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Diageneze

Soubor fyzikalnich,
chemickych a biologickych
procesu, které vedou

k preméné nezpevnéného
sedimentu na sedimentarni
horninu

- Diageneze muze pokracovat
i po zpevneéni horniny a
meénit jeji strukturu a
mineralogické slozeni

Fig. 7.15. Diagenetic changes of coral skeletons over time dem-
onstrated by diagenetic patterns of dendroid scleractinian cor-
als. The sketch summarizes different preservation types and the
course of diagenetic processes. The generalized drawings are
based on thin sections (see Pl. 36/4) of Cretaceous coral lime-
stones used as building stones in the giant wall of the Hittite
capital Hattusa near Bogazkdy, central Turkey.

A: The septal structure of the originally aragonitic dendroid
corals showing biogenic encrustations is rarely completely pre-
served, whereby a geopetal infill indicates toppling of the cor-
allites.

B: Preservation of coral structures can be enhanced by the pre-
cipitation of fine-crystalline drusy calcite mosaics between the
septa. More often, however, the interior of the corallites is com-
pletely dissolved, producing open molds. The molds are stabi-
lized by variously thick interior cement tapestries. Coral disso-
lution may occur under meteoric conditions both in subaerial
and burial environments. The tapestries at the bottom of some
molds are covered by gray crystal silt pointing to dissolution in
a near-surface burial setting influenced by meteoric-vadose wa-
ters.

C: Some of the molds have been completely occluded by blocky
burial cements.

D: Still open molds are now filled with red internal sediment,
in places overlying the gray crystal silt. The red sediment is
unfossiliferous weakly laminated micrite that might represent
a reworked karstic residual sediment.

E: This stage is characterized by the formation of calcite-filled
microcracks transecting both corals and packstone matrix dur-
ing increasing burial conditions.

F: Deep burial compaction and shearing produces angular fragments showing plastic bending and grain breakage.
G: The last stage is characterized by tectonic fissures filled with clasts consisting of reworked corals and matrix. After Fliigel

und Fliigel-Kahler (1997).



Diageneze

- K diagenezi dochazi, pokud se
mineraly sedimentu

v dusledku zmény podminek
nebo chemismu stanou
chemicky nestabilni (hranice
mezi zrny a vodou nebo

vzduchem —zmeéna chemismu,

zmeéna tlaku, zména teploty
pfi pohrbeni/exhumaci)

- ,,Cilem” systému je dosahnout
ekvilibria

- nestabilni mineraly
(aragonit, high-Mg kalcit) ->
stabilni mineraly (low-Mg
kalcit, dolomit)
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onstrated by diagenetic patterns of dendroid scleractinian cor-
als. The sketch summarizes different preservation types and the
course of diagenetic processes. The generalized drawings are
based on thin sections (see Pl. 36/4) of Cretaceous coral lime-
stones used as building stones in the giant wall of the Hittite
capital Hattusa near Bogazkdy, central Turkey.
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corals showing biogenic encrustations is rarely completely pre-
served, whereby a geopetal infill indicates toppling of the cor-
allites.

B: Preservation of coral structures can be enhanced by the pre-
cipitation of fine-crystalline drusy calcite mosaics between the
septa. More often, however, the interior of the corallites is com-
pletely dissolved, producing open molds. The molds are stabi-
lized by variously thick interior cement tapestries. Coral disso-
lution may occur under meteoric conditions both in subaerial
and burial environments. The tapestries at the bottom of some
molds are covered by gray crystal silt pointing to dissolution in
a near-surface burial setting influenced by meteoric-vadose wa-
ters.

C: Some of the molds have been completely occluded by blocky
burial cements.

D: Still open molds are now filled with red internal sediment,
in places overlying the gray crystal silt. The red sediment is
unfossiliferous weakly laminated micrite that might represent
a reworked karstic residual sediment.

E: This stage is characterized by the formation of calcite-filled
microcracks transecting both corals and packstone matrix dur-
ing increasing burial conditions.

F: Deep burial compaction and shearing produces angular fragments showing plastic bending and grain breakage.
G: The last stage is characterized by tectonic fissures filled with clasts consisting of reworked corals and matrix. After Fliigel

und Fliigel-Kahler (1997).



