Probability distributions of radiocarbon in open compartmental
systems

Ingrid Chanca!, Susan Trumbore!, Kita Macario?, and Carlos A. Sierra3

'Max Planck Institute for Biogeochemistry
2Universidade Federal Fluminense
3Max-Planck-Institute for Biogeochemistry

November 26, 2022

Abstract

Radiocarbon (14C) is commonly used as a tracer of the carbon cycle to determine how fast carbon moves between different
reservoirs such as plants, soils, rivers or oceans. However such studies mostly emphasize the mean value (as A'*C) of an
unknown probability distribution. We introduce a novel algorithm to compute A'4C distributions from knowledge of the age
distribution of carbon in compartmental systems at equilibrium. Our results demonstrate that the shape of the distributions
might differ according to the speed of cycling of ecosystem compartments and their connectivity within the system, and are
mostly non-normal. The distributions are also sensitive to the variations of A14C in the atmosphere over time, as influenced by
the counteracting anthropogenic effects of fossil-fuel emissions (14C-free) and nuclear weapons testing (bomb 4C). Lastly, we
discuss insights that such distributions can offer for sampling and design of experiments aiming to capture the precise variability

of AM™C values in ecosystems.
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A

Radi ocabon (1*C) i scom m onl yed asa ficerof he cabon cgl e b debm i ne h ovf as
cabon m ossbeten di ff eenteswi ssh aspl ang 8ils resoroceans H ower

gh #i esm obyem phase he mean ala (asA 14C) of an nknow pobabili ¥dis
tbhon. Winbdee a nosl algorhm 6 com pa A 14C di $ bhonsf om  knolwedge
of he age disbhon of cabon in compamenhl gmsateglibim. QOuwehks

dem onsié hathe b ape of he di bhionsm i gh tdi fferaccodi ng 6 he peed of cy

cling of ecobm com patn ensand h ei rconnect vivhin he m , and ae moby
non-nomal. Thed sbhonsaeals ensteod heatatononf A M“Cinheatmophee
osrt m e, asi nflanced byh e conéact ng anh opogeni c effecsof fosl-fel emisons
(1*C-fee) and nd earsaponsesng (bomb 14C). Tabywdi ssi ngghsh atsh

di $ biionscan off erf oram pling and des gn of eper m ensai ming b capah e peci e
arabilitof AC alesin ecobm s

Radi ocabon isa adi oact® i sbpe of cabon pominenti n envonm enbl si encesf or
fcing he dgam i csof ecogm s epeci al l yasecentch angesi n atn oph e ¢ adi ocar

bon all ovacki ng eges 14C cpatd bysaponsténg i n h e am oph ee on t m esal es

b otrivath an can be detm i ned sing adi oact & decay Forcli m aé ch angi ng mitga-
ton, a co al ncehinyi she tme cabon capad hogh h e ph obgh es spends

in ecobm sbef oe bei ng el easd  Forhisppos, adi ocabon can be al able asa

bi ol ogi cal hcer howsr iti sneceayb accmél ylink he eal age of cabon andi$

adi ocabon age, asheyallydi ffer Foesand silsgm sae open gm s con-

nect ng com ponensivh i ntnicall ydi ffeentcygl i ng tmesalese hathe mean ageis
epesnt ng an age di bhon h ati snotnom allydi §bad. H ee srdesl oped an
algorhm b compahe C conentf orm odel sconsng of m it pl e i neronneced cax
bon pools Qmppoach, off esm oe accaé ek m at onsof he mean 1 conéntof he
$m and com patonsof he d $bhon of “4C whinhegm atd ffeentpoi nsi n
tme. Fom heehtwcan hagmoeinsghsi nb hedpamicsof hecabon cygl e and

h ow betrdes gn eper m ensd i m pow m odel -obsxt onscom pat ens

Radi ocabon ( 14C) i s al abl e bol fomlng dgam i cal pocess nling gms
I n patchar adi ocabon podeed byndl earbomb éin he 1 9 6 0sh asbeen sdin
m anyconékasa fcerforhe dgamicsof cabon in di ffeentcom patn ensof he
global cabon cgle, inclding he atnophee, he tebal biophee, and he oceans

(Godraan, 1992; Jainetal. , 1997; Randepn etal. , 2002 ; Megleretal. , 2006; Ievn

etal. , 2010). Asa biological acer adiocabon can be Bd b inferatsof cabon
cgl i ng i npeci fi ccom pam eng andb i nf ethn§ emm ong i néconneceéd com patn eng

Th eef oe, adi ocabon i ssdasa di agnosc m etc b assh e pef om ance of m odel sof

he cabon cgle (Gaen etal . , 201 7), and newdahesae novem egi ng 6 i ncopont

adi ocabon in model benchm aki ng (Iaence etal. , 202 0).

