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Abstract

The isotopic composition of Si in biogenic silica (BSi), such as opal buried in the oceans’ sediments, has changed over time.

Paleo records suggest that the isotopic composition, described in terms of $\deltaˆ{30}$Si, was generally much lower during

glacial times than today. There is consensus that this variability is attributable to differing environmental conditions at the

respective time of BSi production and sedimentation. The detailed links between environmental conditions and the isotopic

composition of BSi in the sediments are, however, controversially discussed in the literature. In this study, we explore the

effects of a suite of offset boundary conditions during the LGM on the isotopic composition of BSi archived in sediments in

an Earth System Model of intermediate complexity. Our model results suggest that a change in the isotopic composition of

Si supply to the glacial ocean is sufficient to explain the observed overall low(er) glacial $\deltaˆ{30}$Si in BSi. All other

processes explored triggered model responses of either wrong sign or magnitude, or are inconsistent with a recent estimate of

bottom water oxygenation in the Atlantic Sector of the Southern Ocean. Caveats, mainly associated with generic uncertainties

in today’s pelagic biogeochemical modules, remain.
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Abstract18

The isotopic comp osition of Si in biogenic silica (BSi), such as opal buried in the o c eans'19

sediments, has changed over time. Paleo records suggest that the isotopic comp osition,20

describ ed in terms of ffi 30 Si, was generally much lower during glacial times than to day.21

There is consensus that this variability is attributable to di�e ring environmental con-22

ditions at the resp ective time of BSi pro duction and sedimentation. The detailed links23

b etween environmental conditions and the isotopic comp osition of BSi in the sediments24

are, however, controversially discussed in the literature. In this study, we explore the ef-25

fects of a suite of o�set b oundary conditions during the LGM on the isotopic comp osi-26

tion of BSi archived in sediments in an Earth System Mo de l of intermediate complex-27

ity. Our mo del results suggest that a change in the isotopic comp osition of Si supply to28

the glacial o c ean is su�cient to explain the observed overall low(er) glacial ffi 30 Si in BSi.29

All other pro cess es explored triggered mo del resp onse s of either wrong sign or magni-30

tude, or are inconsistent with a recent estimate of b ottom water oxygenation in the At-31

lantic Sector of the Southern Ocean. Caveats, mainly asso ciated with generic uncertain-32

ties in to day's p elagic biogeo chemical mo dules, remain.33

1 Introduction34

Numerical, mo del-based pro jections into our warming future suggest ensuing global-35

scale re distribution of nutrients from the sun-lit surface o cean to depth. Among the prosp ec-36

tive consequences are dec lining biological pro ductivity and �sh yields. Disconcertingly,37

these e �ects may prevail for a millennium (Mo ore et al., 2018). But how reliable are such38

climate pro jections?39

The problem is that we will not live to calculate substantiated statistics on the re-40

liability of climate forecasts. Hence, an approach similar to the one pursued in weather-41

forecasting, where progress has b een accomplished during decades of daily forecasts and42

subsequent ground-truthing (c.f. Bauer et al., 2015), is not viable { if pressing so cietal43

questions are to b e answered in time. A straight-forward and generic way to deal with44

this problem is to assume that �delity of now-casts is correlated with the �delity of cli-45

mate forecas ts. This assumption, however, has b een challenged, e.g., by Knutti et al. (2009)46

and Notz (2015) for coupled o cean-atmos phere mo dels and, recently, by L�optien and Di-47

etze (2017) and L�optien and Dietze (2019) for mo dels of p elagic biogeo chemical cycling.48

A p otential solution to this dilemm a is the assessment of past climate states to test49

the sensitivity of climate mo dels (as suggested by, e.g., Braconnot et al., 2012). The idea50

b eing that the geologic records of environmental res p onses to past climate changes com-51

plement the climate observations from the past decades such that resp ective �delity met-52

rics b ecome indicative of the reliability of future pro jections.53

To this end, the isotopic comp osition ( ffi 30 Si) of biogenic silica (BSi) pre served in54

o cean sediments is of sp ecial interest to the �eld of p elagic biogeo chemical o cean mo d-55

eling. The reasons are: �rst, silicic acid (DSi) is an essential element for diatoms, which56

are autotrophic key players in the p elagic carb on cycle. Second, the isotopic comp osi-57

tion of BSi is stable and preserves over millennia, once secluded from pro cess es at the58

water-sediment interface. Third, diatoms pro duce BSi with a ffi 30 Si distinctly di�e rent59

from the ffi 30 Si of the ir substrate DSi. The latter is caused by diatoms which tend to build60

more light BSi into their shells, compared to the ffi 30 Si in ambient DSi - a pro cess als o61

referred to as fractionation. This fractionation relates the ffi 30 Si of BSi in the se dim ents62

to the turnover of DSi by diatoms. The advantage of using the isotopic comp osition to63

improve our current understanding of glacial-interglacial cycle s, instead of s imply using64

BSi sediment burial rates, is that ffi 30 Si is less a�ected by water-column pro ces ses which65

are, on the one hand, unrelated to BSi pro duction but may, on the other hand, mo du-66

late the amount of BSi that is preserved in the sediments.67
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A ma jor challenge is the interpretation of ffi 30 Si of BSi records b ecause the link b e-68

tween diatom DSi turnover and ffi 30 Si isotopic signature in BSi is complex (see also Rague-69

neau et al., 2000). In a (Rayleigh) system, like a surface mixed layer in spring, diatoms70

preferentially take up lighter DSi until only relatively heavy substrate is le ft (and sub-71

sequently taken up). He nc e, the ffi 30 Si isotopic signature in BSi is indicative of the amount72

of substrate left, with high (low) values indicating oligotrophic (nutrient replete) con-73

ditions. In contrast, in a system characterized by high incoming and outgoing physical74

transp orts of substrate (e.g. a lo cation within the Gulf Stream) the ffi 30 Si of BSi is pre-75

dominantly dete rm ined by the ffi 30 Si of the constantly resupplied DSi - and only mo d-76

estly altered by the resp ective fractionation during BSi pro duction b ecause the fraction-77

ation signal can not build up (since it is constantly 
ushed out of the lo cal system). Both78

the Rayleigh and the "
ushed" system can b e describ e d to high precision by simple equa-79

tions (e.g. Closset et al., 2016, their equation 1 to 6). The di�culty is in the quanti�-80

cation of the relation b etwe en physical transp ort 
ushing rate and biotic B Si exp ort out81

of the sun-lit surface o cean - or in other words: the relation b etween 
ushing and BSi82

pro duction needs to b e known in order to interpret ffi 30 Si of BSi records.83

In summary, b oth lo cal (pro duction and exp ort of BSi, which is a�ected by lo cal84

environmental conditions) and remote pro ces ses (pro duction and exp ort upstream which85

a�ects inc oming environmental conditions), determine the is oto pic signature of BSi at86

a given lo cation. This com plex entanglement of o cean circulation and biogeo chemistry87

calls for the application of a 3-dimensional numerical mo del to guide the interpretation88

of ffi 30 Si in observed BSi rec ords. Indeed, the (mo dern climate) pioneering studies of Wis-89

chmeyer et al. (2003) and Gao et al. (2016) illustrated the b ene�t of using a numerical90

coupled o cean-circulation biogeo chem ical mo del in linking s ilicon isotop es to silicic acid91

utilization.92

Using mo dels for interpretation in such ways leads, however, to a causality dilemma.93

Coupled o cean-circulation biogeo chem ic al mo dels rely on a numb er of assumptions and94

(often p o orly known) mo del parameters (such as growth/death of phytoplankton and95

sinking of organic matter to depth). Most of these assumptions and parameters are not96

well constrained in the sense that di�erent choices may result in an equally-go o d �t to97

present day observations - but simultaneously very di�erent pro jections (e.g. L�optien and98

