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Abstract

Integration of geological data and glacio-isostatic adjustment (GIA) modelling shows that it is
possible to decouple complex mechanisms of relative sea-level (RSL) change in a tectonically active
glacial environment. We model a simplest solution in which RSL changes in upper Cook Inlet, Alaska,
are a combination of the interplay of tectonic and isostatic processes driven by the unique rheology
of this tectonically active location. We calculate interseismic uplift during latter part of the
penultimate earthquake cycle to vary from 0.3 to 0.7 mm/yr. Diatom based reconstructions of RSL
from tidal marsh sediment sequences coupled with detailed age models, from AD 1400 to the AD
1964 great earthquake, show deviations from a purely tectonically driven model of regional RSL.
Glacial isostatic modelling, constrained by GPS data, predicts up to 70 cm sea-level change due to
mountain glacier mass balance changes during the Little Ice Age. Misfits between the GIA model
predictions and RSL reconstructions in the 19" and 20" century highlight that the tidal marshes of
upper Cook Inlet potentially record a hemispheric-wide acceleration in sea level and that other more

complex Earth process combinations may contribute to regional RSL change.



1 Introduction

Sediment sequences from the coastal zone of south central Alaska potentially record evidence of
two major environmental processes: active tectonics, and the growth and melt of mountain glaciers.
Collision between the Pacific oceanic plate and the North American continental plate along the
Aleutian megathrust and Yakautat microplate (Figure 1) creates great subduction zone earthquakes,
such as the AD 1964 M,, 9.2 Alaska earthquake, and leads to active mountain building close to the
coast, reaching over 5400 m above sea level at Mount St Elias. These coastal mountain ranges
support the largest glacier systems outside of Antarctica and Greenland (Molnia, 2008) and changes
in their mass contribute significantly to global sea-level change. Mass loss following Little Ice Age
(LIA) maxima in southern Alaska and British Columbia is estimated to supply over half the
contribution to global sea level from sources outside Greenland and Antarctica during the past 50
years, equivalent to 0.12 + 0.02 mm yr™ from 1962 to 2006 (Berthier et al., 2010). Radic and Regine
(2010) predict the melting of Alaskan glaciers may add a further 0.026 £ 0.007 m by AD 2100. Both
the advance and retreat of mountain glaciers and tectonic crustal deformation drive local and
regional sea-level changes. In this paper we attempt to assess the glacial isostatic adjustment (GIA)
and tectonic components of relative sea-level (RSL) change by integrating existing models of the

earthquake deformation cycle and LIA ice mass balance in south central Alaska.

Reconstructing past ice volumes requires modelling the GIA process, validated against RSL
reconstructions (Milne et al., 2002; Peltier, 2004). Global GIA models estimate, with varying success,
post Last Glacial Maximum (LGM) RSL changes recorded along passive coastal margins (examples
include: Argus and Peltier, 2010; Bradley et al., 2011; Lambeck, 1995, 2002; Lambeck and Purcell,
2005; Milne et al., 2006; Peltier, 2004). With the plate boundary location of south central Alaska
two critical complications arise. First, we cannot use the Earth model parameters from global GIA
models such as ICE-5G (VM2) (Peltier, 2004) which are tuned to mid continental and non-tectonic

coastline locations, and do not allow for the combined effects of a subducting plate and a low



viscosity zone between the lithosphere and upper mantle. Studies of crustal deformation following
great earthquakes along Pacific subduction zones infer the presence of a low viscosity (<10%° Pa s)
zone (Suito and Hirahara, 1999; Suito et al., 2002; Suito and Freymueller, 2009; Thatcher et al.,
1980), termed the asthenosphere, which is fundamental in allowing plate movement (Anderson,
1975). Secondly, vertical land surface deformation during each stage of every earthquake cycle

(Figure 2) will combine with glacial isostatic processes to influence RSL.

Regional GIA may be driven by late Holocene mountain glacier mass balance changes. During the
last millennium in south central Alaska, mountain glaciers exhibited three phases of glacial advance;
~AD 1180 to 1320, ~AD 1540 to 1710 and ~AD 1810 to 1890, resulting in Holocene maxima for many
land-terminating glaciers in the Chugach and Kenai Mountains (Barclay et al., 2009; Calkin et al.,
2001; Molnia, 2008; Wiles and Calkin, 1994; Wiles et al., 1999; 2008). These advances occurred
during the period termed the Little Ice Age, overlapping with the penultimate great earthquake cycle
in south central Alaska, from the penultimate ~AD 1100 great earthquake to the AD 1964
earthquake (Figure 2). We hypothesise that the interplay of GIA and tectonics combines to produce

a complex RSL history over the last 1000 years in upper Cook Inlet.

