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1. INTRODUCTION

 Deeping of travertine 

extraction

→ Significant water 

pumping

→ Keep water table 

below bottom of 

quarries (mines)

 Canals transport 

water drained from 

quarries to river.

Location

Quarries

Location of
main features



 Groundwater exploitation related to 

travertine quarrying and urbanization

→ subsidence

 Structural damages to buildings

 Sometimes leading to evacuation of 

houses and public buildings

1. INTRODUCTION

Motivation



 Understand observed subsidence process

 Prediction and Assessment of future 

expected events

 Supporting sustainable management

1. INTRODUCTION

Objectives
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• Discuss causes and time evolution
• Focus on specific areas, where data

is sufficient to discuss
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Geological Background 2. METHODOLOGY

 Limestone bedrock

 Covered by a thick travertine,

related with a deep hydrothermal 

circulation into limestone.

Limestone bedrock 
is not shown here!



Geological Background 2. METHODOLOGY

 Travertine layer is composed of thick, 

cemented banks with variable degrees 

of porosity and jointing.

 Clayey layers, karstic cavities and 

conduits interrupt the continuity of the 

travertine plateau.

Limestone bedrock 
is not shown here!



2D view of the geological and hydrogeological conceptual models for the Acque Albule Basin

SOUTH SIDE

Carbonic
Bedrock

8. Flow Direction
9. Groundwater Overspill
10. Water table level (WTL)
11. Confined WTL

Travertine
deposits

 Limestone – deep aquifer horizontally fed

by carbonate ridges, thermalized due to

rise of deep fluids, confined at the top by

clayey-sandy deposits (aquitard)

Clayey-sandy
deposits

Carbonate
ridges
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2D view of the geological and hydrogeological conceptual models for the Acque Albule Basin

SOUTH SIDE

Carbonic
Bedrock

8. Flow Direction
9. Groundwater Overspill
10. Water table level (WTL)
11. Confined WTL

Travertine
deposits

 Travertine – superficial aquifer, vertically

fed by rainfall, horizontally fed by

carbonate ridges, partially fed by upwelling

of thermalized waters from deep aquifer

Clayey-sandy
deposits

Carbonate
ridges
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2D view of the geological and hydrogeological conceptual models for the Acque Albule Basin

NORTH SIDESOUTH SIDE

Carbonic
Bedrock

8. Flow Direction
9. Groundwater Overspill
10. Water table level (WTL)
11. Confined WTL

Travertine
deposits

 Travertine Aquifer

 Hydrodynamic parameter estimated by

pumping tests & recovery tests (Brunetti,

Jones, Petitta, & Rudolph, 2013)

 K = 5,3x10-3 (m/s)

 Sy = 0.01

 T = 2,7x10-2 m(m2/s)

Clayey-sandy
deposits

Carbonate
ridges
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• Build a 3D groundwater flow model

→ To investigate development of ground

water circulation

• Visual MODFLOW 4.2 (Rossman, 1990) as

pre- and post- processors of finite-difference code 

MODFLOW 2005 (Harbaugh, 2005)

To reconstruct “time history” of the dewatering 

process over time and space.

Groundwater Numerical Modelling

o Harbaugh, A. W. (2005). MODFLOW-2005, the US Geological Survey modular ground-water model: the 
ground-water flow process: US Department of the Interior, US Geological Survey Reston, VA.

o Rossman, L. A. (1990). DFLOW user's manual.
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• The model was calibrated and validated in a two-step 

procedure:

i. In steady-state conditions: Calibrated using

piezometric heads observed in 1950 (Maxia, 1950)

prior to well exploitation.

ii. Transient model: Validation of the calibrated K,

considering piezometric field (reconstructed after

2003 survey) and piezometric head development

(1954 – 2008) which was driven by pumping and

thermal activities.

Groundwater Numerical Modelling

2. METHODOLOGY

Maxia, C. (1950). Il Bacino delle Acque Albule (Lazio): Consiglio nazionale delle ricerche.



