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Summary. In recent years, a project of anthropogenic Venmédt by seawater injection into

a deep brackish aquifer underlying the lagoon reenkadvanced. A major concern is the
possible generation of differential vertical dig@eents at the ground surface, which should
not exceed prescribed regulatory thresholds to agii@e the structural preservation of

historical buildings. In this work, we analyze tledfects that spatially heterogeneous
hydraulic conductivity distributions in the injedtéormations may have on the uniformity of

the induced land uplift.

1 INTRODUCTION

Worldwide, field evidence based on satellite measients shows that injecting fluid
underground may cause the land to rise. Anthrodogauiift records of the order of tens of
centimeters have been observed in several locaaoosnd the world. A comprehensive
survey of cases where land uplift has been obseaged byproduct of fluid (water, gas,
vapor) injection in geological formations may berid in Teatini et al

In recent years, a project of uplift of the city Wenice, Italy, (Figure 1a) has been
advanced as a measure to reduce the intensity lendreéquency ofacqua altaevents.
Coupled hydrologic-geomechanical finite-element)(Binulations indicate that injecting 18
Mm?®/year over 12 disposal wells into a 600-850 m demyekish aquifer may induce a land
uplift of 25-30 cm in a 10-year period With this uplift, only 14 out of the 228 floodkat
occurred in Venice from 1870 to 2009 would havenbleigher than 110 cm, i.e. the nominal
starting point ofacqua altaevents and the threshold for the activation of MOBE systems
of mobile barriers currently under constructiorptotect the city from flooding.

While the geo-mechanical properties of the NorthAdriatic sedimentary formations
proposed for seawater injection are well charaoterifrom an extensive dataset obtained
from radioactive marker measureméntpermeability data are very scarce and sparse
throughout the area of interest. In the simulatibgsComerlati et &° uniform horizontal



Pietro Teatini, Massimiliano Ferronato, GiuseppenBalati, Domenico Bau and Mario Putti

hydraulic conductivity, K, distributions with vals@anging between 5x¥0and 5x10 m/s
were considered, based upon the results of sonmeepdility tests conducted in the b&sin
Vertical permeabilities were assumed to be onerooflenagnitude smaller. An important
finding of Comerlati et &° was that the uplift distribution would be very famin, with
negligible displacement gradients throughout ttye @i Venice.

However, it is well know that hydraulic conductividlistributions in geologic formations
are inherently heterogeneous and vary accordinthéoscale of the medium affected by
groundwater flo. Therefore, a question arises as to whether aduyseeous K field could
produce non uniform uplift distributions and generdisplacement gradients large enough to
potentially damage Venetian monuments and palaces.

The major goal of this work is to address the isetideterogeneity of the hydraulic
conductivity distribution and evaluate the effettiat this may cause on land uplift. This is
carried out through a stochastic (Monte Carlo) $athon of land uplift  where the
heterogeneous hydraulic conductivity distributios modeled using an ensemble of
realizations of a spatially-correlated stationaampdom process characterized by a bivariate
log-normal distribution with an exponential covawca model.

The analysis is performed on a three-well pilotjgn8 designed to test the feasibility of
the full scale injection plan. Since the horizorgedle of influence of the pilot project (Figure
1a) is of the order of 10 km and the injected fdiomhas an average thickness of 2569
representative support scale for K is likely td fagtween these two values. It is therefore
assumed that the K heterogeneity occurs on a deaistic length of several hundred meters,
closely related to the correlation scale assuméddrtovariance model

The uncertainty on the geostatistical parameterghef K field is addressed with a
sensitivity analysis, where both the log-normaliarace, s and the correlation length, are
varied over plausible ranges consistent with tltgnsentary nature of the geologic basin and
the space-time scale of the experiment. The meafidime hydraulic conductivity distribution
is assigned a value of 1.2%x30m/s, which is equal to the average K assumed & th
deterministic simulations by Comerlati et.al

In each Monte Carlo simulation, an ensemble of &df is used in groundwater flow
simulations performed using a FE discretizationhef injected aquifer system. The resulting
realizations of pore pressure
distribution are then
implemented into a FE
geomechanical model, whicl
produces an ensemble of grour
surface uplift fields, y The |
cumulative distribution function
(CDF) of the land uplift and its
horizontal gradientp,, are then | _ =
computed and used to evalua ™ L e
the probabilities for yandp, to  Figure 1. (a) Satellite image of the Venice Lago@). Seismic
exceed significant referenc section of the Plio-Pleistocene subsurface withatipeifer Unit A
threshold values. Particula Proposed for seawater injection.
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attention is given to the K scenarios that prodthee largest gradient, which represents a
potential risk to the preservation of the Veniceh@ectural patrimony.

