Course of Geothermics

Prof. Magdala Tesauro

Course Outline:

Thermal conditions of the early Earth and present-day Earth’s structure

Thermal parameters of the rocks

Thermal structure of the lithospheric continental areas (steady state)

Thermal structure of the lithospheric oceanic areas

Thermal structure of the lithosphere for transient conditions in various tectonic settings
Heat balance of the Earth

Thermal structure of the sedimentary basins
Thermal maturity of sediments

Mantle convection and hot spots

10 Magmatic processes and volcanoes

11. Heat transfer in hydrogeological settings
12. Geothermal Systems
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Porous Media

Porous Media is a portion of space occupied by heterogeneous matter (Solid Matrix, Gas and/or Liquid and Void Space)

NB: a minimum number of voids must be interconnected, in order to allow for the fluid phases to move !

Matrix (Solid) Volume

Void (Pore) Volume

Hornberger et al. (1998)



Fluid Flow in sedimentary basins

Pore space (¢) is mostly filled with water
o Meteoric water: groundwater originated from rainwater
o Connate water: Seawater buried with sediments
o Juvenile water: hydrothermal water by igneous activity

o Formation water: produced during oil or geothermal production

Hornberger et al. (1998)



Porosity

Consists of rock and pore space (void space)

Total porosity /- \_———  Matrix Volume fraction
VUOLd (,0 + C . Vpore

Vtotal Vtotal




Effective Porosity

50%

Total porosity
adhesive water

porosity [%]

Effective porosity
0%

0.1 1 10 100

grain size [mm]

Effective porosity

Pet = Ptot — Pagn



Permeability

Friction Loss along the walls of the grains

Porc/spaceibetweenigrains

gl i ctiontalonedorains,

grain

glain

Smaller pores =2 more frictional resistance - lower permeability
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Permeability and Rheology
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Permeability

K=hydraulic conductivity
Kk
K= (pg),SI [ms™*]
k = intrinsic permeability, SI [m?] Porous medium property
1w = dynamic viscosity, SI [Pas]
Fluid properties

p = fluid density, SI [kgm 3]

g = gravitational constant, SI [ms—2]

o A combined property of the medium and the fluid

o Ease with which fluid moves though the medium



Fluid Flow in sedimentary basins

Because ...

V¢ = —K Vh

Q

N

o Flux of water through a permeable formation (v¢)is proportional to the head
loss (Vh = distance between top and bottom of the soil column)

o The constant of proportionality is called hydraulic conductivity (K, SI [ms™1])

Groundwater flow in sedimentary basins follows Darcy’s law
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Fluid Flow in sedimentary basins

Seepage velocity [v,]

Darcy velocity
vi = —KTVh rock grains

o Macroscopic concept (easily measured)

o Flow rate per unit of cross sectional Area
_ e
(ve= )

o Different from the real microscopic velocities

o Microscopic velocities are real, they are impossible to measure



Fluid Flow in sedimentary basins

Seepage velocity [vg]

Q=A-vi= Ay Vs

Q = flow rate

A = total cross sectional area of the material
A, = cross sectional area of the voids

v = Darcy velocity

Vs = seepage velocity

A

Vs=Vf(A_

\%
_(A-A v
VS _Vf AV'AI _Vf (Vv)
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Darcy’‘s Law

Qout Ah k dh Ah _ _
- K — , K = — ]=—=_—" I=Hydraulic Gradient
U (p9) dl Al Y

A AL

4h = h,-h, = difference between hydraulic heads measured at two different points Al = distance between the points at which hydraulic

heads were measured.

Sand [d ~ 0.4 mm]

| QO

Nl

Slope = K = hydraulic conductivity
Silt [d ~ 0.04 mm]

Ah Ah

AL



Principle of Bernoulli

pressure or a decrease in the fluid’s potential energy
%
ov~-

.
av-
- + ogz + P = const. 5

Bernoulli’s principle: for an ideal fluid flow, an increase in the speed of a fluid occurs simultaneously with a decrease in
v=fluid flow velocity at a point, g=gravity acceleration z =elevation of the point above a reference plane, P =static pressure at the point,

o=density of the fluid, P, = dynamic pressure, and ogz = pressure formed by the elevation of the point above a reference plane.

h=piezometric (or hydraulic) head

P
h=z74+—

J
TQ

hr = h+v*/2g
h;=dynamic head

)
V- 2g — velocity head (negligible if the water moves slowly)

P
— pressure head
54

C
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Principle of Bernoulli
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pr+opu pghy = pa + SPv2 T+ pghs
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Water in the underground

An aquifer (saturated zone) is an underground layer of water-bearing permeable rock.