This paper takes a new approach in south central Alaska by combining sea level reconstructions with
a regional GIA model and the earthquake deformation cycle (EDC) model. The EDC model
summarises the phases of coseismic land uplift or subsidence and the intervening periods of
interseismic deformation during cycles of great earthquakes at a particular subduction zone (Figure
2). To date, RSL reconstructions from tidal marshes in south central Alaska largely focus on the sea-
level changes associated with the periods of coseismic submergence or uplift (Hamilton and
Shennan, 2005a; 2005b; Hamilton et al., 2005; Shennan and Hamilton, 2006; Shennan et al., 2008;
2009; Zong et al., 2003), rather than the RSL changes between earthquakes. Global GIA models do
not include spatially and temporally high resolution mountain glacier LIA ice models. In this paper,

we apply both GIA modelling and methods of RSL reconstruction with the aim of testing models of



RSL change in south central Alaska from AD 1400 to 1964. This is the part of the LIA for which we
have peat-dominated coastal sediments that record RSL change and provide material to create an
adequate age model, and avoid the coseismic stages, AD 1964 and ~AD 1100, of the EDC (Figure 2).
Our aim is to contribute to knowledge of the EDC in Alaska, and more widely to efforts to quantify
the influence of small-scale, recent changes in ice load on RSL. Such knowledge is important as we
seek to integrate more closely RSL data from geological timescales with the current geodetic era and

for a more complete understanding of modern global sea level changes.

2 Models of the earthquake cycle and glacial isostatic adjustment in south central Alaska

Research in the Pacific North West, Alaska and Japan produces various models of the cycle of land
uplift and subsidence during and between great earthquakes through the Holocene (termed
earthquake deformation cycles) with each applicable to specific subduction zones (Atwater, 1987;
1992; Atwater et al., 1995; Atwater and Hemphill-Haley, 1997; Hamilton and Shennan, 2005a; Kelsey
and Bockheim, 1994; Kelsey et al., 2002; Long and Shennan, 1994; 1998; Nelson et al., 1995; 1996a;
1996b; 2006; Savage and Thatcher, 1992; Sawai, 2001; Shennan et al., 1996; Thatcher, 1984). Using
the criteria established by Nelson et al. (1996b) to test for regional co-seismic submergence
accompanying a great earthquake and radiocarbon dating in situ horizontally bedded plant
macrofossils from the top of fossil peat layers, seven great earthquakes have been identified in the
last 4000 years in upper Cook Inlet (Hamilton and Shennan, 2005a; 2005b; Shennan and Hamilton,
2006; Shennan et al., 2008). Similarities between each earthquake cycle leads to an EDC model for
upper Cook Inlet with coseismic submergence and RSL rise, followed by rapid post-seismic uplift and
RSL fall in the decades after the earthquake (Figure 2). This merges into centuries of slower
interseismic uplift before a hypothesised period of pre-seismic subsidence. This pre-seismic phase
has not been corroborated outside of upper Cook Inlet. Tidal marshes record the cycles by a series
of peat-silt couplets, where a regressive sequence of peat, containing fresh water diatoms

accumulates over time due to gradual interseismic land uplift of the continental plate and associated



RSL fall, rapidly subsiding during a great earthquake and overlain by tidal flat sediment containing

marine-brackish diatoms (Figure 2).

There are known deviations from the expected EDC model. Within the most recent peat layer,
submerged in AD 1964, at Girdwood and Kenai, Hamilton and Shennan (2005a; 2005b) record a
decimetre scale RSL rise, followed by a decimetre scale RSL fall which deviates from the proposed
four-stage EDC model (Figure 2). They hypothesise this RSL rise-fall oscillation is a consequence of
GIA to LIA glacier advance and retreat in the nearby Kenai and Chugach Mountains (Calkin et al.,

2001; Wiles and Calkin, 1994; Wiles et al., 2008).