2 HYDROGEOLOGICAL SETTING AND MODEL SET-UP
2.1 Site description

The Venice lagoon is part of the north-easterniporof the Po River plain (Figure 1a).
The sedimentary infill mainly consists of a thickgsence of Messinian-to-Pleistocene
turbidite deposits characterized by a basin-seddalar geometry with thickness varying from
several tens to hundreds of met®§ These sedimentary systems are almost entirely
composed of thick-bedded sand/sandstone facieghwgrade downcurrent into basin plain
deposits of mud/mudstones with thin-bedded finergth sands/sandstones. Figure 1b shows
a seismic cross section of the sedimentary basarevinit A, the formation proposed for the
implementation of the pilot injection project, igghlighted. This formation was deposited
from Late Pliocene to Middle Pleistocéfn& and extends horizontally for about 300 km
along the North-West—South-East—direction, and k®0along the South-West—North-East
directiort*. Available dat&®*?indicate that Unit A has a rather regular and kabbehavior
with a reduced lateral variability of the hydrologiroperties.

2.2 FE model

The deformation of a saturated porous medium indiune water injection relies on the
classical poro-elasticity equatidfisSince in the aquifers of the Po River basin ciogpl
between the flow and stress fields is weak fortiimescales of practical interétthe poro-
elasticity equations are solved using an expligtypled approach:

(@) ok mp)=s.2P +q
(b) D6 =alp+b (1)
1

() o= ( [ﬂ(l—Zv)&+v EﬂraCE(S)[I]]

1-v)ie, (o)
Equation (1a) represents the classical saturatedngwater flow equation, wherél is
the gradient operator, 3 the fluid pressureK is the hydraulic conductivity tensog
represents prescribed source/sink terms; and e specific elastic storage. Equation (1b)
governs the equilibrium of a porous medium underg a pressure gradientp with ¢ the
effective stress tensos, the so-called Biot coefficient, ana the vector of applied forces.
Equation (1c) is the non-linear hysteretic cdostie law that relates to the strain tensar.
| is the identity tensorg,,is the vertical uniaxial compressibility, which ies with ¢ as
shown in Comerlati et 3landv is the Poisson ratio, which is set to 6.3The system of
equations (1) is solved by FE, with the flow di@lomputed first at each time step (Equation
la), and stress and deformation then calculatedyube pore pressure gradient as a strength
source (Equations 1b and 1c). Sirfggs a function of g 18 the stress field is used to update

Ss through ¢ after each time step.
Figure 2 shows the main features of the high-régmlu3D FE grid generated using
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lithostratigraphic data of the
Venice subsurfale The
model domain has ¢

horizontal extent of 20x2C e .
km, is centered at the \\—
location of the three ® — s e

injection well pilot plant, M -

and is confined on top by J i
the ground surface and o E@
bottom by a rigid 10-km gigyre 2. (a) Axonometric view of the 3D geomechahigrid and (b)
deep basement. horizontal view of the 2D groundwater flow me

Similar to the
deterministic simulations of seawater injection Gymerlati et &land Castelletto et &lUnit
A is discretized into six hydraulically disconnettsubunits, whose thicknesses are shown in
Figure 2. The compressibility in expansion is assdmo be 3.5 times less than in
compressioh Hydrostatic pressure is assumed as initial cemdind at the outer boundaries,
located far enough from the injection area so abetainaffected by flow and deformation
over the simulated period. Zero flux on the basdnseprescribed in the flow model, whereas
standard Dirichlet conditions with fixed outer ahdttom boundaries are imposed in the
geomechanical model. A detailed description of ¢hasd other relevant data is provided by
Castelletto et &