Fluida pri diagenez «

Fluida jsou pritomna v kazdém sedimentu

Funkce fluid

* Srazeni cementd
* Tvorba autigennich a nahrazkovych mineral(
* Rozpousténi

Zména slozeni fluid béhem diageneze

Typy fluid
* voda - syndepozi¢ni (morska i sladka)
- meteoricka fluida (sladka voda)
- dehydratacni rozklad mineralt
* metan

* uhlovodiky

MARINE vadose Isolated

latform
P Shelf margin

Reet
~

Inner shelf

MARINE phreatic
Shallow BURIAL

Deep
marine

Deep BURIAL L




Diagenetickeé
procesy



Kompakce

* Mechanicka kompakce (necementované horniny)

Porozita
A

Pisek

Jil

>

Vertikalni stres

=)

Redukce porozity
zmeénou usporadani
Castic

Zvyseni tlaku nadlozi pri pohrbeni
Snizeni porozity tésnéjsSim usporadanim diky stlaceni
Faktory, které ovliviiuji moznou miru kompakce
- velikost zrna
- tvar zrna
- zaobleni
- tridéni
- plvodni porozita
- objem fluid v pérech

Kompakce

=) [

vody Konsolidace 10 —20% vody

b

DalSi redukce porozity
diky rozpusténi

50 — 60%




A STYLES OF PRESSURE SOLUTION
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B TYPES OF STYLOLITES
Columnar Peaks high amplitude Peaks low amplitude
Up. Silurian Tonoloway-Keyser Ls.,
Mifflin Co., Pennsylvania

A crinoidal limestone (encrinite) with sutured Irregular Hummocky Smooth

contacts between most adjacent grains, indicat- '\’_/“\/. m

ing extensive chemical compaction (pressure

solution) produced during burial of the lime-
stone. The compaction postdates syntaxial
overgrowths on some of the crinoids. Note
the dark residues along the numerous solution
contacts and the development of irregular so-
Iution laminae. Stylolites and solution seams
commonly produce pseudo-bedding (also
termed stylo-bedding) in limestones.

PPL. HA =5.7 mm



Hliznaté va pence Piedevs§im diky tlakovému rozpousténi -

kompakce pohibenim a dale tektonické

Produkce deformace
Kompakce

karbonatu
- +

Srazeni

Zdanlivé homogenni
smés karbonatu a

siliciklastického materialu Srazeni

Hliznaté vapence —
vznik predevSim
diferenciaci karbonatu
diky rozpusténi v
polohach relativné
chudych na karbonat a
srazeni rozpusténého
CaCO3 v polohach
bohatSich na karbonat

Nékteré hliznaté stavby vSak mohou
vznikat primarné na morském dné diky
chemickému rozpusténi



Cementace

Krystalizace novych minerall z roztokd v pdrech horniny —kalcit, aragonit, dolomit
(kfemen, hematit, sadrovec)

* Snizovani porozity, zpevnovani
Podminky
* Pruchod fluid péry, presyceni fluid vici cementaénimu mineralu

Plivod iontu ve fluidech:
- Z morské vody
- Z rozpusténé horniny

VolIné ulozené alochemy Cementace sparitem




Cementace

Morfologie cementu (tvar krystalovych individui)
Jehlicovity, Cepelovity, izometricky

Geometrie cementu (usporadani krystall v prostoru)

Izopachovy, meniskovy, polygonalni, syntaxialni

Fibrous

Bladed

JEMNE KRYSTALICKY,
BIOGENNI TMEL

BLOKOVY
SYNTAXIALNI

DISMIKRITOVY,

Z VNITRNICH PELOIDU
Obr. 6b Zak

L ’II\U\\I\W\\U\\\\\\\\‘

Axial ratio >6:1

Zakladni tvpy tmelu. které zapliiuiji pérové prostorv v karbonatové horniné

Axial ratio 6:1 to 1.5:1

Axial ratio <1.5:1




Cementy: izopachovy, blokovy (vlevo), meniskovy (vpravo)




Syntaxialni
cement




Autigeneze

* Krystalizace novych mineral{

» kifemen, zivce, jily, zeolity, kalcit, hematit, aragonit, sadrovec, dolomit, fosfaty
(apatit)

* Snizovani porozity, zpevnovani



Nahrazovani

Nové mineraly krystalizuji na misté plvodnich minerald

* Neomorfismus — nové zrno je stejné faze jako ptvodni (stejny mineral)
- rekrystalizace: napr. zvétSovani velikosti zrna (mikrit -> mikrosparit)