Cabon cgling in biological gmscan be epesned #ing a patcharcl asof
mahematcal modelscalledcompamentl gms(Sien etal. , 2018 ). Ascabon enés
a gm sh ashe tebal biophee, itisbed and anfeed am ong a netk
of inéconneced com patn enssh asfoliage, wod, vog sils and oh erogani m s
Com patn ent]l pm sepesnth e dgam i csof cabon asi thel sal ong h e netk of
com patn ens( Ramen etal . , 201 6; Sienetal. , 2018 ), and povdesi nf om at on abott
he tme cabon pendsi n patcharcom patn ensand he ente gm (Ram en et
al. ;2016; Sienetal. ;201 7). Alhogh heesemsb be a di ectel aton betenhetme
cabon pendsi n a com pam entl gm andisad ocabon duam i cs f ewdi esel ae
boh conceps



66 An open com pam enal gm conti nd nflosnd oflosdi ff eentf om eo (J acez

67 &Simon, 1993). T mesalesin open compat entl pm sae all ych ancet ed by

68 he concepsof a @and tra nsit tine (Bolin &Rodhe, 1973 ; Ramenetal. ;201 6; Sien
69 etal. ;2017). I nopengmssh ashe biophee, heincopoaton and el eas of car

70 bon occscont nokybti ti spos bl e b defi ne h e conceptof a gashetme el apsd

n gnce cabon enésh e com pam endl gm ntl a generctme. 'The tra nsit tine can

72 be defi ned ashe tme h e cabon needst hel hogh heentegpm,i. e. ,hetme

0 el aped beten cabon enfnt 1 1 ekt

7 I n odert ebm at hes t me metcsf om 14C m eamm en$ a m odel 1inki ng boh
7 cabon and adi ocabon dgam i csi sejed.  Th om pen and Randesn (1999 ) hawed

76 i m plis epons f nct onsf om com pamm entl m odel sb obtin ages anstt m es and

7 t m e-dependentadi ocabon dgamics H ower hisappoach iscom patonall yegen-

78 g& and can i nbdee nm ef cal eosif sm hiat onsae notl ong enogh b cosrhe

70 dgam i csof owegl i ng pool s

80 Eglici tf om hasf orage and ang tt m e di $ blionsi n com patn entl gm sh as

a1 been ecent ydesl oped (Mker& Sien, 201 7). Thes f omhasdo noti nbdoe nu

8 mercal epsand can destbe ente age di $bhonsof cabon forpeci fi ¢ pool sand

83 forhe ente com patnentl gm. Thes age di $bhonsggesh atadi ocabon in

8 com patn enbl gm sm ayconssof a mixof di ffeentalesi. e. , com pam enscolid
8 be dest bed i n &ém sof adi ocabon di $bhonsh atel aé he el ate popoton of

8 cabon wh a patcharadi ocabon ala H oser ntl nowadi ocabon i sepoed

&7 and m odel ed asa sngl e gntyah erh an he mean of an ndetyng di $bhon.

88 Knolwedge of he di $bhon of 4C ostaidon he '2C digbhon (C mag in a
8 com pamenal $gm mightgi @i m pohnti nsghton hem odel wah atbebrfi §

90 ekbng dat. Foream ple, bycom parng he sgnat of adi ocabon in he pool sand

o1 h ei roflss evgeti nsghson he 82 of he pool model h atdest besh e ecobm .

0 Conesl yem pi 1 cal knoledge of he ndi ocabon di $blion of a patchamm , can

0 playa 8gni fi cantol e i n debm i ni ng h e m osappopt aé m odel b dest be a gm .

o Mdel -dat com parensting adi ocabon ae made moe com pl exbyh e facthat

o amophetc '#C iscontnobiych anging. Thisispatchatyi m posntaférhe 19 60s

96 Wwenhend eatbomb €4 i benédl age am ontof hem al netins h e atm oph ee,

o7 contbting 6 he fomaton of adiocabon (bomb  14C). I n additon, lage gnttesof
% fogl-fal deiedcabon ( *C-fee) hawbeen emiédd he atmophee, dil ing he at

% m oph ef ¢ adi ocabon sgnal and poda ng a f asdecl i ne of adi ocabon al esi n ecent

100 gas(Gaen etal . ;201 7). Theef oe, wohid epecta di ffeentadi ocabon di $ bhion

101 f oresggari n a com patn entl gm .

102 (btining a smple and accaé mehod b ebm at adi ocabon di §bhionsasa
103 functon of he garof obewion is heef oe, of geatinéesf oreper menhl and
104 m odel i ng #i es

105 Themainobjecteof hism anstptisbinbdoe a mehodod obain di §bhons
106 of adiocabon in com patentl kmsatbadswe. I n patchar svak he fol-
107 l oimg esach gsons (i) H owlo di $bhonsof adi ocabon change osrtm e asa

108 consgnee of ch angesi n am oph e ¢ ndi ocabon? (ii) H owlo em piical dah com pae
109 6 hes concepal adi ocabon di sbtiond (iii) Wati ngghscan hes di $bhons