Dietze (2017), L�optien and Dietze (2019)). Thus, paleo records such as the isotopic com-99

p osition of BSi preserved in o cean sediments, are of great inte rest to assess and reduce100

such uncertainties. At the same time, these mo del unce rtainties complicate the interpre-101

tation of simulated past marine biogeo chemical cycling in general (e.g., H �ulse et al., 2017)102

and of the isotopic comp osition of BSi preserved in o cean sediments in particular. An103

aggravating circumstance is that the observational records are still so s pa rs e (even for104

present day ffi 30 Si DSi), such that Hendry and Brzezinski (2014) conclude that the data105

set is "... inadequate to evaluate mechanisms leading to even the �rst-order distribution106

of isotop es of Si in the global o cean".107

Even s o, a numb er of very interesting hyp othesis, explaining asp ects of spatial and108

temp oral varianc e in ffi 30 Si of BSi records, have b een ro oted on the ava ilable observational109

records. Among them is the Silicic Acid Leakage Hyp othesis (SALH, e.g., Brzezinski et al.110

(2002), Matsumoto et al. (2002), Matsumoto et al. (2014)): To day's Southern Ocean (SO)111

retains or traps DSi at the exp ense of more northward latitudes by a combination of deep112

and e�cient BSi exp ort and meridional overturning. Driven by the strong southern west-113

erly wind b elt, deep, nutrient replete waters are brought to the surface at the Antarc-114

tic Divergence. The northward branch of the Divergence (which p otentially exp orts DSi115

from the SO) is e�ciently stripp ed of DSi by phytoplankton. So, by the tim e the wa-116

ter reaches the Polar Front and the formation sites of Subantarctic Mo de Waters (SAMW)117

and Antarctic Intermediate Waters (AAIW) which spread northwards, most of the DSi118

has b een exp orted as BSi to depth into the southward-
owing Circump olar Deep Wa-119

ter (CDW). The CDW surfaces south of the Polar Front and, hence, the resp e ctive DSi120
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is thereby retained in the SO. The SALH p os tulates that this DSi trapping in the SO121

was alleviated during glacial time s triggered by e.g. enhanced iron supply: the enhanced122

iron supply and asso ciated physiological changes may have reduced the Si demands of123

diatoms, relative to the need of bioavailable nitrogen. Thus, left-over DSi might have leaked124

into the SAMW and AAIW and thereby c ould have left the SO. In summary, the SALH125

assumes that more DSi m ight have b een available outside the SO during glacial times.126

A straightforward (Rayleigh) c onclus ion is that the glacial ffi 30 Si was lower (as observed)127

b ecause, according to the ab ove considerations, DSi should have b een les s limiting rel-128

ative to nitrogen.129

The SALH and its relation to relatively low glacial ffi 30 Si has, however, b een recently130

challenged by Frings et al. (2016) who concluded, based on a very comprehensive review,131

that consistent shifts among di�erent o cean basins from low glac ial ffi 30 Si to higher in-132

terglacial ffi 30 Si (0 : 5 � 1h ) may rather have b een caused by a resp ective change in the133

isotopic comp osition of land-o cean 
uxes of Si.134

Our study a dds to the ongoing discussion by exploring various hyp otheses p oten-135

tially triggering lower glacial ffi 30 Si in an Earth System Mo del of intermediate complex-136

ity. Our mo deling approach builds on the pioneering works of Wischmeyer et al. (2003)137

and Gao et al. (2016) for mo dern climate and applies our extended mo del to b oth the138

Last Glacial Maximum and mo dern climate. Sp eci�cally, we e xplore the e�ects of (1)139

di�erences in the Si:N ratios, mimicking alleviated iron limitation during the LGM (Mat-140

sumoto et al., 2014), (2) di�ering winds during the LGM (e.g., Kohlfeld et al., 2012; McGee141

et al., 2010; Sime et al., 2013), (3) di�ering Si supply to the o cean during the LGM (Frings142

et al., 2016) and (4) a di�ering isotopic comp osition of Si supplied to the o cean during143

the LGM (Frings et al., 2016). The underlying aim is to illustrate the complex entan-144

glement of o cean circulation and biogeo chemistry, which �nally determines the isotopic145

comp osition of ffi 30 Si of BSi preserved in sediments.146

2 Materials and Methods147

2.1 Observations148

We use the World Ocean Atlas 2009 data to assess our preindustrial ( PI ) simula-149

tion. More sp eci�cally, we compare agains t annual mean climatologies of temp erature150

(Lo carnini et al., 2010), salinity (Antonov et al., 2010), phosphate (Garcia et al., 2010)151

and silicate (Garcia et al., 2010).152

Silicon isotopic data in seawater ( ffi 30 Si of DSi) are put together from data published153

in Beucher et al. (2008,1); Cardinal et al. (2005); De La Ro cha et al. (2011); de Souza154

et al. (2012a,1); Ehlert et al. (2012); Fripiat et al. (2011a,1,1); Grasse et al. (2013); Reynolds155

et al. (2006). A binning pro cedure increased horizontal data coverage: surface data with156

a nominal depth of 50 m refers to binning all data within 0-100 m. Abyssal data with a157

nominal depth refers to binning all data within 1500-2500 m.158

Silicon isotopic data in BSi as preserved in sediment cores is compiled, following159

Frings et al. (2016), from Brzezinski et al. (2002); De LaRo cha et al. (1997); De La Ro cha160

et al. (1998, 2011); Ehlert et al. (2013); Ellwo o d et al. (2010); Hendry et al. (2012); Horn161

et al. (2011); Pichevin e t al. (2009).162

2.2 Model163

In this study we pres ent numerical simulations with the University of Victoria Earth164

System Climate Mo de l (UVic ESCM, Weaver et al., 2001). We present equilibrium sim-165

ulations for two distinct climates, the preindustrial year 1800 (PI) and the Last Glacial166

Maximum (LG M) 21000 years b e fore present and evaluate the mo del's distribution of167

ffi 30 Si of BSi preserved in o cean sediments. UVic ESCM is an intermediate c omplexity168
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mo del, featuring a simpli�ed (vertically integrated) atmosphere. In contrast, the o ce an169

dynamics is, although rather coarse, resolved in all three dimensions. The vertical res -170

olution starts with 50 m at the surface of the o cean and gradually coarsens to 500 m in171

the abyss. The horizontal resolution of all mo del comp onents (i.e., o cean, land, atmo-172

sphere, sea ice) is 1 : 8 � in meridional and 3 : 6 � in zonal direction. UVic's asse ts are low173

computational demands and an extensive numb er of p eer-reviewed studies including the174

description of LGM and PI equilibrium simulations. Among its drawbacks are a s im pli-175

�ed atmosphere and a spatial resolution of the o cean that is coarse compared to, e.g.,176

that class of mo dels that underlie the current pro jections of the Intergovernmental Panel177

on Climate Change. Our simulations build on two con�gurations intro duced by Bren-178

nan et al. (2012) already:179

(1) PI , which refers to the "Preindustrial Equilibrium Simulation" des crib ed in Sec.180

3 of Brennan et al. (2012). Brie
y summarized, the atmospheric p CO 2 is set to 283 : 87 ppm181

and the orbital con�gurations to those representative of the year 1800. The initial con-182

ditions are those from the 5 kyr spinup from Brennan et al. (2012).183

(2) LGM , which refers to the "Last Glacial Maximum Equilibrium Simulation" de-184

scrib ed in Sec. 4 of Brennan et al. (2012). Brie
y summarized, the atmospheric p CO 2185

is set to a low 189 : 65 ppm, the orbital paramete rs to those representing the conditions186

at 21 kyr BP and the s urface elevation and alb edo on land are adjusted following a re-187

construction of Northe rn Hemisphere land ice (ICE-4G, Peltie (2009))..188

The wind forcing during LGM consists of the sam e prescrib ed climatology (NCEP)189

used for the preindustiral simulations in our rather simple ESCM (see Weaver et al., 2001,190

for details). Rather weak dynam ic wind feedbacks are parameterized as a function of sur-191

face temp erature gradients and added to this climatology. The choice of building on a192

present day climatology is pragmatic, since the wind conditions during the LGM are dis-193

cussed controversially (e.g. Kohlfeld et al., 2012; Sime et al., 2013).194

2.2.1 Equations for the Si-Cycle195

For this study we added an explicit and prognostic representation of (1) dissolved196

silicic acid (DSi), (2) biogenic Si (BSi), (3) that fraction of DSi that is comp osed of the197

silicon isotop e 30 Si (D 30 Si) and (4) that fraction of BSI that is comp os ed of the s ilic on198

isotop e 30 Si (B 30 Si) to the original p elagic biogeo chemical mo dule used in Brennan et al.199

