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Abstract

We validate 1D glacial isostatic adjustment (GIA) models ICE-6G C (VM5a) and ICE-7G NA (VM7), and new 3D GIA models

in the Russian Arctic against a quality-controlled deglacial relative sea-level (RSL) database. The 1D models correspond to the

RSL data along the southern coast of Barents Sea and Franz-Josef-Land, but show notable misfits with the White Sea data.

We find 3D models fit better than 1D models around the White Sea while retaining comparable fits in other regions of the

Russian Arctic. Our results reveal (1) RSL in the western Russian Arctic is sensitive to laterally varying lithosphere and 3D

viscosity structure in the upper mantle; and (2) RSL in the whole Russian Arctic is less sensitive to 3D viscosity structure in

the lower mantle compared to the upper mantle. The 3D models reveal a compromise in the upper mantle between background

viscosity and scaling factor to best fit the RSL data.
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Key Points: 16 

 1D GIA models ICE-6G_C (VM5a) and ICE-7G_NA (VM7) and 3D GIA models are 17 

validated with a quality-controlled deglacial Russian Arctic RSL database. 18 

 3D GIA model retains the good fits achieved by 1D models and improves the fits 19 

significantly in regions where 1D models show notable misfits. 20 

 There is a compromise in the upper mantle between the background viscosity and 21 

scaling factor to best fit the deglacial RSL data. 22 

Abstract 23 

Analyses of glacial isostatic adjustment (GIA) and deglacial relative sea-level (RSL) change 24 

in the Russian Arctic deliver important insights into the Earth’s viscosity structure and the 25 

deglaciation history of the Eurasian ice sheet complex. Here, we validate the latest iterations 26 

of 1D GIA models ICE-6G_C (VM5a) and ICE-7G_NA (VM7), and new 3D GIA models in 27 

the Russian Arctic against a quality-controlled deglacial RSL database of >500 sea-level data 28 

points from 24 regions. The 1D models correspond to the RSL data along the southern coast 29 
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of the Barents Sea and Franz-Josef-Land from ~11 ka BP to present but show notable misfits 30 

(> 50 m at 10 ka BP) with the White Sea data. We find 3D model predictions of deglacial 31 

RSL values are closer to the observed data than 1D models for the White Sea data while 32 

retaining comparable fits in other regions of the Russian Arctic. Our results reveal: (1) RSL 33 

in the western Russian Arctic is sensitive to elastic lithosphere with lateral thickness variation 34 

and 3D viscosity structure in the upper mantle; and (2) RSL in the whole Russian Arctic is 35 

less sensitive to 3D viscosity structure in the lower mantle compared to the upper mantle. The 36 

3D models reveal a compromise in the upper mantle between the background viscosity and 37 

scaling factor to best fit the RSL data, which needs to be considered in future 3D GIA studies.  38 

1 Introduction 39 

Glacial isostatic adjustment (GIA) describes the dynamic response of the Earth's lithosphere 40 

and mantle to surface ice-water loading and unloading events, which makes a considerable 41 

contribution to relative sea-level (RSL) evolution since the Last Glacial Maximum (LGM) 42 

(e.g., Peltier, 1998; Whitehouse, 2018). Models of the GIA process (e.g., Argus et al., 2014; 43 

Lambeck et al., 1998, 2017; Peltier et al., 2015) link the cryosphere, hydrosphere, geosphere 44 

and atmosphere (e.g., Whitehouse, 2018; Wu et al., 2010), improve understanding of climate 45 

and sea-level changes by enabling reconstruction of ice-sheet histories (e.g., Lambeck et al., 46 

2014; Milne & Mitrovica, 2008; Peltier et al., 2015) and provide important constraints on 47 

mantle rheology for the study of geodynamics (e.g., Huang et al., 2019; Lambeck et al., 2017; 48 

Peltier, 1998).  49 

The search for an accurate GIA model of the Eurasian ice sheet complex is important for 50 

determination of viscosity structure and deglaciation history (e.g., Auriac et al., 2016; Patton 51 

et al., 2015; Steffen & Wu, 2011). The Eurasian ice sheet complex had the third largest ice 52 

mass during the LGM with a sea-level equivalent of ~20 m (e.g., Patton et al., 2017). Despite 53 

a long history of geologic studies (e.g., Forman et al., 2004; Kolka et al., 2015, 2013; 54 