• Domain of model: 32.5 km2

and circumscribe travertine

aquifer system, including

quarries & areas affected by

subsidence and urbanization.

• Average size of cell 50x50m

Up to 10x10m in the areas of

quarries, lakes and springs

→ better represent features of

groundwater flow

• Final grid: 309 rows &

262 columns

Groundwater Numerical Modelling
2. METHODOLOGY



• Following (Brunetti, Jones,

Petitta, & Rudolph, 2013), model

considers three

hydrostratigraphic units.

• Top of model is land surface

• Base is lower boundary of

travertine aquifer

• Surface bounding obtained by

interpolation of stratigraphic

data, using IDW.

• Topography from DEM with

spatial resolution 20m (by

Municipalities of Guidonia and

Tivoli)

Groundwater Numerical Modelling
2. METHODOLOGY

Brunetti, E., Jones, J. P., Petitta, M., & Rudolph, D. L. J. H. j. (2013). Assessing the impact of large-scale 
dewatering on fault-controlled aquifer systems: a case study in the Acque Albule basin (Tivoli, central 
Italy). 21(2), 401-423.

3D has been derived from 97 boreholes



Groundwater Numerical Modelling
2. METHODOLOGY

• Northen margin: constant

inflow boundary (blue bars)

• Corresponding to main

thermal discharge zone of

lake and spring

→ Constant head boundary

condition equal to

hydrometric heights

assigned to cells,.

NORTH
Lateral recharge

SOUTH
Aniene River

WEST
No flow

EAST
No flow



Groundwater Numerical Modelling
2. METHODOLOGY

• Hydrothermal water flowing

into system from deep

carbonate aquifer → a

constant head boundary

condition assigned to 2nd

and 3rd layers.

NORTH
Lateral recharge

SOUTH
Aniene River

WEST
No flow

EAST
No flow



Groundwater Numerical Modelling
2. METHODOLOGY

• Constant head boundary

assigned to cells at top

layer, corresponding to

Aniene River (magenta line)

• No flow boundary assigned

along eastern and western

sides, according to

geological model by

(Brunetti, Jones, Petitta, &

Rudolph, 2013). Geological

formations not interacting

with travertine aquifer.

Brunetti, E., Jones, J. P., Petitta, M., & Rudolph, D. L. J. H. j. (2013). Assessing the impact of large-scale 
dewatering on fault-controlled aquifer systems: a case study in the Acque Albule basin (Tivoli, central 
Italy). 21(2), 401-423.
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Groundwater Numerical Modelling
2. METHODOLOGY

• Effective infiltration considered

uniform over the whole

domain.

• In steady-state, undisturbed

conditions, effective infiltration

assigned to uppermost active

cells as a constant flux

274mm/y (Brunetti, Jones,

Petitta, & Rudolph, 2013)

Brunetti, E., Jones, J. P., Petitta, M., & Rudolph, D. L. J. H. j. (2013). Assessing the impact of large-scale 
dewatering on fault-controlled aquifer systems: a case study in the Acque Albule basin (Tivoli, central 
Italy). 21(2), 401-423.
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No flow



Groundwater Numerical Modelling
2. METHODOLOGY

• In transient conditions, same

effective infiltration recharge

assigned only for six months

(Nov to Apr)

• Negligible for the remaining

months, based on rain fall

pattern (Dragoni, 1998).

Dragoni, W. (1998). Some considerations on climatic changes, water resources and water needs in the 
Italian region south of 43 N. In Water, environment and society in times of climatic change (pp. 241-271): 
Springer.

NORTH
Lateral recharge

SOUTH
Aniene River

WEST
No flow

EAST
No flow



3. RESULTS & DISCUSSION

 Numerical Model Calibration & Validation

 Subsidence Quantifying by DInSAR



Steady-state conditions

• Calibrate model with respect to K considering

undisturbed flow conditions represented by the

piezometric field prior to 1954 (when mining areas

were limited)

• The calibration process was performed on K of the

travertine, using K and T derived from pumping

test.

• The agreement between the model and the

observation (MAE = 0.753; RMSE = 1.06 m) in

terms of piezometric heads → satisfactory for

purposes of this paper.