110 povde forepermentl and ampling desgn fori mpovng m odel -dat com paisnsby
111 caphng he ente arabiligf A MC gl ed

112 Th e m anet pti sogani ed asfollos Fi$ svpovde h e neceayh eoet cal

113 backgond b obain age and Ans tt m e di $ blionsf om com patn enbl gms Sec-
114 ond, evdest be an al gorh m h atcom ptsadi ocabon di  bhionsf orpat charyas

115 #ing an age ora anstt me di §bhon and an atm oph et c adi ocabon ca  Thid,
116 spesntan applicaton of omlgorhm o a sil compatnenhl gm addesng he
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A
1

Com patn ent]l gm sdest be h e ém poal dgam i csof m abras thel sh ogh
a netk of com patn ensnt1 i¢fi nal eleas fom he gpm. A stof com patn ens
ishnkaed m ah em at call yasa stof 1inearornon-li nearodi naydi ffeent al eqf ons
(ODE), Wos sl hionsae h e am ontof m aéri n each com pam entata cehin tme.

Wisl 1 cons derh ee 1 i nearatinom oscom patn entl m s ch ancéi ed byh e
masof cabonattme in com pam ensash e scor (). Themasof caboninhe
com patn ensch angesoert m e accodi ng 6 he f ol 1 owng epeson

U4y —utAz() 2 =0) ==z (1)

Wwee h e scor u epesnsh e i npsof cabon inb he pm, andhe X com-
pamentl matx A conhinsinisdi agonal enteshe cgling aesof hecom patn eng

Wile he off-di agonal entesconssof he anferntsamong hem. I n patcharhe

com patn enhl m atx n m otecobm cabon m odel sh asan i nénal s eflect ng

an esbegen h e com ponens( coeffici eng , epesnt ng h e popoton of C fans
feed f om com patn ent 6 compatment %) andcgling nés k£ eflect ng as ptons
of fi soderki net csof 1os(atae C k) fom anyien com pam ent
-1 12 2 :
21 1 —2 2 g
A = . : . . (2)
11 2 2 -

Thisn atxontind nf omatononhedpamicskh, andse of a com pam en-
4l model. Thentof ektof cabonfom hegm canale beobtinedf om hismatx
byynming all colmn elemeng i. e. , he optf om a pool hatae nothn$eed b
oh erpool sae asn ed b 1 eaw h e com pam entl fm .

Theinfomatonof heamountof cabon enérng he gm 6 be pattoned am ong
h e com patn ensi scontii nedin h e i nptecor

i nearatinom oskm sof he fom of eaton (1) hawan eglibim pointor
sadshe sl on x* gien by
xr=-Alu (4)

wee he masof he com patnensdo notch ange oert me, and i npsae egl o
opasf orall com pam eng
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Wdefi ne age ina compamenhl gm ashe tme el apsed beten he t me of
cabon enfut] eme generctme (Sien etal. ;201 7). Fora i m ei ndependentm
in badybé, a pobabiliyd §biion of agesof cabon in he com pam enscan be
obtined #ing bch akc meh ods Accodi ng 6 Mkerand Sien (201 7), he scorof
age dens t esf orh e com patn enscan be obai ned as

fa()=( 7' 4w (5)
ee *=diag(t 3 *) ishe diagonal matxivh he badpe scorof
A

cabon ®cksascom poneng and i sh e m atseponent al .

Forhe Wwole gm , he age di $bhion isgien by

()=-17-A. 4. % _ (6)

|

free h e sn bol It || epesnshe s of he massin a scor

W defi ne ansttme ashe tme el apsd $nce cabon enésh e com patn endl
gm utl itleasshe bondaresof he gm (Sien etal. ;201 7). The anstime
isegal ent heef oe, 6 he age of he oflu Mkerand Sien (201 7) als povde
an eplicitfomhlia 6 obtin he angttm e densydi bhon f ora tm ei ndependent

pm atbadyhe as

u
()=-1T-A. A~ (7)
]
Th es di §bhonsae denstess heyi négae 6 1
() = () =1 (8)
0 0
1
Wdesl oped an al gorhm & constage and anstt me di $bhionsi nob A “4c

di $ bhionsf oranygi en garof obsxt on.

The algorhm wksin hee main éps 1) homogeniaton, 2) disetaton, and3)
aggegaton (Figal). Wdesibe hes heebpsin dehil inhe sctonsbel owiing
m ah em at cal noaton forhegm age d §bhon, bttom pat onsaesmilarforhe
ansti me di §bhion, andh e age di bhon of ind vdal com pam ens

biftil
Themaininpsforhe algorthm ae an age di $bhon (), andan am ophefc
adi ocabon cam () hatpoivdeshe A C alaof amopheirc CO  fora calendar
gar . T homogenie he tme salesof boh () and (), define he garof

obsxt on 0, ash e garof ineesb podoe he adi ocabon di $bhion.