Polyakova et al., 2005), reviews of deglacial RSL data in the Russian Arctic have only 55 

recently been conducted (Baranskaya, 2015; Makarov, 2017). Indeed, a new quality-56 

controlled deglacial RSL database (Baranskaya et al., 2018) now offers an independent 57 

constraint for global GIA models and the testbed for the influence of 3D (i.e., laterally 58 

heterogeneous) Earth structure. The Russian Arctic database includes RSL information since 59 

the LGM from 26 regions with differing near- and intermediate field GIA histories. 60 



Here we apply two state-of-the-art 1D global GIA models, ICE-6G_C (VM5a) (Argus et al., 61 

2014; W R Peltier et al., 2015) and ICE-7G_NA (VM7) (Roy & Peltier, 2017, 2018) to test 62 

their performance in the Russian Arctic with the new RSL database (Baranskaya et al., 2018). 63 

Fixed with the ICE-6G_C ice history, we also study the influence of the 3D Earth structure 64 

on RSL predictions and search for an optimal 3D GIA model. Paulson et al. (2005) and Wang 65 

& Wu (2006) suggest that the 3D viscosity structures have the potential to better fit the 66 

deglacial RSL records both regionally and globally (e.g., Clark et al., 2019; Kuchar et al., 67 

2019; Li et al., 2018). Indeed, previous GIA sensitivity tests suggest that RSL in the Russian 68 

Arctic region is sensitive to lateral variations in lithospheric thickness (Li & Wu, 2018; 69 

Zhong et al., 2003) and mantle viscosities (Li et al., 2018). We compare the predictions of 1D 70 

and 3D GIA models with deglacial RSL data to steer optimal 3D GIA model search strategy, 71 

guide future RSL data collection efforts and identify the regions where the local ice loading 72 

history employed in the 1D model was inadequately constrained. The modification of ice 73 

loading history might eliminate misfits of a 1D model to the deglacial RSL data. 74 

2 RSL Data 75 

We compare GIA model predictions to the deglacial RSL database of Baranskaya et al. 76 

(2018) (B18) from the Russian Arctic (Figure 1). B18 is derived from a variety of sea-level 77 

indicators including isolation basins, raised beaches, and perennially frozen salt marshes 78 

(laidas). The database was compiled following standard protocol (Khan et al., 2019; Shennan 79 

et al., 2015), where each valid data point requires precise knowledge of 1) the geographic 80 

location of the sample (i.e., its latitude and longitude); 2) the in situ age of the sample; 3) the 81 

elevation of the sample; and 4) the relationship of the indicator to sea level at its time of 82 

formation (i.e., indicative meaning; van de Plassche, 1986). We excluded a small number of 83 

samples from the B18 database that upon further scrutiny were found to be reworked or could 84 

not be reliably related to any tidal level. In addition, we did not use data from Kolka et al. 85 

(2013) and Kolka et al. (2015) (regions 5 and 9 of B18) older than 11.4 ka BP because it 86 

reflects local-scale effects related to the complex history of the White Sea ice lake (Hughes et 87 

al., 2016; Patton et al., 2017) that would not be resolved by the GIA models. After the data 88 

exclusion, the 26 regions in B18 became 24 regions (Figure 1a, b); the division is based on 89 

the relative influence of GIA, tectonic setting, and local geomorphological conditions. 90 

The Russian Arctic database covers the Russian coasts of the White, Barents, Kara and 91 

Laptev seas. It contains 353 sea-level index points (SLIPs), which define the discrete position 92 



of RSL in time and space, and 92 terrestrial and 78 marine limiting points, which provide an 93 

upper or lower bound on RSL in time and space, respectively (Engelhart & Horton, 2012).  94 

3 GIA Modelling 95 

We compare the RSL database to 1D and 3D GIA models. The 1D GIA models, ICE-6G_C 96 

(VM5a) (Argus et al., 2014; W R Peltier et al., 2015) and ICE-7G (VM7) (Roy & Peltier, 97 

2017, 2018) were computed using the Normal Mode Method (NMM) and truncated at degree 98 

and order 512, where the horizontal resolution is comparable to 0.5 × 0.5-degree on the 99 

surface. The 3D GIA models were computed using the Coupled Laplace-Finite Element 100 

