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a b s t r a c t The Earth’s asthenosphere and lower continental crust can regionally have viscosities that are one to several orders of magnitude smaller than typical mantle viscosities. As a consequence, such shallow lowviscosity layers could induce high-harmonic (spherical harmonics 50–200) gravity and geoid anomalies due to remaining isostasy deviations following Late-Pleistocene glacial isostatic adjustment (GIA). Such high-harmonic geoid and gravity signatures would depend also on the detailed ice and meltwater loading distribution and history. ESA’s Gravity ﬁeld and steady-state Ocean Circulation Explorer (GOCE) satellite mission, planned for launch in Summer 2008, is designed to map the quasi-static geoid with centimeter accuracy and gravity anomalies with milligal accuracy at a resolution of 100 km or better. This might offer the possibility of detecting gravity and geoid effects of low-viscosity shallow earth layers and differences of the effects of various Pleistocene ice decay scenarios. For example, our predictions show that for a typical low-viscosity crustal zone GOCE should be able to discern differences between ice-load histories down to length scales of about 150 km. One of the major challenges in interpreting such high-harmonic, regional-scale, geoid signatures in GOCE solutions will be to discriminate GIA-signatures from various other solid-earth contributions. It might be of help here that the high-harmonic geoid and gravity signatures form quite characteristic 2D patterns, depending on both ice load and low-viscosity zone model parameters. © 2008 Elsevier Ltd. All rights reserved.



1. Introduction Since the ﬁnding that the most likely explanation for the deep geoid low over Canada is only partly attributable to glacial isostatic adjustment (GIA) (e.g. Mitrovica and Peltier, 1989; Peltier et al., 1992; Simons and Hager, 1997; Kaufmann, 2000), quasi-static components of the gravity ﬁeld were long considered as not the best kind of constraints for GIA models compared to 3D (strandline, GPS, and VLBI) crustal displacements, sea-level (tide-gauge) data and even secular polar wander and temporal variations in the low-degree harmonics of the gravity ﬁeld. With the launch of CHAMP and GRACE and the upcoming launch of GOCE this situation is changing. For example, Tamisiea et al. (2007) use GRACE data to constrain the ice geometry of the latest Pleistocene Ice Age. They show that free-air gravity anomalies indicate that the Laurentide
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ice sheet must have been composed of two major domes rather than a single one. Something similar can be deduced for the Late-Pleistocene Fennoscandian Ice Sheet. Fig. 1 shows free-air gravity anomalies from GRACE model GGM02S in which long wavelengths (spherical harmonic degrees smaller than 9) have been ﬁltered out. This ﬁltering is necessary as both geoid and gravity anomalies are dominated by the large long-wavelength Icelandic geoid high. Fig. 2 shows free-air gravity anomalies as predicted by a viscoelastic GIA model of which the earth model is schematically drawn in Fig. 3. The core is treated as an internal boundary condition for an inviscid ﬂuid adjoining the viscoelastic lower mantle. The boundary between the viscoelastic upper and lower mantle is taken as a chemical one. The upper part of the earth model consists of a crust on top of the lithosphere. The crust can be subdivided into an elastic upper part and a viscoelastic lower part. The asthenosphere below the lithosphere has the same viscoelastic properties as the upper mantle. For the normal mode modelling method by
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Fig. 1. Free-air gravity anomalies as observed by GRACE (model GGM02S) with long wavelengths (harmonic degrees smaller than 9) have been removed.



which solutions for this earth model were obtained, see Sabadini and Vermeersen (2004) and Schotman and Vermeersen (2005). In general there is good agreement between the modeled and GRACEobserved gravity anomalies for the gravity low above the Bothnic Gulf. The “foot-like” shape shows up in both solutions, although the GRACE solution has some quite distinct “blob-like” features that are most likely real signals that are smeared out due to a limited spatial resolution. Note that also at the Finnish Gulf (right of the center of the “foot”) both solutions indicate a deeper gravity low, although this feature is much more prominent in the GRACE solution than
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Fig. 2. Free-air gravity anomalies as predicted by the ICE-5G model of Peltier (2004) and the standard viscoelastic GIA model with the Earth structure as given in Fig. 3. Radial elastic and density parametrisation are taken from Dziewonski and Anderson (1981), while the radial viscosity structure is based on radial viscosity model VM-2 of Peltier (2004). The lower crust has been taken elastic, although the image would not be markedly different if the low-viscous value would have been assigned to this layer.



