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Abstract Past climat� and �nvironm�ntal chang�s can b� r�construct�d using pal�oclimat� archiv�s such

20 as ic� cor�s, lak� and marin� s�dim�nt cor�s, sp�l�oth�ms, tr�� rings and corals. Th� dating of th�s�
natural archiv�s is crucial for d�ciph�ring th� t�mporal s�qu�nc� of �v�nts and rat�s of chang� during past
climat� chang�s. It is also �ss�ntial to provid� quantifi�d �stimat�s of th� absolut� and r�lativ� �rrors
associat�d with th� inf�rr�d chronologi�s. How�v�r, this task is compl�x sinc� it involv�s combining
diff�r�nt dating approach�s at diff�r�nt pal�oclimatic sit�s and oft�n on diff�r�nt typ�s of archiv�s. H�r�

25 w� pr�s�nt Paleochrono-1.1, a n�w probabilistic mod�l to d�riv� a common and optimis�d chronology
for s�v�ral pal�oclimatic sit�s with pot�ntially diff�r�nt typ�s of archiv�s. Pal�ochrono-1.1 is bas�d on
th� inv�rsion of an archiving mod�l: a varying d�position rat� (also nam�d growth rat�, s�dim�ntation
rat� or accumulation rat�) and also, for ic� cor�s, a lock-in-d�pth of air (sinc�, in th� abs�nc� of significant
surfac� m�lt, th� air is trapp�d in th� ic� at about 50-120 m b�low th� surfac�) and a thinning function

30 (sinc� glaci�r ic� und�rgo�s flow). Pal�ochrono-1.1 int�grat�s s�v�ral typ�s of chronological information:
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prior knowl�dg� of th� archiving proc�ss, ind�p�nd�ntly dat�d horizons, d�pth int�rvals of known
duration, undat�d stratigraphic links b�tw��n r�cords, and, for ic� cor�s, Δd�pth obs�rvations (d�pth
diff�r�nc�s b�tw��n �v�nts r�cord�d synchronously in th� gas and solid phas�s of a c�rtain cor�). Th�
optimization is formulat�d as a l�ast-squar�s probl�m, assuming that all probability d�nsiti�s ar� n�ar-

35 Gaussian and that th� mod�l is n�arly lin�ar in th� vicinity of th� b�st solution. Pal�ochrono-1.1 is th�
succ�ssor of Ic�Chrono, which produc�s common and optimiz�d chronologi�s for ic�-cor�s. Pal�ochrono-
1.1 outp�rforms Ic�Chrono in t�rms of computational �ffici�ncy, �as� of us�, and accuracy. W�
d�monstrat� th� ability of Pal�ochrono-1.1 in an �xp�rim�nt involving only th� MSL sp�l�oth�m in Hulu
Cav� (China) and compar� th� r�sulting ag� mod�l with th� SISALv2 ag� mod�ls. W� th�n d�monstrat�

40 th� multi-archiv� capabiliti�s of Pal�ochrono in a n�w ic�-cor�–sp�l�oth�m dating �xp�rim�nt, which
combin�s th� Antarctic Ic� Cor� Chronology 2023 dating �xp�rim�nt, bas�d on r�cords from fiv� polar
ic� cor�s, with data from two sp�l�oth�ms from Hulu Cav� dat�d using uranium/thorium radiom�tric
t�chniqu�s. W� analys� th� p�rformanc� of Pal�ochrono-1.1 in t�rms of computing tim� and m�mory
usag� in various dating �xp�rim�nts. Pal�ochrono-1.1 is fr��ly availabl� und�r th� MIT op�n-sourc�

45 lic�ns�.

1 Introduction
Num�rous natural archiv�s provid� r�cords of th� past �volution of climat� and �nvironm�nt. Continuous
pal�oclimat� archiv�s r�quir� a continuous d�position proc�ss. Exampl�s ar�: ic� cor�s (Dom� Fuji Ic�
Cor� Proj�ct M�mb�rs �t al., 2017; EPICA community m�mb�rs �t al., 2004; EPICA Community

50 M�mb�rs �t al., 2006; NEEM community M�mb�rs, 2013; NorthGRIP proj�ct m�mb�rs, 2004; WAIS
Divid� Proj�ct M�mb�rs, 2013), marin� s�dim�nt cor�s (Eld�rfi�ld �t al., 2012; Lisi�cki and Raymo,
2005; Shackl�ton, 2000; Shackl�ton �t al., 2000), lak� s�dim�nt cor�s (Hod�ll �t al., 1999; Williams �t
al., 1997) and sp�l�oth�ms (Ch�ng �t al., 2018; Corrick �t al., 2020; Wang �t al., 2001). In th� cas� of
sp�l�oth�ms, how�v�r, w� should not� that th� d�position (i.�., sp�l�oth�m growth) som�tim�s is only

55 �pisodic, that is, continuous only during som� tim� int�rvals. Such archiv�s can dir�ctly r�cord or mor�
indir�ctly r�fl�ct various climatic param�t�rs, such as local atmosph�ric or oc�anic t�mp�ratur�,
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pr�cipitation amount and s�asonality, s�dim�ntation or pr�cipitation rat�, atmosph�ric composition, s�a
l�v�l, oc�an circulation int�nsity, insolation or biosph�r� activity.
For pal�oclimat� archiv�s to provid� pr�cis� insight into past climat� chang�, it is a pr�r�quisit� to b� abl�

60 to d�riv� th� ag� of th� archiv� at �ach d�pth l�v�l, i.�. to d�riv� an associat�d chronology. This is,
how�v�r, a compl�x task which involv�s diff�r�nt dating m�thods (Brau�r �t al., 2014), d�p�nding on th�
archiv� typ� and th� t�mporal cov�rag�. W� will not go into th� d�tail of �ach m�thod for �v�ry archiv�,
but w� list h�r� th� diff�r�nt typ�s of chronological information:

1)Modelling of the archiving process: it is oft�n possibl� to mod�l d�position through tim�. For an
65 ic� cor�, this is complicat�d by th� fact that air bubbl�s ar� trapp�d at d�pth and not at th� surfac�,

h�nc� th� air is syst�matically young�r than th� surrounding ic� by a non-constant amount.
Mor�ov�r, ic� lay�rs thin with tim� du� to ic� flow. For som� archiv�s (�.g. sp�l�oth�ms), th�
s�dim�ntation or growth rat� may vary abruptly du� to climatic or local �nvironm�ntal factors,
making it a chall�ng� to accurat�ly d�scrib� th� d�position/growth proc�ss.

70 2) Dated horizons: som� horizons in th� archiv� can b� dat�d using an ind�p�nd�nt m�thod.
Exampl�s includ� a volcanic ash lay�r that is dat�d �ith�r from historical r�cords or by radiom�tric
dating of th� ash, a pal�omagn�tic or solar �v�nt id�ntifi�d by variations in th� 10B� conc�ntration
or r�man�nt magn�tization, or a lay�r dat�d by radiom�tric analysis such as U/Th, 14C or 81Kr.

3) Intervals of known duration: som�tim�s, a s�ction of an archiv� is of known duration (typically,
75 a s�ction from an ic� cor� or tr�� wh�r� annual lay�rs can b� count�d), although th� absolut� ag�

of th� s�ction may not b� known accurat�ly.
4) Stratigraphic links: links can b� d�riv�d b�tw��n th� d�pths of s�v�ral pal�oclimat� sit�s that ar�

known (or assum�d) to hav� th� sam� ag�. Typically, this can b� th� sam� volcanic �v�nt
r�cogniz�d at diff�r�nt sit�s, or an abrupt Dansgaard-O�schg�r �v�nt s��n in multipl� proxy

80 r�cords which is assum�d to b� synchronously r�cord�d within a giv�n margin.
5) 𝜟𝐝𝐞𝐩𝐭𝐡 observations: can b� s��n as stratigraphic links b�tw��n ic� and air phas�s of a singl� ic�-

cor� sit� (Parr�nin �t al., 2012).
Each dating m�thod and pal�oclimat� archiv� has str�ngths and w�akn�ss�s in t�rms of chronological
construction. For �xampl�, ic� cor�s hav� robust archiving mod�ls, which accurat�ly d�scrib� th�
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85 proc�ss�s of snow d�position, d�nsification and ic� flow (�.g., Parr�nin �t al., 2004, 2007) and at som�
sit�s, th� annual lay�rs can b� count�d ov�r long s�ctions (�.g., Sigl �t al., 2016; Sv�nsson �t al., 2008).
How�v�r, ic� cor�s g�n�rally do not hav� strong constraints on absolut� ag�s b�yond th� last mill�nia.
Sp�l�oth�ms can b� dat�d v�ry accurat�ly and pr�cis�ly using uranium-thorium (U-Th) dating m�thods
(�.g., Ch�ng �t al., 2018). How�v�r, sp�l�oth�m r�cords ar� oft�n l�ss continuous than ic� or marin�

90 s�dim�nt r�cords du� to hiatus�s in calcit� pr�cipitation, which can b� r�lat�d to dri�r or cold�r conditions
abov� th� cav� but may also b� unr�lat�d to climat� (�.g. du� to chang�s in th� p�rcolation path of th�
sourc� wat�rs). Marin� s�dim�nt cor�s hav� th� long�st t�mporal �xt�nt (�.g., Lisi�cki and Raymo, 2005).
How�v�r, prior to th� radiocarbon dating limit (~50 kyr BP, thousands of y�ars b�for� 1950 A.D.), th�ir
chronologi�s r�ly on tuning to diff�r�nt r�f�r�nc� r�cords such as thos� bas�d on th� calculation of Earth’s

95 astronomical param�t�rs (Laskar �t al., 2004). In pal�oclimatology, it is typical to tr�at individual r�cords
ind�p�nd�ntly, making comparisons b�tw��n chronologi�s difficult. Combining chronological data from
multipl� archiv�s, across various archiv� typ�s, has th� pot�ntial to improv� our chronological fram�work.
An appropriat� strat�gy is to combin� th� r�sults from th� diff�r�nt dating m�thods and pal�oclimatic
sit�s using a probabilistic fram�work in ord�r to mak� th� b�st out of th� diff�r�nt archiv�s and r�cords.