(CLFE) method (Wu, 2004) with 0.5 × 0.5-degree horizontal resolution near the surface, 101 

decreasing with depth to 2.0 ×  2.0-degree in the lower mantle to reduce computational 102 

resources. Both 1D and 3D models consider the effects of rotational feedback and time 103 

dependent coastlines in the computation of the solution to the sea-level equation (Peltier, 104 

1994). Note that the RSL prediction computed with CLFE method has been benchmarked 105 

with NMM for ICE-6G_C (VM5a) model before (Text S2 in Li et al., 2020). 106 

The methodology for the 1D models is described in Peltier et al. (2015). For the 3D model, 107 

the 3D viscosity structure 𝜂(𝑟, 𝜃, 𝜙) is assumed to be the superposition of radial (𝜂𝑜) and 108 

lateral viscosity structures (∆𝜂(𝑟, 𝜃, 𝜙)) logarithmically (Wang et al., 2008) in the form:   109 

                               log10[𝜂(𝑟, 𝜃, 𝜙)] = log10[𝜂𝑜] + log10[∆𝜂(𝑟, 𝜃, 𝜙)]                              (1) 110 

The radial viscosity structures were given by the background viscosity models (𝜂𝑜). Lateral 111 

viscosity variations (∆𝜂(𝑟, 𝜃, 𝜙)) in the mantle were derived from the lateral shear velocity 112 

anomalies (
𝛿𝜐𝑠

𝜐𝑠
) in TX2011 seismic tomography model (Grand, 2002) by employing the 113 

scaling relationship (Karato, 2008; Wu et al., 2013):  114 

log10[∆𝜂(𝑟, 𝜃, 𝜙)] =
−0.4343

[𝜕 ln 𝜈𝑠 𝜕𝑇⁄ ]𝑎ℎ+𝑎𝑛

(𝐸∗+𝑝𝑉∗)

𝑅𝑇0
2

𝛿𝜐𝑠

𝜐𝑠
𝛽                                  (2) 115 

where 𝐸∗, 𝑉∗, 𝑝, 𝑅 and 𝑇0 are the activation energy, activation volume, pressure, gas constant 116 

and background temperature profile, respectively. [𝜕 ln 𝜈𝑠 𝜕𝑇⁄ ]𝑎ℎ+𝑎𝑛 includes both the effects 117 

of anharmonicity (ah) and anelasticity (an). Here, we introduced parameter 𝛽 ∈ [0, 1], which 118 

represents the fractional contribution of the thermal effect on seismic anomalies, and thus 119 

non-thermal effects such as chemical and non-isotropic pre-stress effects will consequently 120 

have the fractional contribution 1- 𝛽. We assumed that the 𝛽 value in the two layers of the 121 

upper mantle (UM), UM1 and UM2, are the same (𝛽𝑈𝑀). Similar assumptions were made for 122 

the 𝛽 value in lower mantle (LM), LM1 and LM2 (𝛽𝐿𝑀), accordingly. The elastic lithosphere 123 



with lateral thickness variation were taken from Li & Wu (2018). It should be noted that 124 

TX2011 seismic tomography model (Grand, 2002) of the lateral heterogeneity of shear wave 125 

velocity has a lower resolution (2 × 2-degree ) compared to the GIA model. 
 

126 

To guide 3D GIA model search strategy and future RSL data collection efforts, we defined 127 

locations that are optimally sensitive to 3D Earth structure (e.g., Steffen et al., 2014). The 128 

sensitivity of RSL to a specific parameter in a 3D model (i.e., an elastic lithosphere with 129 

lateral thickness variation, 3D viscosity structures in the upper mantle or lower mantle) was 130 

obtained from the difference between the RSL predictions of the 1D model (VM5a)  and the 131 

3D model, allowing only one parameter to vary at a time (Wu, 2006; Figure 2). 132 

To define the optimal 3D model, we used the misfit 𝜒-statistic (see details below describing 133 

how to calculate the misfit 𝜒-statistic) to determine the parameters that achieved the best fit to 134 

the RSL data by first searching for the parameter space of the upper mantle, followed by the 135 

lower mantle. When searching for the optimal 3D upper mantle parameters, we set the lower 136 

mantle background viscosity to VM5a and the scaling factor (𝛽𝐿𝑀) to 0.6 (Li et al., 2018). We 137 

allowed the background viscosity in the upper mantle (𝜂𝑈𝑀) to vary between 0.01 ×10
21