Recent studies support the hypothesis that LIA glacier advance and retreat and the associated
surface load changes have the potential to invoke a viscoelastic response in a tectonic location
where a thin lithosphere overlies a low viscosity asthenosphere. Along the transform fault of
southeast Alaska, mountain and tidewater glaciers have lost 3030 km? ice volume from their regional
AD 1750 LIA maximum (Larsen et al., 2005). Dendrochronologic records at Juneau show 3.2 m of
uplift since ~AD 1780 (Motyka, 2003) and raised shorelines in upper Lynn Canal record 5.7 m in the
same period (Larsen et al., 2005). GPS measurements demonstrate continuing rapid uplift of >25
mm yr* (Larsen et al., 2004). Geological studies in Icy Bay correlate the fluctuating RSL with periods
of regional glacier advance and retreat (Mann and Streveler, 2008). Away from Alaska, but along a
similarly tectonically active coastal margin, GPS measurements from the Patagonian coast of Chile
also record rapid crustal uplift (~39 mm yr™) likely in response to ice mass loss following the LIA
(Dietrich et al., 2010; Rignot et al., 2003). In southeast Alaska, British Columbia and Patagonia,
regional late Holocene GIA models require a low viscosity asthenosphere (2.4 to 4.0 x 10 Pa s and
4.0 to 8.0 x 10™ Pa s respectively) to fit field observations with model predictions (Dietrich et al.,
2010; lvins and James, 1999; Klemann et al., 2007; Larsen et al., 2005). Modelling GIA displacement

at plate boundaries requires regionally specific Earth models with a low viscosity asthenosphere, a



high resolution regional ice load history and short time steps, rather than the typically 0.5-1 k yr time

intervals in global post LGM GIA models.

In the next section we outline the methods of RSL reconstruction and GIA modelling that we use to
test the hypothesis that GIA RSL overprints tectonically driven land-level changes during the last

earthquake cycle.

3 Methods and outcomes of relative sea level reconstruction and glacial isostatic

adjustment modelling

3.1 Reconstructing relative sea-level change in upper Cook Inlet, AD 1400 to 1964

Tidal marshes at four sites in upper Cook Inlet provide material for RSL reconstructions along a
transect that increases in distance from the LIA centre of ice load within the Chugach Mountains
(Figure 1). At Girdwood, closest to the LIA loading centre and the Aleutian trench (~270 km to the
south east), we use the original core that led to the hypothesis by Hamilton and Shennan (2005a)
that LIA GIA overprints EDC driven RSL, along with a second core to test for within-site variance
(cores GW-1 and GW-2b respectively). We use new cores from Bird Point (BP-6), a small marsh west
of Girdwood, and Ocean View, OV-4, from the Coral Lane transect previously reported in Hamilton et
al. (2005). At Kenai, we use the record from Hamilton and Shennan’s (2005b) site 7, labelled here as
KE-7. The stratigraphy at all four sites is very similar (supplementary information and Hamilton and
Shennan, 2005a; 2005b; Hamilton et al., 2005) with a sharp peat-silt boundary marking the
penultimate great earthquake, followed by a regressive sequence (Figure 2) prior to the sharp AD
1964 peat-silt boundary. The only exception is at GW-1 where a ~10 cm silt-peat band interrupts the

regressive organic sequence ~12-22 cm from the top of the peat (Hamilton and Shennan, 2005a).

We apply the transfer function methodology and models developed by Hamilton and Shennan
(2005a) for reconstructing RSL in upper Cook Inlet. We use an updated modern diatom training set
with an additional 16 samples from a previously unsampled tidal marsh at Hope (Figure 1) to

improve the range of modern analogues. We follow Hamilton and Shennan (2005a) by calibrating



the fossil diatom assemblages constrained by core lithology. If a sample comes from a fossil peat
unit we apply a transfer function model (termed the peat model) based only on those modern
diatom samples from above the minimum elevation at which peat accumulates at present. This is ~5
m above mean sea level (MSL), varying slightly as tidal range increases from Kenai towards
Turnagain Arm (Figure 4). For a sample from a fossil unit of silt with rootlets, we apply a transfer
function with all those samples from ~3 m above MSL (Figure 4), since vegetation starts to colonise
the modern tidal flats above this elevation. We develop the transfer functions using the unimodal
regression weighted averaging partial least squares (WA-PLS) technique in C2 (version 1.6.8, Juggins,
2003). We tested the transfer function predicted palaeo marsh surface elevation (PMSE) of every
fossil peat sample by applying both transfer functions to check for model-dependent outliers and

found no over prediction of elevation of samples using the ‘peat’ training set.