100 A probabilistic fram�work was originally d�v�lop�d for polar ic� cor�s using th� Bay�sian mod�l Datice
(L�mi�ux-Dudon �t al., 2010b, 2015). Datic� produc�s an optimal chronology using diff�r�nt typ�s of
chronological information from multipl� ic� cor�s. Using this m�thod, th� ic�-cor� chronology is d�riv�d
from an archiving mod�l that r�li�s on th� thr�� canonical glaciological quantiti�s of th� ic�-cor� dating
probl�m: th� d�position rat� also call�d accumulation rat�, th� lock-In d�pth (LID) of air and th� thinning

105 function (i.�. ratio of th� pr�s�nt-day thickn�ss of an annual lay�r to its initial thickn�ss wh�n it was
d�posit�d at th� surfac�). In Bay�sian t�rminology, th� initial �stimat� of this archiv� mod�l is call�d th�
prior sc�nario.
Datic� th�n s��ks an optimal sc�nario, which is th� b�st compromis� b�tw��n th� prior sc�nario of th�
archiving proc�ss and th� various chronological data. Datic� was us�d in th� construction of th� r�f�r�nc�

110 chronology Antarctic Ic� Cor� Chronology 2012 (h�r�aft�r AICC2012), combining archiving mod�ls
and chronological information from four Antarctic and on� Gr��nland ic� cor�s (Bazin �t al., 2013; V�r�s
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�t al., 2013). Datic� was �ntir�ly cod�d in Fortran and, although a pow�rful tool in t�rms of p�rformanc�,
was difficult to us� and to modify.
Th� IceChrono dating mod�l (Parr�nin �t al., 2015) was d�v�lop�d, bas�d on th� sam� principl�s as

115 Datic�, providing improv�m�nts and simplifications in th� math�matical, num�rical and programming
asp�cts with r�sp�ct to Datic�. How�v�r, Ic�Chrono is som�tim�s slow�r than Datic� d�p�nding on th�
r�solution chos�n, in particular b�caus� Ic�Chrono p�rforms a num�rical gradi�nt calculation whil�
Datic� has a mor� �ffici�nt analytical gradi�nt calculation. Ic�Chrono is cod�d in Python 2.
Both Datic� and Ic�Chrono w�r� initially d�v�lop�d for ic� cor� studi�s. T�chnically, it is possibl� to us�

120 th�s� dating tools to combin� chronological information from oth�r pal�oclimatic archiv�s by fixing th�
thinning function at unity and by discarding th� air bubbl�s variabl� (Bazin �t al., 2019), but th� mod�ls
ar� not d�sign�d for this purpos�.
In this pap�r, w� pr�s�nt a n�w probabilistic mod�l, nam�d Paleochrono-1.1, which is th� succ�ssor of
Ic�Chrono. Pal�ochrono-1.1 is sp�cifically d�sign�d to combin� chronological information from multipl�

125 typ�s of archiv�s. Pal�ochrono-1.1 is cod�d in Python 3 and is mor� �ffici�nt, �asi�r to us� and mor�
accurat� than Ic�Chrono. W� first d�tail th� Pal�ochrono-1.1 m�thodology (s�ction 2) and d�monstrat�
its utility with two dating �xp�rim�nts: on� with only a sp�l�oth�m and on� that combin�s ic� cor�s and
sp�l�oth�ms (s�ction 3). W� th�n pr�s�nt th� computing r�sourc�s us�d by Pal�ochrono-1.1 in various
dating �xp�rim�nts (s�ction 4) and discuss our r�sults (s�ction 5).

130 2 Method
Pal�ochrono-1.1 is d�sign�d to work with pal�oclimatic archiv�s wh�r� it can b� assum�d that th�
d�position rat� is strictly positiv� at any tim�. Pal�ochrono-1.1 do�s not d�t�ct hiatus�s, working at a
t�mporal r�solution wh�r� th� d�position proc�ss can b� consid�r�d as continuous (b�caus�, for �xampl�,
it do�s not snow �v�ry day on an ic� sh��t) but hiatus�s can b� includ�d by tr�ating th� diff�r�nt

135 continuous s�ctions ind�p�nd�ntly. W� us� th� t�rm site, to r�f�r to on� individual archiv�; w� do not us�
th� t�rm r�cord sinc� it can m�an a particular proxy within a sit�. W� us� depth in a broad�r s�ns� to r�f�r
to th� distanc� along th� archiv�, from th� young�st to th� old�st s�ction. Th� ag� along th� archiv� is
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th�r�for� continuous and strictly incr�asing. If th�r� is a known hiatus in th� archiv�, th� s�ctions b�for�
and aft�r th� hiatus should b� consid�r�d as two diff�r�nt sit�s in Pal�ochrono-1.1. If th�r� is a r�v�rs�d

140 s�ction in th� archiv� (�.g. th� s�ction 3,320-3,345 m in th� Vostok ic� cor�, Raynaud �t al., 2005), this
s�ction should b� consid�r�d as a diff�r�nt sit� and its d�pth axis inv�rt�d.
Pal�ochrono-1.1 is s�t up for two typ�s of archiv�s: th� so-call�d simple archives, with on� uniqu�
mat�rial (and th�r�for� only on� d�pth-ag� r�lationship), constant d�nsity, and no post-d�positional
thinning (�.g., sp�l�oth�ms, marin� s�dim�nts), and ice-core archives, wh�r� w� d�al with two mat�rials

145 (th� ic� and th� �nclos�d air) with diff�r�nt ag�-d�pth r�lationships, variabl� d�nsity, and wh�r� post-
d�positional thinning occurs.
2.1 Method summary
Th� tru� chronology of a pal�oclimat� sit� is a function of th� d�position rat�. In th� cas� of ic� cor�s, two
additional variabl�s must also b� consid�r�d: th� LID of th� air bubbl�s and th� thinning function. Th�s�

150 variabl�s form what w� call th� forward mod�l, and th�y ar� unknown. To find th� optimal chronology,
th�y must b� �stimat�d bas�d on:
• Prior information about th�ir valu�s at �ach sit�;
• Chronological obs�rvations (Figur� 1) such as: ag�s at c�rtain d�pths, th� tim� �laps�d b�tw��n two

d�pths, th� synchronicity of �v�nts r�cord�d at two diff�r�nt sit�s that ar� assum�d capabl� of r�cording
155 �v�nts simultan�ously, or th� d�pth diff�r�nc� of air and ic� l�v�ls of th� sam� ag� within th� sam� ic�

cor� (𝛥depth).
All th�s� diff�r�nt typ�s of information, which can b� math�matically d�scrib�d as probability d�nsity
functions (PDF), ar� assum�d to b� ind�p�nd�nt and ar� combin�d tog�th�r using a Bay�sian fram�work
to obtain post�rior �stimat�s of th� input variabl�s (d�position rat� and, for an ic� cor�, LID, and thinning)

160 and of th� r�sulting chronologi�s. Unc�rtainti�s on th� prior �stimat�s and on th� obs�rvations ar�
assum�d to b� Gaussian and th� forward mod�l is lin�ariz�d, allowing this probl�m to b� solv�d as a l�ast-
squar� optimization.
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2.2 The forward model
2.2.1 For a simple archive

165 For a simpl� archiv�, th� archiving mod�l is:
𝜒(𝑧) = 𝜒0 +

𝑧

𝑧0
𝑑𝑧′

𝑎(𝑧′) (1)
wh�r� 𝑧 is th� d�pth along th� pal�oclimatic r�cord, 𝜒(𝑧) is th� ag� at d�pth 𝑧, 𝜒0 is th� ag� at th� top d�pth
𝑧 = 𝑧0 (i.�. th� ag� of th� young�st mat�rial at th� sit�), and 𝑎 is th� d�pth-d�p�nd�nt d�position rat� at
th� sit� of d�position.
This �quation int�grat�s along th� d�pth axis th� numb�r of annual lay�rs p�r unit d�pth from th� surfac�.