 Pa s 138 

and 0.5 ×10
21

 Pa s (e.g., Auriac et al., 2016; Li et al., 2018) at 0.05 ×10
21

 Pa s interval (0.04 139 

×10
21

 Pa s interval from 0.01 to 0.05 ×10
21

 Pa s) and scaling factor in the upper mantle (𝛽𝑈𝑀) 140 

from 0 to 1 at a 0.1 interval (Figure 3a).  141 

Next we searched for the optimal 3D structure in the lower mantle by allowing 𝛽𝐿𝑀 to vary 142 

from 0 to 1 at a 0.1 interval while keeping the 3D upper mantle fixed with our optimal values 143 

of 𝜂𝑈𝑀  and 𝛽𝑈𝑀  (Figure 3b). For lower mantle, we did not search for the background 144 

viscosity, which was fixed to VM5a because the RSL is less sensitive to lower mantle 145 

viscosity compared with the upper mantle in this region (e.g., Auriac et al., 2016; Steffen & 146 

Wu, 2011; Figure 2) and the 3D GIA model is computationally expensive (Li & Wu, 2018).  147 

To evaluate the performance of 1D and 3D models, we generated GIA predictions at the 148 

unique location of each data point in the modified deglacial RSL database from B18 (Text S1 149 

and Figure S1) and compared the predictions to each SLIP to calculate the misfit 𝜒-statistics: 150 

𝜒 = √1

𝑁
∑ [[

𝑜𝑖−𝑝𝑖(𝑚𝑗)

∆𝑜𝑖
] (𝑡)]

2

𝑁
𝑖=1                                                 (3) 151 

where 𝑁 represents the number of data, 𝑜𝑖 indicates 𝑖th observation with uncertainty ∆𝑜𝑖, and 152 

𝑝𝑖(𝑚𝑗) are the 𝑖 th prediction for model 𝑚𝑗  (Wu et al., 2013). Following Tushingham & 153 

Peltier (1991), we account for the uncertainty ∆𝑡 in the observation age by considering GIA 154 



predictions at three times 𝑡 and 𝑡 ± ∆𝑡 and choosing the value minimizing [[
𝑜𝑖−𝑝𝑖(𝑚𝑗)

∆𝑜𝑖
] (𝑡)]

2

. 155 

The smaller the 𝜒-statistics, the better the RSL predictions fit the deglacial RSL data. 156 

4 Results and Discussion 157 

4.1 1D GIA Models 158 

The misfit 𝜒-statistics for ICE-6G_C (VM5a) and ICE-7G_NA (VM7) compared to the 159 

deglacial RSL data are 5.13 and 4.45, respectively (Figure 1c). We attribute the better fit of 160 

the ICE-7G_NA (VM7) model pairing to the Earth model change from VM5a to VM7 rather 161 

than the ice loading histories because ICE-6G_C and ICE-7G_NA only differ slightly in 162 

North America and are identical elsewhere, including the Russian Arctic (Roy & Peltier, 163 

2017).  164 

Spatially, both ICE-6G_C (VM5a) and ICE-7G_NA (VM7) fit the RSL data along the 165 

southern coast of Barents Sea (regions 1-3) and the Franz-Josef-Land (region 19) (Figure 1c). 166 

However, they show notable misfits of up to 53 m at 10 ka BP in the White Sea (e.g., region 167 

5, Figure 1c). The RSL predictions in the White Sea region lie above both the SLIPs and 168 

terrestrial limiting data older than ~6 ka BP. Such misfits may be eliminated by the 169 

incorporation of 3D structure in the lithosphere and mantle, because it shows notable shear 170 

velocity anomalies around White Sea (Figure S2) which indicates the potential necessity for 171 

3D structure. In the absence of 3D structure, such misfits could be reduced by a thinner ice 172 

sheet or its earlier removal than represented in the ICE-6G_C/ICE-7G_NA ice loading 173 

histories (Tushingham & Peltier, 1992).  174 

4.2 RSL Sensitivity Results 175 

The patterns of RSL sensitivities to elastic lithosphere with lateral thickness variation and 3D 176 

viscosity structures in the upper and lower mantle remain stable through time, although the 177 

magnitudes decrease (Figure 2, S3, S4 and S5). RSL in the western Russian Arctic (regions 1 178 

to 15) is sensitive to elastic lithosphere with lateral thickness variation and 3D viscosity 179 

structure in the upper mantle, which may address the notable misfits with 1D GIA models 180 

