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Abstract

The load of the continental ice caps of the Ice Ages deformed the bedrock, and when the ice melted
in postglacial time, land rose. This process is known as glacial isostasy. The deformations are
compensated either regionally or globally. Fennoscandian data indicate a regional compensation.
Global sea level data support a regional, not global, compensation. Subtracting GIA corrections
from satellite altimetry records brings—for the first time—different sea level indications into
harmony of a present mean global sea level rise of 0.0 to 1.0 mm/yr.
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1. Introduction

Jamieson [1] [2] understood that the Earth is not rigid and that the load of an ice cap had to deform the bedrock
beneath, causing down warping and uplift in response to the glacial advance and recession. He saw the Scottish
and Fennoscandian uplift as evidence of this effect; i.e. “glacial isostasy”. The full evidence and description of
glacial isostasy were given by De Geer [3], however, and with this paper a new epoch begun in the study of
Fennoscandian uplift [4].

When it was understood that the Earth had passed cold period known as Ice Ages with expansions of conti-
nental ice caps in the Alps [5], in North America [6] and in Fennoscandia [7], the phenomena of glacial eustasy
[8] and glacial isostasy [3] followed logically. Glacial eustasy implies that water is transferred to the ice caps
and global sea level by consequence falls [9], later to rise when the ice caps melt in postglacial time. Glacial
isostasy implies that the load of the ice caps deforms the bedrock leading the crustal subsidence, later to trans-
form into crustal uplift in response to the vanishing load during postglacial melting [3] [4].

The lowering of global sea level also meant that the Earth’s rate of rotation increased significantly [10] and
that the geoid surface was deformed affecting the crustal dynamics and local sea level [11].

How to cite this paper: Morner, N.-A. (2015) Glacial Isostasy: Regional—Not Global. International Journal of Geosciences, 6,
577-592. http://dx.doi.org/10.4236/ijg.2015.66045



http://www.scirp.org/journal/ijg
http://dx.doi.org/10.4236/ijg.2015.66045
http://dx.doi.org/10.4236/ijg.2015.66045
http://www.scirp.org
mailto:morner@pog.nu
http://creativecommons.org/licenses/by/4.0/

N.-A. Morner

The climatic alternations between Ice Ages and Interglacials [12] are linked to a spectrum of related changes
of global and local terrestrial processes as illustrated in Figure 1 [13]. In this paper, however, we will confine
the discussion to the process of glacial isostasy, and the question whether this is a primarily regional phenome-
non or if it has global dimensions.

Bloom [14] was the first to suggest that the process of glacial isostasy might also affect the rest of the globe
via the distribution of the loading effects into the asthenosphere. Walcott [15] called attention to the fact that the
postglacial glacial isostatic compensation after the vanishing of the huge ice caps in Fennoscandia and North
America (and elsewhere, too) would affect the crustal compensation regionally, if it took place via a low-
viscosity channel flow, whilst it would generate global compensational crustal motions if the viscosity had a li-
near profile (i.e. no channel flow). The discrimination between these two concepts will be the focus of the pre-
sent paper.

2. Regional vs Global Glacial Isostasy

Figure 2 illustrates the two alternative concepts of the spatial extension of glacial isostasy (from [16]), here
termed Model A and Model B, respectively.

Model A (Figure 2(a)) is based on a linear viscosity model [17]-[20], and would imply that the glacial isos-
tatic compensation had direct global dimensions, and hence would lack a peripheral bulge (at leas a major one)
surrounding the glacially depressed region. This theory was further developed into a global standard correction
model [21] [22], and has even evolved into a general correction factor for present day sea level records [23].