170 2.2.2 For an ice-core archive
For an ic�-cor� sit�, th� archiving mod�l is slightly mor� complicat�d, sinc� w� n��d to account for th�
ag� of th� air insid� th� ic� and for th� v�rtical thinning of ic� lay�rs:

𝜒(𝑧) = 𝜒0 +
𝑧

𝑧0
𝐷(𝑧′)

𝑎(𝑧′)𝜏(𝑧′) 𝑑𝑧′, (2)
𝜓(𝑧) = 𝜒(𝑧 − 𝛥depth(𝑧)), (3)
𝑧

𝑧−𝛥depth(𝑧)
𝐷(𝑧′)𝜏(𝑧′) 𝑑𝑧′ =𝑙(𝑧) ×𝐷𝜏

0
𝑓𝑖𝑟𝑛, (4)

wh�r� 𝑧 is th� d�pth along th� ic� cor�, 𝜒(𝑧) is th� ag� of th� ic� at d�pth 𝑧, 𝜒0 is th� ag� of th� ic� at th�
top (with d�pth 𝑧 = 𝑧0), 𝑎 is th� d�position (also call�d accumulation) rat� along th� ic� cor�, 𝐷 is th�

175 (dim�nsionl�ss) d�nsity r�lativ� to pur� ic�, 𝜏 is th� v�rtical thinning function (also dim�nsionl�ss), 𝜓 is
th� ag� of th� air, 𝛥depth is th� d�pth diff�r�nc� b�tw��n air and ic� of th� sam� ag�, 𝑙 is th� lock-in-d�pth
of air bubbl�s and 𝐷𝜏

0
𝑓𝑖𝑟𝑛 is th� av�rag� valu� of 𝐷𝜏 in th� firn wh�n th� air particl� was at th� lock-in-d�pth

(this param�t�r is usually ~0.7 for most firns, s�� Parr�nin �t al., 2012).
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Equation 2 int�grat�s along th� d�pth axis th� numb�r of annual lay�rs p�r unit d�pth from th� surfac�.
180 Equation 3 d�scrib�s that th� air ag� at d�pth 𝑧 is �qual to th� ic� ag� at d�pth 𝑧 − 𝛥depth, which is th�

d�finition of 𝛥depth. Equation 4 d�scrib�s that if on� corr�cts a d�pth int�rval b�tw��n an ic� d�pth and
th� d�pth of air of th� sam� ag� for thinning, on� g�ts th� initial firn thickn�ss in ic�-�quival�nt units.
2.2.3 Numerical aspects
Th� param�t�rs 𝑎, 𝜏 and 𝑙 ar� discr�tiz�d onto a fin� d�pth grid call�d th� age-equation grid. Equation (1)

185 (for a simpl� archiv�) or Equation (2) (for an ic�-cor� archiv�) ar� solv�d using a cumulativ� sum. Th�n
Equation (4) for th� 𝛥depth is solv�d to d�duc� th� air ag� from Equation (3). To solv� Equation (4), w�
first int�grat� 𝐷𝜏 from th� surfac� down to �v�ry d�pth in th� ag�-�quation grid, i.�. w� hav� a
corr�spond�nc� tabl� b�tw��n r�al d�pths and unthinn�d-ic�-�quival�nt (UIE) d�pths. Th�n, for �v�ry
actual air d�pth in th� ag�-�quation grid, w� obtain th� air UIE d�pth from th� tabl�. W� th�n subtract th�

190 right-hand sid� of Equation (4) from this air UIE d�pth to g�t th� ic� UIE d�pth. Finally, w� us� th�
corr�spond�nc� tabl� to obtain th� r�al ic� d�pth and th� 𝛥depth. Wh�n w� n��d to comput� th� ag� of th�
ic� or air or 𝛥depth at d�pths which ar� not nod�s of th� ag�-�quation grid (for �xampl� wh�n comparing
th� mod�l with obs�rvations, s�� b�low), w� us� a lin�ar int�rpolation.
2.3 The probabilistic problem

195 2.3.1 General probabilistic consideration
Th� g�n�ral id�a of Pal�ochrono-1.1 is to combin� diff�r�nt sourc�s of chronological information: prior
knowl�dg� on th� archiving proc�ss, tog�th�r with various chronological obs�rvations (�.g. radiom�tric
ag�s). Th� assumption is that �ach sit� and �ach sit� pair (us�d for stratigraphic links) hav� ind�p�nd�nt
information. Mor�ov�r, within �ach sit� and within �ach sit� pair, th� various typ�s of chronological

200 information ar� assum�d to b� ind�p�nd�nt. For �xampl�, for a giv�n sit�, th� prior sc�nario of th�
d�position rat�, th� dat�d horizons and th� dat�d int�rvals ar� all assum�d to b� ind�p�nd�nt. It is only
within �ach typ� of information for a c�rtain sit� or a c�rtain sit� pair that it is possibl� to d�fin� th�
corr�lation of th� information. For prior archiving sc�narios of d�position rat� (and thinning and LID for
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an ic� cor�), w� do this by d�fining corr�lation matric�s which hav� a triangular form, that is, th�
205 corr�lation matrix has on�s along its diagonal and th� corr�lation lin�arly d�cr�as�s to z�ro wh�n th� ag�

diff�r�nc� (for th� d�position rat� and LID) or th� d�pth diff�r�nc� (for th� thinning function) r�ach�s a
us�r-d�fin�d 𝜆 valu�. S�tting th�s� corr�lation matric�s for th� prior allows to hav� a w�ighting which
do�s not d�p�nd on th� r�solution chos�n for th� inv�rsion grids. Ind��d, �ach int�rval of l�ngth λ will
hav� a w�ight of 1, which is th� sam� w�ight as on� obs�rvation. As a cons�qu�nc�, th� cost function

210 conv�rg�s towards a singl� valu� wh�n th� r�solution is incr�as�d.
In math�matical t�rms (Tarantola, 2005), combining diff�r�nt ind�p�nd�nt sourc�s of information
corr�sponds to multiplying th� probability d�nsity functions (PDFs) of th� prior and of th� obs�rvations.
Th� r�sult of this multiplication is call�d th� lik�lihood function. H�r�, w� assum� th� PDFs to b�
ind�p�nd�nt multivariat� Gaussian distributions. Multiplying th� PDFs th�r�for� corr�sponds to adding

215 l�ast squar�s t�rms.
2.3.2 The least-squares cost function
W� writ� th� cost function as follows:

𝐽 =
𝑘

𝐽𝑘+
𝑘<𝑚

𝐽𝑘,𝑚, (5)
wh�r� 𝐽𝑘 is th� t�rm r�lat�d to sit� numb�r 𝑘 and 𝐽𝑘,𝑚 is th� t�rm r�lat�d to sit� pair (𝑘,𝑚).
For a simpl� archiv�, th� cost function t�rm is th� sum of t�rms r�lat�d to th� ag� at th� top of th� s�qu�nc�

220 𝜒0, d�position prior information, dat�d horizons, and dat�d int�rvals. For an ic�-cor� archiv�, th� cost
function t�rm is th� sum of t�rms r�lat�d to th� ag� at th� top of th� sit� 𝜒0, th� prior information (for
d�position, thinning, and LID), dat�d horizons (in ic� or air), dat�d int�rvals (in ic� or air), and 𝛥depth
obs�rvations.
For a sit� pair of simpl� archiv�s, th� cost function t�rm simply contains a t�rm r�lat�d to th� stratigraphic

225 links. For a sit� pair of ic�-cor� archiv�s, th� cost function t�rm is th� sum of four t�rms r�lat�d to ic�-ic�,
ic�-air, air-ic� and air-air stratigraphic links. For a mix�d sit� pair of a simpl� archiv� and an ic�-cor�
archiv�, th� cost function t�rm is th� sum of two t�rms r�lat�d to ic� and air stratigraphic links.
Each of additiv� compon�nts of th� 𝐽𝑘 and 𝐽𝑘,𝑚 t�rms d�scrib�d abov� is writt�n as:
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𝐽 = 𝑹𝑻  𝐶−1  𝑹 (6)
wh�r� 𝑹 is a r�sidual v�ctor, i.�. a v�ctor containing th� diff�r�nc�s b�tw��n th� mod�l valu�s and th�

230 obs�rvations/prior valu�s divid�d by th� unc�rtainty of th� obs�rvations/prior, and 𝑪 is a corr�lation
matrix. This corr�lation matrix can b� Chol�sky-d�compos�d as 𝑪 = 𝑳 𝑳𝑇, so that Equation (6) can b�
r�writt�n:

J = (𝑳−1𝑹)𝑻  (𝑳−1𝑹) (7)
At th� �nd, w� th�r�for� hav� th� sum of ind�p�nd�nt scalar r�siduals.
2.3.3 The input variables

235 Th� g�n�ral id�a is to adjust th� ag� of th� top of th� r�cord and th� d�position rat� (as w�ll as th� thinning
function and LID for an ic�-cor� archiv�) so as to minimiz� th� cost function. W� call th�s� variabl�s th�
inverted variables. Th� prior �stimat�s of d�position rat� (and thinning and LID for an ic� cor�) ar�
transf�rr�d by int�rpolation onto th� ag�-�quation grid. A first approach could b� to adjust th�s� variabl�s
on th� sam� ag�-�quation grid, as is don� in th� Datic� softwar� (L�mi�ux-Dudon, 2009; L�mi�ux-Dudon