Since svae i neebd i n deém i ni ng h e adi ocabon &l esof m aeral obsedin
hepm attme 0, i1l lookinhend ocabon cm — wasin he pasb obhin



185 he adi ocabon alesin he gm wh an age . Theef oe, am oph et ¢ adi ocabon

18 can be epesd asa fucton of age, i. e. | (o0— )= () (Figal). Nwboh he
L7 gm age di $bhon () andhe amopheic ad ocabon ca () ae fnctons
188 of he cont nastabl e h atepesnsage.

189 Sesn] am oph ef ¢ adi ocabon datsscan be fondinheliéat (Rei meretal . |

190 2013,2020; Hoggetal. ,2013,2020; Haetal. , 201 3; Ieknetal. , 1980; Ievn &Kom er
101 1997; levnetal. ,2010; Gasnetal. , 201 7). Als foecasof adi ocabon conentin he

102 atn oph ee can be fondin he ecentliént (Gasn, 201 5; Sien, 2018). H oser

103 h es at oph ef c adi ocabon datissdo notnecearl shavheameeslionintme.

104 Some of hem povde pedi ct onsordat atan annal orformonhlytme gp, Wwile

195 in oh erdatis sm e angesae paced bydecades 1 hom ogeni e he esl fion of he

196 A™C and b an§om hes ndi ocabon datesi no a cont nusf nct on of , @R
107 a chic plineinepol aton d obsin A 1*C al ef oranwl & of . Aferhi sp, ()
108 can be com ped f oranyl & of €[0 ©),and ( ) ntl helasaailabledagéinhe

19 ch osn adi ocabon am oph e ¢ dahst

200 é
201 Alhogh shas novhe age di §btion and he adi ocabon dat ascont nus
202 fnct onsof age, eneed b di set e hes f nct onsi n i néxl sof se . The eapn
203 forhisdi setaton ishathe ppbabili fdens §f nct on of age () isa mean of
204 heelatelikelihoodof aninfiniésmal amontof mashaing an age. Bthtmaély
205 wae inteedin he pobabilithata snall m ash ascedi n adi ocabon di $ bhion.
206 Th eef oe, eneed 6 disete he pobabiliydensyf ncton 6 a pobabiliym as
207 fncton along a diset atable €[0 & ]. The newl seé pobabiliyf ncton of
208 agescan be defi ned as

+
209 ( < < + ) = ( ) (9 )
210 Fom hispobabiliyf ncton, swcan com ptt he pppoton of 64l masin he
211 pm wh an age as
212 C)=lz*t () (10)
213 wee

()A 27

215 Eqton (11) implieshatheeisan appokm aton eorbydi set zng h e cont n-

216 asdens ¥f nct on o a fi ni € stof di set i néxls Thisappokm aton eorcan be

217 mini miedbydeceasng he sz of heintals and etndi ng = asfarasposble.

218 (nce wdi set e ()6 () andobain di set popotonsof m asish cehin

210 age (), wpoceedd disele he atnophercadi ocabon cmivh epectb he

220 ame di seé i néwl of ages €[0 & ]. Thisissm plydone bycom phng (=),
221 tich makesheam ptonhatiwhineach inesl | + ], heamopheicad ocabon
222 alaisegl b ().
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A

Nwwae eadydp combine he di §bhion of masin he gm atdi see age
i ntxl sivh he atn opherc adi ocabon ca 1o do ®, &fi $fi nd f oreach al a of
€ [0 m ] he coepond ng alesof mas () andadiocabon (). Then, w
m all hemassih smilarA '#C ales The ehtcan be ogani ed ash e am ontof
m asi n di seé i néal sof A BCri. e (AMC)= ( ().

Thes bpscan ale be valiedhogh he gaphsin Figal .

Wimplemenedhesheebpsi nhe Rppgam minglangage, andeh e package
SoilR (Sien, Meretal. , 2012) 6 obain he age di $bhion of he pools he wole
g , and h e optfly ejal entdp h e angti m e) basdon egtons(5 ), (6 ), and
(7). Thessonssdheeee Reton4. 0. 3 andSoilResonl. 1 (Sienetal. ,2014).

Since at oph et ¢ ™ C concenhton f oth e pass 5,000 sas spi nci pal I sknowf om
he adi ocabon cms weolid eagl yconstage i nb atn opherc A 4C. Bymathing
he A1*C-basdon-age al esivh he peiokyesm aed denit es whill tbapl os
gaining ingghti nb headi ocabon di $btionsf othemodel #iedinhiswk. Inhe
al gorhm e defi ned f orf nct ons Pool RIO' , QystenRI0’ |, TIRI® , and ClYhit . The
fi sh ee f nct onshke h e denst esopni . e. , he cabon conénsd set ed byage,
fom bilén Soil Rf uctongsh as tra nsitTine and systerde . The denstesae het
6 bul d bi nshogh he ClYhist fucton. Thelogical aém ented 6 consth e

bi nsae basdonhe amopheic A C dat andaccodi ng 6 sedefi ned bi n se . This
tir all osone b plothibgam-like gaphstvee he hei ghtof he basepesnt

h e am ontof masiwh coepond ng A 1“C gles Thsomlgorhm initaliefom a

com patn enal m atxan i nptecoranda adi ocabon calibaton o andefnsan

obj ectconai ni ng m agsof C and hei rm ath i ng decascoeced A 14C al v ebm abd

f oranygi en obszt on gar. The math isdone byasning he garof obszion as

egal entd h e age of hepool othepm egl wo ( o— = =0). Thismeanshat
pasgas orol derpool obm ages ae egal entb he A 4C sgnal of heam ophee

of h oe gascoeced byh e adi oact & decayof 140 (asngelifetmeof 8,267 gasi. e. |

half-lifeof 5,730 sa$.

