8 ± 0.2 2173 -/+ 45 370 BC-90 BC (95.4) 
 

360 BC-280 BC (36.6) 
260 BC-160 BC (31.6) 

B - 287 charcoal AMS CEDAD LTL15768A -23.5 ± 0.5 2012 -/+ 45 120 BC-80 AD (91.2) 
170 BC-130 BC (4.2) 

60 BC-60 AD (68.2) 

A - 7 charcoal AMS CEDAD LTL15206A -20.8 ± 0.6 1730 -/+ 50 140 AD-420 AD (95.4) 
 

250 AD-380 AD (68.2) 
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Table 2A – ICP-OES elemental concentration in La Rovina di Montegibbio samples (< :lower than detection limit; nd,: not determined) 
 
code Name Ag Al As B Ba 

  ppb ppb ppb ppb ppb 
1 CTG Contignaco Fm (Lower Miocene) < 38 6.69 258 376 
2 TER Termina Fm (Upper Miocene) < 5.77 < 915 67 
3 FCO Colombacci Fm (Messinian) < < < 83 443 
4 archaeological site ancient colluvium < 8.38 < 77 123 

5/1 fossil water from Salsa dei cinghiali < < 49.6 11938 671 
5/2 fossil water from Salsa dei cinghiali < < 55.2 11838 712 
6 fossil water from Salsa piccola (Vaccari) < < 19.5 39472 4320 
7 FAA Argille Azzurre Fm. (Pliocene-Lower Pleistocene) < < < 6630 20 
8 PAT Pantano Formation (Lower Miocene) < 23.9 10.3 40 268 
9 arch. excavation: Fault plane in FAA < < < 31 109 

10 arch. excavation: older mud-flow < 1.07 < 32 216 
11 arch. excavation: black xenorelics < < 4.32 48 214 
12 arch. excavation: younger mud-flow (with xenorelics) < 4.77 < 65 288 
13 Montegibbio historical mud volcano < < < 2021 44 

        
< lower than detection limit 0.096 0.974 3.2 0.62 0.016 
nd not determined        

       
code Name Be Ca Cd Ce Co 

  ppb ppm ppb ppb ppb 
1 CTG Contignaco Fm (Lower Miocene) < nd < < 1.67 
2 TER Termina Fm (Upper Miocene) < nd < < < 
3 FCO Colombacci Fm (Messinian) < nd < < < 
4 archaeological site ancient colluvium < nd < < < 

5/1 fossil water from Salsa dei cinghiali < nd < < < 
5/2 fossil water from Salsa dei cinghiali < nd < < < 
6 fossil water from Salsa piccola (Vaccari) < nd < < < 
7 FAA Argille Azzurre Fm. (Pliocene-Lower Pleistocene) < nd < < < 
8 PAT Pantano Formation (Lower Miocene) < nd < < < 
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9 arch. excavation: Fault plane in FAA < nd < < < 
10 arch. excavation: older mud-flow < nd < < < 
11 arch. excavation: black xenorelics < nd < < < 
12 arch. excavation: younger mud-flow (with xenorelics) < nd < < < 
13 Montegibbio historical mud volcano < nd <  < 

       
< lower than detection limit 0.094 0.006 0.332 11.6 0.477 
nd not determined       

       
code Name Cr Cu Fe Hg K 

  ppb ppb ppb ppb ppm 
1 CTG Contignaco Fm (Lower Miocene) < < < < 4.63 
2 TER Termina Fm (Upper Miocene) < < < < 8.97 
3 FCO Colombacci Fm (Messinian) < < < < 41.7 
4 archaeological site ancient colluvium < < < < 8.31 

5/1 fossil water from Salsa dei cinghiali < < 681 < 45.5 
5/2 fossil water from Salsa dei cinghiali < < 914 < 45.3 
6 fossil water from Salsa piccola (Vaccari) < < 17 < 62.9 
7 FAA Argille Azzurre Fm. (Pliocene-Lower Pleistocene) < < < < 92.6 
8 PAT Pantano Formation (Lower Miocene) < < < < 22 
9 arch. excavation: Fault plane in FAA 1.47 < < < 26.1 

10 arch. excavation: older mud-flow < < < < 41.4 
11 arch. excavation: black xenorelics < < < < 18.1 
12 arch. excavation: younger mud-flow (with Xenorelics) < < < < 21.8 
13 Montegibbio historical mud volcano < 29.7 < < 65 