240 �t al., 2010b, a, 2015). This r�quir�s th� inv�rsion of many variabl�s, h�nc� consid�rabl� computing
r�sourc�s. H�r� w� follow th� sam� approach as in Ic�Chrono (Parr�nin �t al., 2015), wh�r� w� d�fin� a
multiplicativ� corr�ction function onto a coars�r grid, call�d th� inversion grid. Th�s� corr�ction functions
ar� d�fin�d as a function of th� ag� for th� d�position rat� and LID and as a function of th� d�pth for th�
thinning function. W� th�n transf�r th�s� corr�ction functions on th� ag�-�quation grid by a lin�ar

245 int�rpolation, using th� prior ag� (th� ag� calculat�d from th� prior sc�nario of d�position, LID and
thinning) for th� d�position rat� and th� LID. A basic assumption of our m�thod is that th� inv�rt�d
variabl�s ar� always strictly positiv�, oth�rwis� th� Equations (1-4) hav� a singularity for a valu� of z�ro
for d�position rat� and thinning. Th� corr�ction function should th�r�for� stay strictly positiv� as w�ll.
Such variabl�s ar� call�d Jeffreys variables and ar� g�n�rally d�scrib�d by log-normal distributions

250 (Tarantola, 2005). Through th� application of a chang� of variabl� using th� logarithm function, J�ffr�ys
variabl�s b�com� Cart�sian variabl�s and ar� th�n d�scrib�d by Gaussian probabiliti�s.
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2.3.4 The optimization method
This l�ast-squar�s probl�m is solv�d it�rativ�ly using a trust region algorithm (Branch �t al., 1999; Byrd
�t al., 1988), which conv�rg�s toward a minimum of th� cost function and stops wh�n a conv�rg�nc�

255 crit�rion is m�t (th� d�fault valu� is 10-5 but it can �asily b� chang�d). At �ach it�ration, th� mod�l is
lin�ariz�d, that is, w� consid�r th� lin�ar op�rator which is tang�nt to th� mod�l. This lin�ar syst�m is
solv�d and th� solution is th�n us�d as th� bas� of th� n�xt it�ration.
Contrary to Ic�Chrono, th� Jacobian op�rator is calculat�d analytically. For �ach sit� and �ach sit� pair,
th� Jacobian matrix is d�riv�d for th� r�siduals. For additional �ffici�ncy, th� lin�ar tang�nt op�rator and

260 its adjoint ar� d�riv�d for th� multi-sit� logic. Ind��d, wh�n using th� lin�ar solv�r, on� do�s not n��d to
calculat� th� Jacobian matrix, but just th� �ff�ct of this matrix or its transpos� on a v�ctor. Th� lin�ar
tang�nt and adjoint op�rators ar� th�r�for� an �ffici�nt way to solv� a l�ast-squar�s probl�m, �sp�cially
wh�n th� Jacobian matrix is spars� b�caus� this Jacobian matrix do�s not n��d to b� fully form�d.
Th� initial valu� of th� input v�ctors is s�t �ith�r as th� prior, randomly or from th� r�sult of a pr�vious

265 dating �xp�rim�nt. Th� latt�r option is possibl� �v�n if a pr�vious �xp�rim�nt did not hav� th� sam� d�pth
or ag� r�solutions. It is th�r�for� possibl� to us� a bootstrap m�thod, starting from a fast, low-r�solution
�xp�rim�nt to spin and following up with a high-r�solution �xp�rim�nt.
Th� trust r�gion algorithm provid�s optimiz�d valu�s of th� input v�ctors. At th� solution, th� product of
th� transpos� Jacobian matrix with its�lf giv�s an approximat� valu� of th� H�ssian matrix, that is, th�

270 inv�rs� of th� post�rior covarianc� matrix. From th�r�, th� covarianc� matrix of th� input variabl�s for
�ach sit� is calculat�d. Th�n, th� covarianc� matrix for th� output variabl�s for �ach sit� is calculat�d.
2.3.5 Choosing the statistical parameters of the prior
At this stag�, it may s��m difficult and subj�ctiv� to d�t�rmin� th� statistical param�t�rs of th� prior,
nam�ly th� unc�rtainti�s and th� corr�lation l�ngths. Th�r� ar� two possibl� approach�s.

275 In th� first approach, th� prior is d�fin�d from g�n�ral knowl�dg� on th� archiv�. Typically, w� may know
from pr�vious �xp�ri�nc�s on oth�r sit�s that our archiving mod�l is corr�ct within a c�rtain unc�rtainty
l�v�l. For �xampl�, for ic� cor�s, our d�position mod�l is g�n�rally good within 10-20%, but for



12

sp�l�oth�m, th� d�position is highly variabl� and our mod�l with a constant d�position rat� might b� in
�rror by a factor 2-5 for som� sit�s and som� tim� p�riods.

280 In th� s�cond approach, following th� principl� of Occam's razor, th� unc�rtainty of th� prior is d�fin�d
as th� simpl�st possibl� mod�l which r�asonably fits th� obs�rvations, providing th�r� ar� �nough
obs�rvations to constraint th� statistical mod�l. In this approach, th� unc�rtainty (r�sp. corr�lation l�ngth)
is d�cr�as�d (r�sp. incr�as�d) as much as possibl� whil� still k��ping an acc�ptabl� agr��m�nt b�tw��n
th� post�rior mod�l and th� obs�rvations. W� propos� to study th� r�siduals of th� diff�r�nt typ� of

285 obs�rvations (corr�sponding to �ach t�rm of th� cost function) aft�r th� optimization proc�ss to d�cid� if
th� valu�s for th�s� variabl�s w�r� chos�n corr�ctly. To h�lp int�rpr�t th� r�siduals, th�ir distributions ar�
fitt�d with a Stud�nt-t distribution. W� propos� to tun� th� unc�rtainti�s of th� prior to hav� a scal� ~0.2-
0.5, that is, th� obs�rvations ar� g�n�rally fitt�d w�ll �nough. W� th�n tun� th� corr�lation l�ngths to hav�
a numb�r of d�gr��s of fr��dom (NDF) as larg� as possibl� (that is, distributions with small tails). Having

290 small tails m�ans th�r� ar� no probl�matic obs�rvations which ar� contradictory with th� prior.
2.3.6 Detection of outliers
Pal�ochrono-1.1 also d�t�cts possibl� outli�rs in th� obs�rvations, which indicat� som� incompatibl�
chronological information giv�n to th� mod�l. If a giv�n obs�rvation is not fitt�d by th� mod�l within a
giv�n tol�ranc� l�v�l (by d�fault this l�v�l is 3σ), a warning is display�d at th� �nd of th� run and points

295 dir�ctly to this obs�rvation. Of cours�, th� incompatibl� information can som�tim�s b� du� �ith�r to a
wrong obs�rvation or to an ov�r�stimation of th� confid�nc� on a prior constraint. Thus, th� us�r has to
d�cid� b�tw��n th�s� two possibl� �xplanations: �ith�r th� us�r can r�mov� th� obs�rvation, or incr�as�
th� fl�xibility of th� prior to fit this obs�rvation.
2.4 Programming aspects

300 Pal�ochrono-1.1 is cod�d in th� Python 3 programming languag� with s�v�ral sci�ntific packag�s (numpy,
scipy, matplotlib). Pal�ochrono-1.1 both solv�s th� optimization probl�m and displays th� r�sults as
figur�s. For a simpl� archiv�, th� figur�s show d�position rat� and ag�. For an ic�-cor� archiv�, th� figur�s
d�pict d�position rat�, thinning function, LID, ic� ag�, air ag�, 𝛥depth, 𝛥age, and ic� lay�r thickn�ss.
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Pal�ochrono-1.1 also displays th� distribution of various r�siduals as histograms, in particular for �ach
305 sit�, �ach sit� pair and �ach typ� of obs�rvation. Th�s� r�siduals ar� fitt�d with a Stud�nt-t distribution,

whos� param�t�rs, c�ntr� location (loc), scal� and numb�r of d�gr��s of fr��dom (NDF) ar� giv�n in th�
figur�. This h�lps th� us�r d�fin� th� right valu�s for th� �rror bars and corr�lation l�ngths.
W� us� th� trust r�gion algorithm as impl�m�nt�d in th� scipy.optimize.least_squares function.
Compar�d to Ic�Chrono, s�v�ral coding optimizations hav� also b��n mad�.

310 Th� cor� of th� cod� is �ntir�ly s�parat�d from th� dating �xp�rim�nt dir�ctory which also contains th�
r�sults of th� run and which is compos�d of g�n�ral param�t�r fil�s, a dir�ctory for �ach sit� (which
contains th� param�t�rs and obs�rvations for th� giv�n sit�) and a dir�ctory for �ach sit� pair (which
contains th� obs�rvations for th� giv�n sit� pair). Param�t�rs that ar� common to all sit�s or sit� pairs can
b� s�t dir�ctly in a singl� fil�. All th� param�t�r fil�s follow th� YAML format (Pal�ochrono-1.1 us�s th�

315 pyaml modul�), which, contrary to Ic�Chrono, allows on� to mak� a cl�ar s�paration b�tw��n th� main
cod� and th� param�t�rs. Th� input data ar� giv�n in t�xt fil�s. With r�sp�ct to Ic�Chrono, all fil�s ar�
giv�n mor� straightforward nam�s. It is not n�c�ssary to und�rstand Python to run th� cod�.
Docum�ntation on how to us� Pal�ochrono-1.1 is availabl� within th� cod�. Th� output figur�s hav� also
b��n improv�d with r�sp�ct to Ic�Chrono.