The injection is performed through three wells tedaon the vertices of a 1-km side
equilateral triangle for a 3-year tifhé\ constant 1.2xI®m?s flow rate is prescribed at each
well and distributed through the six formationspmdionally to the trasmissivity around the
wells. In order to avoid the generation of a figsgrtensile stress, a maximum admissible
over-pressure of 25 bars (2.5%Hg) is prescribed at each well. As hydraulic fréog is not
expected to occur, realizations where the abovgitigwalue is exceeded are excluded from
the Monte Carlo analyses.

2.3 Hydraulic conductivity scenarios

A stochastic simulation (or Monte Carlo) approach followed, where uncertainty is
addressed by generating a large numbgis, df equally likely realizations of the hydraulic
conductivity field (K ; k=1, 2,..., Nic). In each of the six layers into which Unit A is
partitioned, the heterogeneous K distribution igcsjied as a spatially-correlated second-
order stationary random process, characterized lbyaiate normal distribution along with
an exponential covariance model in a log-transfarmpace. The geostatistical model is
characterized by the parametersind ¢°, that is, the mean and the variance of the log-K
distribution, and the isotropic correlation lengthof the covariance model. The hydraulic
conductivity is assumed to be vertically homogersewaithin any injected layer. No vertical
correlation for the hydraulic conductivities of tee layers is assumed. In this work, the
generation of the K fields is carried out using tleect Fourier transform spectral algorithm
presented in Robin et’al

To address the uncertainty on the geostatisticednpaters of the injected formations, a
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sensitivity  analysis  using
combinations of values o6”
equal to 0.2, 0.5 or 1, witF
values ofA equal to 20, 100 or
1,000 m is performed. The
above variability ranges art
consistent with the quiel
sedimentary nature of the bas O Sk _ ¥
and t_he spatial scale of th Figure 3. Example of K field generations obtaindthw?=1.0 and\
experlmen7t As for the mean values of 20, 100, and 1,000 m. Logv&lues are scaled with respect

p of the log-K distribution, a to the median hydraulic conductivity.

value of -5.921 is assumed,

which corresponds to the average K of 1.2%h's used in the deterministic simulations by
Castelletto et &l Figure 3 shows three realizations of the K figherated withs?=1.0 and
Aequal to (a) 20 m, (b) 100 m and (c) 1000 m. Atdbaifer scale, the K pattern is strongly
influenced by the correlation scale, so that treesof heterogeneity appears to be wider for
larger A values (Figure 3a) than for smallevalues (Figure 3c).

3 RESULTS AND DISCUSSION

The ensembles of hydraulic conductivity fields gaibed for different combination of the
geostatistical parameters?, and A, are used in a series of Monte Carlo geomechanical
simulations to produce corresponding ensemblebeosurface uplift, 4 distribution. In this
study, a number i\t =1,000 realizations is used. Such a large nuntbeeliected in order to:

(i) delineate an accurate representation of thesstal distribution of the surface heave and

its gradienp,; and (ii) generate critical hydraulic conductivisgenarios in terms of an

irregular surface deformation. Since the resultsthafse stochastic simulations generally
indicate that, as expected, the spread of the sahmthtistical distribution increase with,
only the results associated with the cased are presented.

Figure 4a shows the profiles of the sampled CDEhefland uplift obtained fos*=1 and
A=20 m, 100 m and 1000 m; is calculated at the center of the injection systetmere the
surface rebound reaches its maximum amplitude nanchalized with respect to its value as
estimated in the deterministic homogeneous casé (ef). Each profile in Figure 4a is
obtained by sorting the ensemble gfualues in ascending order and calculating the CDF
values as the ratio between the rank index apd. Nhe sampled CDF provides a direct
estimate of the probability of the land uplift ntmt exceed any given value.urhe CDF
profile gives also a direct estimate on how parameincertainty reflects on the surface
uplift. Similarly, Figure 4b shows the CDF profldor the vertical gradient obtained for
o°=1and1=20 m, 100 m and 1000 m; is calculated at a location in proximity to theotw
southernmost injection wells (Figure 5), where ginadient approaches its maximum, and is
normalized with respect to the value estimated Ha homogeneous case (~1.66%10
Inspection of the profiles plotted in Figure 4 ralethat the spread of the statistical
distributions of both yandp, increase with the correlation scaleThis effect can be traced