For each fossil diatom assemblages from the base of the peat unit to the top of the peat layer
marking the AD 1964 earthquake, the transfer function models produce estimates of PMSE (see
supplementary information). Subtracting the PMSE for a given sample (m MHHW) from its core

depth (m MHHW) produces estimates of RSL.

3.2 Radiocarbon chronology and age-depth model development

We develop a chronology for three of our cores, GW-2b, BP-6 and KE-7 using AMS radiocarbon
samples (Table 1) of either seeds of the same species or herbaceous leaves and stems, along with
the upper contact of the main peat layer known to be AD 1964. Dating material from the middle and
lower part of the peat layer avoids potential complications with the bomb spike era at the top of the
peat layer and possible reworking of material in the underlying tidal silt unit. We produce an age-
depth model for the peat layer in each core using the Bayesian P_sequence depositional model in
OxCal 4.1 (Bronk Ramsey, 1995, 2009) and the IntCal09 calibration curve (Reimer et al., 2009). The
P_sequence model allows for random variation in sediment accumulation and a priori knowledge of

the stratigraphic position of a sample, producing 2-sigma calibration probability distributions for



each date in sequence and interpolated modelled ages at specified levels. An agreement index (Al)
assesses the model accuracy by checking for inconsistencies between the model and the

radiocarbon measurements (Blockley et al., 2008; Bronk Ramsey, 2009) (Table 1).

The model outputs for all three sites show a near linear sediment accretion rate through the
interseismic peat layer (Figure 4), so we apply the 0.6 mm yr™ rate from GW-2b to GW-1, for which
we only know the AD 1964 boundary at top of the peat (Hamilton and Shennan, 2005a). At OV-4
there is no basal chronological horizon, but a date of 929-1056 yr BP on the underlying peat-silt
boundary caused by the penultimate great earthquake (Hamilton et al., 2005), provides a minimum
age for the sequence. We assume the onset of peat development at OV-4 occurred at a similar time
to that at Bird Point (AD1400), and therefore develop a linear age model with an accumulation rate

of ~0.9 mm yr™ from AD 1400 to 1964.

In the discussion (section 4) we show the summary diatom assemblages for each core, plotted
according to broad salinity preferences, and the quantitative reconstructions of RSL change against

the age-depth models.

3.3 Modelling the Little Ice Age glacial isostatic signal

The majority of Alaskan mountain glaciers have lost mass since the LIA maximum, with nearly every
glacier that descends below an elevation of ~1500 m currently thinning and/or retreating (Berthier
et al.,, 2010; Chen et al., 2006; Luthcke et al., 2008; Molnia, 2007; 2008). To model the spatial
pattern and magnitude of solid Earth displacement during and following the LIA we use the simple
postglacial rebound calculator, TABOO (Spada et al., 2003; Spada, 2003; 2004), previously used in
studies of GIA in south east Alaska (Larsen et al., 2005). TABOO uses a layered, non-rotating,
incompressible, self-gravitating, Maxwell viscoelastic, spherical symmetric Earth model where the
density, shear modulus and Maxwell viscosity of each layer is constant (Spada et al., 2003; Spada,
2003). Rotational feedback causes perturbations to rates of solid Earth and geoid deformation.

Mitrovica at al. (2005) show that the present day rates of change driven by perturbations in the



rotation vector in south central Alaska in response to LGM surface loading is in the order of 0.0 — 0.1
mm yr'. Therefore, the rotational perturbations driven by the magnitude of LIA ice load changes is
likely to be near to zero and would have minimal consequence on our GIA outputs. Homogenous
flat Earth approximation is sufficient to evaluate the effects of variations in regional ice loads that
cover less than 20° of the Earth’s surface (lvins and James, 1999) and is therefore appropriate for the

spatial scale of upper Cook Inlet.