320 Th�r� ar� outputs at �ach st�ps of th� run, including th� initialisations, th� optimization, th� computing
of th� confid�nc� int�rvals and th� construction of th� graphs, so that th� us�r can insp�ct th� proc�ss and
�stimat� how much tim� is n��d�d for compl�tion. In particular, during th� optimization by th� trust
r�gion algorithm, th� valu� of th� cost function and its r�duction is display�d at �ach it�ration. Aft�r th�
optimization, possibl� outli�rs ar� d�t�ct�d in th� obs�rvations.

325 Th�r� ar� no fix�d units in th� cod�, so it is possibl� to us� any unit syst�m, but th� units must b�
consist�nt. For �xampl�, it is possibl� to us� kyr as th� ag� unit inst�ad of yr, but th�n this unit has to b�
us�d �v�rywh�r�. Also, for a particular sit�, th� d�pth can b� �xpr�ss�d in anoth�r unit syst�m (�.g., mm
for sp�l�oth�ms), but th�n th� d�position rat� is �xpr�ss�d using th� d�riv�d unit (�.g., mm/yr for
sp�l�oth�ms).
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330 3. Example dating experiments
3.1 Dating of the Hulu MSL speleothem
To first d�monstrat� th� ability of Pal�ochrono to dat� simpl� archiv�s lik� sp�l�oth�ms, w� dat� th� MSL
sp�l�oth�m from Hulu Cav� (Wang �t al., 2001) and compar� th� r�sulting ag� mod�l with ag� mod�ls
d�riv�d by oth�r m�thods/softwar�, as giv�n in th� SISALv2 databas� (Comas-Bru �t al., 2020). Th�r�

335 ar� four ag� mod�ls us�d in this databas�: Bchron (Hasl�tt and Parn�ll, 2008), Bacon (Blaauw and
Christ�n, 2011), copRa (Br�it�nbach �t al., 2012) and StalAg� (Scholz and Hoffmann, 2011).
W� appli�d Pal�ochrono with a d�pth grid b�tw��n 6 and 450 mm with a st�p of 0.1 mm. Th� d�position
grid is d�fin�d b�tw��n 30 kyr and 80 kyr with a st�p of 10 yr. W� chos� valu�s of 2 for th� d�position
rat� unc�rtainty (that is, th� d�position rat� is allow�d to vary by th� squar� of an �xpon�ntial factor) and

340 100 yr for th� corr�lation l�ngth to allow for c�nt�nial scal� variations. This param�trisation accounts for
th� highly irr�gular d�position proc�ss of sp�l�oth�ms.
W� show th� r�sult of th� Pal�ochrono ag� mod�l on Figur� 2, tog�th�r with th� SISALv2 ag� mod�ls
and th� dat�d horizons us�d in all ag� mod�ls. Pal�ochrono g�n�rally r�produc�s consist�nt ag�-d�pth
r�lationships with r�sp�ct to th� oth�r ag� mod�ls. Th� post�rior unc�rtainti�s ar� small�r than th� on�s

345 obtain�d with Bchron and Bacon, but comparabl� with th� copRa and StalAg� unc�rtainti�s.
3.2 The AICC2023-Hulu dating experiment
Ic�Chrono was us�d on th� AICC2012 dating �xp�rim�nt (Parr�nin �t al., 2015), a chronology that
combin�s th� EPICA Dom� C (EDC), Vostok (VK), Talos Dom� (TALDICE) and EPICA Dronning
Maud Land (EDML) Antarctic ic� cor�s and th� NorthGRIP (NGRIP) Gr��nland ic� cor� (Bazin �t al.,

350 2013; V�r�s �t al., 2013).
Pal�ochrono-1.1 was also us�d on th� AICC2023 dating �xp�rim�nt (Bouch�t �t al., 2023), an incr�m�ntal
improv�m�nt of AICC2012, with updat�d prior sc�narios and dat�d horizons for th� EDC ic� cor� ov�r
th� last 800 kyr. For this �xp�rim�nt, w� incr�as�d th� r�solution until th� cost function conv�rg�s towards
a singl� valu�. This valu� is ~196, which is small with r�sp�ct to th� numb�r of obs�rvations (2,139),

355 highlighting th� good g�n�ral match of th� post�rior sc�nario with r�sp�ct to th� obs�rvations.
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H�r�, to t�st and d�monstrat� th� ability of Pal�ochrono-1.1 to dat� simpl� archiv�s in combination with
ic� cor�s, w� incorporat� into this AICC2023 �xp�rim�nt two last glacial sp�l�oth�ms (MSD and MSL)
from Hulu Cav� (Wang �t al., 2001), that hav� U/Th dat�d horizons (Ch�ng �t al., 2018) on a 18-55 ka
BP tim� int�rval. W� caution r�ad�rs that this dating �xp�rim�nt has b��n construct�d to t�st th�

360 Pal�ochrono-1.1 mod�l and to illustrat� its abiliti�s, and as such th� r�sulting chronology pr�s�nt�d h�r�
is not int�nd�d to b� us�d for pal�oclimatic studi�s. A futur� �ffort to updat� th� AICC2023 chronology
with information from sp�l�oth�ms is plann�d, but this is b�yond th� scop� of th� curr�nt study.
W� s�t th� prior d�position sc�nario to constant for both sp�l�oth�ms with a r�lativ� unc�rtainty (1σ) s�t
to 2 (that is, th� d�position is allow�d to vary by th� squar� of an �xpon�ntial factor). W� assum� also a

365 corr�lation l�ngth of 100 yr for th� d�position rat� of both sp�l�oth�ms, allowing for c�nt�nial scal�
variations in th� d�position rat�. For �ach sp�l�oth�m, w� us� publish�d U/Th dat�d horizons (Ch�ng �t
al., 2018). Th�n, w� d�fin� stratigraphic links b�tw��n (1) th� NGRIP δ18Oic� and th� MSD δ18Ocalcit�, (2)
th� MSD and MSL δ18Ocalcit� and (3) th� MSL δ18Ocalcit� and th� EDC CH4 r�cords. To do so, w� tak�
advantag� of th� fact that th� abrupt climat� variability charact�rising th� last glacial p�riod (Corrick �t

370 al., 2020; NorthGRIP proj�ct m�mb�rs, 2004) is cl�arly �xpr�ss�d in �ach of th�s� r�cords. W� link th�
r�cords at th� ons�t of �ach abrupt Dansgaard-O�schg�r (DO) �v�nts (Figur� 3) using a mid-slop�
approach by assuming a global synchron�ity in th� timing of th� rapid warming transitions in ic� cor�s
and of th� δ18Ocalcit� chang�s in sp�l�oth�ms (Adolphi �t al., 2018; Corrick �t al., 2020). W� assign a
constant unc�rtainty (1σ) of 100 yr to th�s� synchronisation horizons. 100 yr is a rough �stimat� of th�

375 synchronisation �rror during DO transitions bas�d on th� duration of th� transition in th� diff�r�nt archiv�s
(Capron �t al., 2021; Corrick �t al., 2020). A mor� car�ful analysis would b� n��d�d to r�fin� th�s�
�stimat�s individually, but this is b�yond th� scop� of th� curr�nt manuscript. In AICC2023, th� lay�r-
counting GICC05 constraint (Sv�nsson �t al., 2008) was us�d as dat�d horizons with small (<50 yr)
unc�rtainti�s. This choic� was mad� to maintain a compatibility with GICC05 but do�s not corr�spond to

380 th� tru� information th� lay�r counting provid�s. H�r�, w� choos� inst�ad to us� th� constraint from
GICC05 as dat�d int�rvals of 1000 yr durations, assuming no corr�lation in counting �rrors.
W� call this �xp�rim�nt AICC2023-Hulu. Figur� 3 shows th� NGRIP δ18Oic� r�cord, Hulu/MSD and
Hulu/MSL δ18Ocalcit� r�cords and EDC CH4 r�cord onto this common and optimiz�d ag� scal�. Figur� 4
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and Figur� 5 ar� automatically g�n�rat�d by th� Pal�ochrono-1.1 softwar� and r�pr�s�nt th� chronology
385 and d�position rat� for th� MSL sp�l�oth�m as w�ll as th� synchronisation for th� NGRIP-MSD sit� pair,

r�sp�ctiv�ly.
W� can obs�rv� in Figur� 4 that th� post�rior chronology for th� MSL sp�l�oth�m is in b�tt�r agr��m�nt
with th� dat�d horizons than th� prior chronology (which is �xp�ct�d sinc� a constant growth rat� is
assum�d in th� prior cas�) and g�n�rally fits th� U-Th ag�s within th�ir confid�nc� int�rval. Pal�ochrono-

390 1.1 is also abl� to int�rpolat� in-b�tw��n ag� horizons wh�n th�y ar� l�ss d�ns�. Th� unc�rtainty of th�
post�rior chronology rang�s from 50 to 400 yr (1σ), incr�asing wh�n th� ag� horizons ar� l�ss d�ns� or
l�ss pr�cis�.
Figur� 5 shows that Pal�ochrono-1.1 is abl� to r�construct a variabl� d�position rat� from th�
chronological information, in particular th� dat�d horizons along th� MSL sp�l�oth�m. It is also abl� to

395 �stimat� an unc�rtainty on this post�rior r�construction, which will d�p�nd mainly on th� unc�rtainty of
th� U/Th dat�d horizons, th� d�pth r�solution of th� U/Th dat�s and th� assum�d growth-rat� variation
that aff�cts int�rpolation unc�rtainty.
In Figur� 6, w� obs�rv� that Pal�ochrono-1.1 starts with a prior sc�nario bas�d on archiving mod�ls with
asynchronous stratigraphic links and that this n�w tool is abl� to com� up with a solution wh�r� th�s�

400 stratigraphic links ar� r�sp�ct�d.