Besdesh e ndi ocabon di $ blionsf orpool s ol e pm and optflkone can
ale com pah e epeced al aof A 4C fom hes di $bhonsi n anygi sn obswt on
gar Thi si sdone bycom phing he mean of A 1*C & ghed byh e am ontof cabon in
AM™C binsof 8 . The &ndad deivaton of he di $bhon isobtined ashe ge
ovotof he di ffeence beten h e ge of he epeced &l @ and h e epeced &l a of

hengesof A

MO ales
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QOappoach can be sdb obai n adi ocabon di $ blionsf o1l i nearcom patn entl
m odel sof anyse epesnt ng cabon cgl i ng pocessatd ff eentsal esand f ordi ff eent
biological $ms

Wil focshee on a model hatepesnthe dpamicsof sil oganic cabon

ata ém pene foes Wwich ecall heein he H agd FoesSoil (HFS) model. The
m odel isbasd on m easm enscondobd ath e H amd Foesi n Miachss USA
(Gadinki etal. ,2000; Sien, Tnboe, etal. ;201 2). Soil am plescollecedin Oh ot en,
coeponding 6 0 -8 cm deph, and A-hoten (8 —15 cm deph) ee factonaed
inb een ®il factonscalled Dead Roos G, G¢/a I, G¢/a H, A, IF ( 80 m),
AIF ( 80 m), and Mneal Asciabd Thewe obtinedasfollosThe Ghoton
ashd vded af érh andpi cking inb leaf 1iér( Oi facton), ecogniable votlisr
(O¢/ o Eancton) andhmified i. e. ,oganicm atrhathasbeen 4nfom edbym i cobi al
act on, coepondi ng 6 hefacton O¢/ a H Sampled om heA-hotenee f actonaed
bydens i nb | owlens fand h i gh -dens ypot ons Th e hi gh -dens fpot on coeponds
bhe Mnea | Associa taf acton. Thelowdensipoton i s b etbd vvded by eing
inb ecogniableleaf lagerhan80 m (4 LF( 80 m facton) andmallerhan 80

m A LF( 80 m facton). Detilsabothe mehodsemplogdod factonae he
am pl escan be fondin Gadi nki etal. (2 000).

Th e com patn enhl model conssof sen pools(Figa2); one pool coepondst

dead pos 1, and h ee pool scoepond b h ee di ff eentpesof oganic matrinhe

fiace lagr(O) called G, Ge/a L, and Ge/a H | Wich coepondsé pools 2, 3, and
sinhemodl. Tvadditonal poolgcalled A, IF ( 8 0m ), epesntng m aéral fom

he A hoion hatfloatina dene (1 g em  —3) 1iigd and doesnotpash ogh an 8 0 m

sewand A IF ( 80 m) (lowensif acton pagng he ses), epesnth e duam i cs
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289
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291

292
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294

of wiactonsinhesil A hoten iwh d ffeentganlhiom ey 5 and ¢, epectely
Th e senh pool 7 epesnsh e dgamicsof he mineal asciaéd facton (Sien,
Tn boe, etal . ,2012).

The HFS model ssbultbyfitng of empircal adiocabon dabh fom he abow
dest bedam ples Detilsabothemof hedah ¢ bitl dh e com patm entl m odel ae
pesnédin Sien, Tnboe, etal. (2012). Forheamesésheeaeindependentdat
(i. e. , dah noted f orekm atng he com pamenhl matx asilable. The independent
dat Bdin hisek conssof A 4C m eamm enson odl sil CO o effl meol 1 eced
inhegas1996,1998,2002, and2 008 . The nm berof am pl esm eard coepond ng
bheepeciogasasn =12, n =28 n=23,andn=10. Wedhes dat ©
com pae h e epesnat of he mean A 14C m eapm entb h e epeced A MO ales
obai nedhogh omlgorhm.