For an LIA ice model we use the regional "Neoglacial" ice load model developed by Larsen et al.
(2004; 2005), derived by extrapolating back the rate of mid 1950’s to mid 1990’s ice volume changes
of 67 glaciers measured by Arendt et al. (2002) using airborne laser altimetry, to estimate a LIA peak
volume in AD 1900. There were three phases of LIA glacier advance in southern Alaska, and the
earlier volume changes in the Larsen et al.’s Neoglacial ice model are based on the strength of the
middle and early advance and retreat cycles relative to the AD 1900 maximum, using Neoglacial
terminal moraine positions to estimate differential ice volumes (Figure 5). These changes are spread
over 531 spherical symmetrical disks each of 20 km diameter to estimate LIA ice thickness back 2000
years (Figure 5). We expand the spherical harmonic degrees to degree and order 1024 as per Larsen
et al. (2005), where each degree equates to ~19.6 km at 60°N, and therefore allows the Earth model
to be sensitive to the 20 km diameter disks and to resolve the effects of small ice load changes. The
model which does not allow for decadal fluctuations in tidewater glaciers where periodical surges
may result in localised GIA, but, the absence of any surging tidewater glaciers in upper Cook Inlet

means this process is likely to have negligible impact in our study area.

Seismic observations from subduction margins identify the presence of an asthenosphere between
the lithosphere and upper mantle, with the lithosphere-asthenosphere boundary being fundamental
in allowing plate movement (Anderson, 1975). Our Earth model solutions incorporate an
asthenosphere (to 220 km depth) below a defined lithosphere and overlying a simple homogenous

mantle with a viscosity of 4 x 10%° Pa s, similar to Larsen et al. (2005). We consider a suite of eight



sets of Earth model parameters (Table 2), using two values for effective lithospheric thickness and
four values for aesthenosphere viscosity. An effective model lithospheric thickness of 60 km is in
line with Larsen et al.’s (2005) model for south east Alaska and James et al.’s (2009) model for
Cascadia. The higher effective model lithospheric thickness of 110 km is to take into account the
combined lithosphere thickened by the overlapping subduction of the Yakutat and Pacific Plates in
south central Alaska (Fuis et al., 2008). A 110 km thickened lithosphere is similar or thicker than
proposed for some mid continental locations (Bradley et al., 2011; Peltier, 2004; Shennan et al.,
2000), however these models do not include an underlying low viscosity asthenosphere. We
consider asthenospheric viscosities up to 4 x 10*° Pa's, an upper limit inferred from subduction zone
earthquakes (Suito and Hirahara, 1999; Suito et al., 2002; Suito and Freymueller, 2009; Thatcher et
al.,, 1980). Thus, the asthenophere has a model viscosity an order of magnitude lower than the
underlying upper mantle. Density and elastic properties of the Earth models follow the seismic
Preliminary Reference Earth Model (PREM) (Dziewonski and Anderson, 1981). Initial model runs
(data not shown) indicate that with the relatively small ice load changes during the LIA, the upper
mantle viscosity makes no difference on the predictions of land displacement, but rather
asthenophere viscosity is the primary control on land deformation. This means that LIA driven GIA is

likely to be largely independent of any long term GIA movement in the upper mantle (section 3.4).

Comparison of GIA model predictions of present day uplift against GPS measurements of current
land motions further constrains the choice of Earth model parameters. For sites within upper Cook
Inlet we know that current land motions will include rapid post-seismic uplift following the AD 1964
earthquake (Freymueller et al., 2008; Plafker, 1969). Therefore, we reject any model that predicts
present day GIA uplift greater than GPS observed uplift (3 GIA + Tectonic). For present day post-
seismic uplift we use GPS measurements for AD 1992-2007 (Freymueller et al., 2008), with the
addition of 0.4 mmyr" (Z translation for 60°N) to the stated vertical GPS values to transform the
data to the centre of mass of the solid Earth reference frame (Argus et al., 2010; Blewitt, 2003),

which allows direct comparison with the GIA model output. Comparison of the GPS data with the



model predictions allows us to reject two sets of model parameters (Figure 6B). All of the accepted
Earth models (Table 2) predict present-day differential uplift across our four sites (Figure 7) and
greater amplitude of RSL change at the eastern sites, which are closest to the mountain glaciers and

ice caps (Figure 1).