in the GIA simulation. Something simular can be seen toward the White Sea, where the “heel of the foot” bends towards the right in both solutions. The western part of Norway shows a local gravity high in the GRACE solution that is also partly visibly, though with a smaller magnitude, in the GIA simulation.



Fig. 3. Radial structure of the viscoelastic earth model as used in the simulations. The upper right part shows an enlargement of the top layering of the model. The numbers indicate values for the standard model that can be varied for depth, thickness and viscosity of the crustal low-viscosity zone.
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Another conspicuous simularity between Figs. 1 and 2 concerns the region above Norway: the Barents Sea and the Nordic Sea clearly show another broad region of gravity lows. This region is somewhat more heterogeneous in the GRACE solution than in the GIA-model solution, but the overall similarity indicates that there might has been an extended ice complex above this region, although it might also indicate an anomalous crustal or mantle structure. Evidence for the existence of considerable lateral variations in the shallow regions of the Barents Sea region comes from recent tomographic studies (e.g. Ritzmann et al., 2007; Levshin et al., 2007) and from isostatic studies (e.g. Ebbing et al., 2007). These studies indicate that the mega-scale basins of the Barents Sea are underlain by an inhomogeneous mantle. A ﬁnal observation might be that the pattern of gravity heights towards the west of the Nordic Sea (top left quadrant of the ﬁgures) shows some indications for correlations as well, although here the inﬂuence of other processes than GIA will most likely dominate. Inﬂuence of other processes and locally and regionally varying geological structures are also the most likely explanation for the many small-scale features that can be observed in the GRACE-solution in the surrounding areas of the “foot-like” gravity low. Seismological studies, as those from, for example, Svenningsen et al. (2007), might help in discerning lateral differences in the structure of the crustal base and upper mantle below Norway. Other differences can be caused by the speciﬁc ice and earth model that has been used for the solution of Fig. 2. Both Tamisiea et al. (2007) for North America and the results shown here for Northern Europe indicate that the static gravity ﬁeld at least does show some patterns and signatures that can be related to GIA, not only for the large-scale features, but also for small-scale (a few hundred kilometers or less) patterns as well. This is promising with respect to the upcoming GOCE mission. ESA’s Gravity ﬁeld and steady-state Ocean Circulation Explorer (GOCE), to be launched after many delays in Summer 2008, is expected to map the gravity ﬁeld of the Earth with almost uniform coverage down to a spatial resolution of about 100 km. Accuracies are expected to become as low as 1–2 cm for geoid heights and 1 mgal for gravity anomalies, though these values might be downgraded a bit due to GOCE’ launch delay in relation with growing activity of the solar cycle. The kind of high-resolution, small-magnitude gravity and geoid solutions that GOCE promises to offer might make it possible to discern lateral variations in earth structure, including regional crustal and asthenospheric low-viscosity zones. In a series of papers over the past few years (e.g. Vermeersen, 2003; van der Wal et al., 2004; Schotman and Vermeersen, 2005; Schotman et al., 2007) we have modeled and analyzed some general characteristics of the effects of such shallow low-viscosity zones on GIA-induced gravity and geoid anomalies. Here we concentrate on some improved simulations, e.g. by using ICE-5G instead of ICE-3G (Tushingham and Peltier, 1991) as Pleistocene ice model, and show the importance of the effects of lateral heterogeneities in earth structure on geoid anomalies.



Fig. 4. Pleistocene ice heights at 21,000 years before present on the Northern Hemisphere of the ice model ICE-5G of Peltier (2004).