Model B (Figure 2(b)) implies that the glacial loading and de-loading is compensated by lateral flow in a low
viscosity channel and that the glacially down warped area was surrounded by a compensational forebulge. This
is the classical theory of glacial isostasy in Fennoscandian [3] [24]-[29]. All data available from Fennoscandia
are in favor of a low-viscosity channel flow (Figure 2(b)). The mass in the cone of absolute postglacial uplift is
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Figure 1. Interaction and feedback coupling of geodynamic processes affected by the alternations between Ice Ages and In-
terglacils with corresponding waxing and vanishing of continental ice caps (from [13]).
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Figure 2. Global versus regional loading adjustments to glacial isostasy [16].
A: In the global loading models, the glacial loading/unloading will be trans-
ferred through the mantle and affect the coasts and sea floors all around the
globe. This requires a linear viscosity in the upper mantle. B: In the regional
loading model, the glacial loading/unloading is fully compensated in the re-
gion of glacial isostatic deformation via lateral mass flow in a low-viscosity
upper asthenosphere channel.

the same as the mass in the surrounding peripheral subsidence trough, indicating a horizontal mass flow from
the collapsing forebulge (subsidence trough) to the rising uplift cone as further discussed below (Section 3).

The determining factor for the discrimination between the two models (Figure 2) is the mode of crustal de-
formation in the near field [3] [27] and the mode of sea level changes in the far field [26] [30].

3. The Fennoscandian Ice Cap and Crustal Deformation

During the Quaternary Ice Ages large ice caps covered the Fennoscandian region [3] [4] [7] [16]. De Geer [3]
was the first to show that there was clear relationship between the extension of the Fennoscandian ice cap of the
Ice Age and the geometry of crustal deformation (i.e. postglacial uplift) of the Fennoscandian Shield with a
maximum central uplift in the order of 200 m (Figure 3). Subsequent studies have, of course, sharpened the
picture. Today [4] [27], we know that the absolute glacial isostatic uplift of the Fennoscandian Shield had the
form of a cone with a maximum central uplift of 800 m (Figure 4), and being surrounded by a subsidence
trough (i.e. the collapsing forebulge of the Ice Age glacial isostatic down warping of Fennoscandia). We also
know that the rate of uplift right after the time of deglaciation amounted to as much as 30 - 40 cm/yr [13] [27].

3.1. Horizontal Mass Flow and Mode of Deformation

From the uplift profiles presented at the Stockholm symposium in 1977 [31], M&rner calculated the amount of
mass disappearing from the subsidence trough and appearing in the uplift cone for every 500 year from 13,000
radiocarbon years BP to the present [4] [13] [27]. Figure 5 gives this disappearance/appearance of mass. It in-
dicates that the entire process was a matter of horizontal mass-flow. It is interesting to note that the disappear-
ance of mass from the subsidence trough stopped some 8000 radiocarbon years BP and that the appearance of
mass in the uplift cone stopped some 4500 radiocarbon years BP.

The total mass volume of the uplift cone is 7.2 x 10° km® [27] and closely agrees with the mass in the subsi-
dence trough (if one includes the hypothetical extension west of Norway).

Figure 6 gives an extended scheme of uplift and subsidence in the last 25 ka in a profile from the centre of
uplift out across the subsidence trough [13] [28]. The down warping of the Fennoscandian Shield in response to
the glacial load of the Late Weichselian ice cap generates an uplift of a forbulge. At about 16,000 BP the fore-
bulge begun to collacse (i.e. mass disappears), and from 13,000 BP the Fennoscandian Shield commenced its
postglacial uplift. This is 3700 years before the centre of uplift actually becomes free melted [4] [27] [28] [32].

The model of uplift is given in Figure 7 (from [4] [27]); a lithosphere of high crustal rigidity and an astheno-
spheric channel of low viscosity where the mass-flow occurred. The asthenospheric rigidity was calculated at 2
x 10" PA [27]. The crustal rigidity may be as high as 10° Nm [33].
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Figure 3. The isobases of postglacial uplift as recorded by the maximum sea level elevations
observed (blue area) and the extension of the Ice Age glaciation (yellow line) according to De

Geer [3] (with coloring [13] and later updating).
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Figure 4. The amount of absolute postglacial uplift of the Fennoscandian shield (yellow), and
the surrounding subsidence trough (blue); from Mdrner [27] with later updating of the loca-
tion of the center of uplift [13]. The mass in the uplift cone vs the mass in the subsidence

trough is as 1:1 [27] [28].
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Figure 5. Mass transfer (red) from the subsidence trough to the uplift cone for every
500 years (from [4]). Arrows indicate end of mass disappearance and appearance. This
diagram provides conclusive evidence of a horizontal flow of mass (i.e. a low viscosity

channel flow) as a function of the process of glacial isostasy of NW Europe.
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Figure 6. Uplift (yellow) and subsidence (blue), appearance/disappearance of mass
(increasing/decreasing funnels) and mass transfer (thin arrow) between the area of up-

lift and the forebulge (from [13] [28]).
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Figure 7. Model of glacial isostatic deformation [4] [27]. A 3 km thick ice cap deforms the crust. The down warping (peak
value ~830 m) is compensated by horizontal mass flow in a low-viscosity asthenospheric channel. The lithospheric flexural
rigidity is high (straight shorelines). The down warping (cone) is surrounded by a forebulge.