(e.g., White Sea coasts). The regions most sensitive to elastic lithosphere with lateral 181 

thickness variation and 3D viscosity structure in the upper mantle are the Barents Sea 182 

(regions 1-3) and the southwestern Kara Sea. Insufficient RSL data availability from the Kara 183 

Sea coasts (Baranskaya et al., 2018) limits possible constraints. Intriguingly, the accessible 184 



RSL data for the west of the Kara Sea suggest a continuous fall from ~45 m at 11 ka BP to 185 

~0.5 m at 0.5 ka BP (e.g., region 19), whereas the east of the Kara Sea shows continuous RSL 186 

rise from around -48 m at 11 ka BP to ~2 m at 1 ka BP (e.g., region 22) (Baranskaya et al., 187 

2018). The deglacial RSL data of the Kara Sea, therefore, imply the region is near the 188 

forebulge and more RSL data would provide evidence for the position of deglacial ice 189 

margins (e.g., Tushingham & Peltier, 1991), which are poorly constrained currently (Patton et 190 

al., 2015, 2017).  191 

RSL in the Russian Arctic is relatively insensitive to the 3D viscosity structure in the lower 192 

mantle because the ice sheet was not large enough to clearly resolve the lower mantle 193 

viscosity structure (e.g., Steffen & Wu, 2011; Wu et al., 2013). 194 

4.3 3D GIA Models 195 

We determined the preferred/optimal 𝜂𝑈𝑀 and 𝛽𝑈𝑀 in the upper mantle in the Russian Arctic 196 

(Figure 3a). When the upper mantle is 1D (i.e., 𝛽𝑈𝑀=0), the RSL misfit 𝜒-statistics reduces 197 

dramatically from 5.10 to 1.82 when 𝜂𝑈𝑀 increases from 0.01 to 0.2 ×10
21

 Pa s and expands 198 

from 1.83 to 2.96 when 𝜂𝑈𝑀 increases from 0.3 to 0.5 × 10
21

 Pa s. The preferred 1D 𝜂𝑈𝑀 is 199 

~0.2-0.3 ×10
21

 Pa s, which is consistent with previous 1D viscosity inversion results using 200 

deglacial RSL data in Northern Europe (e.g., Lambeck et al., 1998; Lau et al., 2016; 201 

Mitrovica & Peltier, 1993) and in the Barents Sea region (e.g., Auriac et al., 2016).  202 

With an increase of the scaling factor 𝛽𝑈𝑀, the 𝜒-statistics reduces when the 𝜂𝑈𝑀 < 0.1 ×10
21

 203 

Pa s. The addition of a positive viscosity variation to such a low 𝜂𝑈𝑀 further improves the fit 204 

with the deglacial RSL data because the positive lateral shear velocity anomaly in the upper 205 

mantle (Figure S2) makes the lateral viscosity variation in the upper mantle positive 206 

(Equation 1 and 2, Figure S6). The misfit 𝜒-statistic expands with the increase of 𝛽𝑈𝑀when 207 

𝜂𝑈𝑀 > 0.3 ×10
21

 Pa s because 𝜂𝑈𝑀 is already so high, adding a positive viscosity variation to 208 

𝜂𝑈𝑀 will naturally deteriorate the fit to the RSL data (Li et al., 2018).  209 

We find a compromise in the upper mantle between 𝜂𝑈𝑀  and  𝛽𝑈𝑀  (Figure 3a), which 210 

validates the hypothesis of Li et al. (2018) that there may be a trade-off between these two 211 

parameters. This compromise should be considered in future 3D GIA studies because it 212 

indicates that presuming 𝛽 = 1 (e.g., Kuchar et al., 2019; Wang & Wu, 2006a) maybe not 213 

realistic, although it may improve the fit with relatively lower 𝜂𝑈𝑀 values (e.g., when 𝜂𝑈𝑀 < 214 

0.1 ×10
21

 Pa s in this study). Also incorporating 3D structure may considerably deteriorate 215 

the fit with RSL data when using inappropriate values of 𝜂𝑈𝑀 (e.g., Li et al., 2018; when ηUM 216 