Fig. 3. Apart from the ice load history, of which the maximum at 21,000 years before present is depicted in Fig. 4, also the concomitant sea-level change history (minimum drawn in Fig. 5 at 21,000 years before present) needs to be incorporated into the simulations.



2. Effects of a crustal low-viscosity zone (CLVZ) As explained in Schotman and Vermeersen (2005), continental crust can have zones of low viscosity for regions with a larger than average heat ﬂow. Generally such areas can be expected to occur in regions that are under extension. In order to give an impression of the perturbations that such low-viscosity zones can give on present-day GIA-induced geoid anomalies with the improved ICE5G model (improved compared with the ICE-3G model that was used in Schotman and Vermeersen (2005)), the VM-2 radial viscosity proﬁle (Peltier, 2004) was assigned to the earth model of



Fig. 5. Concomitant sea-level change at 21,000 years before present on the Northern Hemisphere due to accumulation of land ice in ice model ICE-5G. White areas are ice covered.



L.L.A. Vermeersen, H.H.A. Schotman / Journal of Geodynamics 46 (2008) 174–181



Fig. 6. Total GIA-induced geoid height remaining at present.



Fig. 6 shows the resulting total GIA-induced geoid height remaining at present. This ﬁgure shows two centers of geoid lows, one related to the demise of the Laurentide ice sheet over North America and the other related to the melted Fennoscandian ice sheet. Magnitudes reach over 10 m in the case of the geoid low over Canada, while this is less than half this number for the geoid low over the Bothnic Gulf. The perturbation effects of the crustal low-viscosity zone completely drown in the total signal in Fig. 6. Retaining only the effects of this low-viscosity zone, which is almost equivalent to removing the dominant low spherical harmonics from the total solutions, gives the results as plotted in Fig. 7. Comparing magnitudes with Fig. 6 conﬁrms that the geoid height perturbations induced by the shallow low-viscosity zone are about one to two orders of magnitude smaller than the total (mainly mantle-induced) geoid anomalies. Another result is that the most conspicuous features of the low-viscosity zone-induced anomalies are to be found near the edges of the former Pleistocene ice sheets. This is especially visible for the North American regions, including Greenland.
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Fig. 7. Differential geoid perturbations due to the crustal low-viscosity zone of Fig. 3. The low harmonic degree geoid heights of Fig. 6 have been removed.



Fig. 8 shows the simulated geoid height degree amplitude for both the total signal (ICE-5G ice model with viscosity proﬁle VM2 and a CLVZ at 20 km depth and with a thickness of 10 km and a viscosity of 1018 Pa s) and the differential signal (effect of the CLVZ on the geoid amplitudes only). The crosses of the total signal seem to merge with the circles of the CLVZ-only contributions beyond about harmonic degree 40. This indicates that, for this particular earth and ice model, the geoid anomaly contributions from the CLVZ dominate the geoid for degrees larger than about 40, and drown into



3. Spectral geoid characteristics In order to ﬁnd what one could learn from such modeling results as depicted in Fig. 7 it is necessary to study what the sensitivity is of the geoid height perturbations to variations in ice and earth model. Results on the inﬂuence of earth model variations, including depth and thickness of the low-viscosity zone, have been published for radially stratiﬁed earth models in Vermeersen (2003), van der Wal et al. (2004) and Schotman and Vermeersen (2005). In Figs. 8 and 9 we show some general characteristics of these sensitivities in the form of geoid height degree amplitude vs. harmonic degree plots, together with sensitivity to the Pleistocene ice model (Schotman and Vermeersen, 2005). The geoid height degree amplitude cl is  2 2 ), in which a is the radius of the + Slm deﬁned by cl = a ( m Clm Earth and Clm and Slm are the dimensionless Stokes coefﬁcients.