The typical glacial isostatic part of the uplift dies out with time and distance from the periphery [4] [27] [28].
Much of the uplift took part when ice still covered the land as illustrated in Figure 8. The rate of uplift reached
remarkable rates at the time of free melting; estimated at 40 - 50 cm/yr at the centre of uplift [27] and later actu-
ally measured at about 30 cm/yr at a site 150 km south of the centre of uplift [13].

3.2. The Linear Uplift Factor

In the detailed sea level spectrum of the Swedish West coast and the Kattegatt Sea [26] it was not only possible
to separate the isostatic and eustatic components [35], but also to identify the presence of two separate uplift
mechanisms [34]. Converting the eustatically calibrated shorelines of the last 7000 radiocarbon years [26] into
lines of rates of uplift and comparing these lines with the present rates of uplift from tide gauges and repeated
levelling (Figure 9(a)), it became obvious [34] that the process of uplift, in facts, was composed of two different
mechanisms; one typical glacial isostatic factor that exponentially died out with time and distance from the pe-
riphery, and one novel factor, responsible for the present uplift, that has remained linear for about 8000 years.
This was later duplicated and verified for the Swedish east coast in a profile across the centre of uplift [37] as
illustrated in Figure 9(b). At the centre of uplift the two factors are recorded as an exponentially decaying factor
dying out 3500 - 4500 BP (A) and a linear factor commencing about 8000 BP (B) in Figure 8 [27] [28] [33].

The linear factor followed different rheological parameters with significantly higher viscosity and lower strain
rates. It had a different centre of uplift, and an axis of tilting which has remained fixed in the Great Belt region
for the last 8000 years [26] [34] [36]. It is likely to represent a sub-crustal phase boundary deformation [27] [28]
[33] driven by pressure induced changes [33] [71] and/or the return from a strong vertical glacial isostatic over-
printing back to long-term NW-SE compressional forces [59].
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Figure 8. The glacial isostatic uplift of the Fennoscandian shield started in its central area at about 12.7-13.0 C14-ka BP [28];
not because of a thinning ice cap but because of a general change in geoid level [32]. The central area was deglaciated about
3700 years later (green mark). This implies that 61% of the uplift occurred before and only 39% after the deglaciation. The
uplift is composed of two mechanisms (A and B) [4] [13] [27] [28] [33] [34].
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Figure 9. A (left): The West Coast profile [34] exhibiting an exponentially decaying uplift factor (yellow) and a linear factor
(purple). The repeated levelling and tide gauge data (S-line) must be corrected by 1.1 mm/yr (= the eustatic component; E) to
be compatible with the shoreline spectrum. B (right): The East Coast profile [37] exhibiting an exponentially decaying, typi-
cal glacial isostatic, factor (orange-yellow) and a strong linear factor (purple). The linear factor has kept its rate constant and

the axis of tilting fixed for the last 8000 years.
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3.3. Regional Glacial Isostasy of the Fennoscandian Ice Caps

The spectrum of elevated and tilted shorelines in Fennoscandia provides a excellent documentation of spatial
and temporal mode of postglacial isostasy uplift [26] [27]. There seems to be a quite perfect balance between the
uplift of the Fennoscandian uplift cone (Figure 4) and the subsidence of the surrounding subsidence trough (i.e.
collapsing forebulge) as indicated by the horizontal mass motions documented in Figure 5, Figure 6, and de-
veloped into the model of glacial isostatic deformations of the Northwest European region (Figure 7). This im-
plies a deformation adjusted by horizontal mass flow in a low-viscosity channel; i.e. a regional (not global) ad-
justment.