4. Benchmarks
W� now t�st th� computing p�rformanc� of Pal�ochrono-1.1 (computing tim�, m�mory us�d) in various
dating �xp�rim�nts and configurations. W� us� a computing s�rv�r with a Bi pro X�on 2.10 GHz (48
cor�s and 96 thr�ads) and 256 Gb of RAM. W� us� th� Anaconda distribution of Python, which contains

405 th� Int�l MKL (Math K�rn�l Library), providing parall�l algorithms for common math�matical
op�rations.
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4.1 Comparison to IceChrono
W� p�rform a t�st of computing p�rformanc�s on th� AICC2012-VHR (V�ry High R�solution)
�xp�rim�nt as d�fin�d in Parr�nin �t al. (2015). In this �xp�rim�nt, th�r� ar� 10,520 variabl�s to b�

410 inv�rt�d and 1,939 obs�rvations.
Th� �xp�rim�nt took about 24h and us�d 4.8 GB of RAM using Ic�Chrono. Th� sam� �xp�rim�nt took
2 mins and us�d 3.6 GB of RAM using Pal�ochrono-1.1. This is a factor ~700 diff�r�nc� in computing
tim� and 25% l�ss m�mory. This improv�m�nt in t�rms of computing r�sourc�s will allow us�rs to
incr�as� th� numb�r of sit�s in a dating �xp�rim�nt, incr�as� th� r�solution within a pal�oclimatic sit�,

415 and/or run th� softwar� on th�ir d�sktop comput�r rath�r than on a s�rv�r.
4.2 Computing time as a function of the number of computing cores
W� now t�st th� Pal�ochrono-1.1 softwar� with diff�r�nt numb�rs of computing cor�s. W� us� th�
AICC2023 dating �xp�rim�nt as d�fin�d in s�ction 3. W� t�st with 1, 2, 4, 6, 8, 12, 16, 24, 32 and 48
computing cor�s. Figur� 7 shows th� r�sult of this �xp�rim�nt. Th� total computing tim� (r�sp.

420 optimization tim�) rang�s from 3 m 50 s (r�sp. 1 m 51 s) for 48 computing cor�s, to 24 mn (r�sp. 2 m 55
s) for on� computing cor�. In this dating �xp�rim�nt, th� Pal�ochrono-1.1 softwar� th�r�for� scal�s quit�
w�ll from on� cor� up to 16 cor�s (with a scaling factor of ~6), but aft�r 16 cor�s th� computing tim�
stagnat�s. In this �xp�rim�nt, 16 th�r�for� s��ms to b� th� optimal numb�r of computing cor�s, but this
r�sult might d�p�nd on th� numb�r of inv�rt�d param�t�rs in th� dating �xp�rim�nt.

425 4.3 Resources as a function of the number of inverted parameters
W� now t�st th� r�sourc�s r�quir�d by Pal�ochrono-1.1 as a function of th� numb�r of inv�rt�d
param�t�rs. W� us� th� AICC2023 dating �xp�rim�nt (Bouch�t �t al., 2023). Starting from a low-
r�solution �xp�rim�nt, w� multiply th� r�solution of d�position rat�, LID and thinning in this �xp�rim�nt
by factors of: 1, 2, 5 and 10. As a r�sult, th� numb�r of inv�rt�d param�t�rs is: 6,478, 12,944, 32,332 and

430 64,644. Th� third �xp�rim�nt corr�sponds to th� official AICC2023 �xp�rim�nt (Bouch�t �t al., 2023).
Th� r�sults ar� shown on Figur� 8 (on a log scal�s). Th� computing tim� rang�s from ~0.7 m to ~14.2 m.
Th� m�mory us�d rang�s from ~2.1 GB to ~107.3 GB. W� can obs�rv� that th� m�mory �volv�s roughly
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quadratically as a function of th� numb�r of inv�rt�d param�t�rs. For th� computing tim�, th� �volution
is clos� to lin�ar for a small numb�r of param�t�rs and th�n b�com�s quadratic for a larg� numb�r of

435 param�t�rs.

5 Discussion and perspectives
5.1 On the use of probabilistic dating methods
First, w� discuss why w� should combin� chronologi�s in th� first plac� and what “optimal” m�ans in this
cont�xt. Common chronologi�s with int�rnally-consist�nt sourc�s of chronological information hav� th�

440 advantag� to b� mor� accurat� b�caus� th�y incorporat� mor� data and th�ir unc�rtainti�s. A probabilistic
m�thod can capitaliz� on th� fact that �ach dating m�thod has its own str�ngths and th�y ar�
compl�m�nting �ach oth�r. In th� �xampl� �mploy�d h�r�, th� sp�l�oth�ms provid� v�ry accurat� absolut�
ag�s via radiom�tric U/Th dating, wh�r�as th� NGRIP ic� cor� provid�s v�ry accurat� r�lativ� ag�s (i.�.,
durations) from counting of annual lay�rs across int�rvals. Combining th�s� two archiv�s could th�r�for�

445 provid� a chronology that is mor� accurat� than th� ag� scal� of �ach archiv� dat�d in isolation. Mor�ov�r,
common chronologi�s allow to d�ciph�r t�mporal s�qu�nc� of climat� and �nvironm�ntal chang�s
b�tw��n diff�r�nt archiv�s as l�ad and lags ar� not originating from chronology diff�r�nc�s (assuming
th� synchronization links ar� r�alistic).
S�cond, w� �num�rat� s�v�ral applications of probabilistic dating mod�ls. Datic�, th� pr�d�c�ssor of

450 Pal�ochrono-1.1, was us�d to cr�at� a coh�r�nt chronology of th� EDC, EDML and NGRIP ic� cor�s
during th� last d�glaciation (L�mi�ux-Dudon �t al., 2010b). Lat�r, Datic� was us�d to build AICC2012
(Bazin �t al., 2013; V�r�s �t al., 2013), a common chronology for 4 Antarctic ic� cor�s (EDC, VK, EDML,
TALDICE) and on� Gr��nland ic� cor� (NGRIP), taking into account many diff�r�nt typ�s of absolut�
or r�lativ� chronological constraints. AICC2012 was us�d to discuss th� comparison and phasing of EDC,

455 EDML, TALDICE and NGRIP during th� DO �v�nts of th� last d�glaciation (Landais �t al., 2015). Datic�
was also us�d in a multi-archiv�s cont�xt to build a coh�r�nt chronological sc�nario in th� M�dit�rran�an
r�gion during th� last d�glaciation for 3 lak�-s�dim�nts cor�s, 2 sp�l�oth�ms and on� marin� cor� (Bazin
�t al., 2019). Mor� r�c�ntly, Pal�ochrono-1.1 was us�d to build th� DF2021 chronology for th� Dom�
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Fuji ic� cor� (Oyabu �t al., 2022), taking into account dat�d horizons and Δd�pth constraints from various
460 m�thods. Pal�ochrono-1.1 was also us�d to r�construct th� t�mporal variations of surfac� mass balanc�

around Dom� Fuji (Antarctica) for th� last 5,000 y�ars using shallow ic� cor�s and snow pits (Oyabu �t
al., 2023) synchroniz�d using volcanic horizons. Th� ST22 chronology of th� Skytrain ic� cor� was
construct�d by matching its stratigraphy to EDC through various ic� and air r�cords and by using
Pal�ochrono-1.1 to obtain a b�st fit (Mulvan�y �t al., 2023). Finally, AICC2023, an updat� of AICC2012

465 with in-particular mor� accurat� orbital-tuning r�cords, was r�c�ntly build using Pal�ochrono-1.1
(Bouch�t �t al., 2023).
Third, w� discuss th� limitation of probabilistic dating m�thods. Common chronologi�s ar� also attach�d
to drawbacks: th�y may mask syst�matic diff�r�nc�s b�tw��n dating m�thods that should b� inv�stigat�d
and solv�d rath�r than forc�d into th� sam� fram�work. In this cas�, th� optimal solution in probabilistic

470 t�rms may actually r�pr�s�nt a compromis� that is l�ss physically m�aningful. Additionally, th� mod�ls
for combining all th� information may grow to b� so compr�h�nsiv� that most us�rs will not b� abl� to
maintain an ov�rvi�w of th� data �mploy�d, and op�rating th� mod�l will �ntail som�tim�s implicit and
important choic�s, �.g. on how to �stimat� th� �rror bars of th� prior and of th� obs�rvations, how to s�t
th� corr�lation l�ngths for th� prior, �tc.