(2012). All prognostic biogeo chemical variables C , at a given p oint in (mo del) space are200

determined following:201

@C

@t
= T + sms; (1)

where T denotes the s patial divergence of di�usive and advective transp orts. sms refers202

to the source-minus-sinks term. The sms terms of the silicon mo dule are adopted from203

Gao et al. (2016). The convenience of their approach is that the silicon mo dule do es not204

feed back onto the original biogeo chemical mo del (of, in our case, Brennan et al. (2012)).205

Thus, our silicon isotop e mo dule is purely diagnostic in the sense that it do es not alter206

the original climate and carb on cycles do cumented by Brennan et al. (2012) already.207

The resp ective sms terms that describ e the linkage of the silicic acid cycle with the208

p elagic biogeo chemical cycle of Brennan et al. (2012) are describ ed b elow. Approach and209

notation follow Gao et al. (2016). The DSi is supplied to the o cean at a temp orally con-210

stant rate, RRDSi of 9 : 55 TmolSiyear�1 (Frings et al., 2016) and is hom ogeneously211

distributed over the surface o c ean.212
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� DSi equation:213

sms( DSi) = rBSi� P S i ; (2)

where rdenotes the diatom opal dissolution rate and P S i denotes the biogenic opal214

pro duction. ris temp erature dep endent:215

r= A exp ( T=Tc ) ; (3)

with the parameters A setting the dissolution rate and Tc determining the tem-216

p erature dep endance of opal dissolution. The value of Tc is adopted from Gao et al.217

(2016) (see Table 1). The value of A has b een determined in a tuning exercise (see218

Section 2.2.2), P S i is calculated as a function of the pro duction rate of particu-219

late organic matter pomp(as calculated by the original biogeo chemical mo dule220

of Brennan et al., 2012) and DSi concentration:221

P S i = min

�

pompRS i : P
DSi

KDS i
P H Y + DSi

;rP r o DSi

�

; (4)

where, R S i : P denotes the molecular DSi to phosphate uptake ratio, asso ciated with222

BSi pro duction, KDS i
P H Y denotes the half-saturation constant of DSi uptake (s ee223

Table 1). rP r o is the maximum rate of BSi pro duction under non-limiting condi-224

tions.225

� BSi equation:226

sms( BSi) = � rBSi+ P S i � w
@BSi

@z
; (5)

where, w is the sinking sp eed of BSi and w @BS i
@ z denotes the divergence of verti-227

cal BSi 
uxes.228

� D 30 Si equation:229

Following Gao e t al. (2016) we include, in addition to total Si (i.e. the s um of the230

stable isotop es 28 Si, 29 Si, and 30 Si), an explic it representation of the silicon iso-231

top e 30 Si. During BSi pro duction we apply the fractionation factor ff 1 = 0 : 9989232

(De LaRo cha et al., 1997; Gao et al., 2016) which reduc es the uptake of heavier233

30 Si relative to the lighter Si stable isotop es.234

sms( D 30 Si) = rBSi
B 30 Si

BSi
� P S i ff 1

D 30 Si

DSi
(6)

Following Gao e t al. (2016), we assume no fractionation during BSi diss olution.235

� B30 Si equation:236

sms( B 30 Si) = � rBSi
B 30 Si

BSi
+ P S i ff 1

D 30 Si

DSi
� w

@B 30 Si

@z
: (7)

We calculate the silicon isotopic comp osition ffi 30 Si in units h as a function of the237

total DSi (or BSi) concentration and D 30 Si (or B 30 Si) following:238

ffi 30 Si=

�
( 30 Si=28 Si) sampl e
( 30 Si=28 Si) N B S �28

� 1

�

� 103 ; (8)

( 30 Si=28 Si) N B S �28 = 0 : 0335 (Coplen et al., 2002). We calculate 28 Si from the239

total Si and 30 Si concentrations as 28 Si= 0 : 953( Si� 30 Si) which assumes that240

all stable isotop es other than the 28 Si and 30 Si always amount to 4 : 7% of total241

Si. (Here we follow Reynolds, 2009, stating that the ass um ption of a constant rel-242

ative abundance of the normalizing isotop e "... is valid for s mall isotopic varia-243

tions describ ed by the ffi notation".)244

We set the isotopic comp osition ffi 30 Si of DSi supplied to the surface o cean (mim-245

icking e .g. river runo� ) RR ffi 30 to 0.74 (Frings et al., 2016).246
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Table 1. Reference mo del parameters of our implementation of the Gao et al. (2016) silicon
mo dule into the p elagic biogeo chemical mo dule of Brennan et al. (2012).

parameter description Gao et al. (2016) our value unit

A opal dissolution
rate

333�1 90 �1 (see Fig. 1) day �1

Tc critical temp er-
ature of opal
dissolution

12 12 � C

R S i : P molecular DSi to
phosphate stoichio-
metric ratio

25 25 mol DS i
mol P

KDS i
P H Y half-saturation

constant of DSi
uptake during BSi
pro duction

4 4 mmol DS i
m 3

rP r o BSi pro duction
rate under non-
limiting conditions

0.5 0.5 day �1

w sinking sp eed of
BSi

10 10 m
day

RRDSi total Si supply
to the (surface)
o cean (by e.g. river
runo� )

9 9.55 (Frings et al., 2016) T mol S i
y ear

RR ffi 30 isotopic comp osi-
tion of (riverine)
Si supply to the
(surface) o cean

0.8 0.74 (Frings et al., 2016) h

ff 1
30 Si fractionation
factor during BSi
pro duction

0.9989 0.9989 []

[] fractionation fac -
tor during BSi
dissolution

1 1 []

Our implementation of pro cesses in the sediments is idealized. Once BSi sinks out of the247

lowe rmost wet mo del grid b ox it gets buried and leaves the system forever. A constant248

surface 
ux RRDSi (Table 1) replenishes what is lost by sedimentation - if the integra-249

tion is long enough so that the mo del can reach an equilibrium. Simulated ffi 30 Si of sed-250

imented BSi are take n as the simulated isotopic com p osition of BSi sinking out of the251

lowe rmost wet mo del grid b ox. This idealization is motivated by the urge to save com-252

putational resources that would otherwise b e necessitated to equilibrate the sediment253

mo del.254

2.2.2 Parameter Settings255

The volum e of the o cean is 1 : 4�1018 m 3 , containing an average DSi concentration256

of 92 mmolSi m�3 (Garcia et al., 2010). This yields an o ceanic inventory of 1 : 3�1017 molSi.257

Devision of the inventory with the s upply rate of DSi (RRDSi, Table 1) to the o cean yields258

a timesc ale of 14 000 years (which is slightly less than the 16 000 years estimated by Tr�eguer259

et al., 1995). This time scale is a rough estimate of the residence time of DSi in the o cean.260
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As such it provides a lower b ound on the tim e our mo del framework needs to adjust to261

changes to the formulation of Si cycling. It is also a measure of the exp ected equilibra-262

tion timescale of the mo del.

years

D
Si

in
ve

nt
or

y 
  [

%
]

110
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80

7060	days

Figure 1. Temp oral evolution of simulated preindustrial o ceanic DSi inventory relative to ob-
servations (WOA09 Garcia et al., 2010, also used to initiate the mo del) in units %. The di�erent
colors denote simulations with di�erent opal dissolution rates (i.e. di�erent choices of parameter
A in Table 1). The colored numb ers denote the resp ective inverse of parameter A in units day s.
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Figure 2. Inverse of dissolution rates of silica from diatoms as a function of ambient tem-
p erature. The circles denote data compiled by Kamatani (1982). Three values in excess of 300
days have b een discarded here. The dashed grey line refers to settings in the mo del of Gao et al.
(2016). The thick black line refers to the ref erence mo del setting in this study. The thin thick
lines refer to settings tested during tuning the DSi inventory.