* Pseudomorfismus — nové zrno jiného mineralu napodobuje vnéjsi tvar pavodniho zrna
e Alomorfismus — novy mineral o jiném tvaru nahrazuje plvodni mineral

- dolomit, opal, kremen, illit



Rekrystalizace

Reorientace krystalovych mrizek minerald (chemismus se neméni)

* Prizméné tlaku, teploty, fluidni faze

Obecné zvysovani velikosti zrna — snizeni povrchu zrn — snizeni
povrchové volné energie — ekvilibrium

Mid. Ordovician Chazy-Black River
Fms., Mifflin Co., Pennsylvania

Micritic materials can be formed within car-
bonate rocks (as shown in earlier slides), but
they can also be destroyed or transformed.
This example shows a transition from
micrite (right) to microspar (lower center) to
pseudospar (upper left). Note the bladed or
“loaf-shaped™ shape of the pseudospar crystals
and the remnants of matrix between those crys-
tals. The causes of microspar and pseudospar
recrystallization are not well defined, but early
meteoric exposure and tectonic stresses have
been implicated in some cases.

PPL. HA =5.2 mm

Microspar
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Dolomitizace

Nahrazovani CaCO; dolomitem

Zdroj Mg?*: morska voda, jily obohacené o Mg?*

Procesy dolomitizace:

* Cementace (vzacné)

* Nahrazovani

Oligocene Gambier Fm., coastal
South Australia

An example of largely euhedral dolomite
where the crystals have dark cores and limpid
rims. This is an extremely common fabric
in dolomites. The cloudy cores have been
interpreted to reflect mixing zone conditions
in which metastable, inclusion-rich dolomite
formed. A shift to more marine conditions
led to precipitation of the more inclusion-free,
limpid dolomite outer zones that may, in part,
be cements (Kyser et al., 2002). The rhombic
outlines, zoning, and lack of twinning seen
here are characteristics that allow recognition
of most dolomites, even without staining.
Photograph courtesy of Noel P. James.

PPL. HA=1.0 mm

Holocene sediment, Abu Dhabi
sabkha, United Arab Emirates

SEM images of partially dolomitized aragonitic
carbonate mud from a pit dug beneath the
sabkha one kilometer inland from the lagoonal
shoreline. The dolomite crystals grow around,
and perhaps partially replace, aragonite nee-
dles in pore space within a crust buried beneath
the sabkha. Dolomite formation here occurred
in warm (30-40°C), highly saline pore fluids
with elevated Mg/Ca ratios (as a result of prior
calcium sulfate precipitation). Bacterial sul-
fate reduction in organic-rich layers may also
aid dolomitization. Photographs courtesy of
Judith A. McKenzie (McKenzie, 1981).

SEM, L: HA = ~4.2 um: R: HA=~3.4 ym



Up. Devonian (Famennian)
Wabamun Fm., Alberta, Canada

A dolomitization front in a micritic limestone
— dolomitization is complete on the right side
and sparse on the left. In this case, the presence
of permeable burrows led to highly heteroge-
neous replacement patterns as dolomitizing
fluids moved preferentially through the bur-
rows and altered material within. and directly
adjacent to, those fluid conduits.

PPL. HA = 5.0 mm



Modely dolomitizace
Evaporacni dolomitizace

Aridni prostredi (sabkhy, solna jezera)
Kapilarni vzlinani podzemni vody v disledku odparovani vody
MiSeni morskych a terigennich nasycenych vod

A Sabkha evaporation
evaporation

Tt

Storm

vadoS& ———&_— #— recharge

phregiic. . .. - WW___&
el S .