A=20 m
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Figure 4. Sampled CDF profiles for (a) the landitipind (b) the vertical displacement gradient oisd for
6°=1.0 and\ equal to 20 m, 100 m and 1000 mjsicalculated at a central location among the thieetion
wells and normalized with respect to its value aSnmeated in the homogeneous case (~5.5 ¢m)is
calculated at the location indicated in Figure 5abblue cross and normalized with respect to itaevas
estimated in the homogeneous case (~1.68%10

back to the wider heterogeneity of the K field alied at the regional scale for larger
correlation lengths (Figure 3). In quantitativenter it may be observed that, for=1000 m
the 99" percentile of the normalized land uplift is abdub (Figure 4a), whereas the same
percentile is about 1 for=20 m. The profiles of Figure 4b show that th& g@rcentile of the
normalized uplift gradient increases from 1.28,%6r20 m, to 2.2, foih =1000 m. It is also

interesting to observe that, the median value (the 50th percentile) is significaritgs

(about 20-40 %) than the uplift gradient in the logeneous case.

Figure 5 displays the contour maps of the upliidientp, after 3 years, as predicted for
the deterministic homogeneous case and in thedgereous cases fas20 m, 100 m, and
1000 m. In each heterogeneous case,pthdield is calculated for the most pessimistic K

scenario, that is, the one producing the largeft iggadient in the ensemble. These maps
indicate that the maximunp, never exceeds three times the value obtained é th
deterministic simulation. Figure 5 indicates thiathe most pessimistic case, the maxinym
is about 4.5x1® and occurs fors?=1 andA=1000 m. This value is: (i) about half the
maximum differential displacement measured in Vemiger the 1960’s; (ii) 10 times smaller
than the maximum limit allowed for masonry buildin¢s0x1@); and (iii) about 20 times
smaller than the values currently being measuratiine areas of Venite

Figure 6 shows the results from a Monte Carlo satioh performed assuming’=1,
A=1000 m, and K as vertically homogeneous withinghgre Unit A thickness. This scenario
can be viewed as an unphysical worst-case scertagore 6 refers to the K realization that
produces the largest;, and compares the heterogeneous case to thegemeous case in
terms of overpressure, aquifer expansion, and aeidalift induced by water injection.
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Figure 5 D|fferent|al vertical displacements affeyears as Figure 6. Comparison of the distributions of
obtained for the hydraulically homogeneous case thed (a) over-pressure, (b) aquifer expansion, and
realization that produces the maximum gradient lné t(c) surface uplift along a cross section
ground vertical displacements wittf=1.0 and the thred comprising two wells obtained in the worst-
values used in the simulations. Injection wells iadicated case K scenario and in the homogeneous
by black triangles. case.

While the assumption of homogeneity leads to urelenating the aquifer expansion and its
irregularities, these effects are substantiallytedbeby the overburden, which spreads the
vertical deformation over a larger surface area.

4 CONCLUSIONS

 The CDF’s obtained from the stochastic analysesaiethat, for any choice of realistic
geostatistical parameters, nowhere the differendiical displacement exceeds the most
severe regulatory limits required for building dgfethe largest displacement gradient
measured in Venice over the period 1961-1969, &edldcal displacement gradients
currently underway in some areas of Venice.

« Even under the most extreme and unlikely realinatibtained withs?>=1 andi=1000 m,
where K varies over eight orders of magnitude, thmaximum p;
is of the same order of magnitude (about threegilagger) as the value computed using a
deterministic approach with homogeneous K equaltihe median value of the
heterogeneous distribution. Therefore, the unagstasonnected to heterogeneity of the
hydraulic conductivity in the injected formationancbe viewed as a minor issue in a
realistic prediction of Venice uplift by seawatejection.
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