263

The long equilibration timescale of our Si mo dule calls for long wall-clo ck times un-264

til the e�ects of m o del changes can b e evaluated reliably. This limits the numb er of mo del265

parameters (and formulations) that can b e explored. Our approach here is to use the orig-266

inal mo del formulations and parameters from Gao et al. (2016) and to adjust only the267

opal dissolution rate A , such that the DSi inventory stays close to the observations from268

Garcia et al. (2010). Fig. 1 shows that, to this end, the choic e of A = 90 �1 days �1 is269

the b est compromise b etween fast equilibration (which saved wall-clo ck time) and small270
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mis�t to observations (only two % overestimation of DSi inventory) among the choices271

of A tested in this study.272

Fig. 2 shows the temp erature dep endance of silica dissolution rates that is asso-273

ciated with our choice of A : com pa re d with Gao e t al. (2016), our choice features sub-274

stantially fas ter dissolution rates, throughout the entire range of temp eratures. When275

compared to data compiled by Kamatani (1982) it is, however, still cons is tent with ob-276

servations . On these grounds we justify our choice of A = 90 �1 . We provide a resp ec-277

tive mo del assessment for the Si mo dule in the App endix A.278

2.2.3 Experiments279

As outlined ab ove (Sect. 2.2), we run our reference mo del version under PI and LGM280

climate c onditions to quasi-equilibrium (simulations PI and LGM ). In a second step, start-281

ing from LGM , we p erform a suite of sensitivity exp eriments for the LGM. Table 2 lists282

these e xp eriments , tailored to explore the sensitivity of our mo del towards environmen-283

tal changes. The fo cus is on changes that have b een suggested in the literature to have284

engrained substantial signatures in the isotopic comp osition of ffi 30 Si of the BSi archived285

in o ceanic sediments. These simulations are setup as follows :286

� LGMfe is designed to mimic the e�ect of iron replete conditions on DSi uptake.287

As summarized by Matsumoto et al. (2014), there is evidence from incubation ex-288

p eriments that the Si:N consumption ratio is high under iron-deple ted conditions289

(Franck et al., 2000; Hutchins and Bruland, 1998) and relatively low under iron290

replete conditions (Franck et al., 2000; Pondaven et al., 2000). In exp eriment LGMfe291

the molecular DSi to phosphate stoichiometric ratio R S i : P is reduced by 36%. Be-292

cause the N:P ratio is �xed to 16 in our mo del, this corresp onds to a Si:N ratio293

of 1.294

� LGMbreezy and LGMslack are designed to test the e�ect of p otential glacial in-295

terglacial variability of climatological winds driving the o cean circulation: The w ind296

conditions during the LGM are discuss ed controve rs ially, such that even the sign297

of change s relative to to day's conditions is uncertain (e.g. Kohlfeld e t al., 2012;298

McGee et al., 2010; Sime et al., 2013). In order to envelop e the range of p oten-299

tial e�ects on ffi 30 Si of BSi, we follow Matsumoto et al. (2014) and test b oth a global300

doubling of wind sp e eds and a bise ction, dubb ed LGMbreezy and LGMslack , re-301

sp ectively. These changes a�ect only the momentum received by the o cean.302

� LGM
ush and LGMtrickle are designed to test the e�ect of p otential glacial in-303

terglacial variability of riverine Si inputs into the o cean. Following Frings et al.304

(2016), who suggest, based on a literature review, that the river DSi 
ux has b een305

within � 20% of to day's inputs during the LGM, we increase (decrease) the total306

supply of Si to the surface o cean by 20% in exp eriment LGM
ush ( LGMtrickle ).307

Because re liable data regarding the variability of the spatial distribution of this308

input over time is sparse we distribute all input evenly over space.309

� LGMlight is designed to test the idea of Frings et al. (2016) that the relatively low310

values of ffi 30 Si archived in glacial BSi are caused by an isotopically lighter com-311

p osition of rive rine Si inputs to the o cean. Following Frings et al. (2016), LGM-312

light reduces the ffi 30 Si of DSi supplied to the o c ean by 1 h . The underlying idea313

is that biotic and abiotic pro cesses acting along the course of a river determine314

the isotopic comp osition of the runo� to the o cean. To this end, the study of Scho e-315

lynck et al. (2019) is a very illustrative curiosity showing the e�ect of a herd of316

hipp os increasing ffi 30 Si by a sizable 0 : 2h in Mara River, Kenya.317
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Table 2. Mo del simulations.

tag description initial condi-
tions

duration of simulation

PI "Preindustrial Equi-
librium Simulation" of
Brennan et al. (2012)

equilibrated
simulation of
Brennan et al.
(2012)

10000 yr

LGM "Last Glacial Maximum
Equilibrium Simulation"
of Brennan et al. (2012)

equilibrated
simulation of
Brennan et al.
(2012)

20000 yr

LGMfe identical to LGM except
for Si:N s toichiometric
ratio reduced to 1, mim-
icking the e�ect of iron
replete conditions

end of LGM 10000 yr

LGMbreezy identical to LGM ex-
cept for a doubling in
all winds, driving the
o ceanic circulation

end of LGM 10000 yr

LGMslack identical to LGM ex-
cept for a bisection of
all winds, driving the
o ceanic circulation

end of LGM 10000 yr

LGM
ush identical to LGM ex-
cept for 20% increase in
land-o cean DSi supply

end of LGM 10000 yr

LGMtrickle identical to LGM ex-
cept for 20% decrease in
land-o cean DSi supply

end of LGM 10000 yr

LGMlight identical to LGM except
for a 1 h decrease in
ffi 30 Si of land- o cean DSi
supply

end of LGM 10000 yr
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2.3 Manifestation Timescales318

Our mo del investigations are all based on numerical time-slice exp eriments (i.e.,319

we run the mo del to quasi-equilibrium under the resp ective b oundary conditions) - as320

opp osed to investigating transient resp onse s. Such an approach discards the informa-321

tion regarding the timescales on which mo del resp onses to disturbances manifest them-322

selves. This can spuriously illuminate links b etween pro cesses and their manifestation323

in the isotopic comp osition of material archived in sediment cores. We thus me asure "man-324

ifestation timescale s" by lo cally �tting exp onential functions to the simulated ffi 30 Si-anomalies325

in BSi of the 10 000 year sensitivity exp eriments, listed in Table 2. Dep ending on the326

sign of changes in ffi 30 Si in BSi we �t either to:327

f ( t;x;y) = ff ( x;y) e�
t

� ( x;y ) ; (9)

or328

f ( t;x;y) = ff ( x;y)
�
1 � e�

t
� ( x;y )

�
; (10)

where f ( t;x;y) is the accumulated change in ffi 30 Si of BSi at time t, longitude x and lat-329

itude y. The constant ff ( x;y) and the manifestation timescale � ( x;y) are estimated by330

using an unconstraine d nonlinear minimization of the ro ot mean square deviation b e-331

twe en the lo cal exp onential �t and simulated lo cal changes in ffi 30 Si in BSi (Nelder{Mead,332

describ ed in e.g. Lagarias et al., 1998, starting with an initial gue ss of � = 100 years333

and ff ( x;y) as the di�erence of ffi 30 Si-anomalies b etween the start and the end of resp ec-334

tive time slice exp eriments).335

3 Results336

In the following subsections we explore the results of the sensitivity exp eriments337

regarding their ability to repro duce observed di�erences in the ffi 30 Si signature b etween338