Leaf litterfall Fraction name
lfo Pool number Ci
Oi 51
b
Xz 220
Fine root 98
production
270 Oe/a L 94 Root/
> rhizosphere
Roots < 1yr X3 388 15 respiration
255 P > 390
Y
Dead roots Oe/aH 39 )
> | 5  Total Soil
35 Xy 1366 Respiration
190 810g m2 yr'1
A, LF (>80um) 6
F—
X) 1530 30 Xg 90
l 24
A, LF (<80pm) 22
>
X6 1800
2.4
DOC - -
57 Mineral associated 5.1
> —
X7 560
B BH( ) ciflapafim



205 Thegm of (DE forhe HFS model can hen be epesdin com patn enal fom

296 as

! 255 —2551530 0 0 0 0 0 0 1
o 15 0 -15M®@20 0 0 0 0 0 E 2
3 0 0 98152 -98388 0 0 0 0 3
4= 0 =+ 35255 0 98 —-391366 0 0 0 4
5 0 30255 0 0 0 -3090 0 0 5
6 0 0 0 0 0 2430 —-241800 0 6
7 0 0 3152 0 0 0 25 -5560 7
207 (12)
298
290 Asdest bed bef oe, i n oderd ebm a¢ he adi ocabon di §bhonsand epeced
20 aleof A C, healgoihm needhe folloing agm ens a com pam enal mabx A,
01 conti ni ng he decom poston and anf ernésivhin he pools an i nptecor u con-
22 4ining heinptmasb be pattoned among he com patn ens h e garof obsezton
23 (eqal entb garof sa mling in an eper menhl fam evk); he nmberof gasinhe
24 patone ai m sb com pah e di $bhionsf or anda stof adi ocabonalesinheatm o-
25 phee, com pirsng h e garof obexton and h e nm berof gasch osn. An addi tonal

26 agmentis ,hed setaionsedest bedaboe, wich hasa def alital aof 0. 1 sas
o7 btcolid be m odi fi ed accodi ng b srpef eences

08 Forhe HFS model ,Aishematxineaton (12), wh hefom of egton (2),
09 and v ishe nmetcecorin he ame eaton, wh $milarfom aseaton (3). W

20 ebm atdh end ocabon di $ bliong oxdi ff eentyasof obsat on, i n oderv addes

a1 di ffeentesach egbonsniedin hiswk. I n he elswpesnthe di $bhons

12 forhe ind vdal pools bal oflkand Wwole gm, forhe gas 1965, 2027 and

a3 2100. Additonallyin hSeyl enenta ry Ma teria levpovde h e non-tcked adi ocabon

a4 di $ biionsof indi vdal pools bal oflsand wole gm forhe gasl 950,1965

as 2027,and2100. Radi ocabon di $bhonsof he outflur ae pesnédforhegas 1996,
16 1998, 2002, and 2008 , asforhos saswale haw i ndependent A  “C dat fom sil
a7 COy effl ® com pae b orebm atons Forall hos ebm atons h e nm berof gas

18 of com phaton msl ,000 gas Thebinse (Poo]) forploing hehibgam smsstas
a9 1 0 f orm osof he ad ocabon di §blions ezeptf orh e garl 965 , Wwee i tasstp

20 ©40.

21 Hi

22 The adi ocabon alesed f orgasin he pase. g. , AD1965, e ob&ined by

23 m eging he ecent yel easd I n€al 2 0 calibaton ca (Rei meretal. , 2020), wich com -

24 bi nesadi ocabon dat and Bagsan &atécal inépolaton forhe ange 55,000 -0 cal

25 BP(BP= bdorepenmt =AD1950), and he ecodsof am oph et c adi ocabon dah

26 compiled byGaen etal. (2017), fom 1950062015. Gasnetal. (2017) als poides
27 adi ocabon dad in one-yaresl ton on heange 18506 1949. Hosmrsnceinhis

28 ange h e ebm at onsee patall basdon h e pevosdh en H em i ph ee cal i bat on

20 @ (I n€all3, Rimeretal. (2013)), edeci ded 6 betGaen etal . (201 7)’ sdatst

@ atng in AD1950.

Forhe gasin he foo sh asAD2027 and 2100, wmade mof he foecas
$m hiat onscom ped byGasn (2 01 5 ), o sm haed A “4C alesinheatnophee for
f orRepesnt Concenat on Rhawof fosl feal emisons RCR2. 6, RCR. 5, RC®
and RCB. 5. In hisek e he pedictonsbasd on he high emisonssenaro
(RCB . 5),8tngin AD2016.

8 8 B B
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The A™Calesinall datetsdinhisvk aeiven ashe devaton fom he
sndad epesnt ng h e pe-i ndilal atn opheic 4C concenhton. Thenwblihed
al esae al eadycoeced f orf act onat on and decayiwh epecto he andad. 1T tis
egal entb Al n Sherand Blach (1977). Thsheeatonitfollosts