Fig. 8. Geoid heights and perturbations as a function of spherical harmonic degree from both simulated GIA models (total signals for “ICE-5G (VM2) + CLVZ” and for those induced by the low-viscosity zone only “CLVZ”) and for GRACE solution GGM02S (Tapley et al., 2005) and for the expected one for GOCE (Visser et al., 2002). The two curves for “ = 1.5 mE and 3.0 mE” indicate standard deviations of white noise on gravity gradients computed along a polar, 30-day repeat orbit for GOCE.
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Fig. 9. Sensitivity to the properties of the crustal low-viscosity zone. As in Fig. 3, “d” stands for depth of the layer in km; “t” for thickness of the layer, also expressed in km, and “v” for the viscosity of the crustal layer in log(Pa s). The two curves for GOCE and for GRACE solution GGM02S of Fig. 8 have been reproduced here.



the total geoid for degrees less than about 30. Another interesting aspect is that the geoid signal caused by the CLVZ peaks at degree 60–70 (once again, for this particular earth and ice model), so the most dominant contributions are outside the mantle-dominated region of degrees 30 or less. This promising aspect for detectability of shallow low-viscosity zones is further conﬁrmed by the sensitivity of the GRACE GGM02S solution (Tapley et al., 2005) and especially the GOCE-predicted one (Visser et al., 2002). The GRACE solution would offer detectability for the particular earth and ice model up to maximally harmonic degree 80. The curve delineating the predicted GOCE sensitivity would even suggest a sensitivity to about double this value, degree 150–160. To see the effect of a possible downgrading of the performance of GOCE due to its late launch, we simulate the performance by adding white noise on the gravity gradients computed along a polar, 30-day repeat orbit for white-noise standard deviation  equal to 1.5 mE and 3.0 mE, respectively. This gives the two curves that are slightly above the GOCE sensitivity curve in Fig. 8. The “ = 1.5 mE” curve merely shows that we can simulate the GOCE performance this way, the “ = 3.0 mE” curve shows that even with a deterioration in the expected sensitivity, detectability would still be possible up to about harmonic degrees 130–140. These conclusions on detectability of a CLVZ by satellite gravity missions are based on one particular earth and ice model. In Fig. 9 the inﬂuence of varying the parameters for the CLVZ are shown for four cases: the model of Fig. 8(“CLVZ (d20t10v18)”), a model in which the viscosity is increased by a factor 10 (“d20t10v19”), one in which the thickness of the CLVZ is lowered by a factor 2 (“d20t05 v18”) and ﬁnally a model in which the depth of the CLVZ is increased from 20 km to 30 km (“d30 t10v18”). Grossly, the four curves corresponding with these four models in Fig. 9 fall apart in two categories: the original model of Fig. 8 and the model that has a CLVZ that is situated deeper show higher geoid height degree amplitudes than the model in which the viscosity of the CLVZ has been increased and the model in which the thickness of the CLVZ has been reduced. This is according to what one would expect: increasing the viscosity of the CLVZ will diminish the CLVZinduced geoid anomaly for those harmonic degrees that are around the maximum degree amplitude of the CLVZ-induced part as the earth model gets closer to the earth model that has no CLVZ; same for decreasing the thickness of the CLVZ. It is remarkable that for



Fig. 10. Spectral sensitivity to ice and earth model. The CLVZ-induced perturbations were computed using two different ice models: ICE-5G of Peltier (2004) and the RSES model of Lambeck and coworkers (e.g. Lambeck et al., 1998). For the earth model two different radial viscosity structures were used: the VM-2 one of Peltier (2004), and the “MI” one that is taken from Milne et al. (2004). The latter earth model has a thinner elastic lithosphere of 98 km compared to VM-2, while the average viscosity of the lower mantle is somewhat larger: 5 × 1021 Pa s instead of 3 × 1021 Pa s in the case of VM-2.