LGM and PI. Each of the sensitivity exp eriments builds on a scenario of environmen-339

tal LGM conditions prop osed earlier in the literature (see Section 2.2.3; Table 2). The340

ma jor aim is to dissect mechanisms that lead to reasonable agreement with the obser-341

vations and paleoarchive data.342

3.1 LGM343

Figure 3 panel (a) shows the di�erence b etween the LGM "reference" simulation344

LGM and our pre industrial simulation PI . We �nd that the colder glac ial climate, over-345

all, increases ffi 30 Si of BSi dep osited to the sediments (relative to PI). This is inconsis-346

tent with observations typically featuring lower glacial ffi 30 Si. (An exception to this rule347

is the Atlantic Oce an where simulated glacial ffi 30 Si of BSi are lower and roughly con-348

sistent with observations.)349

In order to set a reference p oint for the following discussions (in this Section) we350

dissect the pro c esses that imprint the wrong se ns itivity into s imulation LGM : key to un-351

derstanding is that LGM features an o ce anic DSi inve ntory that is 15% lower relative352

to that in PI . This is puzzling b ecause the exp ort of BSi ac ros s 120 m depth (which con-353

stitutes the origin of all BSi sinking to depth) is also reduced by a substantial 30% dur-354

ing the colder LGM climate. Given that the riverine supply of Si is identical in LGM and355

PI , this is counterintuitive . Furthe r investigations revealed that the pro c ess b ehind this356

conundrum is the antagonistic e�ect of temp erature on BSi sedimentation rate in our357

mo del framework. LGM features, consistent with observational evidence (e.g., Margo Pro ject358

Memb ers, 2009), an average of 2 � C colder o c eanic temp erature than PI . In combination359

with an increase in sea-ice cover during the LGM, which shields the o ce an from photo-360

synthetically active radiation essential for autotrophic growth, this slows down the global361

primary pro duction and ass o ciated exp ort of organic material from the sun-lit surface362
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(a) (b)

(c) (d)
LGMslack-PI

LGM-PI LGMfe-PI

LGMbreezy-PI

Figure 3. Di�erence in simulated � 30 Si of BSi relative to the preindustrial simulation PI

as dep osited to sediments in units h . Panel (a), (b), (c) and (d) refer to di�erences LGM-PI ,
LGMfe-PI , LGMslack-PI and LGMbreezy-PI , resp ectively. Magenta circles denote lo cations of
observations of � 30 Si in BSi as preserved in sediment cores (see Section 2.1).

to depth. Hence, less BSi is pro duced and le ss BSi is set on its way s inking to the sed-363

iments. This reduction in BSi pro duction is, however, overcomp e ns ated by a reminer-364

alization rate that is also slowed down by the lower temp eratures such that more organic365

material reaches the sea
o or b efore it is remineralized and dissolved. A rough scaling,366

assuming steady state (and horizontal uniformity which reduces the problem to one s pa-367

tial dimension), puts the p otential of this e�ect into p ersp ective: the vertical 
ux of sink-368

ing BSi describ ed in Equation 5 is, following the notation of Kriest and Oschlies (2008),369

given by370

F ( z0 ) = F 0 exp( �
rz0

w
) ; (11)

where F ( z0 ) is the sinking 
ux at depth z0 de�ned as that distance b etwe en actual depth371

and the depth of the euphotic zone. F 0 is the 
ux out of the euphotic zone. The sink-372

ing sp eed w is 10 mday�1 (see Table 1), and ras de�ned by our Equation 3. For an o cean373

with a uniform temp erature of 4 � C Equation 11 (such as in PI ) yields a sedimentation374

e�ciency (he re de�ned as the ratio b etween 
ux to the sediment and exp ort out of the375

euphotic zone) of 2 h . A reduction of temp erature down to 2 � C (such as in LGM ) yields376

5 h . He nc e, a reduction of only 2 � C yields a substantial (initial) 2.5-fold increase in re-377

sp ective s edimentation rates. It is this temp erature-drive n increase in s edimentation ef-378

�ciency that reduces the global availability of DSi and, consequently, increases overall379

ffi 30 Si in our LGM simulation re lative to PI .380
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(a)
LGMtrickle-PI

(b)
LGMflush-PI

(c)
LGMlight-PI

Figure 4. Di�erence in simulated � 30 Si of BSi relative to the preindustrial simulation PI as
dep osited to sediments in units h . Panel (a), (b) and (c) refer to di�erences LGMtrickle-PI ,
LGM
ush-PI and LGMlight , resp ectively. Magenta circles denote lo cations of observations of
� 30 Si in BSi as preserved in sediment cores (see Section 2.1).

As concerns the decreasing ffi 30 Si of BSi in the Atlantic Ocean, which outwe ighs the381

globally-reversed trend, we �nd: north of 55 � N the simulated DSi inventory is substan-382

tially higher during the LGM, relative to PI (Figure A.3). This is owed to fundamen-383

tally di�erent global circulation patterns in PI and LGM . In PI the upp er branch of the384

meridional overturning circulation (MOC) supplies the North Atlantic with surface wa-385

ters that are already relatively depleted in DSi b ec aus e of biologically induced BSi ex-386

p ort from the surface to depth. The lower branch of the MOC exp orts deep waters en-387

riched in BSi such that the DSi content of the Atlantic Ocean is relatively low. Simu-388

lation LGM di�ers in that sea ice protrudes down to 52 � N (in winter) which shields re-389

sp ective algae from essential photosynthetically active radiation. This reduced vertical390

exp ort of BSi meets throttled me ridional overturning circulation (2 Sv versus 18 Sv in391

the simulation PI ) which puts an e nd to the cycle that reduces the DSi inventory of the392

Atlantic Ocean. The supply of DSi to the surface o cean is identical in PI and LGM . It393

has a prescrib e d, relatively (compared to surface values in the North Atlantic) low ffi 30 Si394

value of 0 : 74h and is evenly distributed over the o cean in our mo del (see Section 2.2.1).395

This eventually reduces the ffi 30 Si of BSi in the glac ial Atlantic Ocean b ecause it is no396

longer (or far less) counteracted by the p e culiar interplay b etween biology and MOC de-397

scrib ed ab ove.398

3.2 LGMfe399

The simulation LGMfe anticipates that more bioavailable iron was available dur-400

ing the LGM. We mimic this e�ect by reducing the DSi demands by 36% relative to the401

nitrogen (and phosphorous) demands in our mo del. This decelerates the biogeo chem-402
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ical cycling of DSi which - according to the Silicic Acid Leakage Hyp othesis (SALH) -403

would re duc e the DSi trapping e�ciency of the SO. The basic idea b ehind to day's rel-404

atively e�cient DSi trapping in the SO is that surface waters on their way north out of405

the SO get depleted of nutrients (DSi) by biologic (BSi) exp ort to depth into southward406

moving water masses, thereby "trapping" DSi in the SO. B y decelerating the cycling of407

DSi (e.g. by reducing the Si quota in sinking organic matter), the ma jor trapping mech-408

anism is weakened and the hyp othesis is that this results in net DSi exp ort, or leakage ,409

out of the SO.410

We de�ne a measure of leakage or re sp ective reduction in the "DSi trapping e�-411

ciency" as the ratio b etween o ceanic inventory south of 40 � S and the total global DSi412

inventory. Comparing LGMfe with LGM we �nd a reduction of only one p ercent . This413

rather minute change is outweighed by the e�ec t of the the 36% reduction in DSi demands,414

describ ed ab ove, which leads to a substantially damp ed biogeo chemical DSi c yc ling and415

a reduction of BSi exp ort to the sediments. The latter results in a global increase in the416

o ceanic DSi content of 11%. Hence, even though the trapping e�ciency in the SO is re-417

duced, the SO do es not lose DSi but rather gains � 10% relative to simulation LGM .418