       
< lower than detection limit 0.401 0.887 0.215 0.288 0 
nd not determined       

       
code Name Li Mg Mn Mo Na 

  ppb ppm ppb ppb ppm 
1 CTG Contignaco Fm (Lower Miocene) 18.55 3.865 12.2 < 15.2 
2 TER Termina Fm (Upper Miocene) 29 113 38.9 < < 
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3 FCO Colombacci Fm (Messinian) 47.7 64.7 < < 20.8 
4 archaeological site ancient colluvium 17.9 11.8 < < 14.6 

5/1 fossil water from Salsa dei cinghiali 207 16.4 103 < 2453 
5/2 fossil water from Salsa dei cinghiali 204 16.9 123 < 2434 
6 fossil water from Salsa piccola (Vaccari) 561 90.8 < < 7566 
7 FAA Argille Azzurre Fm. (Pliocene-Lower Pleistocene) 209 110 14.1 11 < 
8 PAT Pantano Formation (Lower Miocene) 36.1 32.7 20.4 < 8.64 
9 arch. excavation: Fault plane in FAA 28.2 45 < < 14.2 

10 arch. excavation: older mud-flow 29.2 50.4 < < 20.3 
11 arch. excavation: black xenorelics 29.5 11.3 2.27 < 12.4 
12 arch. excavation: younger mud-flow (with xenorelics) 32.7 14.7 7.42 < 14.7 
13 Montegibbio historical mud volcano 235 140 < 5.82 589 

       
< lower than detection limit 0.064 0.005 0.017 4.16 0 
nd not determined       

       
code Name Ni P Pb S Sb 

  ppb ppm ppb ppm ppb 
1 CTG Contignaco Fm (Lower Miocene) < 0.014 < 3.2 1.52 
2 TER Termina Fm (Upper Miocene) < 0.022 < 226.3 < 
3 FCO Colombacci Fm (Messinian) < 0.014 < 4.6 < 
4 archaeological site ancient colluvium < 0.1 < 3.2 < 

5/1 fossil water from Salsa dei cinghiali < 1.731 < 0.8 < 
5/2 fossil water from Salsa dei cinghiali < 1.861 < 0.7 < 
6 fossil water from Salsa piccola (Vaccari) 3.53 1.501 < 32 < 
7 FAA Argille Azzurre Fm. (Pliocene-Lower Pleistocene) 2.03 0.019 < 546.3 < 
8 PAT Pantano Formation (Lower Miocene) < 0.017 < 2.5 2.47 
9 arch. excavation: Fault plane in FAA < 0.01 < 10 < 

10 arch. excavation: older mud-flow < 0.031 < 17.7 < 
11 arch. excavation: black xenorelics < 0.143 < 10.1 < 
12 arch. excavation: younger mud-flow (with xenorelics) < 0.133 < 16.6 < 
13 Montegibbio historical mud volcano < 0.103 < 284 < 
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< lower than detection limit 1.2 0.002 2.33 0.013 0.646 
nd not determined       

       
code Name Se Sn Sr Tl V 

  ppb ppb ppb ppb ppb 
1 CTG Contignaco Fm (Lower Miocene) < < 1012 < < 
2 TER Termina Fm (Upper Miocene) < < 3569 < < 
3 FCO Colombacci Fm (Messinian) < < 2305 < < 
4 archaeological site ancient colluvium < < 1256 < < 

5/1 fossil water from Salsa dei cinghiali 74.2 < 1569 < < 
5/2 fossil water from Salsa dei cinghiali 73.1 < 1640 < < 
6 fossil water from Salsa piccola (Vaccari) 26.5 < 12275 < < 
7 FAA Argille Azzurre Fm. (Pliocene-Lower Pleistocene) < < 1747 < < 
8 PAT Pantano Formation (Lower Miocene) < < 2687 < < 
9 arch. excavation: Fault plane in FAA < < 1446 < < 

10 arch. excavation: older mud-flow < < 1610 < < 
11 arch. excavation: black xenorelics < < 1245 < < 
12 arch. excavation: younger mud-flow (with xenorelics) < < 1326 < < 
13 Montegibbio historical mud volcano < < 5041 < < 