A typical hydrological system on land is composed of an unsaturated zone, an unconfined aquifer (between the
water table and the first confining bed or aquitard), and confining aquifers separated by aquitards.

Water has an extremely high heat capacity (C,, = 4186 JkgK1) compared to rocks (Cprocks ~1000 JkgtK1) and
the constant movement of groundwater favours a fast heat transfer.

Groundwater flow involves three major processes: groundwater recharge, groundwater flow through
permeable aquifers, and groundwater discharge.

Water in underground storage is usually divided in the part that drains under the influence of gravity (specific
yield), and the part that is retained as a film on rock surfaces and in very small pores (specific retention).
Specific yield shows how much water is actually available, and specific retention shows how much water
remains in the rock after it is drained by gravity.



Fluid Flow in sedimentary basins

Porewater flow is oriented perpendicular to isopotential lines (steepest hydraulic gradients)

Recharge area
| )

Precipitation  Potential lines

vy

Water table

Stream lines
Sea level

Only for homogeneous sediments

Bjgrlykke (1994)



Fluid Flow in sedimentary basins

But sediments are heterogeneous, groundwater flow is highly compartmentalized ...

Groundwater
table

Hydrodynamic

potential Potentiometric surface

Aquitard

Aquifer | e— '

Bjgrlykke (1994)



Fluid Flow in sedimentary basins
Darcy’s law: v = —K I’h

o provides an accurate description of the flow of groundwater in almost all hydrogeologic environments
o allows an estimate of:

o velocity (flow rate) moving within the aquifer
o average time of travel from the head of the aquifer to a point located downstream

Equations of groundwater flow

Darcy’slaw (vp = —KVh) + Conservation of fluid mass (Inflow = Outflow)

Recharge

Discharge

1L




Fluid Flow in sedimentary basins

Range of  x .
Applicability ;| ~ Darcy's Law
Specific e > x” Turbulent Flow
Discharge, | 1 Re > 100
q |
l I
| | Re<10
| [tan a=1/K
I | >
1.0 10
Hydraulic Gradient, oh/ol

Darcy’s law is not applicable where:
o For Re > 10 or where the flow is turbulent (pumped wells)

o Water flows through extremely fine-grained materials (colloidal clay)



Goundwater recharge/discharge

Groundwater recharge is a hydrologic process where water infiltrates from the surface into underground horizons to

replenish aquifers with water.

Recharge of the saturated zone occurs by percolation of water from the land surface through the unsaturated zone and
occurs both naturally (by natural precipitation, rivers and lakes) and artificially (by human activities, such as borehole
injection, artificial ponds).

Groundwater recharge areas are at local heights and discharge areas are at local depressions, since these processes are

driven by gravity.
The rate of groundwater recharge that occurs in any particular area depends on different factors, such as the climate,

topography, superficial geology, the kind of aquifer of the area.

Total groundwater recharge
Ry = Z R:
i

The recharge depends mainly on precipitation and thus is intermittent, while the discharge is a continual process.



Goundwater recharge/discharge

* Different methods are used to estimate the recharge rate: lysimeter method, soil water budget models, the water table
fluctuation method, numerical modeling of the unsaturated zone, the zero flux plane method, the Darcy method, the

tritium profiling method, the chloride profiling method, etc.
* An empirical relationship for recharge as a function of annual precipitation is:

(Kumar and Seethapathi, 2002)

: 0.4
R = 2.0(Pr—15)
R = net recharge due to precipitation during the year (inch), Pr = annual precipitation (inch)

e If chloride is present in an unsaturated zone as a result of atmospheric deposition, and in the absence of other sources or
sinks of chloride ions in the unsaturated zone, the recharge rate (R):

Ci('
R=—Pr
Cz

C, = mean chloride ion concentration in soil water (in mg/l), Pr =precipitation (in mm/year), C;. = chloride ion concentration in rainfall (in mg/l).