Modely dolomitizace

Dolomitizace v zoné miseni

MiSeni morskych a terigennich podzemnich vod

Mg z morské vody

Terigenni voda: hybny mechanismus, pumpuje dolomitizujici fluida horninou

D Coroong-type

freshwater
recharge

ephemeral
lakes

lagoon

E Mixing-zone, unconfined coastal aquifer
rain




Modely dolomitizace
Dolomitizace pohrbenim

» Ztrata vody kompakci z jilovych hornin a migrace fluid nasycenych Mg
» Dolomitizace vapenct okraje Selfu

| Burial compaction




Dedolomitizace

* Nahrazovani dolomitu low-Mg kalcitem

Mississippian (Visean) Arroyo
Penasco Gp., Terrero Fm., Taos
Co., New Mexico

Dedolomitization (calcitization of dolomite) 1s
demonstrated in this example by a combina-
tion of staining and observation of internal col-
lapse fabrics. The cores and/or certain zones
of the crystals are inferred to have been poorly
ordered dolomite that was susceptible to disso-
lution. The residual zones of less soluble do-
lomite collapsed and formed geopetal mounds
at the bottom of rhombic voids still rimmed by
thin dolomite rinds. The void spaces from do-
lomite dissolution and collapse were cemented
by calcite at a later stage.

PPL, AS, HA = ~0.4 mm




Diaganeticka prostredi a
faze



Faze a mista diageneze

* Rana mélka diageneze (eogeneze) — na povrchu a pri mélkém pohrbeni (v zénach meteorické/marinni
vadozni, meteorické/marinni freatické a v zéné miseni)
* Vaddzni zdna — nesaturovana zéna (v porech voda+vzduch)
* Freaticka zdna — saturovana zéna

METEORIC vadose MARINE vadose

Isolated
platform

Water table

’x Shelf mary
Reef
METEORIC phreatic Zo0ne’ MARINE phresti

¢ s Shallow BURIAL

L]
.o‘. * .,

Deep
marine

A Deep BURIAL K




Meteoricka diageneze

Procesy: rozpousténi, cementace,

Soil Karst

e

amnﬂmrr i e

Zone of Gravity Percolation|
_.L.

Typy cementu: Calcrete

Mikritové, low-Mg kalcit, meniskové

4"‘-"

= — N

N =

Shallow Phreatic Lenticular Zone
(Fresh Water) —_

s

Kalkrety:

——

-

-V pldnich horizontech,

7 o

- Mikritické — mikrosparitické cementy, vypln poru
nebo nahrazovani

—

VADOSE ZONE

ROUNDED
PORES
MENISCUS
CEMENTS

PHREATIC ZONE

ISOPACHOUS

Partial phreatic

cementation;

incipient grain
leaching

Complete phreatic  [S=ern
cementation;

moderate grain

MICRO-

Meteoric porosity

CEMENTS

VADOSE
SILT
SYNTAXIAL
STALACTITIC
BLOCKY

inversion;
complete grain
leaching

leaching



Up. Permian Zechstein Ca1 unit,
2,429 m depth, W of Gdansk,
Poland

The micrite envelopes that form around
skeletal and other grains in the marine envi-
ronment (discussed in the section on marine
diagenesis) play a substantial role in fabric
preservation during meteoric or early burial
alteration. Here, micrite envelopes (probably
originally high-Mg calcite) mark the locations
of leached aragonitic grains. Most envelopes
have a thin coating of probable phreatic calcite
cement on their exterior (primary interparticle
pore) surfaces and on their interior (secondary
porosity) surfaces.

PPL, BSE, HA =9.0 mm

Up. Cretaceous limestone,
Zakinthos, lonian Islands, Greece

A magnified view of a micrite envelope sur-
rounding a leached aragonitic bioclast. Com-
plete bladed calcite cement crusts surround the
envelopes on their exterior surface and fewer
and more isolated crystals are present on the
inside surfaces. Although this may well reflect
meteoric diagenetic processes, it could also be
the product of shallow burial diagenesis (e.g..
Melim et al., 2002).

PPL, BSE, HA =2.0 mm

Zachovani plvodni biogenni stavby diky
mikritizaci (mikritovym obalkam) kolem
plvodnich alochemu, které byly
rozpustény.