AY = M o8 =) 1 %1000 (13)
wee F'C isheFacton Mden ( ),i. e ,heamplentonomalisdo3C
byalicaci dandad (X 1), ishepdaed  C decayconant( eal sl 82671Y]),

and y i sh e garof m easm ent

4
1

Gl 1, orehsh ovh ateen hogh he age and anstt m e di $bhonsf or
hiscompamentl gm ae stc (Figa3), he ndiocabon di $bhonsae highly
dgamic. Theychange damatcallyoertme ashe amopherc CO o e i saffeced
byhe bomb pi ke and he Seseffect(Ses 1955), i. e. , he effectof he dilhon of
andiocaboninheamopheedad heemisonof fosl felg 4Cfee). Bolshategle

fasi. e. ,poolswh hapaged s$bhonspeakssh as Iy d Roots and Oi, f ol ] oedm o$
closl yh e adi ocabon dgami csin he am oph ee, trile pool sh atcyl e §olwh owd
a iwde ange of ales Consent yh e epeced A 4C alesal » apl agel y

Th e d $ bhionswobai ned f orh e com pat ensof he HFS m odel & owewdi f -
f eenth apesf orh e di ff eentcom pam ens(Figesd, 5, and 6, and Fi gesS2, S3, S4
and S5 in Spplem enayMitial). In1965, jsaferhepeak of bomb “Cinheato-
ph ee da b nul earwaponses pool sh ategl e f ash ada wde A 4C angeih high
pobabiliyda 6 he incopoaton of adi ocabon &l esh atch anged api d yosrh e
petodAD1950-1965. Com patn ensh atcyl e olyh ag a naverd $ bhion wh
h el 1 odescoepond ng 6 negatw A 14C &l @ ash eyepesntpe-bom b atn oph ei ¢
sgnal sh ataredles

Forthelvolepm inAD1965 (Figa7), hed gbhon of adi ocabon aggegaes
h e cont blionsof h e di ffeentpool stri ch ebisi n di ffeentpeaksin heosnll di -
btion. Themode (i. e. , he!®C wh highesm asdensy i sbel ovd %0 becama 1age
poton of he dbhl am ontof cabon iscontbéd byh e minenl asci atdpool hatis
pedom i nantyl]l pe-bomb cabon wh lite contbhon fom cabon fisdaférl 964 .
I n addi t on, oh erpool sh atcyl e f a$ cont bael atel yn all am onsof bomb “C o
heosnll d §bhon.

The adi ocabon di §bhioninheoptfli n AD1965 (Figa7),i. e ,head o-
cabon di $ btion h atcoepondsb h e ans tt m e di s bhon f orh i spar h ash ee
di $nctpeaksii nh e di §btion. Thisdi $bhonisgmilam hatof he Iv d Roots
pool (FigaS3),ich ishemaincontbaw heoal epintonflk H owsroher
poolsal e contbad h e epi at on flivh hei imdi ocabon s gnatsandem ph ase
flesf om he f abscyl i ng pool ((G) andepi aton of cabon h ataspesnti n oh er
pool sbef oe h e bom b peak.

Th e b apeof hed §bhionsch ange dam at cal 1 f othsentgasf éh e bom b
pike (Figab). ForAD2027,heepeced A “C almof faspool sdop cons denbl yi n
panllel wh amopheirc '“C, compaedo AD1965. Thes faspool sdo notbed m ch
adi ocabon fom he bomb perod andh ei radi ocabon & gnatseflectecentcabon
fom heamophee. I n conh$bovesling poolsin AD2027 hadelatslhigh A C
al e m obybecamh eytl] conhin adi ocabon fom he bomb perod I nheopt
flu asepeced, snce he epi at on flw sdom i naed byh e f abregl i ng pool seh



B3

B4

386

7

388

B9

20

as I d Roots and Oi, mosof he ad ocabon isnaolyd bad aond h e ecent
amophetc A “Calain2027, ih al mosno cont bhionsf om bom b 1.

Byhe gar2 1 00, he amopheic A  C aleshag dopped 6 -254. 5 %o (Gnen,
2015), eflectng he Seseffect The di $bhonsof m ospool sae lesatable. Fakr
cyl i ng pool sh aw dopped 6 eflectnegat e A “Cinheamophee osthe 73 sas
snce2027,wilehebowools( Mnea | Asocia tlA LF( 80 m and O¢/ a Hpoolsg
$11 how iwde ange of A 1*C alesh ati ncl desC fi &d diing h e bom b pet od (now
~1 5 0 gaspevohy.
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Table 1. 14 C ranges with the highest masses of radiocarbon according to our estimations; *C

expected values according to weighted mean of mass distribution of radiocarbon; and observed *C
mean values of soil CG; e ux.

14C [h ]
Year Primary Peaks? Secondary Peak® Expected valu¢ Mean value?
1996 (112, 122] (-28, -18], (102, 112], (122, 212] 153 107.6 1295 17.3
1998 (-37, -17], (93, 153] (153, 273], (323, 333], (493,503] 139.4103.3 117.6 26.2
2002 (82, 102] (-28,-18], (72, 82], (102, 152] 115.9 96.3 100.8 8.4
2008 (51,61] (41, 51], (61, 121], (-29, -19] 85 89.7 74.8 13.6

a For 1996, 2002 and 2008, masses 10° g m 2; For 1998, masses 10° g m ?;
b For 1996, 2002 and 2008, masses 10° g m 2; For 1998, masses 10 g m ?;

¢ Expected value of theoretical radiocarbon distribution of the Out ux (weighted mean);
d Mean value of the *C values measured on soil C@ e ux from the Harvard Forest.