> 0.3 ×10
21

  Pa s in this study). The substantial changes in the 𝜒-statistics both horizontally 217 

(with 𝜂𝑈𝑀  variation) and vertically (with 𝛽𝑈𝑀  variation) in Figure 3a confirm that RSL 218 

predictions are sensitive to choices of the background viscosity model (e.g., Li et al., 2018; 219 

Wang & Wu, 2006b) and scaling factor (e.g., Clark et al., 2019; Wu et al., 2013) in the 3D 220 

Earth structure determination. The optimal model (𝜒 = 1.44; red star in Figure 3a) is found 221 

with 𝜂𝑈𝑀 = 0.1 ×10
21

 Pa s and 𝛽𝑈𝑀= 0.8.  222 

We subsequently fixed the 3D viscosity structure in the upper mantle to the optimal model 223 

(red star in Figure 3a) and searched for the optimal scaling factor in the lower mantle (𝛽𝐿𝑀). 224 

The 𝜒-statistics reduces with the increase of the scaling factor in the lower mantle (𝛽𝐿𝑀) and 225 

reaches the minimum of 1.41 when 𝛽𝐿𝑀= 0.8 (optimal 3D model, red star in Figure 3b), then 226 

slightly expands with 𝛽𝐿𝑀> 0.8. With 𝛽𝐿𝑀=0.8, the negative shear velocity anomaly in LM1 227 

(Figure S2b) causes the shallow lower mantle viscosity to decrease (Figure S6b) and the 228 

positive shear velocity anomaly in LM2 (Figure S2d) generates an increase in the deep lower 229 

mantle viscosity (Figure S6d). This is consistent with changing from VM5a to VM7 and 230 

improves the fit with the deglacial RSL data (Figure 1c).  231 

The optimal 3D model (red star in Figure 3b) has a notably high viscosity value of ~3.5 232 

×10
21

 Pa s in UM1 and ~0.2 ×10
21

 Pa s in UM2 beneath the White Sea region with a 233 

decreasing gradient northwards (Figure S7a, S7c). Despite regional peaks in viscosities of the 234 

sublayers, the mean viscosity in the whole upper mantle is ~0.6 ×10
21

 Pa s around the White 235 

Sea and ~0.3 ×10
21

 Pa s around Franz-Josef-Land (Figure S7e), which is within reasonable 236 

range of the suggested upper mantle viscosity that did not differentiate distinct layers in the 237 

upper mantle (e.g., Auriac et al., 2016; Steffen & Wu, 2011). 238 

We compare the RSL predictions of the 1D model ICE-6G_C (VM5a) and the optimal 3D 239 

model with the RSL data at 9 regions, where RSL histories are well-constrained (Figure 4). 240 

The 3D model significantly improves the fit with the RSL data around the White Sea, where 241 

1D models show notable misfits (Figure 1c). For example, the misfit at region 5 at ~10 ka BP 242 

reduces from over 50 m using ICE-6G_C (VM5a) to less than 5 m using the optimal 3D 243 

model (region 5 in Figure 4). The RSL predictions from the 3D model at all regions around 244 

the White Sea are all below the predictions of ICE-6G_C (VM5a) because of the 245 

incorporation of elastic lithosphere with lateral thickness variation and 3D viscosity structure 246 

both in the upper and lower mantle. Meanwhile, the optimal 3D model can retain the good 247 

fits that 1D models achieved along the southern coast of Barents Sea (regions 1-3) and the 248 



Franz-Josef-Land (region 19). The remaining misfits in White Sea (e.g., region 10, 11) imply 249 

that the ice history of ICE-6G_C around the White Sea region may need to be refined. Indeed, 250 

Auriac et al. (2016) concluded that the ice thickness around Barents Sea of ICE-6G_C might 251 

be overestimated. 252 

5 Conclusions 253 

We validate the 1D GIA models ICE-6G_C (VM5a) (Argus et al., 2014; W R Peltier et al., 254 

2015) and ICE-7G_NA (VM7) (Roy & Peltier, 2017, 2018) and 3D GIA models in the 255 

Russian Arctic with the further refined quality-controlled deglacial RSL database from 256 