3.4. The Geodynamic Message from NW Europe

Consequently, the near-field observational data of a central uplift and a surrounding subsidence (Figure 7) pro-
vide records of a glacial isostatic deformation that was compensated regionally in Northwest Europe [4] [26]
[27].

It was also found that 61% of the central uplift occurred subglacially before the final free melting (Figure 8).
Furthermore, a second uplift mechanism commenced at around 8000 BP, and has remained lineal (i.e. constant)
and with a fixed position of the axis of tilting for the last 8000 years [34] [37]. Uplift models not including these
two additional facts [21] [22] are bound to fail.

4. Far Field Sea Level Changes

The global isostatic loading models [19]-[23] predict high Mid-Holocene sea levels in the Pacific and Indian
Ocean. This does not concur with observational facts, either in the Indian Ocean or in the Pacific [16] [30]. The
new sea level curve of the Maldives [38], exhibits a long term base-curve not above present sea level and a
number of rapid oscillations caused by dynamic forces. In the Pacific, observed short and rapid fluctuations in
sea level [39] [40] do not concur with the loading model but represent high-frequency dynamic sea surface
changes. Grossman et al. [41] reconstructed the spatial distribution of Mid to Late Holocene sea level changes in
the Pacific. Their reconstruction does not concur with the prediction from the global loading models, but with
geoid deformation and/or changes in sea surface topography [30].

Therefore, one should be very careful in the application of model reconstruction and prediction based on pro-
posed global loading mechanisms. This is, of course, especially true in an area like the Mediterranean dominated
by tectonics and orogenic processes [16].

Present Day Rates of Sea Level Changes

Present changes in sea level are primarily measured by coastal morphology, tide gauges, and satellite altimetry,
but also by considering changes in the Earth’s rate of rotation (LOD) and global gravity (GRACE).

In a few places, we know the long-term crustal component [34] [36] [42] [43], and are able to separate the
absolute sea level component from the relative sea level recorded by tide gauges or other means. This is, for
example the case with;

Stockholm: uplift 4.9, minus tide gauge 3.8 = eustasy 1.1 mm/yr [34] [42]

Korsor (the stable axis of tilting for 8000 years): uplift £0.0, minus tide gauge 0.9 = eustasy 0.9 mm/yr [34]
[36]

Cuxhaven: subsidence 1.4, minus tide gauge 2.5 = eustasy 1.1 mm/yr [36] [42]

Amsterdam: subsidence 0.4, minus tide gauge 1.6 = eustasy 1.2 mm/yr [34] [42] [67]

Brest: crustal component ~0.0, tide gauge 1.0 = eustasy ~1.0 mm/yr [34] [42]

Venice: subsidence 2.3, minus tide gauge 2.3 = eustasy 0.0 mm/yr [42] [51]

Connecticut: subsidence 1.0, sea level rise 2.2 = eustasy 1.2 mm/yr [30] [43]

Figure 10 gives a histogram of the tide gage records used by University of Colorado [44] in their global sea
level assessment [42]. The mean of 182 sites (excluding a few out-layers) scattered all over the globe is 1.6 mm/
yr [30] [42]. Because of long-term subsidence of many river mouth sites and site-specific compaction problems
[42], this value may, in fact, represent a slightly too high value. The key sites here discussed provide values of
about 0.0 mm/yr, and the Kattegatt and North Sea records give firm values around 1.0 £ 0.1 mm/yr [36] [42].

This data set is in deep conflict with the high rates proposed by the IPCC [45] [46] and satellite altimetry [47]
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Figure 10. Spectrum of sea level rate estimates [30] [42]: observations at
global key sites (+0.0), the Kattegatt (0.9), mean of 182 tide gauges (+1.6),
satellite altimetry (+3.2) and IPCC model estimates. The big differences in-
dicate errors and mistakes. The true global mean value has to be found within
the zone from £0.0 to +2.0 mml/y [42].

[48]. The differences in rates can only be understood in terms of errors and mistakes [30] [42]. The true mean
global eustatic component is likely to be found in the zone ranging from +2.0 mm/yr to £0.0 mm/yr, and most
probably in the lower half of this zone; i.e. within 1.0 - 0.0 mm/yr [42]. The error was found to be in the satellite
altimetry values for reasons of incorrect “corrections” [30].