475 Anoth�r limitation of th� m�thod is that it r�quir�s �rrors to b� both ind�p�nd�nt and hav� Gaussian
distribution. Radiocarbon cal�ndar ag�s typically do not hav� a Gaussian unc�rtainty, as th�y ar� a
convolution of th� m�asur�m�nt unc�rtainty and a calibration curv� taking into account th� variabl�
atmosph�ric 14C history. U-Th ag�s clos� to th� limit of th� t�chniqu� also hav� an asymm�trical
unc�rtainty which cannot b� consid�r�d as Gaussian. Lik�wis�, volcanic ti�s hav� a compl�x unc�rtainty:

480 if th� ti� corr�ctly links th� sam� lay�r in two r�cords, th� unc�rtainty of th� synchronization will usually
b� no mor� than a f�w y�ars, d�t�rmin�d by data r�solution and th� shap� of th� signal match�d. How�v�r,
if th� ti� is incorr�ct, th� �rror can b� any numb�r, and th� �rror will rar�ly b� d�scrib�d w�ll by a Gaussian
distribution with a width of �.g. 200 y�ars. Furth�rmor�, �rrors in any typ� of ag� constraint will b�
corr�lat�d in cas� of syst�matic bias�s. For �xampl�, wh�n a s�qu�nc� of clos�ly spac�d volcanic lay�rs

485 (forming a r�cognizabl� patt�rn du� to th�ir similar spacing) ar� match�d b�tw��n two ic� cor�s, th� ti�
points ar� lik�ly all corr�ct or all �rron�ous, making th�ir unc�rtainti�s highly corr�lat�d. In th�
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�xp�rim�nt p�rform�d h�r�, th�r� may b� t�mporal lags in th� climat� syst�m b�tw��n th� various
param�t�rs that ar� stratigraphically link�d, th� annual lay�r counting could syst�matically ov�r- or und�r-
count lay�rs b�yond what is includ�d in th� counting unc�rtainti�s, and th� U/Th dating may hav�

490 syst�matic bias�s r�lat�d to for �xampl� th� d�trital Th corr�ction.
In conclusion, optimal chronologi�s ar� practical for us�rs who want to us� th� b�st possibl� common
chronology, but it absolut�ly do�s not r�plac� th� n��d to compar� and improv� th� chronologi�s of
individual sit�s. Th� compromis�s involv�d in th� mod�lling �ntail a risk that wrong chronological
information or insuffici�ntly quantifi�d unc�rtainti�s will influ�nc� th� r�sulting tim� scal� n�gativ�ly in

495 a non-transpar�nt way.
5.2 Comparison with other dating softwares
Pal�ochrono-1.1 was appli�d to th� MSL sp�l�oth�m (Hulu Cav�, Wang �t al., 2001) and compar�d to
th� SISALv2 ag� mod�ls (Comas-Bru �t al., 2020). Compar�d to oth�r ag� mod�ls, th� on� obtain�d with
Pal�ochrono-1.1 t�nds to b� l�ss cons�rvativ�, with small�r unc�rtainti�s than ag� mod�ls obtain�d with

500 Bchron (Hasl�tt and Parn�ll, 2008) and Bacon (Blaauw and Christ�n, 2011) and comparabl� unc�rtainti�s
with th� ag� mod�ls obtain�d with copRa (Br�it�nbach �t al., 2012) and StalAg� (Scholz and Hoffmann,
2011). Th� r�sulting d�pth-ag� curv� is also g�n�rally smooth�r, th�r�for� implying l�ss variations in th�
d�position rat�.
Compar�d with oth�r softwar�s, Pal�ochrono-1.1 assum�s that th� unc�rtainti�s ar� gaussian, th�r�for� it

505 cannot r�produc� asymm�tric or multimodal unc�rtainti�s. But it can manag� v�ry larg� �xp�rim�nts and
multi-sit� �xp�rim�nts, which oth�r softwar� cannot curr�ntly do.
5.3 Comparison with IceChrono
Pal�ochrono-1.1 is an �volution of Ic�Chrono (Parr�nin �t al., 2015), sinc� it start�d as th� sam� cod�
bas�. But Pal�ochrono-1.1 improv�s s�v�ral asp�cts of Ic�Chrono. Th� first improv�m�nt to not� is that

510 Pal�ochrono-1.1 can handl� continuous pal�oclimatic archiv�s oth�r than ic� cor�s. W� show�d h�r� a
t�st with two sp�l�oth�ms from Hulu Cav� and multipl� ic� cor�s from Gr��nland and Antarctica. Oth�r
improv�m�nts includ�:
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· Efficiency: Pal�ochrono-1.1 us�s significantly f�w�r computing r�sourc�s, in particular computing
tim�. This is thanks to:

515 o th� n�w trust r�gion algorithm which can us� an it�rativ� solv�r at �ach lin�ar it�ration
o th� p�r-sit� analytical Jacobian matrix
o th� prior and multi-sit�s lin�ar tang�nt and adjoint op�rators
o th� ability to d�fin� th� conv�rg�nc� crit�rion
o various cod� optimizations

520 On a AICC2012-VHR dating �xp�rim�nt id�ntical to th� on� shown in Parr�nin �t al. (2015), th�
gain in computation tim� is a factor ~700, which is hug�. Th�r�for�, Pal�ochrono-1.1 is mor�
adapt�d for high-r�solution runs than Ic�Chrono. Th� m�mory r�duction is l�ss significant, with
only a 25% r�duction.

· Ease of use: Pal�ochrono-1.1 is �asi�r to us� than Ic�Chrono thanks to s�v�ral improv�m�nts:
525 o Pal�ochrono-1.1 now us�s param�t�rs fil�s in th� YAML format inst�ad of th� python

format. This mak�s it �asi�r to work with th�s� param�t�r fil�s and cr�at�s a cl�ar
s�paration b�tw��n th� main cod� and th� param�t�rs.

o Pal�ochrono-1.1 now us�s a simpl�r naming of param�t�rs and input/output fil�s.
o Pal�ochrono-1.1 now has pr�-d�fin�d grid typ�s. Apart from th� ‘r�gular’ typ� with a

530 constant st�p, th�r� is a ‘quadratic’ typ� with a lin�arly incr�asing st�p. It is also �asy to
add n�w grid typ�s. This mak�s it �asi�r to hav�, for �xampl�, ag� grids which ar� r�fin�d
for pr�s�nt tim�s and coars� for past tim�s, or d�pths grids for ic� cor�s which ar� mor�
r�fin�d n�ar th� b�drock.

o Th�r� is an int�ractiv� output during th� optimization proc�ss that displays th� �volution
535 of th� cost function at �ach it�ration. This mak�s it �asi�r to insp�ct th� optimization

proc�ss and �stimat� th� tim� that is still n��d�d for th� run to compl�t�.
o Th� output figur�s hav� b��n gr�atly improv�d. In particular, th� r�solution is display�d on

th� d�position rat�, LID and thinning figur�s. Mor�ov�r, it is possibl� to d�fin� th� units
us�d and th� figur�s will r�sp�ct th�s� units.
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540 · Accuracy: Pal�ochrono-1.1 is mor� accurat� than Ic�Chrono b�caus� of th� following
improv�m�nts:

o Pal�ochrono-1.1 now inv�rts 𝜒0, th� ag� at th� top of th� s�qu�nc�, whil� it was pr�scrib�d
in Ic�Chrono. This is an improv�m�nt sinc� it is not always possibl� to accurat�ly
d�t�rmin� th� ag� of th� top of th� s�qu�nc�, in which cas� it n��ds to b� �stimat�d within

545 th� optimization proc�ss.
o Th� forward mod�l is mor� accurat�, thanks to s�v�ral inaccuraci�s which hav� b��n

corr�ct�d.
o Pal�ochrono-1.1 do�s not �stimat� th� thinning in th� firn for Equation (4) but dir�ctly

pr�scrib�s 𝐷𝑇
0
𝑓𝑖𝑟𝑛. This allows Equation (4) to b� �xact inst�ad of b�ing an approximation.

550 o Thanks to th� analytical Jacobian, th� optimization finds a b�tt�r minimum, that is, in clos�r
agr��m�nt with th� obs�rvations.

In summary, Pal�ochrono-1.1 is a consid�rabl� improv�m�nt with r�sp�ct to Ic�Chrono and w� highly
r�comm�nd th� us� of Pal�ochrono-1.1 to any �xisting and int�r�st�d us�rs of Ic�Chrono. Ind��d, th�
futur� maint�nanc� of Ic�Chrono will b� discontinu�d.