Marinni diageneze

_ _ MAGNESIUM CALCITE ARAGONITE
Marinni freatické prostredi:

- na mélkém ¢i hlubokém morském dné a primo pod
nim

- pory vyplnény morskou vodou

- mélkomorské prostredi:

- vody presycené k CaCO3 = rychlad cementace AR + Microcrystalline
HMC crusts

- rGzné typy cementu (aragonitové - véjirovy, jehlicovy;
HMC - blokovy izometricky)

- roky az desitky tisic let

Fibrous

Botryoids
with
internal
sediment

- hlubokomorské a chladnovodni prostredi: vody .
vev s Fibrous to
podsyceny k CaCO3 — rozopusteni bladed rinds



Marinni diageneze

Beachrock (peritidalni karbonaty): cementované sedimenty plazi, vrtani, mikritické a jehlicovité cementy,




Marinni diageneze

Hardground:
- zpomaleni sedimentace, diageneze v pripovrchové zéné sedimentu
- cementace mélce pod povrchem sedimentu (cementace morského dna) — exhumace cementované vrstvy pfi bouri —
osidleni pevného povrchu biotou
- mikritizace, bioturbace (typicky vrtby)
- byva spojeno napft. s chemogenni sedimentaci — enkrustace Fe-Mn oxidu ¢i hydroxidu, fosfatizace




Faze a mista diageneze

» Stredni faze diageneze (mesogeneze) — diageneze hlubokého pohrbeni

METEORIC vadose MARINE vadose

Isolated
"r/,/’ platform
Water lable / Inner shelf
: Mixin
METEORIC phreatic zc:aneg MARINE phreatic
......tuo oooo..ooo...... Shalow BURIAL
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Diageneze pohrbenim

pory vyplnény solankami (brakické az velmi slané)

Podminky: tlak nadlozi, zvysena teplota, nizka
porozita

Procesy: neomorfismus, chemicka a mechanicka
kompakce (stylolitizace)

Typy cementu:
Izometricky, syntaxialni
Hrubozrnny low-Mg kalcit, siderit, ankerit, dolomit

Miliony az stovky miliond let



Up. Cambrian Gatesburg Fm.,
central Pennsylvania

An example of a brittle deformation of an coid
showing outer concentric laminations that are
sheared away from the rest of the ooid. Dis-
solution of thin interlayers within the ooid may
have aided this deformation, but substantial
overburden stress was also required. Such tex-
tures indicate that much of the cementation in
this rock postdates compactional deformation.

XPL. HA = 2.8 mm

Lo. Cretaceous Paw Paw Fm.,
Grayson Co., Texas

Compactional fracturing of robust oyster-like
bivalve shells followed by late-stage ferroan
calcite and minor siderite cementation. Break-
age of strong, rigid grains occurs mainly in
strata with little or no matrix in which large
grains are in direct contact with each other.
Each point contact then acts as a fulcrum for
physical grain breakage or a high-stress site for
chemical dissolution.

PPL, AFeS, BSE, HA = 1.6 mm
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Up. Permian (Guadalupian) Capitan E‘pﬂ;\:{—%g’?ﬁa TR 3‘,*

47 L
Fm., subsurface, Eddy Co., New Mg o e g o2
Mexico ' SRR

These dissolution structures resulted from
chemical compaction around an early-formed
carbonate nodule, probably created by pref-
erential cementation of a crustacean burrow.
Compaction here involved formation of nu-
merous solution seams (brownish, irregular
streaks) in areas not strongly cemented during
early diagenesis. Solution seams are more
planar than stylolites, involve less dissolution
along any single surface, but occur in such
numbers that, in aggregate, they can accom-
plish extensive alteration; the swarms of sur-
faces are sometimes called “horsetail seams”.

PPL, HA = 16 mm

Up. Cretaceous Chalk, Yorkshire,
England, U.K.

Calcite-filled fractures cutting a calcisphere-
and foraminifer-rich chalk. The presence of
fractures (when unhealed by calcite or other
minerals) can, and in many cases does, greatly
increase the effective permeability of chalks
and other carbonate rocks, substantially im-
proving hydrocarbon production. Some frac-
turing can occur in early-cemented limestones
in both marine and meteoric settings. Exten-
sive fracturing, however, is most commonly
a burial diagenetic phenomenon and is one of
the few burial-related processes that can lead
to subsurface porosity increases.

