Basics of
Geophysical Well Logs:
Porosity

Basics of Geophysical Well Logs_Porosity



Porosity Logs

Porosity (F), can be defined as the ratio between the volume of
the pores and the total rock volume.

Porosity defines the formation fluid storage capabilities of the
reservorr.

Well logs allow the in-situ, indirect evaluation of the formation
_porosity. The most used ones are:

* Density —
e Neutron ‘>LMUCL‘:'5R‘ )

e Sonic > [Srsrico }'
eNuclear Magnetic Resonance

Since all these measurements are influenced by formation
fluids and minerals of the matrix, these logs are also used to
identify the different lithologies.
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Density log

The Density log measures the apparent density (RHOB) of the
formation, by means of the interaction between the gamma
rays emitted by a radioactive source and the rock.

The apparent density is affected by:
density of the “matrix” of the rock, PapTE SoL \Dh
@ porosity of rock, — N\folLLME YULOTI

density of the fluids that saturate the rock. + ., o\
Applications of the density log are:
- in-situ evaluation of the porosity,

- in-situ lithological analysis, ~ GAs
- in-situ analysis of the fluids. y \2(
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Density log

The Density Log allows the measurement,
at in situ conditions, of the bulk density
(pp) subsurface formations.

The bulk density p, is proportional to the
Total Porosity of the rock (dt) and, taking
advantage of this relationship, it is
possible to determine the porosity of the
formation with high accuracy.

The primary measurement of porosity is|
the electronic density (p.)of the rock

which is proportional to p,.
—The physical prineipte-used-istie ’-/
interaction between the Gamma Rays
emitted by a GR source and the matter.
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Density log
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Density log

Gamma rays produced by a radioactive source
interact with the subsurface formations.

The Gamma rays generated by a Cs 137 source,
because of their energy (662 KeV), may only interact
with the electrons orbiting around atomic nuclei.

Heavier is the formation higher is its electronic
density and lesser is the count rate of gamma rays
detected by the Sodium lodide (Nal) scintillation
detectors placed at a fixed distance from the source.

This is due to both the Compton interaction for
higher energy gamma rays and by the Photoelectric
Absorption effect for lower energy gamma rays.

The Count Rate of gamma rays at a high energy
window is used for the measurement of the bulk
density (r,) and the Count Rate of the gamma rays at
a low energy window is used for the measurement of
the Pef.
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Density log

Chargeto-Mas=s Ratios, Mass Densities, Log Responsa Dersities, Photoslectric Absorption
Index Yalues for Materals Cornrmonly Found in Boreholes
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Density log: the calibration process

The “density transform” is the
equation of this straight line

\
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Matrix Fluid

P ma Pf

(1-d) b

Ph

v

p, = bp, + (1 —d)p,, (clean wet zone)
where:

p, 15 the measured bulk density (from
Litho-Density tool )

p_. 1s the denzity of the matrix

p. 15 the density of the fluid

¢: 15 the percent volume of pore space

(1 — i) 1s the percent volume of matrix.

v

This can be written as

where:
P depends on hithology
P, 15 measured by the density log
P, depends on fluid type in pore
volumes.

e

Density log porosity
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Densities of minerals and reservoir fluids
Charge-to-Mass Ratios, Mass Densities, Log Response Densities, Fhotoslectric Absorption Brine Density as a Function of Fluid Salinity and Formation
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Basic Density log equations
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Sw = 100 % and Sw = Sxo
pb = (1- @) pma + @ pms

Mineral Formula |Pmal(g/cc)|Pef (b/e)
Quartz 5i0; 2.65 1.20
Calcite CaCO, 2.71 5.08
Dolomite MgCa(CO;), 2.87 3.50
Anydrite CasS0, 2.97 5.05
Halite Nacl 2.15 4.65
Oil (average Gravity) n{CH;} 0.20 0.125
Gas (Reservoir conditions) CHznez 0.20 0.120
Water [fresh) H,0 1.00 0.36
Water (salty] H,0 1.08 0.80

Sw < 100 % and SRH = 1- Sxo
Pb = (1- @)pma + SXO @ pys + [(1 — SX0) @] ppy
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Neutron log

The neutron log is mostly influenced by the hydrogen content
of the formation.

In “clean” water or oil saturated formations, the neutron log
measures an “apparent” total porosity of the rock.

When the log is acquired in “limestone matrix” (i.e. p,,, = 2,71

g/cc), the neutron log measures directly the total porosity of
the formation.

If the lithology of the matrix is different from “limestone”
(calcite), the so called lithology correction is required.

Other neutron log applications are:

— formation fluid analysis, (
— lithology analysis.
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Neutron log (CNL)

Incidant Mautron

Schematic diagram of a neutron-nucleus collision @’
is the "scattening angel." and & is the"recoil angle.”
The energy loss of the neutron on collision equals the
recoil energy of the nucleus.

Neutron Energy Losses

Maximuim
Average Energy
Number Loss/! Atomic | Atomic
Element | Collisions | Collision |Weight | Number

Calcium am 8% 40.1 20
Chlarine 316 10% 35.5 17
Silicon 261 12% 281 14
v en 1480 21 % 16.0 2
Carhon 114 20% 12.0 B
Hydrogen 14 100% 1.0 1

Hydrogen — Averade 10ss due ta angular collision is B3%.

The neutrons produced by the chemical
source at the average energy of 4,5 MeV,
interact with the nuclei of the elements
present in the formation loosing some of
their energy at each collision.