Trasmissivity

Transmissivity is the rate at which water is transmitted through a unit width of an aquifer under a unit hydraulic gradient. The
transmissivity (7r) of an aquifer is equal to the hydraulic conductivity of the aquifer multiplied by the saturated thickness (b) of
the aquifer:

W Q (dl
I'r = kb Ir = W E Q = amount of water moving through the width (W) of the aquifer
0
b=satured thickness of the acquifer = x=hydraulic conductivity B = KO_'[_(

Permeability is related to porosity: k = cp®  and to surface area (s), closely linked to grain size (d): & = g’ /(1 — @)°s>

K =permeability (in m?), x =hydraulic conductivity (m/s), ¢ =dynamic viscosity (Pa s), ¢ = density of the fluid (kg/m3) and g =gravity acceleration

H 2
(in m/s?). Discharge

qr = Z {qi

’ dh

Groundwater discharge (q) is the flow rate of groundwater through an aquifer: ¢ = KA —

dl

k = hydraulic conductivity of the aquifer A =area the groundwater is flowing through



Water reservoir

Amount of water stored: AS = Z R,‘ = Z h
i [

Only the part of aquifer porous water that will drain under the influence of gravity (usable volume capacity V,):
Vu = KoprVo
V, = total volume of aquifer and K, = effective porosity of rock comprising the aquifer (e.g., 23 % for an unconfined acquifer)

* Underground water can also be contained in reservoirs confined in fields at much greater depths. This water usually
does not move, but can absorb significant amounts of heat due to the very high heat capacity of water.

To estimate the extra-heat energy absorbed by water, if the initial volume of water is V, and the initial P and T within the
reservoir are P, and T:

o 1 AV
j»,W(Tl —iTg)
Pw bw Vo

a,~ coefficient of the thermal expansion £,= volume and compressibility of water, P, and T, = normal pressure and temperature of water in
the reservoir, AV = change in the initial volume V,,.

Py=DPyk



Water and oil reservoir

If some water V, is pumped out of the reservoir at the pressure and temperature within the reservoir, the rest of water and
the pressure within the reservoir will drop to P,, since the water will take the initial volume of water within the reservoir V,:

PR 1w
2T B Vo T By (P2 —Py)

(change of volume = V,, change of temperature is negligible)

If the reservoir is filled with water and oil (P, and T,= initial pressure and temperature):

Vo = Vwo + Vo

Vo = initial volumes of water V|, = initial volumes of oil
If some water/oil V, is pumped out of the reservoir:

Change of volume

Va = AVW] i3 AVNI AVN] =V — AVW]
Change of pressure
1 AV o 1 Vi — AV
P2:P1+1W(T2—T1)— Wt P2:PI+N(T2—T1)— I Wi

% Pw Vwo P By Vno



Heat in groundwater flow

Groundwater flow can be described by Darcy’s law, in which the velocity of water u is connected with its pressure in the
form:

K Kp Py & A
U= _’]_,,v (p-¥p,, 82) =—— e e N Hy=2+p/(p,,8)

u = average velocity per unit area, Ky = permeability, 77, = water dynamic viscosity and p, = water density, p= pressure, H, is
the hydraulic head, z is the elevation above a standard datum, g = gravity acceleration, gH, = hydraulic potential, and A_ =

K, Py, 8/ 1, = hydraulic conductivity

The heat transferred from rock to water depends on u, the volumetric heat capacity of water (p, ¢, ) and the thermal
gradient in the direction of u:

oT
peo = kV*T —p,c, (u-VT)

p,, = wWater density, c, = specific heat of water, ¢ = specific heat, p = density, k = thermal conductivity of the water—rock
matrix, t =time



Heat in groundwater flow
vertical flow

When the flow in an aquifer occurs due to an externally applied pressure gradient, the heat is transferred through a
mechanism known as advection. When the flow occurs due to buoyancy effect, the mechanism of heat transfer is the
convection.

i DKy | dp, | dT
—— ) + ). 27)+ 27

%y = (dpu/dT)/ p,,

- _ o, ~water thermal expansion coefficient
For thermal steady state conditions the conductive