Figure 9. Comparison between theoretical radiocarbon distribution and independent empirical
data. a: Year of observation equals to AD 1996; b: Year of observation equals to AD 1998; c: Year
of observation equals to AD 2002; d: Year of observation equals to AD 2008.

{18{



513 tme di §bhonsf om com pam entl $m sone h olid be able b ash atonl yone
514 com bi nat on of aesin he com patn enhl m atxbiil dsh e ebm aed di $bhions

515 Meosr aspoi ned otbyGadi nki etal. (2000), limieédinfomaton abothe
516 cgl i ng nésae obai ned by 4C m eamm ensof blik SOMm ade ata sngle pointin
517 tme. 'Theefoe, being able b com pa adi ocabon di $ blionsf ordi ffeentgasof

518 obszt on colid i m pow h e i népedt onsof he tm e-ewl ion of il adi ocabon in

519 ém sof cabon dgami cs

52 0

521 Com patn end]l m odel sae a com m on appoach b dest be he dgam i csof open §

522 tm s pat chial stven m odel i ng he cabon cglein ecopms The mahematcal eg-
523 t onsdesl oped  obtii n age and anstt m e di §bhonsae a obtappoach al eady

524 sdin senl conésand, h eef oe, sing h es di $bhionsd obtin adi ocabon di s

525 tbhionsin he ame pmsisa posflt mehod The algorhm pesnéd, besdes

526 bei ng $m pl e, dem onted h e poént al posrof he mehod 1 tals hoed howf ora
527 peci fi ¢ m odel , pedi ct onscan be com paed wh eper m enbl dat.

528 Radi ocabon di  bionscan be sddgeh erivh h e knowch anges n atn oph et ¢
529 A™CO, 6 eal at h own odel spedi cth e ch angi ng di §bhionsof adi ocabon in each
5D com patn entand i soptoerh atl asdecades Thi spovdesa posf i m eh od 6

52 tbm odel sagai nsobsxt onsand b efi ne m odel epesnht onsof C dgamicsin eils
52 and ecogm s
53 Qebisal » h agh owh ath e h ebpgenei fof h e ecopm sdest bed h ogh

5% hemikng of matérinhe poolsiselaédb hehapesof head ocabon di §bhons

55 Asoppoed b age and angtt m e di  bhonsf orgm si n badsee, adi ocabon

5% di $ bhonsae epectd b ayosrt m e, bngl ydependi ng on h e garof obsaton

5% asa consgnee of he dependence on he am opherc “Cinptinhegm. Tha
53 notonl yh e di $bhions k apesil 1 ch ange accodi ng 6 h e garof obezi on, btal

59 h el repectd al @ m odeg and at ance.

50 Gl , fagegl i ng pool swh 1 esh ebogenei jpesntnaow aped orall hegas
sa of obsxzt ong veeaskosrcyl i ng pool saset 1 asm oe h ebbgeneoscom patn eng
50 pesntivderh apesand m it pl e peaksof A 40 forhigh labelledgas(e. g. , 1965, ten

58 h e concennt onsof “4Cinheamophee e al mottvimeshigherhan henaal
sa leel .

55 Th e h eoet cal di $bhonscan be em aédf orpeci i c t m e poi ng h oser h ati s

5% notal awsf eagblein epermens Th atm eansh e ebm at onshogh healgorhm hae

sa b be tken caef 11l iven one ai m sb com paehem 6 empitcal dab. I tisalsim poant
58 0 be ame of head ocabon amophetrcal amdd ekm at he di $bhionsash e

50 atatonof amopherc A ¥C caninflanceh ek apesandm ean al eof he di §bhons
550 Inhissne, haing accaé dat on he 14C conénsin he atn oph ee i skeyf orh e
551 deém i naton of he adi ocabon di $bhonsi n m Uit pl e i néconneceéd com patn entl

552 Bm s

553 A

554 The ahosalid 1i ke 6 hank I ngebog Ievn forhe meani ngfli com m ensand g-
555 gebonson hiswk. Thiswkisale smhiaed byhe sientfi c esach desl oped at

556 he Amasn TAl1 BerCoezoy ATIO), Wi ch ispabyf nded byh e Gem an Fed

557 enl Mnigof Edmton and Resach (gantnm ber01 IKI 602 A) and h e Mix® anck
558 Soci ey



559

560
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610

The amopherc A ¥*CO, datesedin hisesach ae aailable hogh Gaen
(2015), Gasnetal. (201 7), and Rei meretal. (2020). Dat on he com pam enal m odel
pesnédin hisesach , i ncl di ng h e i ndependentA 14C dat ed f orcom pat snsivh
orebm at onsae aailable hogh Sien, Enboe, etal. (2012).
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