degrees larger than about 130–170 the geoid height degree amplitudes of the two sets of curves interchange. Apparently, decreasing the thickness or increasing the viscosity of the CLVZ increases the degree amplitudes for harmonic degrees larger than about 160–170 (compared to the blue curve of the original earth model). However, such high harmonic degrees are outside the sensitivity range of even GOCE. Concerning detectability one could conclude from Fig. 9 that GOCE is expected to be much more sensitive to crustal low-viscosity zones in general than GRACE, also when compared with the ﬁnding of Fig. 8 that low-viscosity zones will drown into the (mantle-dominated) signals below about harmonic degree 30. Apart from variations in the characteristics of the CLVZ, also the background earth model and the ice model might have inﬂuences on the CLVZ-induced perturbations. This is studied in Fig. 10. Here the CLVZ-induced geoid height degree amplitudes are plotted again as a function of spectral harmonic degree for three cases: the standard one with ice model ICE-5G and viscosity proﬁle VM2; the green curve again with ice model ICE-5G but now with radial viscosity proﬁle MI, based on Milne et al. (2004). This MI proﬁle has a reduced lithospheric thickness with respect to VM2 (98 km instead of 120 km) and a higher value for the lower mantle viscosity (5 × 1021 Pa s instead of (3 × 1021 Pa s. The dashed curve is based on the RSES model of Lambeck and coworkers (e.g. Lambeck et al., 1998) with the VM2 radial mantle viscosity proﬁle. It should be emphasized here that these particular earth and ice model combinations are only used for sensitivity analysis purposes; ice model and earth model often form one particular (and sometimes even intertwined) unit that become not realistic anymore when the radial viscosity proﬁle of the earth model is substituted by another one. The differences in the curves of these three ice–earth model combinations seem to be small and one might therefore be led to conclude that choice of ice and earth model is not important for the geoid height perturbations produced by the CLVZ. However, in the next section is shown that especially the difference in the ice model are signiﬁcant when considering spatial patterns.
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4. Spatial geoid patterns Spectral characteristics is not the only issue, of course, when it comes to the effects of differences in earth and ice model. Earth and ice models might produce quite comparable geoid height degree amplitude spectra, as is the case in Fig. 10, but can differ considerably in the spatial geoid anomaly patterns they generate. The inﬂuence of earth models (i.e., mantle viscosity proﬁle and lithosphere thickness) on spatial geoid anomaly patterns induced by the standard CLVZ is illustrated in Figs. 11 and 12 for the same ice model ICE-5G. Comparing the two ﬁgures one can see some changes, but they remain quite small. The largest changes are visible around the rims of the former Fennoscandian ice sheet, e.g. off the west coast of Norway, but they remain within about 10–20 cm. Differences become larger when using the ICE-5G or the RSES ice model, as becomes apparent by comparing the same Fig. 11(reproduced here to facilitate easy comparison) with Fig. 13. For both models the same VM2 radial mantle viscosity proﬁle has been used. Considerable changes are to be seen notably under regions where the former Fennoscandian and the Barents Sea ice mass complex must have been situated. This is not so remarkable when one considers that both ice models differ quite a lot for these regions. Note, e.g., the very different signatures that the CLVZ produces at the central areas of Norway and Sweden: the geoid anomaly high positioned just left of the geoid low at the “armpit” of the Bothnic Gulf in Fig. 11 corresponds with a geoid anomaly low in Fig. 13. Similar strong differences between the two ﬁgures, with magnitudes of up to about 1 m, can be seen at other places within the former Fennoscandian and Barents Sea ice mass complex as well. One might perhaps suggest that the strong differences indicated between the central parts of Norway and Sweden in Figs. 11 and 12 might not be of much importance as these central parts are situ´ ated on an old craton (>1.5 Gyr, see e.g. Perez-Gussiny e´ and Watts, 2005) that is unlikely to possess a CLVZ as is modeled here. How-



Fig. 11. Spatial sensitivity to the earth and ice model. The simulation shows the effects of the CLVZ on the geoid for Northern Europe with the standard model of Fig. 3 with radial mantle viscosity proﬁle VM-2 and the ICE-5G model.