2 >, g 17
heat transfer, heat advection, and thermal convection d~7 Py w8 Kp dH,, n d7'\ d7
. . o) I + W <

in a homogenous permeable layer is expressed by: dz- k n. dz dz /] dz

Vertical flow for conductive and advective heat transfer for steady-state thermal conditions and for a uniform, isotropic,
homogeneous and satured aquifer:

s i Cullz: AT B
dz2 & d:_() To=iTy -+ Ty—Ty)

u,=Darcy velocity in the vertical direction

) s . d . .
h=vertical distance within the aquifer /)3 = Cy Pw U hlk (dimensionless parameter)

exp (f,z/h) — 1
exp (/)’:) — 1




Fluid Flow in sedimentary basins

A Fold & Thrust
Belt

UPLIFTED FORELAND

Maximum Flow Rate: 1 = 10 m/yr

200 Kilometers

Density-driven (convection)

Subsurface water flow by density gradients in fluid
density due to differences in temperature and salinity.

Topographic-driven

Groundwater table drives meteoric water inside a basin

INTRACRATONIC SAG or RIFT Maximum Flow Rate: 0.1 = 1 m/yr

200 Kilomatara

4]

Kllomaters

D  RrAPDLY SUBSIDING MARGIN

Maximum Flow Rate: 0.1 = 1 cm/yr

Compaction-driven

Upward pushing of connate water driven by the effective

stress and chemical compaction

However, at a constant sedimentation rate the average
upward component of the compaction-driven flow is always
equal to or lower than the subsidence rate.



Fluid Flow in sedimentary basins

Density of porewater

0.90 g/cm’ 1.00 g/cm’ 1.10 g/em’

s Salinity
grad: 1.5%/km

70°C

100°C

Temperature

130°C
Salinity

Temperature/
grad: 0.3%/km

160°C density

 Temperature and salinity influence the fluid flow: temperature increase favours convection.
 The increase in temperature causes a thermal expansion and a density inversion, while salinity gradients may have the

opposite effect.



Depth (H)

Compaction-driven groundwater flow

Flow induced by ANOMALOUS PORE PRESSURE

Stress (0)

v

------- Lithostatic stress (c,)
(20-25 kPa/m)

Fracture pressure
(18-20 kPa/m)

Hydrostatic pressure
(10-11 kPa/m)

~— (Overpressure curve.
The hydrostatic pressure
(blue curve) must be
subtracted from
the red curve.

psgH

A

N

Water

i+ Reservoirsandstone.

HYDROSTATIC pore pressure
weight of the overlying fluid

LITHOSTATIC pore pressure
weight of the entire burden (fluid + matrix)

OVERPRESSURE (geopressure) higher than hydrostatic
UNDERPRESSURE lower than hydrostatic

The lithostatic stress varies as a function of the sediment bulk density, which tends to increase with depth.

The hydrostatic pressure curve is a function of the density of the water, which varies with temperature and salinity.
The fracture pressure is equal to the horizontal stress.
The overpressure cannot exceed the fracture stress as the seal will then leak.



Depth (leet)
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Abnormal Pore Pressure

How anomalous pressure are created and maintained ?

STATIC SCHOOL

— Mormal pressures
45 p.s.i per 100 feat
fram the surface

Anomalous pore pressures are maintained by SEALS
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“...a zone of rocks capable of hydraulic
sealing, that is, preventing the flow of oil, gas
and water. The term does not refer to
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Pressure conditions in sedimentary basins

grain framework (solid phase) and the pore pressure (fluid phase).

* The total vertical stress from the overburden is carried by the mineral
Overburden stress
e The effective stress is defined as the overburden vertical stress minus

the pore pressure.

c,— 0, — U
Fluid pressure

/ . .
o, =Effective stress Oy = Overburden vertical stress If = pore pressure

In offshore sedimentary basins the pore fluid pressure (u) measured in oil or water is a
IR Consact SITess result of several contributions:

U= pygty + pu8tly + pow8Ha + Au
A11= overpressure and underpressure pngp = pressure contribution from a petroleum column of height H,
Pw&H = pressure due to a water-saturated sequence (H,,) Psw&H 4 = pressure contribution of the seawater column (Hsw)
Causes of overpressure: fast sedimentation, tectonic compression, heating with water expansion, when solids (kergens) are

transformed into fluids (gas and oil).
Causes of underpressure: tectonic extension, gas condensation to liquid petroleum, cooling and contraction of water.
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