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Otevrené otazky:
- 1. Vigor termalni konvekce? UvoD A MOTIVACE
Existuje na dlouhych Cas. Skalach?

— 2. FrakCni krystalizace:

in-situ? vs. gravitaéni usazovani? (viz. prednaska Procesy)
Reply
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mechanism by which it is achieved is still not well understood. Until recently, crystal settling
has been the most widely accepted hypothesis; however, following the work of Campbell
(1978) and McBirney & Noyes (1979) many petrologists have rejected crystal settling in
favour of in situ crystallization coupled with compositional convection (sometimes referred
to as ‘convective fractionation’). This alternative mechanism can be traced back at least as

Martin and Nokes (1989)




1989, 1991). The disagreement could be resolved if con- Crystal settling and convection in the Shiant Isles Main Sill

sensus could be reached over the interpretation of features
preserved in exposed examples of fully solidified intru- Marian B. Holness'(® - Robert Farr” - Jerome A. Neufeld'*
sions. Evidence used to argue for convection includes: the
preservation of depositional and erosional structures in
the floor cumulates of the Skaergaard intrusion, indica-
tive of significant flow of magma across the floor (Irvine
et al. 1998); the development of identical mineral assem-

Holness (2017)
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1989, 1991). The disagreement could be resolved if con-
o over Holness (2017)

sensus could be reached over the interpretation of features
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Nas framework:
(temporary?)

in-situ v
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Magma chamber paradigm shift
(Big tank hypothesis?)
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——  Crystal size distribution (CSD)
O— in rocks and the kinetics and dynamics of crystallization

I Theory CSDs aka MIKROSTRUKTURA

Bruce D. Marsh
Department of Earth and Planetary Sciences, The Johns Hopkins University, Baltimore, MD 21218, USA
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neni size-selective!



Usazovani v konvektujici kapaliné

Stone-like particle
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Stokesovska rychlost

Martin & Nokes (1989) Unified settling law:

Residence time of inertial particles in 3D thermal convection:

Experimentalné (a Implications for magma reservoirs N

teoreticky) odvozeny o—
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Co by kdyby?
* Definice problému:
- Vigorozneé a turbulentné konvektujici crystal-poor magmatické fluidum
- Mechanismus frak¢ni krystalizace je gravitaCni settling

- a) Jakou signaturu zanechava konvekce (mixing) v tvoricim se
sedimentu?

- b) Jak mikrostruktura reflektuje podminky v konvektujici kapaliné?
- ¢) A jak se vyviji, kdyz rezervoar chladne?
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Take-home message: primeé simulace vzdy na
necem selhavaji (trade-off approach)

» Alternativni pfistup: PARAMETRICKY MODEL!



— The nucleation, growth and settling of crystals
O— from a turbulently convecting fluid
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Netradi¢ni technika zbezrozmeérnéni

Linearni zakony rdstu a nukleace, linearni zavislost teploty
likvidu na kompozici, teplotné nezavisla viskozita

Jeden end-member usazovani (Martin & Nokes 1989)
Zanedbava “CSD optiku”
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solidified product. However, immediate application of our present theory to magmatic
bodies is not straightforward. The dimensional analyses presented in Appendices A
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The nucleation, growth and settling of crystals
from a turbulently convecting fluid

By RICHARD A.JARVIS'Yf AND ANDREW W. WOODS?
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POJDME TO UDELAT ZNOVU A LEPE!

Model ParMaCh

(PARametrized Magma Chamber)



Parametrizace konvekce: ’ . Grossmann and D. Lohse
Rayleighovo, Prandtlovo, Nusseltovo
Cislo:

gaATH?® Diskuze Huppert vs
R PP :
¢ vk Marsh se tyka

pr—Y zejména velikosti AT!
K 7 P g} 0

Nu =
“ kprep AT /H '

Priklad: bazaltova Zila Palisades Sill (USA) ma
mocnost 330 m. Jaké Rayleighovo ¢islo mélo 10 .

magma v této %ile? Hustota magmatu: 2620 : 10 log Ra s 20
kg m3; viskozita: 400 Pa s; teplotni roztaZnost: Grossman &
2.5 x 10° K'%; tepelna difuzivita: 4.4 x 107 m2 51, Lohse (2000)
= Ra = 10" x AT.

