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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
reservoir.

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

e Density

e Neutron

e Sonic

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,

- porosity of rock,

- density of the fluids that saturate the rock.
Applications of the density log are:

- in-situ evaluation of the porosity,

- in-situ lithological analysis,

- in-situ analysis of the fluids.
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Density log

The Density Log allows the measurement, | 'meesre=em

at in situ conditions, of the bulk density  |s=—w—=
(p,,) subsurface formations. = P

The bulk density p, is proportional to the

Total Porosity of the rock (®t) and, taking

advantage of this relationship, it is g f{
possible to determine the porosity of the i/~ § E[EEsEEE===g
formation with high accuracy. *—% | = g——}%
The primary measurement of porosityis | | ¢ | {__{_{ﬂ_:sg s
the electronic density (p,)of the rock g—' }d B
which is proportional to p,. it EEEEE

The physical principle used is the ﬁ | E=res
interaction between the Gamma Rays i B
emitted by a GR source and the matter. jaa=s8 Eecacs]
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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.



Py =
Pe =

bulk density
electronic density

Z = Atomic number
A = Atomic weight

Pe =

Py (2Z/A)

for a monoatomic substance

p, = 1,0704 p, - 0,1883

for a large number of substances

Z/A Ratios of Common Earth Elements

Element

Hvdrogen
Carbon
Nitrogen
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Alurminium
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20
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Density log

Charge-to-Mass Ratios, Mass Densities, Log Response Dersities, Photoelectric Absorption
Index Values for Materals Commonly Found in Boreholes

P

Py

Matarial Formiia [chaxrf;fgmu] (g ;3]”“- g9 f]"‘- u:};]
Quartz Si0- 0.999 265 264 | 1.806
Calcite CaciOs 0.500 2.71 271 | 5029
Dolomite Cahg(COz): 0.999 2.87 287 |3.1492
Montmorillonite  |(Na,Ca)g:x08.MakSi ,0,(0H)>nH-0 0.802 205 202 204
(Smectite)
lllite KA (Si, Az O(0OH)(O,0H) o 0.999 264 2.63 3.495
Kaolinite AlD52Si0-2H.0 0.85049 289 2.61 1.8
Chlonte M gs(A FeXOH)(ALSDO o 0.997 282 2.88 6.30
K-Feldspar KAISiz 05 0.996 255 2.53 2865
Plagiodase (Na) |NaAlSiz;0g 0.996 262 2.89 1.62
Plagiodase (Ca) |CaAkLSi-0s 0.996 276 274 | 3.13
Barite BasO, 0.446 4.93 409 | 2668
Siderite FeCO5 0.433 3949 389 | 1469
Pyrite FeS. 0.433 5.01 499 | 1697
Hem atite FeS.05 0.F6 5.27 5.18 1.493
Anhydrite Caso, 0.999 295 297 5.05
Gypsum CaS0,2H.0 0.511 2.31 234 | 3.420
Halite NacCl 0.9 2165 | 2.03 4.65
Sylvite KCI 0.933 1.99 187 | 8510
Aluminum Al 0.932 2702 | 2680 |25715
Sulfur S 0.999 2057 | 202 |5.4304
Coal:

Anthracite CragHagNsOyg 0.513 1.60 1.57 | 0.161
Bituminous CszoH  5Ns0y, 0.527 1.35 1.3 | 0.180
Lignite CisoHoeN: 040y 0.500 1.10 0.99
Qil (medium n(CH2) 0.570 0.80 079 | 0.125
gravity)
Gas (160°F, ChHan2(n=1-85) 0.619 0.20 003 |0.119
5,000 psia)
Formation water:
H-0 (fresh) 0.555 1.00 1.00 | 0.358
120,000 ppm NacCl 0.5465 1.036 | 1.021 | 0.807




the calibration process

Density log
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“Density transform” and DRHO
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Matrix Fluid

Density log porosity

Pma Pf

(1-0) b o 100908

1. i/_'

Pp 12 C
\ EREE
\ a3
P, '(bpf S =) p,, (clean wet zone) - E
where: C
p, is the measured bulk density (from 30 E
Litho-Density tool) - F
p_, 1s the density of the matrix L ‘:C/_
p, is the density of the fluid g - 1T
¢ 15 the percent volume of pore space i L |E
l d))'gﬂm\\'\x[ ']l 11“ ,t.'. 2 - L L A
( 1s the percent volume ol matrx. v
N =a [ A1
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\’j ~ " 4 4 » 4 ’ ) ol 1
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Densities of minerals and reservoir fluids