The increase in b oth lo cal (in the SO) and global DSi concentrations triggers an over-419

all decrease in ffi 30 Si of BSi (Fig. 3 panel (b)) which is generally roughly consis tent with420

observations as far as the sign of changes in concearned. An exce ption b eing the SO, where421

simulated changes are to o weak, and at some lo cations even of opp osite sign when com-422

pared to the observations.423

3.3 LGMslack and LGMbreezy424

The simulations LGMslack and LGMbreezy assume, in contrast to the reference sim-425

ulation, that glacial winds di�ered from those to day. Sign and magnitude of the change426

is controversially discussed in the literature. Here we test b oth, a global bisection LGM-427

slack and a doubling LGMbreezy of wind sp eeds. The results are depicted in Fig. 3, pan-428

els (c) and (d), with LGMslack featuring a generally higher ffi 30 Si of BSi in the SO, sug-429

gesting a straightforward underlying pro cess: reduced winds bring less DSi up to the sun-430

lit surface which increases the e�ect of fractionating DSi uptake by algae in surface DSi431

(b ecause there is less "
ushing" of the system). As the subs trate (surface DSi) b ecomes432

higher in ffi 30 Si, so do es the asso ciated BSi exp ort.433

In contras t, in LGMbreezy more DSi is upwelled in the SO. The e�ect of fraction-434

ation on the isotopic comp osition of the substrate is diluted by the additional DSi sup-435

ply. As a consequence ffi 30 Si of BSi mostly decreases and is consistent with observations436

in terms of the sign of simulated changes. But sp eci�cally in the SO LGMbreezy features,437

a sensitivity which is apparently to o low.438

Complexity is added to the rest of the o cean as the system adjusts: enhanc ed (de-439

creased) upwelling of nutrients by winds feed an increase (decrease) in exp o rt pro duc-440

tion which results in a global Si loss (gain) by inc re ased (decreased) sedimentation such441

that the initial nutrient pulse is counteracted. Negative values, b oth in LGMslack and442

LGMbreezy follow the overall patterns already discussed for LGM .443

In summary, our mo del suggests that reduced winds are inconsistent with observed444

ffi 30 Si of BSi in the SO. In contrast, the e�ect of increasing winds app ear to b e more con-445

sistent with the observations of ffi 30 Si of BSi as far as the sign of changes is considered.446

In terms of magnitude, however, a doubling of the wind during the LGM fails to retrace447

most of the observations in the SO.448

3.4 LGMtrickle and LGM
ush449

The exp eriments LGMtrickle and LGM
ush assume that the supply of Si to the450

glacial o cean was di�erent from to day's. The default value (applied in all of our con�g-451
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urations except the two discussed here) for total supply of Si to the o cean (RRDSi) is452

9 : 55 TmolSiyear�1 with an isotopic comp osition corresp onding to 0 : 74h (RR ffi 30 ; Ta-453

ble 1). The fractionating e�ect of marine biota increases the glo bal mean ffi 30 Si of DSi454

relative to the supply b ecause it preferentially exp orts BSi with lower ffi 30 Si to the sed-455

iment such that DSi with higher ffi 30 Si remains in the water column. From this we con-456

clude that the larger (smaller) the supply in relation to the biotic turnover the lower (higher)457

the ffi 30 Si in DSi - which ultimately controls the isotopic comp osition of BSi archived in458

sediments.459

Fig. 4 supp orts this conclusion: panel (a) shows the di�erence b etween the simu-460

lation LGMtrickle and PI . Compared to panel (a) in Fig. 3, we �nd that the 20% reduc-461

tion of Si supply to the o cean drives an overall incre ase in ffi 30 Si of BSi. Likewise, pane l462

(b) in Fig. 4 shows that a 20% increase in Si supply decreases the overall ffi 30 Si of BSi463

with the biggest e�ect concentrated in the eastern equatorial upwelling area.464

In summary, the sensitivity of ffi 30 Si of BSi to changes in Si supply is to o small to465

explain observed glacial interglacial variations. Expresse d in terms of a global average466

of ffi 30 Si of BSi, we �nd less than 0.1 h change when altering the Si supply by 40% in Si.467

3.5 LGMlight468

Frings et al. (2016) suggest that the relatively low ffi 30 Si of BSi archived in glacial469

sediments are caused by a glacial isotopic comp osition of the Si supplied to the o cean470

that was 1 h lighter than to day. Consistent with their reasoning, we �nd in Fig. 4 panel471

(c) a global decrease in ffi 30 Si of BSi by up to 1 h (with the eastern tropical Paci�c b e-472

ing an exception) in resp onse to the reduction of RR ffi 30 . Expressed in terms of a global473

o ceanic average we �nd a decrease of 0 : 65 h at the end of our 10 000 year spinup.474

In summary, Fig. 4 panel (c) suggests that a reduction of ffi 30 Si in DSi supplied to475

the o cean drives changes that are consistent with almost all observations of glacial ffi 30 Si476

in BSi archived in sediments.477

4 Discussion478

In Section 4.1 we discuss timescales at work, Section 4.2 puts the results into p er-479

sp ective and Section 4.3 discusses p otential and generic sources of uncertainties in the480

underlying Earth System Mo de l.481

4.1 Manifestation Timescales482

So far we explored the sensitivity of our mo del to changes in environmental con-483

ditions with numerical time-slice exp eriments. This can b e deceptive for, e.g., pro cesses484

that manifest themselves with timescales as long or longer than typical glacial interglacial485

cycles. In the following we use the concept of manifestation timescale intro duced in Sec-486

tion 2.3. in order to check if our simulated is otopic signatures of pro cesses could p ossi-487

bly b e detected in actual sediments - as opp os ed to b eing smeared out over one or more488

glacial inte rglac ial cycles.489

Fig. 5 shows that manifestation timescales vary considerably over space. In terms490

of detectability, we �nd in LGMlight that manifestation timescales at the observational491

sites are short enough so that they should b e detectable in sediments (if they were to492

have b een at play). This suggests that the e�ect of changing isotopic comp osition of o ceanic493

Si supply to the o cean would b e clearly imprinted into the sediment record. This do es494

not apply to LGMbreezy where manifestation timescales in the Southern Ocean excee d495

5000 years (not shown).496
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LGMlight

Figure 5. Timescale of manifestation of changes in � 30 Si of BSi archived in sediments simu-
lated in LGMlight (as shown in Figure 3 panel c) in units years. White patches denote changes
of less than 0 : 1 h or regions with b ottom BSi concentrations less than 10 � 10 mol S i m 3 . Ma-
genta circles denote lo cations of observations of � 30 Si in BSi as preserved in sediment cores (see
Section 2.1).

4.2 Appraisal of Results497

The two exp eriments LGMbreezy and LGMlight , out of our total of 7 numerical sen-498

sitivity exp eriments, feature the b est �t with resp ect to the sign to the overall, lower (rel-499

ative to to day) glacial ffi 30 Si of BSi observations. This holds esp ecially in the Southern500

Ocean. T he exp eriment with increas ed winds ( LGMbreezy ), however, features a sensi-501

tivity w hich, although of c orre ct sign, is much lower than suggeste d by observational ev-502

idence. In addition LGMbreezy features very long manifestation time scales (when com-503

pared to LGMlight ; cf., Sect. 4.1) which implies that the pro cess of increasing winds is,504

in reality, even harder to detect than the rather weak s ig nal we �nd at the end of our505

10 000 year long numerical time s lic e exp eriment suggests. This leaves us with simula-506

tion LGMlight b eing the most consistent with observations of ffi 30 Si of BSi out of all con-507

sidered pro cesses (listed, e.g., in Table 2).508

Even so , other pro cesses such as changes to air-sea iron 
uxes and wind �elds may509

also have b een at play. According to our mo del results, however, these should manifest510

themselves more prominently in metrics other than in the isotopic comp osition of BSi.511