(viz. prednaska Procesy)



Rayleighovo, Prandtlovo, Nusseltovo
Cislo:

goaATH? Diskuze Huppert vs.
Ra = ———>—, Marsh se tyka
P v zejména velikosti AT!
r=—,
K

Residence time (years)

16° 16° 10° 1 10 10° 10° 10* 10°

Kinematic viscosity (m%™)

Martin & Nokes (1989)
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log Ra

Nu(Ra, Pr) = aqRa®/ " Pr—t/"
weners,)  Re(Ra, Pr) = bIIlRG4/7PT_6/7

Tepelny tok a charakteristicka rychlost proudéni
ze daji z téchto Cisel dopocitat!
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Heat flux
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Kinetika rustu a nukleace

Temperature T/T,
Nukleacni lag

Homogenni nukleace

0.6 0.7 0.8 0.9 /’ 1.0 Hort (1997): Dowty
(1980); Spohn (1988)
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Priklad 2D simulace: Jak se chovat ke krystallim v parametrickém

modelu?
Temperature field and suspended particles. Time t=3.61, Ra = 10'°, Pr=50. ) s ' .
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PatoCka et al. (2022): Residencni Cas se da interpretovat jako statisticka
veliCina, Ize pak pracovat v pravdépodobnostnim frameworku.

Dust-like Transitional Stone-like (partially mixed) Stone-like (full fall)
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B (charakteristicka rychlost proudéni)
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Napocitané CSDs v TBL,
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Modifikovany anorthite-diopside eutekticky system

aproXImUic” pramarmy MORB PETROLOGICKA KOMPONENTA

— ¢ max Nukleace, rlst, a
liquid (L) |7, (X) e usazovani jedné
~ _ mineralni faze,
® _ / " L 4+ An krystalizujeme od X0 to
ke L+ Di ) | eutektického sloZeni
< v |
g | | XE.
= ' |
& Di + An E l Lze shadno rozsifit na
| l sloZit&jsi systémy!
CaMgSuOG Xg Xy CaAlz 8108
COIIlpOSitiOIl X An Magma hals composition A = Magma has co'mpositionB
\ - \ v
+ teplotné zavisla viskozita (Giordano et al. 2008) ¢ p ©
-2 -
1 2 3 4

Cooling




ParMaCh model:

USAZOVACI
MODEL

POPULACNI DYNAMIKA (CSDs)

PARAMETRIZACE
KONVEKCE; TBL,
BULK

HOST ROCK
COUPLING (1D heat equation)

GLOBALNI

KINETIKA + PETROLOGIE ENERGETICKA A

HMOTOVA BILANCE

Slozity coupling.. Ize zjednodusit?




ParMaCh model:

Tepelny tok stfechou je
kompenzovany chladnutim
(snizeni teploty bulku) a
uvolnénim latentniho tepla
krystalizace!

Solid production, settling rate.

NI DYNAMIKA (CSDs)

ST ROCK
UPLING (1D heat equation)

KINETIKA + PETROLOGIE

A

GLOBALNI
ENERGETICKA A
HMOTOVA BILANCE

Slozity coupling.. Ize zjednodusit?




Quasi-stacionarni limita

Pokud je Casova Skala chladnuti je vyrazné delSi nez charakteristicky residencni
cas krystalu v bulku, 1ze makroskopické chladnuti (tj. rovnice energetické a
hmotnostni bilance oddélit od feSeni rovnic populacni dynamiky!

102 4

—— TBL residence time tp
Bulk steady-state time t2k
—— Cooling time scale t.
] Time evolution step At,
—— Bulk residence time tres
—— Plume detachment time scale ty,

100_

10—2_

Time scales log t [yr]

0 20000 40000 60000 80000
Time steps

CO SE ROZUMI POD POJMEM STEADY-STATE V
KONTEXTU DYNAMIKY KRYSTALU?



Vysledky modelu

1) Convection mixing: jak vypadaji CSDs v bulku a
sedimentu?

2) Termodynamicka evoluce komory: jak se komora vyviji
a jak vypada grading?



Jak o CSDs premyslet v kontextu modelu?

“POTRUBNI MODEL” (= pocet krystall, co mi spadne do bulku by mél jej i
opustit, jaka je ale jejich distribuce velikosti?)