3. RESULTSGroundwater Numerical Modelling

Calibration & Validation



3. RESULTS
Groundwater Numerical ModellingPoints: Difference between piezometric height measured and that for simulated targets



Transition conditions

• Model in transient condition run as validation step

aimed at simulating piezomatric head evolution

from 1954 (prior to exploitation) to 2008.

• Initial conditions of piezometric heads and

conductivity values assigned to model drived from

previous calibration step.

• Specific yield = 0.01, based on results from

pumping tests and recovery tests (Brunetti, Jones,

Petitta, & Rudolph, 2013)

• Comparion of observed and simulated heads show

good agreement.

Groundwater Numerical Modelling

Calibration & Validation

Brunetti, E., Jones, J. P., Petitta, M., & Rudolph, D. L. J. H. j. (2013). Assessing the impact of large-scale 
dewatering on fault-controlled aquifer systems: a case study in the Acque Albule basin (Tivoli, central 
Italy). 21(2), 401-423.

3. RESULTS



3. RESULTS
Groundwater Numerical ModellingPoints: Difference between piezometric height measured and that for simulated targets



3. RESULTSSubsidence Quantifying by DInSAR

Central sector

• Close to open pit area

• Affected by average deformation rates, 3 mm/y to 10 mm/y 

(1993 – 2000)

• 2003 – 2010, subsidence rate was greater, 10 mm/y to

25 mm/y.

• Thickness of compressible deposits > 20m

ERS data
Envisat data



3. RESULTSSubsidence Quantifying by DInSAR

Northern sector

• 3 km north of the open pit area

• Stable during 1993 - 2001

• Subsiding in 2003 – 2010, deformation rates ranging 10 

mm/y to 15 mm/y.

ERS
Envisat



3. RESULTSSubsidence Quantifying by DInSAR

Western sector

• Stronger urbanisation

• Thicker compressible deposit

• Slight subsidence in the ERS data

• 2003 – 2010 deformation rates ranging 5 mm/y to 10 mm/y

ERS

Envisat



3. RESULTSSubsidence Quantifying by DInSAR

Remaining portions

• Areas located on Albano-volcanic formations,

on Plio-Pleistocene formations and carbonate 

rocks show no deformation until 2010

• Some zones where travertine deposits outcrop 

also show no deformation.



Pumping water from travertine aquifer whose

piezometric level roughly coincided with the

groundwater level under disturbed conditions

→ a gradient is created

→ reduce pore water pressure in the

compressible soils on top of the travertine

bedrock

→ these soils experienced a consolidation process

3. DISCUSSIONOVERALL MECHANISM



 A-DInSAR deformation data showed a good agreement 

with simulated piezometric level changes

TIME PERIOD (1993 – 2001)

 Areas with compressible deposits showed vertical

deformations ∝ variations in piezometric level (Central

Sector)

 Areas with thicker compressible deposits but no

decrease in piezometric level did not experience

detectable deformations (Northern Sector and Western

Sector)

3. DISCUSSIONOVERALL MECHANISM



TIME PERIOD (2003 – 2010)

• Same linear relationship between decrease in

piezometric levels and vertical deformation

• Cone of depression had expanded and deepened in

time and space, affecting entire basin

• Areas newly affected by subsidence located where

greater thickness of compressible materials

(Northern sector & Western sector)

3. DISCUSSIONOVERALL MECHANISM



4. CONCLUSIONS



Subsidence process mechanisms

Groundwater level variations drive the 

timing of subsidence triggering over 

the area.

 Local geological conditions drive the 

magnitude of the deformation process.



Suggestion

Back-analysis case history encourages

research towards forecasting of the

on-going evolution of subsidence

process caused by groundwater

exploitation.

 The coupling of a monitoring network

with satellite and A-DInSAR analyses

could be a very efficient self-

controlling monitoring platform.
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FUTURE WORK

GROUNDWATER
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MODEL

MECHANISM
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Python 
scripting
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VALIDATION