Baranskaya et al. (2018). We have revealed RSL sensitivities to elastic lithosphere with 257 

lateral thickness variations and 3D Earth structures in the upper and lower mantle and have 258 

investigated the influence of 3D Earth structure on RSL predictions in the Russian Arctic. 259 

Comparison of RSL predictions with deglacial RSL data shows: 260 

1. Both ICE-6G_C (VM5a) and ICE-7G_NA (VM7) fit the deglacial RSL data along the 261 

southern coast of the Barents Sea (regions 1-3) and around Franz-Josef-Land (region 262 

19), while they show notable misfits around the White Sea (e.g., region 7, 9-11). ICE-263 

7G_NA (VM7) has also been demonstrated to out-perform ICE-6G_C (VM5a). 264 

2. The optimal 3D GIA model has 𝛽𝑈𝑀= 0.8, 𝜂𝑈𝑀 = 0.1 ×10
21

 Pa s, 𝛽𝐿𝑀= 0.8, 𝜂𝐿𝑀, 265 

which is the same as that in VM5a and elastic lithosphere with lateral thickness 266 

variation from Li & Wu (2018). This model notably improves the fit to the deglacial 267 

RSL data around White Sea and retains the good fits that 1D models achieved along 268 

the southern coast of the Barents Sea and around Franz-Josef-Land. 269 

3. There is a compromise in the upper mantle between the background viscosity and 270 

scaling factor to fit the deglacial RSL data, which needs to be considered in future 3D 271 

GIA studies. 272 

4. RSL in the western Russian Arctic is sensitive to elastic lithospheric thickness and to 273 

the 3D viscosity structure in the upper mantle. The RSL in the Russian Arctic is 274 

relatively insensitive to 3D viscosity structure in the lower mantle. 275 

In this study the uncertainties in ice model and correlation between the ice model and mantle 276 

viscosity are not considered. In the absence of this analysis, it remains undetermined whether 277 

the 3D structure achieved in this study to provide a better fit with the deglacial RSL data is 278 

related to the real 3D structure of the mantle and lithosphere or results from uncertainties of 279 

the ice model. The introduction of lateral viscosity heterogeneity adds additional degrees (e.g., 280 



𝛽𝑈𝑀  and 𝛽𝐿𝑀 ) of freedom to the GIA model. All these caveats suggest the necessity of 281 

continuing to update the GIA study in the Russian Arctic. 282 
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 304 

Figure 1. Russian Arctic study region and revised deglacial relative sea-level (RSL) database 305 

modified after Baranskaya et al. (2018) showing regions (a) 15-24 and (b) 1-14. (c) RSL 306 

predictions from 1D glacial isostatic adjustment models ICE-6G_C (VM5a) and ICE-7G_NA 307 

(VM7) at 9 selected regions compared with deglacial RSL data. Sea level index points are 308 

plotted as boxes with 2𝜎 vertical and calibrated age errors. Terrestrial and marine limiting 309 

data provide upper and lower constraints on RSL, respectively. 310 

 311 



 312 

Figure 2. The relative sea-level (RSL) sensitivity to (a) elastic lithosphere with lateral 313 

thickness variation and 3D viscosity structures in (b) the upper mantle and (c) the lower 314 

mantle at 4 ka BP. The RSL sensitivity maps at 12, 8 and 1 ka BP are shown in Figures S3, 315 

S4 and S5. 316 

 317 

 318 

Figure 3. (a) The relative sea-level (RSL) misfit 𝜒 -statistics with varying upper mantle 319 

background viscosity (𝜂𝑈𝑀 ) and scaling factor (𝛽𝑈𝑀 ). The red star in (a) represents the 320 

smallest 𝜒 in a. (b) 𝜒 statistics with varying scaling factor in the lower mantle (𝛽𝐿𝑀) fixed 321 



with the optimal parameters of the red start in (a) in the upper mantle. The red star in b 322 

represents the smallest 𝜒  (optimal 3D glacial isostatic adjustment model) in b. The 323 

background viscosity in the lower mantle (𝜂𝐿𝑀)  is the same as that in VM5a. 324 

 325 

 326 

Figure 4. Relative sea-level (RSL) predictions from 1D glacial isostatic adjustment model 327 

ICE-6G_C (VM5a) and the optimal 3D model at 9 selected regions as per Figure 1 compared 328 

with deglacial RSL data. 329 

 330 

 331 
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