Charge-to-Mass Ratios, Mass Densities, Log Response Densities, Photoelectric Absorption Brine Density as a Function of Fluid Salinity and Formation
Index Values for Maternals Commonly Found in Boreholes Temperature and Pressure
. P Py
Hied s Formuin [ch:rzgfzmu] o ?]m- (g E]”‘- [:fé] Sedres; (5EM] T
Quarkz Si0. 0.4999 265 | 264 | 1.206 450
Calcite CaCoO; 0.500 271 | 271 |5.0:4
Dolomite CaMg(CO)- 0.999 287 | 287 |3.142 0
Montmorillonite (Na,Caly (A MakSi ,0,(0H)>nH-0 0.802 2.06 2.02 2.049
(Smectite) i
lllite KAl (Si, A Oag(OH) (0, 0H) o 0.4999 264 | 263 | 345 -
Kaolinite AlD52Si0,2H.0 0.504 28 | 261 | 1.83 c
Chlofite Mg=(Al, FeX OHR(ALS D0 o 0.497 282 | 288 | 620 g
K-Feldspar KAISi O 0.996 285 | 253 | 265 5
Plagiodase (Na) [NaAlSi:Og 0.96 262 | 280 | 168 E el T
Plagiodase (Ca) |CaAkSi-0Os 0.996 276 | 274 | 2.3
Barite BasO, 0.445 443 | 400 | 2668 200 -
Siderite FeCO5 0.433 304 | 280 | 1459 !
Pyrite FeSa 0.433 501 | 49 | 1697 150
Hem atite FeS.0; 0.46 527 | 512 | 1.42
Anhydrite caso, 0.999 206 | 297 | 505 10
Gypsum CaS0,2H-0 0.511 231 | 224 |3.40 0080
Halite NaCl 0.479 2165 | 2.03 | 485
Sylvite KCl 0.433 100 | 187 | 8510 o
Aluminum Al 0.432 2702 | 260 [2.5715 1.000
Sulfur S 0.4939 2067 | 2.2 [5.43049 ol
Coal: - [
Anthracite CrxoHazMNs0is 0.513 160 | 157 |0.161 & 5000
Bituminous CsxH,gNz04, 0.527 135 | 1.2 |0.180 : i
Lignite CizoH 42Nz Oygy 0.500 1.10 | 0.2 a
Oil (medium n(CH-) 0.570 020 | 079 [0.125 i
gravity) _
Gas (160°F, CpHaw2(n=1-6) 0.619 020 | 002 |0.119 o
5,000 psia) 1.000
Formation water:
H-0 (fresh) 0.565 1m0 | 1.0 |omss - :
120,000 ppm NaCl 0.545 1.086 | 1.021 | 0.807 Bine Devehy fpor) | ]



Basic Density log equations

A
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Sw = 100 % and Sw = Sxo
Pb = (1' (I)) Pma T P Pms

Mineral Formula |Pma(g/cc)|Pef (b/e)
Quartz Si0, 2.65 1.80
Calcite CaCoO, 2.71 5.08
Dolomite MgCa(CO;), 2.87 3.50
Anydrite CaSO, 2.97 5.05
Halite NacCl 2.15 4.65
Oil {average Gravity) n(CH,) 0.80 0.125
Gas (Reservoir conditions) C.Hz iz 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_ q))pma + Sxo @ Pmf + [(1 - SXO) (I)] phy

13
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Y Bl T [ —rr—
1R i When the reservoir is
5? ;t % partially gas saturated, the
{5 W el . Formation Density Is
; il ‘;s lower with respect to the
}- i%@t o one we can measure
E alliE when the same rock is
- L totally oil or water
%':"}5 saturated.
7l 5 | This effect is known as
- ; “GAS EFFECT ON DENSITY
LOG”.
I : In front of Gas Bearing
,; i levels, the RHOB curve
REEY £ M| needs to be corrected for,,

this “GAS EFFECT”.



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,
— Iithology analysis.
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Neutron log (CNL)

ncident Neutron

Schematic diagram of a neutron-nucleus collision 8’
is the "scattering angel." and & is the"recoil angle."
The energy loss of the neutron on collision equals the
recoil energy of the nucleus.