Yes, something must be wrong (Figure 10), and we know what it is; viz. the corrections applied to the satel-
lite altimetry records. After all my critics of these “corrections” [30] [36] [42] [49]-[55], neither specified nor
backed up by established facts, the University of Colorado now for the first time admits that the record is “GIA
corrected” [44] [48]; applied after 2011 and amounting only to 0.3 mm/yr, however [70].

In order to establish some harmony in the sea level records of Figure 10, we need to remove the global glacial
isostatic (GIA) correction applied to the satellite records. In respect to the evidence of a regional (not global)
glacial isostatic deformation of Fennoscandia and surrounding areas of northwest Europe (Figure 7), we must
remove the whole idea of a global adjustment (Figure 2(a)).

Next question is which value we should subtract. This is not so easy, as this “correction” was not specified in
the handling of satellite data. Peltier and Tushinghan [56] used a global GIA long-term sea level residual correc-
tion of 2.4 mm/yr, and Lambeck [22] a value of 1.8 mm/yr. Cazenave et al. [57] used a GIA correction of 2.0
mm/yr for their correction of the GRACE data of 2003-2008 with a pre-corrected trend of —0.12 + 0.06 mm/yr.
Hence, the different corrections range from 1.8 to 2.4 mm/yr.

A simple way of removing the “GIA” factor from the satellite altimetry records would be to subtract 1.8 to 2.4
mm/yr from the 3.3 mm/yr by University of Colorado [48] and from 2.9 mm/yr by NOAA [47]. In the first case,
we obtain values ranging between 1.5 and 0.9 mm/yr. In the second case, we obtain values ranging between 1.1
and 0.5 mm/yr. This brings the satellite records down into the zone of likely global mean sea level changes of
+0.0 to +2.0 mm/yr [42], marked in dark orange in Figure 10.

The original satellite record did not exhibit any trend; just a variability around a zero value from 1992 to 2000
[50] [58]. This represents a measured sequence before corrections started to be applied; first a 2.3 mm/yr jump
in 2003 and then an additional 0.8 mm/yr jump in 2008 [30]. If one would be able to identify the original,
pre-correction, sequence in the present curves of NOAA [47] and University of Colorado [48], one might obtain
a better holding on what value one actually need to subtract in order fully to remove the erroneous GIA correc-
tions.

In Figure 11, | have tried to identify the pre-correction trend 1992-2000 in the satellite altimetry record of
NOAA [47], and extend this trend over the entire period of recording up to 2015. | have also added the trend of
GRACE [57] of —0.12 mm/yr for the period 2003-2008. It runs virtually parallel to the extended pre-correction
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Figure 11. Removing the GIA correction from the NOAA record [47] gives a mean sea level rise of 0.45 mm/yr.

line. Then I tilted the whole graph into a horizontal position with respect to the extended pre-correction graph. |
claim that this provides a good representation of the satellite altimetry record after removal of all erroneous
“corrections”. Now the remaining sea level trend is 0.45 mm/yr. This is in very good agreement with observa-
tional facts from tide gauges and coastal morphology from all over the globe [30] [36] [38] [42] [50] [51]. Fur-
thermore, it is in full agreement with a previous conclusion [42] that the true global eustatic component most
likely is to be found within the zone of £0.0 to +1.0 mm/yr.

In Figure 12, the same thing has been done with the satellite altimetry record of University of Colorado [48].
When the GIA corrections are removed, the remaining curve gives a rise of 0.65 mm/yr, which implies good
agreements with the Figure 10 data from tide gauges and global key sites [42].

5. Discussion and Conclusions

The mode of glacial isostatic deformation of the Fennoscandian shield [4] [13] [26]-[28] [33] indicates—beyond
doubts—that the deformation took place via horizontal mass-flow in a low-viscosity channel. This implies a
glacial isostatic deformation, which is fully compensated on the regional scale (i.e. model B of Figure 2). There
remains no reason to advocate forces penetrating the globe and giving rise to global glacial adjustments of coasts
and seafloors all around the globe (model A in Figure 2).