The highest energy is lost when the neutron
hits a Hydrogen atom of a similar mass.

With high formation hydrogen content the
loss of energy by the neutrons is fast and less
time is necessary to reduce the energy of the
neutron to “epithermal” level first (0,6 eV)
and to “thermal” energy later (0,025 eV).

When a neutron is “thermalized” it can only
be captured by high cross section elements
present in the formation such as Clorine (Cl),
Iron (Fe), Boron (Bo) and Gadolinium (Gd).

The excess of energy of these atoms is
released by the emission of capture y rays of
specific energy (y ray Spectrometry).
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Neutron calibration &
“Neutron Porosity Transform”
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Neutron log

Neutron Porosity Equivalence Curves

Sidewall Meutron Porosity (SNP), Compensated Meutron Log (CMLY)
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i, True Porosity for Indicated Matrix Mat erial
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Basic Neutron log equations
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Sw = 100 % and SW = SXO0

HI,g = (1- @) HI,, + @ HI
since HI,,,, is negligible
HI ;g = © Hi,y
where HI = 1

Sw < 100 % and SRH = 1- Sxo0

HI,,, = (1- @) HI,, +
Sxo® Hi ¢ +
[(1 - Sx0) @] HI,,

20
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Density/Neutron scales

COMPENSATED DENSITY NEUTRON
FORMATION DENSITY

1.95  2.20 2.45 2.70 2.95
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piutiate i Tl e

45 30 15 0 -15

NPHI (p.u.) limestone matrix

COMPENSATED DENSITY NEUTRON
FORMATION DENSITY

1.70 1.95 2.20 2.45 2.70
RHOB (g/cc)
e
60 45 30 15 0

NPHI (p.u.) limestone matrix
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These are the so called
“compatible” scales for the
presentation of Density
Neutron logs based on a
“limestone” matrix, i.e. when
NPHI =0, RHOB is 2,70 g/cc).
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RHOB vs NPHI
Crossplot
for CNL
Schlumberger
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Porosity and Lithology Determination from
Farmation Density Log and CHL" Compensated Meutron Log
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Acoustic (sonic) logs

propagation of acoustic waves in

Acoustic logs measure the velocity of L i
subsurface formations. |

This velocity is a function of:
- rock matrix
- porosity distribution

Applications of acoustic logs are: \
- porosity evaluation, — 7
- lithology identification. '

H

Single tranamitter, single
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Acoustic waves in a wellbore

mode
conversion

mode
conversion

Comprassional Tuba

Ilf—*r‘-"“”“"-”*ﬂ""-'ﬁl."ﬁ!ﬁﬁ II| I'Ir i

Generalized acoustic waveform

Wave train components

P Compressional waves
S Shear waves
St Stoneley waves

Standard acoustic tools are based only on compressional wave

measurements, while new technology acoustic tools (Array Sonic) measure
all the component of the wave train (P, S and Stoneley).

Direct waves are strongly attenuated and not detected.
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Acoustic logs: conventional BHC tools
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Acoustic log measurements

Acoustig logging tools measure
the reciprocal of the acoustic
velocity, the interval Transit

Time At.

Transit Time is measured in
usec/ft, i.e. the time in usec
required to the wave to cross 1
foot of formation.
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Porosity from Sonic Logs
Wyllie equation

'tmc: - Im
or ¢ =
-t
Table 1
Aty o st
Vmalftisec) (At (st | recammanity
used)

Sandstones | 18,000-18,500 | 55.5-51.0 | 5.5 or 51.0
Limestones | 21,000-23,000 | 47.6-43.5 47.5

Dolomites 23,000 - 43.5 43.5
Anhydrite 20,000 50.0 50.0
Salt 15,000 86.7 67.0
Casing {Imn‘ 17,500 al.l 2/.0
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Porosity from sonic logs: Raimer Hunt equations
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Porosity from sonic: Wyllie vs Raimer Hunt

wym S300 Tifeer
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Cycle Skipping on BHC Acoustic Logs
in presence of gas

In acoustic transit time or sonic logging when, due to

the attenuation of the acoustic waves generated by

the presence of gas, the amplitude of the first arrival === =
of the acoustic wave train is large enough to be B L TR
detected by the near receiver of a receiver pair but = 4

not large enough to be detected by the far receiver, e R STl b - %‘4\
then one or more cycles will be skipped until a later | mmamm § = \

cycle arrives which has energy above the detection g WA= Gas
level. S e e effect

This situation is called "cycle skipping." T AN
Its onset is characterized by a sharp deflection on e T
the transit time curve corresponding to one or more == mE=ami A i BT AN GWC
added cycles of time between receivers. o mEAEE i 1) NE S AREHE
"Short cycle skipping," where the near receiver is n ?'} o
triggered a cycle too late can also occur, resulting in = et
an abnormally short travel time (TT).
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Cycle Skipping on BHC Acoustic Logs

in presence of gas

In acoustic transit time or sonic logging when, due to
the attenuation of the acoustic waves generated by
the presence of gas, the amplitude of the first arrival
of the acoustic wave train is large enough to be
detected by the near receiver of a receiver pair but
not large enough to be detected by the far receiver,
then one or more cycles will be skipped until a later
cycle arrives which has energy above the detection
level.

This situation is called "cycle skipping."

Its onset is characterized by a sharp deflection on
the transit time curve corresponding to one or more
added cycles of time between receivers.

"Short cycle skipping," where the near receiver is
triggered a cycle too late can also occur, resulting in
an abnormally short travel time (TT).
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