       
< lower than detection limit 7.57 1.94 0.019 1.28 0.649 
nd not determined       

       
code Sample Zn   δ 11B      

  ppb  ‰   
1 CTG Contignaco Fm (Lower Miocene) 6.63  nd   
2 TER Termina Fm (Upper Miocene) <  nd   
3 FCO Colombacci Fm (Messinian) <  *   
4 archaeological site ancient colluvium <  *   

5/1 fossil water from Salsa dei cinghiali <  *   
5/2 fossil water from Salsa dei cinghiali <  nd   
6 fossil water from Salsa piccola (Vaccari) <  *   
7 FAA Argille Azzurre Fm. (Pliocene-Lower Pleistocene) <  nd   
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8 PAT Pantano Formation (Lower Miocene) <  nd   
9 arch. excavation: Fault plane in FAA 8.47  nd   

10 arch. excavation: older mud-flow <  *   
11 arch. excavation: black xenorelics <  nd   
12 arch. excavation: younger mud-flow (with xenorelics) 9.27  *   
13 Montegibbio historical mud volcano 20.3  *   

       
< lower than detection limit 0.426     
nd not determined       

* data reported in Table 2B      
 
 
 
 



 7 

Table 2B – δ11B (‰) of La Rovina di Montegibbio samples. 

 
 
 
 

mple ID Sample name ALS Lab ID Runs 1 & 2   Runs 3 & 4   
   δ11B, ‰ 2*SD, ‰ δ11B, ‰ 2*SD, ‰ 

 FCO Colombacci Fm (Messinian) U11046642 12.2 2.8  10.8 2.4  
 archaeological site ancient colluvium U11046643 18.0 2.2     
 arch. excavation: older mud-flow U11046644 8.3 2.5     

 arch. excavation: younger mud-flow 
(with xenorelics) U11046645 14.9 2.5     

 Montegibbio historical mud volcano U11046646 32.2 1.9  31.6 2.4  
1 fossil water from Salsa dei cinghiali U11046647 39.2 2.2     

 fossil water from Salsa piccola 
(Vaccari) U11046648 39.6 2.8     
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Table 3 – Selected element concentration values of Salvarola Bath water. EC = electrical conductivity; TU = Tritium units  
 

date T °C pH EC 
μS/cm Cl mg/l Na mg/l B mg/l 18O TU 

July 23, 2008  8.1 24200 8850 6200 119 4.31  
Aug 29, 2008 19.7 8.3 25630 9053 6195 116.8 4.31  
Sept 26, 2008 17.1 8.2 24628 9080 6158 127 4.37  
Oct 24, 2008 16 8.3 24269 9030 6430 120.1 4.38  
Nov 24, 2008 15.1 8.2 24484 10190 6670 121 4.17  
Dec 22, 2008 16.6 8.1 23120 8700 6060 111 4.11 0 
Jan 20, 2009 14.2 8.2 24484 9399 6301 122.7 4.72  
Feb 25, 2009 16.7 8.1 21540 8501 5719 126.4 4.38 0.2 

March 26, 2009 27.4 8 22976 9960 5920 108.9 -  
April 27, 2009 15.6 8.2 17232 6008 3690 81.3 0.4  
June 3, 2009 15.6 8 24771 9196 5960 121.6 4.86  
June 27, 2009 17.9 8.1 23500 7624 4700 91.5 1.61  

 
 

date B isotope HCO 3 mg/l SO4 mg/l Ca mg/l Mg mg/l K mg/l Ba mg/l Sr mg/l 
July 23, 2008  2146 2 4 14 21.4 1.245 3.522 
Aug 29, 2008  2180 39 22 18 25.8 1.328 3.781 
Sept 26, 2008  2140 <1 7 17 21.8 1.374 4.037 
Oct 24, 2008  2140  <1 7 17 19.9 1.400 4.800 
Nov 24, 2008 26 2130 4 7 17 28 1.567 4.609 
Dec 22, 2008  2110 12 8 17 25.9 1.623 4.740 
Jan 20, 2009  2230 6,3 8 18 27.5 1.650 4.797 
Feb 25, 2009  1954 13 15 19 28 1.403 4.329 

March 26, 2009  2161 5 8.9 19.1 27.8 1.527 4.300 
April 27, 2009  1601 46 27 19 16.2 0.984 2.900 
June 3, 2009  2395 135 8 13 13 1.827 4.690 
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