Neutron Energy Losses

Maximum
Average Energy
Number Loss/ Atomic  Atomic
Element Collisions | Collision Weight | Number

Calcium 371 8% 40.1 20
Chlarine 316 10% 35.5 17
Silicon 261 12% 28.1 14
Oxygen 150 21% 16.0 8
Carbon 115 28% 12.0 6
Hydrogen 18 100% 1.0 1

Hydrogen — Average loss due to angular collision is 63%.

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 vy rays of
specific energy (y ray Spectrometry).

410
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Neutron calibration &
“Neutron Porosity Transform”

|| S—— N/F Ratio vs Porosity
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Neutron log

Neutron Porosity Equivalence Curves

Sidewall Neutron Porosity (SNP), Compensated Neutron Log (CNL*)
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&, True Porosity for Indicated Matrix Material
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Basic Neutron log equations

Sw = 100 % and SW = SXO0

HI,;, = (1- @) HI,, + ® HI
since HI . is negligible
HI'OQ = Himf
where HI =1

Basics of Geophysical Well Logs_Porosity

Sw < 100 % and SRH = 1- Sx0

HI,, = (1- @) HI, +
Sxo® Hi , +

20
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Density/Neutron scales

COMPENSATED DENSITY NEUTRON
FORMATION DENSITY

1.95 2.20 2.45 2.70 2.95
RHOB (g/cc)
- ——— -
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 Y S

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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An example from a North Adriatic Sea sand/shale reservoir
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RHOB vs NPHI
Crossplot
for CNL
Schlumberger
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Porosity and Lithology Determination from
Formation Density Log and CNL* Compensated Neutron Log
For CHL logs before 1965, or bbaked NPHI
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Acoustic (sonic) logs

Acoustic logs measure the velocity of K
propagation of acoustic waves in
subsurface formations.

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

Applications of acoustic logs are: | )
- porosity evaluation, <
- lithology identification. |

\

Single transmitter, single
Basics of Geophysical Well Logs_Porosity receiver acoustic system
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Acoustic waves in a wellbore

mode
conversion

mode
conversion

Compressional Tube Stoneley
Transmitter Shear J
Fires / N
M SO TTWA
ju—4VMIM" \ /\/
/
Time

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.

Basics of Geophysical Well Logs_Porosity
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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.

Basics of Geophysical Well Logs_Porosity
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Porosity from Sonic Logs
Wyllie equation

o= 92, T (1-0),,

th_'tm
or ¢ =
_

Table 1

Aty a(isiit)
Vmalft/sec) (At (x8/M)| (commanly
used)

Sandstones | 18,000-18,500 | 55.5-51.0 | 55.5 or $1.0
Limestones | 21,000-23,000 | 47.6-43.5 47.5

120

110

100

a0 £ I I ] | 1
0 10 20 30 40 50

Porosity (%)

Dolomites 23,000 - - 435 435
Anhydrite 20,000 50.0 50.0
Salt 15,000 66.7 67.0
Casing (Ironn 17,500 57.0 57.0

Graphical solution of the time-averaged formula




Porosity from sonic logs: Raimer Hunt equations
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Porosity from sonic: Wyllie vs Raimer Hunt
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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 e e — e

of the acoustic wave train is large enough to be o

detected by the near receiver of a receiver pair but R mm ) f W ams msmn

not large enough to be detected by the far receiver, - ?I i i 1:1‘ ﬁf{f~' N

then one or more cycles will be skipped until a later AR = | \
cycle arrives which has energy above the detection B = ani L R E 3 Gas
level. = = i Pl P effect
This situation is called "cycle skipping." o MRS

Its onset is characterized by a sharp deflection on the A Samran

transit time curve corresponding to one or more — i SImIl A I e A GWC
added cycles of time between receivers. E mEmm ) W

"Short cycle skipping," where the near receiver is = H u :

triggered a cycle too late can also occur, resulting in =1
an abnormally short travel time (TT).

Basics of Geophysical Well Logs_Porosity 34



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).

Basics of Geophysical Well Logs_Porosity
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Sonic Log Cycle Skipping
(Courtesy of Schlumberger)
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Lithology and
porosity
determination by
means of the Sonic/
Neutron crossplot.
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