The relative sea level records in Sweden (i.e. the spectrum of dated synchronous shorelines recorded over
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Figure 12. Removing the GIA correction from the UC record [48] gives a mean sea level rise of 0.65 mm/yr.

hundreds of kilometers and transferred in local shore level displacement curves) were successfully split up in
their components of absolute glacial isostatic crustal movements and absolute eustatic sea level changes [26]
[35]. The isostatic component gave fundamental information on rheological parameters [4] [27] [28] [33] and
neotectonics [13] [59] [68]. The eustatic component allowed for global comparisons [26] [35] leading to the new
concepts of eustasy [60] [61], the geoid theory [11], theory of differential rotation [10] [62] [63], and well-
founded views on the perspectives of future sea level changes [30] [42] [50] [67].

The rheological parameters recoded as well as the global sea level data indicate that is high time to abandon
the hypothesis of a global internal response to glacial loading (Figure 2(a)).

The above-mentioned relations between relative sea level observations and resulting scientific outcome are
illustrated in Figure 13 from [13].

Recent investigation of the rheological character of the upper mantle record the presence of a low-viscosity
zone [64] [65] is in full agreement with the Figure 7 model (i.e. model B of Figure 2). So, even rheological data
from outside northwestern Europe are in agreement with the presence of a low-viscosity channel contradicting a
linear viscosity profile as required for global transfer of glacial isostatic loading (model A of Figure 2). This
supports an abandoning of the globally isostatic loading model, in favour of a regional glacial isostatic model.

The second test of the models [16] refers to the far-field sea level data (section 4, above). Observational facts
in favour of a global isostatic loading model are lacking. It seems significant that Houston and Dean [66] com-
paring GIA predictions [23] and actual tide gauge records at 147 far-field sites found “remarkably little correla-

tion”.
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Figure 13. Separation of isostasy and eustasy from observed relative sea level changes in Fennoscandia [26] [35] and its
theoretical implications for a number of fundamental questions (updated from [13]).

v

The satellite altimetry records [47] [48] are claimed [70] to be “a proxy for ocean water volume changes”, but
behind the curves are unspecified “corrections” hidden, applied by NOAA [47] and CU [48] in order to obtain
the product they personally assumed to be the correct “proxy of ocean water volume changes”. There is a major
problem, however: their satellite altimetry records differ by 100% to 800% from observed tide gauge measure-
ments (Figure 10).

With the removal of GIA corrections (the basic long-term residual factor of 2.3 mm/yr as well as later addi-
tional corrections) from the satellite altimetry data (Figure 11 and Figure 12), we finally obtain agreements
among global tide gauge data, costal morphology data and satellite altimetry data; all agreeing on a mean global
eustatic sea level factor somewhere within the zone £0.0 to +1.0 mm/yr. This is illustrated in Figure 14. The
only data set which hangs far above the others is the IPCC predictions. Those data, however, refer to assump-
tions and model out-puts, and are, by no means, anchored in observational facts.

The final and general conclusion of this paper is firm and says: it is high time to abandon the idea of global
isostatic adjustment, and to stop all kinds of GIA corrections of records of sea level changes (i.e. satellite alti-
metry, GRACE, tide gauges, etc.).
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Figure 14. The new spectrum of sea level changes after removal of erroneous “corrections”
applied to the satellite altimetry records [47] [48]. Yellow zone gives the peak values of re-
corded tide gauge rates. Blue arrow indicates that several of those sites refer to subsiding sites
overestimating the eustatic factor [30] [50] [69]. Now the different records of sea level
changes (i.e. tide gauges, coastal morphology and satellite altimetry) give a congruent picture
of a mean global sea level rise within the zone ranging from +0.0 to +1.0 mml/yr (cf. Figure
10); only the IPCC estimates hanging above “in the air”.

asked me to arrange a meeting and excursion on the Fennoscandian uplift and related topics in 1977. The pro-
ceedings of this meeting became the benchmark book on “Earth Rheology, Isostasy and Eustasy” (Mérner, ed.,
Wiley & Sons, 1980). The work continued at the unit of Paleogeophysics & Geodynamics at Stockholm Univer-
sity, visited by numerous scientists and the organizer of major international excursions on uplift, neotectonics
and Paleoseismicity (1999, 2008). | am indebted to two excellent reviews.
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