Fig. 12. Same as Fig. 11, but now with radial mantle viscosity proﬁle MI instead of VM-2.



ever, these central parts are not far away from the younger (>1.5 Gyr) regions towards the Barents Sea, the Norwegian Margin and the North Sea. Such regions show usually an average (60 mW/m2 ) to high (80 mW/m2 ) heat ﬂow (Artemieva and Mooney, 2001) and are therefore more likely to possess CLVZs, as is found from laboratoryderived creep laws (e.g. Ranalli and Murphy, 1987; Watts and



Fig. 13. Same as Fig. 11, but now with the RSES ice model instead of ICE-5G.
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Fig. 14. Simulated geoid height perturbations above Northern Europe using the standard laterally homogeneous earth model with the RSES ice-load history.



Burov, 2003), earthquake (e.g. Ranalli and Murphy, 1987; Watts and Burov, 2003) and reﬂection (Meissner and Kusznir, 1987) seismology. A question is whether such nearby regions underlain by a low-viscosity zone might still affect geoid anomalies over the aforementioned Norwegian and Swedish parts. 5. Lateral earth model variations Fig. 14 shows the differential geoid anomalies triggered by the standard CLVZ-model and the RSES ice model for Northern Europe. We now introduce lateral variations by using crustal thicknesses from CRUST2.0 as a proxy for the type of lithosphere in a certain area. Areas with a crustal thickness larger than 35 km correlate roughly with relatively cold shield areas (marked “C” in Fig. 15) and areas with crustal thickness smaller than 15 km generally correlate with oceanic lithosphere (marked “O”). In these areas a CLVZ is unlikely and we therefore assign to these areas a homogeneous elastic crust and lithosphere with the same thickness as in the standard earth model. Fig. 15 shows the differences between the differential geoid anomalies computed under the assumption that only the regions with a crustal thickness between 15 km and 35 km (marked “H”) have the standard CLVZ. Computations with the laterally varying earth model were performed by means of the ﬁnite-element package ABAQUS (e.g. Wu, 2004; Wu et al., 2005). A validation of using ﬁnite elements for computing geoid height perturbations can be found in Schotman et al. (submitted for publication). It is obvious from Fig. 15 that the differences between the lateral and non-lateral computations are generally small and are most prominent underneath those regions that do not have the CLVZ any longer: mainly the shield areas under continental Northern Europe. Comparing the areas towards the central parts of the shield shows that the complete differential signal fades away: magnitudes become the inverse of the corresponding areas in Fig. 14 if one moves from the Norwegian coast towards the east. Still, near the coastal areas close (within a few hundred kilometers) to



Fig. 15. Differences between results computed with a ﬁnite-element model in which the low-viscosity zones are conﬁned to the regions that are relatively young and hot (regions marked “H”) and the results of Fig. 14. Regions that are underlain by oceanic lithosphere (marked “O”) and regions that belong to the continental shield (marked “C”) have a uniform elastic crust and lithosphere.



the younger areas the CLVZ-induced geoid anomalies remain quite strong. 6. Conclusions GIA model simulations indicate that information on shallow low viscosity zones might be deduced from GOCE geoid solutions, although uncertainties in both ice load history and earth structure could hamper unique interpretations to some extent. Combining spectral information with spatial patterns could reduce these uncertainties, whereby the range of possible ice and earth models is already constrained through other geodetic and geophysical data (e.g., GPS, ice load dynamics, and tide gauge records). Lateral variations in earth structure, speciﬁcally with respect to occurrence of low-viscosity zones as a function of tectonic province, do have their effects on geoid anomalies, although they appear to be constrained to those regions that do not have a low viscosity zone (compared to the laterally homogeneous low-viscosity zone case) and to their immediate surroundings. Acknowledgements We thank K. Lambeck and coworkers (RSES, Australian National University, Canberra) for providing their Fennoscandian ice sheet model, J. Ebbing and an anonymous reviewer for their comments on the original manuscript, and E. Ivins for editorial comments. We also thank R. Koop and P. Visser for many stimulating discussions. References Artemieva, I.M., Mooney, W.D., 2001. Thermal structure and evolution of Precambrian lithosphere: a global study. J. Geophys. Res. 106, 16387–16414. Dziewonski, A.M., Anderson, D.L., 1981. Preliminary reference earth model (PREM). Phys. Earth Planet. Interiors 25, 297–356.
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