One example of such a metric are sedimentary redox-s ensitive trace-metal records. Jac-512

card et al. (2016) deduce from resp ective evidence glacially reduced dissolved oxygen con-513

centrations in the Atlantic Sector of the deep SO. Figure 6 suggests that, in our mo del,514

a decrease in wind sp eeds do es drive a consistent oxygen decrease while unchanged winds,515

or an increase of winds, result in an incons is tent increase of simulated dissolved oxygen516

concentrations. Investigations of the link b etween decreasing winds and oxygen reveals517

two antagonistic pro cesses b eing at work in our mo del. For one, the reduced wind-induced518

upwelling of nutrients drives less pro duction and asso ciated oxygen consumption in the519

SO. This, on its own, would increase the oxygen concentration. However, this pro cess520

is opp osed by a reduced wind-induce d overturning which reduces ventilation and drives521

an oxyge n decrease. The net e�ect di�ers among the sectors of the SO, such that the At-522

lantic Se ctor in Figure 6 panel (b) is consistent with results from Jaccard et al. (2016).523

The di�erence among the Sectors in the SO is facilitated by a reduced (down to 40% rel-524

ative to LGM ) Antarctic Circump olar Current which reduces the zonal mixing b etwe en525

the Sectors as a result of reduced winds supplying less momentum to the o cean. Please526

note that a comprehensive analysis of o ceanic deoxygenation, which must cover the role527
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of (preferably explic itly resolved) iron dynamics (see, e.g. Stoll, 2020) and more data (e.g.528

Jaccard and Galbraith, 2011), is b eyond the scop e of this manuscript which fo cuses on529

the isotopic comp osition of BSi in resp ons e to changing environmental conditions. Our530

main conclusion here is that LGMbreezy is apparently inconsistent with sedimentary redox-531

sensitive trace-metal records.

(a)

(b)

(c)

LGM-PI

LGMslack-PI

LGMbreezy-PI

Figure 6. Simulated oxygen concentration at the b ottom of the o cean relative to simulated
preindustrial (PI) concentrations in units mmol O 2 m � 3 . Panel (a), (b) and (c) refer to simula-
tions LGM, LGMslack and LGMbreezy , resp ectively.

532

4.3 Model Uncertainties533

Assessing the reliability of mo del pro jections is not straight-forward. This applies534

to b oth, climate mo dels (Notz, 2015) and p elagic biogeo chemical m o dels (L�optien and535

Dietze, 2017). Our approach here is to highlight two of our simplifying ad-hoc assump-536

tions which may p otentially degrade our mo del results. One of thes e assumptions con-537

cerns the DSi supply by rivers. In our simulations, all DSi supplied from the land into538

the o cean is homogeneously distributed over the o ceans. The rationale b ehind this is the539

sparse information available on glacial-interglacial changes in river loads and the implicit540

assumption that horizontal transp orts act on much shorter timescales than the vertical541

transp orts. Among the (unintended) consequences is a glacial Arctic Ocean w hich is con-542

tinuously 
ushed by isotopically light DSi in our mo del - even though - in reality, it was543

covered by ice and probably did not receive any river runo� at all.544

Another simpli�cation in our setup is not to account for isotopic frac tionation dur-545

ing BSi dissolution - an approach we share with the pioneering 3-dimensional mo deling546
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work of Wischmeyer et al. (2003), the b ox mo deling work of Reynolds (2009), and the547

3-dimensional mo deling work of Gao et al. (2016). Our simulation of deep ffi 30 Si of DSi548

(see, Figure A.6) �ts into this successive mo del development in that it features a real-549

istic gradient in the dee p waters of the Atlantic and Paci�c Oceans. In com parison, the550

early work of Wischme yer et al. (2003) failed to simulate a signi�cant gradient (less than551

0: 1h di�erence), while Reynolds (2009) and Gao et al. (2016) rep orted a more realis-552

tic di�erence of 0 : 3h b etween the basins. Our mo del features 0 : 5 h which is even c los er553

to the data-constrained mo del estimate of 0 : 7 h by H olz er and Brzezinski (2015) - ar-554

guably the most comprehensive estimate of to day's ffi 30 Si of DSi distribution in the deep555

o cean. Further comparison with the Holzer and Brzezinski (2015) estimate, however, re-556

veals that our simulated variance in the deep Paci�c is apparently to o low: while results557

by Holzer and Brzezinski (2015) suggest a range b etween 1 : 7 h in the South and 1 : 1h558

up North, we �nd barely any variation in our simulation PI . According to Holzer and559

Brzezinski (2015) and Beucher et al. (2008) this de�ciency of our mo del is linke d to not560

accounting for isotopic fractionation during B Si dissolution.561

Another problematic region where our m o del simulations deviate from observations562

of ffi 30 Si of BSi is the eastern equatorial Paci�c in Fig. 3 and 4. We sp eculate that this563

is asso ciated with an unrealistic z ona l circulation in our mo del which is apparently en-564

demic to the current generation of coupled o cean circulation biogeo chemical mo dels (Di-565

etze and L�optien, 2013; Getzla� and Dietze, 2013).566

In summary, we refer to a mo del that is capable of repro ducing the e�ects of (prein-567

dustrial) circulation and isotopic fractionation during BSi pro duction with a �delity com-568

parable to existing non data-assimilated 3-dimensional coupled o cean circulation biogeo-569

chemical mo dels . Compared with the arguably most comprehensive data-assimilated mo del570

estimate of the present abyssal ffi 30 of DSi we miss an intra-basin variability in the Pa-571

ci�c Ocean that is probably linked to unaccounte d isotopic fractionation during BSi dis-572

solution.573

5 Conclusions574

We set out to simulate ffi 30 Si of BSi (such as opal) archived in o ceanic sediments575

under mo dern climates (PI) and glacial conditions (LGM). Sp eci�cally, we imple ment576

and test several hyp othesis which were suggested in the literature to explain the observed577

di�erence in ffi 30 Si of BSi b etween PI and LGM.578

Our nume ric al exp eriments with an Earth System Mo del of intermediate complex-579

ity suggest that neither of the following pro cesse s e�ected glacial-interglacial changes in580

the isotopic comp os ition of BSi is consistent with observations: (1) an overall co oling and581

substantial reduction of the meridional overturning circulation (our exp e rim ent LGM ),582

(2) a decrease of Si:N quota in diatoms as p otentially e�ected by increased air-sea iron583


uxes (our exp eriment LGMfe ), (3) decreasing winds (our exp eriment LGMslack ) and584

(4) increasing or decreasing Si supply to the o cean (our exp eriments LGMtrickle and LGM-585


ush ).586

Out of seven sensitivity exp eriments, only the simulation with inc re ased winds (ex-587

p eriment LGMbreezy ) and the simulation with a changed isotopic comp osition of rive r588

runo� (exp eriment LGMlight ) repro duce the observed sign of change, sp eci�cally in the589

SO. The exp eriment with increasing winds (exp eriment LGMbreezy ), however, fails to590

repro duce the magnitude of observed changes and is, furthermore, inconsistent with the591

Jaccard et al. (2016) estimate of dissolved near-b ottom oxygen concentrations (based on592

redox-sensitive trace-metal records archived in the sediments in the Atlantic Sector of593

the SO). The exp eriment LGMlight is most consistent with observed changes in ffi 30 Si of594

BSi in terms of b oth, sign and magnitude. This con�rms the suggestions by Frings et al.595