3.4 Estimates of late Quaternary glacial isostatic adjustment

The presence of the large LGM Laurentide and Cordilleran ice sheets causes long wavelength solid
Earth displacement due to the horizontal displacement of mantle material and deglacial migration of
the forebulge which may overprint short term GIA. TABOO is unable to include the complex nature
of the late Quaternary ice sheets as summarised by more sophisticated models, such as ICE-5G
(VM2) (Peltier, 2004). As discussed, the Earth structure in VM2 (Peltier, 2002), is likely inappropriate
for south central Alaska as it does not include a low viscosity zone between the lithosphere and
upper mantle, and James et al. (2000; 2009a; 2009b) show there is potential for the VM2 estimated
ongoing solid Earth displacement to be too great in a plate boundary location. However, as the
response of the asthenospere to unloading is relatively rapid, any long term GIA due to LGM
deglaciation will be a consequence of lateral movement of the higher viscosity upper mantle, and
therefore, we use the ICE-5G (VM2) outputs (Peltier, 2004) as maximum constraints on long
wavelength post LGM GIA in the upper Cook Inlet. ICE-5G (VM2) solutions indicate upper Cook Inlet
locations (Anchorage and Nikiski, near Kenai) are presently subsiding at 0.30 mm yr' due to
migration of the post LGM forebulges, falling from 0.32 mm yr" 100 years ago. Therefore, any
tectonic processes or short term GIA occurring during AD 1400 — 1964 are against a background rate

of long term GIA subsidence, likely in the order of 0.40 — 0.30 mm yr'.

3.5 Calculating rates of late Holocene non-seismic relative sea-level change

Estimates in section 3.4 from ICE-5G (VM2) only account for post LGM GIA. Dates from numerous
earthquake cycles allow us to calculate the long term trend in non seismic RSL during the late

Holocene which includes all long term viscoelastic effects, regional and global eustasy and local, non



tectonic land level changes. We use published ages from peats at the four field sites (Hamilton and
Shennan, 2005b; Hamilton et al., 2005; Shennan and Hamilton, 2006; Shennan et al., 2008; 2010)
along with new dates (Table 1) that represent the latter stage of each EDC. Assuming all the strain
accumulated during the interseismic period is released coseismically and that negligible permanent
deformation occurs over multiple cycles, all four sites show a linear trend in RSL (Figure 8), also seen

through multiple cycles in Washington and Oregon (Long and Shennan, 1998).

3.6 Estimating interseismic land motions during the earthquake deformation cycle

To calculate rates of interseismic land movement during the last full earthquake cycle we use the
Hamilton and Shennan (2005a) equation which separates the different components of RSL for a
complete EDC recorded by a peat-silt couplet within a tidal marsh sediment profile, from one peat-

silt boundary to the next, overlying, one:

Aéint(‘c) = AE,;rsl(ﬂt) + Aécos(ﬂt) - A‘:sed(‘c) - épeat(’t) (Equation 1)

o A&i(t) represents the postseismic and interseismic uplift (m) between two co-seismic

events (Figure 2), in this instance the ~AD 1100 and AD 1964 earthquakes;

o A& (t) is non-seismic relative sea-level change over the time period in question (including

tidal regime changes) (m) calculated using the long term RSL rates in Figure 8;

o A&.s(t) equals co-seismic subsidence accompanying a subduction zone earthquake (m)
estimated by reconstructing the RSL over a peat-silt boundary using the diatom transfer

function method outlined in section 3.1;

o A&q(T) is net sedimentation (m) (that includes any consolidation, which we are unable to
quantify separately) measured in the field from the top of the lower (~AD 1100) peat layer

to the top of the upper (AD 1964) peat layer;



o Epeat(T) is the difference (m) in the PMSE of the top of the first buried peat (£peati(t)) and the
PMSE of the top of the second buried peat (peata(t)) as reconstructed using the diatom

transfer function method outlined in section 3.1.

Solving this equation provides a reconstruction for a complete EDC, in contrast to post-AD 1964 GPS
observations (Freymueller et al., 2008) that only deal with a small portion of one cycle and which
include a post-seismic land motion term. We can also solve the equation for separate parts of the
earthquake cycle if we have ages and PMSE’s for intermediate layers within an EDC. Solving the
equation for each site in Table 3 shows a significant reduction in the interseismic uplift rate in the
latter part of the previous EDC from ~AD 1400 at Girdwood, Bird Point and Ocean View, to 0.74, 0.57
and 0.30 mm yr’ respectively, and highlights a trend of decreasing rates of uplift from Girdwood to
Ocean View with distance from the Aleutian trench. This pattern is in line with Sawai et al.’s (2004)
model of vertical displacement following a 17" century earthquake along the Kuril subduction zone,
Japan, which shows decreasing deep post seismic creep for locations >160 km from the trench. At
Kenai the rate is 0.71 mm yr’* but we have no figures for the whole cycle because we have found no
sedimentary evidence of the ~AD 1100 earthquake at the site (Hamilton and Shennan, 2005b).
These calculations for interseismic uplift provide a template against which to test our RSL

reconstructions in section 4.