PPL.HA =3.5 mm




Faze a mista diageneze

* Pozdni diageneze (telogeneze) — po vyzvednuti, vliv meteorickych fluid na exhumované fosilni
vapence

* Rozpousténi (karstifikace), dedolomitizace, cementace (LMC)
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POROZITA



Porozita

« Porozita — mira volného prostoru v horniné

* Nevyplnény prostor mezi zrny, uvnitf zrn, napfic zrny
* Dutiny mikronovych az metrovych rozméru

« Hlavni parametr uhlovodikového prizkumu

» Vzorky se impregnuji modrym epoxidem (pryskyrice), takze pory jsou dobre patrné
(zaroven odliSi ,druhotnou” porozitu, ktera maze vzniknout az béhem tvorby vybrusu)



Porozita

Procesy které ovliviuji porozitu

* Rozpousténi = zvétSovani poru

» Cementace = redukce péru

* Vnitfni sediment (€asto mikrit mikrobialniho pdvodu) = zmenSovani poru

Cas vzniku
* Primarni — depoziCni
« Sekundarni — eogeneticka, mesogeneticka, telogeneicka

Velikost pori

* Mikropory <0,063 mm

* Mesopory 0,063 —4 mm

* Megapory 4 — 256 mm

« Kavernézni péry >256 mm



Porozita

- (sub)recentni vapence maji pomérné vysokou porozitu: grainstones 35-45%, az 70% v kalovych
usazeninach

- Typické fosilni vapence maji pruimérné porozitu mensi nez 5% - vyrazna eliminace poru pri diagenezi

N Ancient

carbonates

Hydrocarbon Modern

/ reservoirs

carbonates

v

Frequency —»

0 10 20 30 40 50 60 70 80
Porosity (%)



Porozita

Stavebné selektivni porozita
» Porozita fizena vnitfni/vnéjSi stavbou — neprekraCuje primarni hranice zrn/textur

Fabric Selective

Inter-
e Porosity Types

particle

e A el
Fenestral
Recent sediment, Grand Cayman,
Shelter Cayman Islands, B.W.I
A modern calcarenite: a mixed algal-
foraminiferal-molluscan limestone that has
Growth two types of initial porosity (shown in blue)
framework — interparticle pore spaces (openings between
framework grains) and intraparticle pore space

(consisting of voids within the constituent
grains). Intraparticle porosity is relatively
minor in most of the grains, but is clearly vis-
ible in the Halimeda green algal plates and
peneroplid foraminiferal tests.

PPL, BSE, AFeS, HA = 6.0 mm




Porozita

» Narast porozity rozpousténim uvnitr
vrteb ve schrance rudisty (vrtby pavodné
vyplneny mikritem, ktery byl rozpustén)

* Druhotna porozita po rozpusSténi ooidti

Lo. Cretaceous (Aptian-Albian)
limestone, Cephalonia, lonian
Islands, Greece

Solution-enlarged boring porosity is vis-
ible here within a massive rudistid bivalve
fragment. The primary boring porosity was
reduced by micrite infill or microcrystalline
calcite cementation.  Although individual
grains can be extensively bored, boring poros-
ity rarely is a major contributor to reservoir
productivity.

PPL, BSE, HA = 8.0 mm

Up. Permian Wegener Halve Fm.,
Jameson Land, East Greenland

This sample shows extensive development
of secondary porosity through leaching of
ooids from a grainstone, The sample comes
from just below a Permian subaerial exposure
surface (a third-order sequence boundary).
Vadose diagenesis led to complete filling of
primary interparticle pores by blocky calcite
cement and near-complete leaching of ooids.
generating oomoldic secondary porosity. Al-
though porosity remained high, permeability
was substantially reduced because the moldic
pores are poorly connected (mainly at point
contacts or through intercrystal gaps).

PPL, BSE, AFeS, HA =3.2 mm
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Up. Permian (Guadalupian) Road
Canyon Fm., Brewster Co., Texas

Multiple generations of cement-reduced
fracture porosity in a shelf limestone. Note
offset of an earlier generation of completely
filled fractures by later, partially filled ones.
Fracture porosity commonly constitutes only
a few percent of total porosity in carbonate
rocks; however, it can have a disproportionate
importance to permeability and hydrocarbon
production because it connects pores that may
otherwise be largely 1solated.

PPL, BSE, HA = 16 mm

Lo. Cretaceous (Aptian) Shuaiba
Fm., offshore Qatar

A large vug resulting from late-stage leach-
ing in a partially dolomitized orbitolinid
wackestone. Note the corrosion around earlier
calcite-filled fractures indicating that dissolu-
tion occurred late in the diagenetic history of
this rock. Petrographic observations such as
these are essential for the proper understanding
of the origin and timing of porosity develop-
ment or retention in carbonate reservoir rocks.

PPL, BSE, AFeS, HA = 4.0 mm