(2016) that changes in the isotopic comp osition of DSi supplied to the o cean (rather than596
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changes in the internal o c eanic cycling of DSi) triggered low glacial ffi 30 Si of BSi. Fur-597

ther, the estimated manifestation timesc ale of changes in ffi 30 Si of BSi range b etwee n sev-598

eral hundreds to 2500 years at the observational sites . This means that the resp ective599

signal should b e detectable - des pite a global turnover timescale of DSi, which is com-600

parable to the p erio d of glacial-interglacial cycles.601

As a side asp ect we �nd a simulated o ceanic DSi inventory which is 10-20% lower602

during the Last Glacial Maximum than to day. This is somewhat counterintuitive b ecause603

simulated BSi pro duction is also lower during the LGM which suggests that le ss BSi is604

sinking down to the o ceanic sediment. More comprehensive analysis shows that this ef-605

fect is outweighed by BSi dissolution rates that are also slowe d down as a consequence606

of colder temp e ratures such that more BSi esc ap es dissolution prior to s edimentation in607

our mo del.608

Caveats remain. A ma jor problem of developing a Si mo dule within the framework609

of an Earth System Mo del is the high computational cost asso ciated with running test610

simulations to equilibrium. To this end, a turnover timescale of Si in the o cean of more611

than 10 000 years is a real handic ap. Among the simpli�cations we chose in order to limit612

the numb er of test simulations was discarding the e�ect of fractionation during BSi dis-613

solution. According to Holzer and Brzezinski (2015) and Beucher et al. (2008) this may614

b e the re ason why our mo del do es not repro duce observed variations of ffi 30 Si of DSi within615

the Paci�c. Further - substantial - uncertainty is added by the generic proble m of con-616

straining global bioge o chemical o cean mo dels (L�optien and Dietze (2015); L�optien and617

Dietze (2017); L�optien and Dietze (2019)).618

A Model Assessment619

The UVic ESCM reference version we us e for LGM and PI has b een des crib ed and620

assessed by Brennan et al. (2012). We left this base m o dule unchanged. In the follow-621

ing we refer to our extension adding an Si-cycle (which do es not feedback onto the orig-622

inal mo dules) in the following.623

Figure A.1 shows the mo dern climate (PI) simulated DSi concentrations at the sur-624

face and at depth compared to observations (Garcia et al., 2010). A comparis on of panel625

(a) and (c) suggests that the simulated DSi concentrations are somewhat to o high at the626

surface, sp eci�cally in the tropics and the southern part of the Southern Ocean. At the627

same tim e, DSi concentrations are to o low at the b ottom, s p eci�cally in the northern Pa-628

ci�c (panel (b) and (d)). These deviations are also visible in the global mean pro�le s in629

Fig. A.2.630

Table A.1. Comparison b etween observations (OBS) and preindustrial simulation ( PI ). Temp.,
Sal., std., RMS, corr. co e�., var refer to temp erature, salinity, standard deviation, ro ot mean
square error b etween PI and OBS, and variance, resp ectively. � 30 D S i refers to surface values.
The origin of observations is do cumented in Section 2.1.

variable unit std.
OBS

std.
PI

bias
( PI -OBS)

RMS corr.
co e�.

var( PIref )/
var(OBS)

Temp. � C 6.5 6 .6 0.6 1.4 0.98 103%
Sal. PSU 0.6 0.5 0.03 0.3 0.85 70%
PO 4 mmol P m �3 0.83 0.77 -0.03 0.3 0.94 86%
DSi mmolSi m�3 54 40 11 30 0.84 54%
ffi 30 DSi h 0.62 0.48 0.57 0.56 0.51 60%
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(c) (d)
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Figure A.1. Surface and deep (2000 m to b ottom average) DSi concentrations in units
mmol S i=m 3 . (a) and (b) refer to surface and abyssal observations (Garcia et al., 2010), re-
sp ectively. (c) and (d) refer to simulated preindustrial ( PI ) surface and abyssal concentrations,
resp ectively.
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Figure A.2. Zonally and meridionally averaged vertical pro�le of DSi concentrations in units
mmol S i=m 3 . The black, grey dashed, and red dot-dashed lines refer to observations (black line,
Garcia et al., 2010), preindustrial simulation, and Last Glacial Maximum simulation, resp ectively.

We susp ect that thes e di�erences are b oth the result of our choice of parameters631

(p ossibly an underestimated opal sinking velo city and an underestimated molecular DSi632

to phosphate stoichiometric ratio or an underestimated B Si pro duction rate) as well as633

b eing caused by rather coarse spatial resolution of the o cean mo dule which is known to634

retard o cean transp orts (e.g. Getzla� and Dietze, 2013). Figure A.3 depicts the zonally635

ave rage d exp ort of DSi. While the ab ove mentioned biases map also onto this metric,636

the ma jor features are, nevertheless, capture d. Sp eci�cally the trapping of DSi in the637
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Figure A.3. Zonally and vertically averaged DSi concentrations in units mmol S i m � 3 . The
black, grey dashed, and red dot-dashed lines refer to observations (black line, Garcia et al., 2010),
preindustrial simulation, and Last Glacial Maximum simulation, resp ectively.
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Figure A.4. Meridional sections over depth (in m) of DSi in units mmol S i m � 3 . Panel (a)
and (c) refer to observations (Garcia et al., 2010) and panel (b) and (d) to the preindustrial
simulation.

SO, high values in the tropics and a large drop in the Arctic are clearly visible. Not well638

captured are, however, the mid latitudes in the northern hemisphere where the s imulated639

exp ort is underestimated. Further, the transition zone to the SO is not as sharp as ob-640

served and DSi values in the Arctic are somewhat overestimated.641

The Figures A.4 and A.5 show meridional sections of b oth, simulated DSi and642

phosphate in comparison to the observations. This allows for a continuative exploration643

of the reasons for mo del-data mis matches with re sp ect to DSI : the section through the644

Atlantic (at 30 � W) shows simulated DSi concentrations that are generally underestimated645

while phosphate seems in b etter agreement with the observations in that resp ect. In the646

SO, however, b oth variables are biased - and the biases opp ose one another: in terms647

of SO nutrient trapping, simulated phosphate is trapp ed more e�ciently than indicated648

by the observations. This is in contrast to simulated DSi conce ntrations, where the sim-649

ulated SO nutrient trapping is to o weak. With one nutrient biased high and the other650
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Figure A.5. Meridional sections over depth (in m) of PO 4 in units mmol Si m � 3 . Panel (a)

and (c) refer to observations (Garcia et al., 2010) and panel (b) and (d) to the preindustrial

simulation.

nutrient biased low it seems unlikely that a de�cient circulation is the cause for these651

biases (although this can not be ruled out). This suggests that the SO nutrient trapping652

relates strongly to the biogeochemical model parameters. One conclusion from this may653

be that the biogeochemical model is better tuned with respect to phosphate than to DSi.654

This is to be expected because of the wider use of the phosphate-based biogeochemical655

model and the much shorter equilibration time scales for phosphate which facilitate the656

respective tuning to observations. In the Paci�c, however, the situation di�ers, and sub-657

surface maxima in the northern hemisphere (except the Arctic) are too low for both phos-658

phate and DSi. Following our reasoning above this may be indicative for 
aws in the ocean659

circulation module. Please note, however, that the attribution of 
aws in model behav-660

ior to respective processes is challenging and may even be impossible given the current661

set of observations (e.g. L•optien and Dietze, 2019).662

Table A.1 provides a quantitative estimate of how our DSi/BSi module compares663

against the underlying biogeochemical and ocean circulation module of Brennan et al.664

(2012). The simulated temperature variance is overestimated by 3% and the tempera-665

ture bias is 0.6 K, corresponding to 9% relative to the standard deviation in the obser-666

vations. The respective bias to standard deviation of salinity is with 0.03 even smaller667

(5% relative to the standard deviation in the observations). Simulated phosphate con-668

centrations are, surprisingly, even closer to observations than simulated salinities: the669

bias to standard deviation ratio is smaller (4%) and the simulated variance covers 86%670

of observed levels (versus 70% for salinity). Given that the salinity distribution directly671

a�ects ocean circulation via density driven pressure gradients, it is remarkable that the672

mis�t in this active physical property can be much larger than the mis�t of the rather673

passive (in terms of their e�ect on circulation) phosphate whose distribution is directly674

shaped by oceanic circulation. This may be an indication that the biogeochemical mod-675
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