555 5.4 Computing resources
In th� AICC2023 dating �xp�rim�nt, w� hav� t�st�d th� comput�d tim� n��d�d by Pal�ochrono-1.1 as a
function of th� numb�r of computing cor�s us�d. W� find that 16 s��ms to b� th� optimal numb�r of
computing cor�s, with a cod� which scal�s with a factor ~6 with r�sp�ct to on� uniqu� computing cor�.
W� hav� succ�ssfully t�st�d th� Pal�ochrono-1.1 softwar� in th� AICC2023 �xp�rim�nt with ~65,000

560 inv�rt�d param�t�rs and ~2,000 obs�rvations. W� find that th� r�sourc� r�quir�m�nt (computing tim�,
m�mory) �volv�s roughly quadratically as a function of th� numb�r of inv�rt�d param�t�rs for larg� dating
�xp�rim�nts. In this �xp�rim�nt, th� limiting factor is th� m�mory. Ind��d, th� most d�manding run tak�s
only 14 mins, which is acc�ptabl� but th� m�mory us�d (107 GB) is on th� upp�r rang� of what can b�
found in a workstation. Using a computing nod� with ~ 1TB of m�mory, which is at th� �dg� of what can

565 b� don� curr�ntly with shar�d m�mory, would allow on� to inv�rt for ~200,000 param�t�rs.
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5.5 Limitations and possible future improvements
Pal�ochrono-1.1 assum�s that th� corr�lation matric�s of th� prior hav� a triangular shap� with a d�fin�d
corr�lation l�ngth, that is, only a local corr�lation is consid�r�d. It could b� possibl� to hav� mor� compl�x
forms of corr�lation.

570 Pal�ochrono-1.1 only d�als with continuous d�pth-ag� mod�ls. It could b� int�r�sting in th� futur� to
includ� possibl� hiatus�s, with an automatic d�t�ction.
R�garding r�sourc�s, th� most m�mory-d�manding part in this run is not th� optimization its�lf, but rath�r
th� construction of th� post�rior covarianc� matrix, which is r�quir�d to �valuat� th� unc�rtainty of th�
post�rior sc�nario. Anoth�r possibility to d�cr�as� th� m�mory us�d and furth�r incr�as� th� numb�r of

575 inv�rt�d param�t�rs would b� to not form th� whol� post�rior covarianc� matrix, but only subs�ts of it, as
s��ms possibl� using th� LSQR lin�ar solv�r (Kostina �t al., 2009).
Anoth�r limitation of Pal�ochrono-1.1 r�lat�s to th� subj�ctiv� choic� of th� statistical param�t�rs of th�
prior, in particular th� σ (unc�rtainty) and λ (corr�lation l�ngth) param�t�rs. W� �xplain�d how w� can
�stimat� th�m it�rativ�ly, but it would b� b�tt�r to optimiz� th�s� statistical param�t�rs at th� sam� tim�

580 as th� physical param�t�rs of th� mod�l.
For a multi-sit�s �xp�rim�nt, Pal�ochrono-1.1 r�quir�s to manually d�fin� synchronization links b�tw��n
th� diff�r�nt sit�s bas�d on th� visual r�s�mblanc� of r�cords. An automatic synchronization m�thod
within Pal�ochrono-1.1 would allow to circumv�nt this tim�-consuming and subj�ctiv� st�p and would
allow to account for th� archiving constraint at th� sam� tim�.

585 Pal�ochrono-1.1 only d�als with Gaussian unc�rtainti�s and assum�s th� forward mod�l is almost lin�ar
in th� vicinity of th� solution of th� optimization probl�m. Going b�yond th�s� assumptions would r�quir�
to solv� th� optimization probl�m with a Mont� Carlo Markov Chain (MCMC) proc�ss. Such m�thod
would allow to d�al with mor� g�n�ral probability distribution functions (PDF), but at th� �xp�ns� of
larg�r r�quir�d r�sourc�s for a giv�n probl�m. Th�r�for�, larg� probl�ms could not b� solv�d using this

590 m�thod.
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Conclusions
H�r� w� d�scrib� a n�w probabilistic dating mod�l for continuous climat� archiv�s, call�d Paleochrono-
1.1. It is an �volution of th� Ic�Chrono mod�l originally d�dicat�d to ic� cor�s, but it can now handl� oth�r
continuous climat� archiv�s bas�d on a varying d�position rat�, such as lak� and marin� s�dim�nt cor�s

595 or sp�l�oth�ms, and produc� a coh�r�nt ag� scal� b�tw��n th�s� multipl� r�cords and archiv�s.
Pal�ochrono-1.1 is mor� �ffici�nt, �asi�r to us� and mor� accurat� than Ic�Chrono. W� d�monstrat� th�
ability of Pal�ochrono-1.1 on th� MSL sp�l�oth�m from Hulu Cav� alon�, and compar� th� r�sulting ag�
mod�l with th� SISALv2 ag� mod�ls. As a s�cond application, w� apply Pal�ochrono-1.1 in an
AICC2023-Hulu dating �xp�rim�nt wh�r� w� add two radiom�trically-dat�d sp�l�oth�ms from Hulu

600 Cav� to th� AICC2023 dating �xp�rim�nt (Bouch�t �t al., 2023). W� th�n b�nchmark th� computing
r�sourc�s n��d�d to run Pal�ochrono-1.1.
Pal�ochrono-1.1 has alr�ady b��n us�d in s�v�ral publish�d studi�s, �ith�r on on� uniqu� ic�-cor� sit� but
with multipl� ag� constrains (Oyabu �t al., 2022) or with multipl� ic�-cor� sit�s and multipl� ag�
constrains (Bouch�t �t al., 2023; Mulvan�y �t al., 2023; Oyabu �t al., 2023). Many oth�r applications of

605 Pal�ochrono-1.1 would b� possibl� for various tim� p�riods and using various pal�oclimatic r�cords.

Code availability
Pal�ochrono-1.1 is an op�n sourc� mod�l availabl� und�r th� MIT lic�ns�. It is host�d on th� github
facility (https://github.com/parr�nin/pal�ochrono) and th� v�rsion corr�sponding to th� submission of
this manuscript has b��n publish�d on Z�nodo (https://doi.org/10.5281/z�nodo.10580279). Th� main

610 author (F. Parr�nin) can provid� support for p�opl� wanting to us� th� softwar�.
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820 Figur� 1: Sch�m� illustrating th� diff�r�nt kinds of obs�rvations us�d to constrain th� chronologi�s ofth� pal�oclimatic sit�s in th� Pal�ochrono-1.1 probabilistic dating mod�l. Th� blu� colour r�f�rs to th�primary mat�rial (ic� for an ic� cor�), whil� th� r�d colour r�f�rs to th� s�condary mat�rial (air for an ic�cor�). Th� pink colour r�f�rs to mix�d information involving th� primary and s�condary mat�rials. Inth� l�g�nd, th� t�rm “ic�” is in-b�tw��n par�nth�s�s, sinc� for a simpl� archiv� (�.g. such as a s�dim�nt825 cor� or a sp�l�oth�m), th�r� is no n��d to sp�cify th� mat�rial which is uniqu�.
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Figure 2: Comparison of age models for the MSL speleothem (Hulu Cave, Wang et al., 2001). The Paleochrono age model is in black,the SISALv2 age models are in red and the dated horizons are in green. Top-left: Bchron (Haslett and Parnell, 2008). Top-right:830 Bacon (Blaauw and Christen, 2011). Bottom-left: copRa (Breitenbach et al., 2012). Bottom-right: StalAge (Scholz and Hoffmann,2011). For better visibility, 2-sigma errors are shown in this figure.
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Figure 3: Illustration of the synchronized and optimized chronology AICC2023-Hulu. From Top to bottom: NGRIP δ18Oice record;835 Hulu/MSD and Hulu/MSL δ18Ocalcite records; EDC CH4 record. The red dots indicate the mid-points of DO onsets where thestratigraphic links are placed for the NGRIP-MSD, MSD-MSL and MSL-EDC site pairs and the labels indicate the DO numbers.The diamonds at the bottom of each panel represent the dated horizons used for each site.
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840 Figure 4: Age graph for the MSL speleothem as produced by Paleochrono-1.1 in the AICC2023-Hulu dating experiment. Blue: priorchronology based on the sedimentation scenario. Black and grey: posterior chronology and its confidence interval after optimizationby Paleochrono-1.1. Red: dated horizons used in the dating experiment. Pink: 1-sigma uncertainty of the posterior chronology.



36

Figure 5: Deposition/growth rate graph for the MSL speleothem as produced by Paleochrono-1.1 in the AICC2023-Hulu dating845 experiment. Blue: prior scenario. Black and grey: posterior scenario and its confidence interval after optimization by Paleochrono-1.1. Yellow: time resolution of the deposition rate in the inversion grid.
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Figure 6: Synchronisation graph for the NGRIP-MSD site pair as produced by Paleochrono-1.1 in the AICC2023-Hulu dating850 experiment. Blue: prior scenario. Black: posterior scenario after optimization by Paleochrono-1.1. Red: the 1:1 line for comparison.
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855 Figure 7: Computing time of the AICC2023 dating experiment using Paleochrono-1.1, as a function of the number of computingcores.
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Figure 8: Computing time and memory used by Paleochrono-1.1 in the AICC2023 dating experiment, as a function of the number860 of inverted parameters. The X- and Y-axes are logarithmic. The black line represents a quadratic evolution of the resources withrespect to the number of parameters.