Pfiklad distribuci z TBL (thermal boundary layer)
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CSDs: Zakladni end-member

NejsilngjSi kontrola konvekce: krystaly z TBL maji nulovy polomeér, v
bulku rostou a chovaji se jako dust-like ¢astice!
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* |) Efekt TBL distribuce
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* |l) Efekt prechodu k stone-like rezimu:
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..samoziejmé muzeme pozorovat kombinaci

obou efektu..
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Geologicka doména

Temperature Profile
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PocateCni tepelny tok se da z GL prepocitat na AT
a porovnat s nukleaCnim lagem!

Heat Flux History
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Initial heat flux: -383.3 W/m?
= -9.16e+03 HFU
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AT > ¢ - model A (immediate nucleation)

AT < £ - model B (delayed nucleation)




Geologicka doména

V modelech typu A je TBL ihned
k nukleaci krystal(!

V modelech typu B se nejdfive musi
komora néjakou dobu chladit, a to do
doby, dokud teplota strechy nespadne
pod likvidus minus nukleacni lag!

dostatecné podchlazena, aby mohlo dojit

ﬁest.(t) — 520 (1 + t/tcO)

—1/2

5000 +

S
o
o
o

Roof heat flux [W/m?2]

1000 -

PocateCni tepelny tok se da z GL prepocitat na AT

a porovnat s nukleaCnim lagem!

Heat Flux History
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—— Heat flux F(t)
Heat flux 7, (t)

—— Heat flux F_(t)

------ Liquidus hit

Temperatures:
Emplacement temperature: 1462.7 K
Liquidus temperature: 1455.7 K

Conductivity ratio: 1000.0
ime to hit liquidus: 0.5 years
(| Initial heat flux: -383.3 W/m?

| = -9.16e+03 HFU

2 4 6 8 10
Time (years)

AT > ¢ - model A (immediate nucleation)
AT < £ - model B (delayed nucleation)




Velmi zcouplovany systém (i v quasi-stacionarni limit€).. systematické prochazeni
modelového prostoru.. pro Ucely této prezentace se podivejme na “zlatou komoru” a
ukazme si referenCni simulace typu A a B..

Referencni model A

Parameter Znaceni Hodnota Jednotka
Pocatecni vyska komory Hj 103 m
Pocatecni tepelny tok o 150 Wm 2
Pocateéni slozeni Xro 0.75 wt%An
Rustova amplituda Go 1x107% ms™!
Nuklea¢ni amplituda No 1 x 103 Hm3s!

Nukleacni lag € 22 K




Referencni simulace typu A

Growth-limited rezim, trade-off
mezi podchlazenimv TBLa v

bulku.
. Vyvoj teplot: Hodné malych krystalu.
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58 Bulk undercooling history
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Velmi zcouplovany systém (i v quasi-stacionarni limit€).. systematické prochazeni
modelového prostoru.. pro Ucely této prezentace se podivejme na “zlatou komoru” a
ukazme si referenCni simulace typu A a B..

Referen¢ni model B

Parameter Zmaceni Hodnota Jednotka
Pocateéni vyska komory  H 103 m
Pocatecni tepelny tok Fo 200 Wm?
Pocatecni slozent X0 0.75 wt%An
Rustova amplituda Go 1x107% ms!
Nuklea¢ni amplituda No 1x10° #m3s!

Nukleac¢ni lag € 80 K




Referencni simulace typu B

Nucleation limited regime.
. Vyvoj teplot: / Malo ale velkych krystalu.
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I Bulk undercooling history
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Priklad end-member
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* Pozorovani: krystalinita obecné vychazi nizka,
settling je efektivni

_ a4

(1) 3 /OOO ¢’ Dsg(a,t)da

» Krystalova produkce neni vysoka:

N(t) = %fo n/(f(T(z’;t)dz"



Take-home message:
Settling

* Pro usazovani v konvektivni kapaliné existuje cela rada CSD
end-memberd

* Neni dllezité se divat jen na grading nybrz i na tvar distribuci

* V sedimentu je schovana o informace napfr. o rychlosti proudéni

* (?) Potencialni aplikace: distribuce v bulku (erupce), inverzni
ulozka na kinetické parametry



Take-home message:
Chladnuti

« Zakladni deleni na komory typu A a B (immediate vs. delayed
nucleation)

e Aproximace ridké suspenze

» Cela Skala end-memberu (viskozita on/off, konst./klesajici
tepelny tok, vySka komory,..)
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