4 Discussion: reconciling relative sea level reconstructions with glacial isostatic

adjustment and earthquake deformation cycle model predictions

To test the hypothesis that LIA GIA solid Earth displacement overprints tectonic land level changes
(Figure 2), we compare the RSL reconstructions outlined in section 3.1 and 3.2 from the four sites in
upper Cook Inlet with the RSL changes predicted by the EDC model (section 3.6) and test whether
the GIA models in section 3.3 can explain any deviations from the EDC model (Figure 9). We use a

simple assessment as to the degree of fit between the RSL reconstructions and the models of GIA



and tectonic RSL change by calculating the percentage of diatom based RSL reconstruction data

points from each core that overlap with the proposed GIA and EDC models of RSL change (Table 4).

4.1 Relative sea level reconstructions

The summary diatom assemblages for each core (Figure 9A) show changes in the proportion of
freshwater to marine and brackish diatoms up core. At GW-1 and GW-2b the percentage of
freshwater and salt-intolerant diatoms peak at ~AD 1450-1500 and again at ~AD 1850, between this
there is an increase in the proportion of marine-brackish diatoms ~AD 1700 and another increase
from AD 1900. The pattern is similar at KE-7 though the freshwater diatoms peaks are later at ~AD
1750 and ~AD 1900 and the marine-brackish proportion increases ~AD 1850 and similarly following
AD 1900. At BP-6 and OV-4 there is a general trend of increasing proportion of salt-intolerant
diatoms though the proportion of marine-brackish diatoms increases in both cores ~AD 1650 — 1750
relative to the percentages of freshwater diatoms. We convert PMSE estimates for each fossil

assemblage (see supplementary information) to changes in RSL in the remainder of Figure 9.

The RSL changes (section 3.1) shown in Figures 9B, 9C and 9D are plotted using the age models from
section 3.2. Where summary diatom salinity assemblages show the increase in marine influence the
reconstructions show a rise in RSL. Due to the magnitude of the RSL changes quantified by the
transfer function models (<50 cm), the changes may fall within sample specific errors, making it hard
to quantify the exact magnitude of any RSL change. The large error term of the top three samples in
OV-4 reflects a poor fit with the modern diatom samples, and should be treated with the caution
suggested by the size of the calculated errors. Mindful of these limitations we test the hypotheses
of the drivers of RSL change by plotting the reconstructions over the models of tectonic and GIA RSL
changes to assess trends in RSL, rather than try to quantify exact magnitude of change, and

therefore assess deviations from the proposed GIA and EDC models.



4.2 Models of glacial isostatic relative sea-level change

Figure 9B shows the RSL reconstructions from the five cores, overlain on the six best Earth model
estimates of GIA RSL change associated with the LIA mass balance fluctuations. The modelled RSL
takes into account both solid Earth displacement and deformation of the ocean geoid, due to the
effects of self-gravitation in the surface mass load (Farrell and Clark, 1976). The curves show RSL rise
from ~AD 1500 for all four sites until ~AD 1850, after which RSL begins to fall, with a spatial pattern
of decreased RSL change with increased distance from the Chugach Mountains (Figure 7). Many of
the RSL reconstructions plot slightly below the modelled RSL, although all at OV-4 overlap with one
or more the GIA model RSL curves. By comparison, only 44% and 50% of the reconstructed RSL
points from GW-2b and KE-7 respectively achieve fit with a GIA prediction (Table 4). In general the

amount of RSL change modelled by TABOO is greater than recorded in the tidal marshes.

Berthier et al. (2010) use digital elevation model (DEM) analysis to suggest ice wastage between AD
1962-2006 is 34% less than estimated by Arendt et al. (2002) and used by Larsen et al. (2005) in their
ice model. Therefore, the TABOO modelled LIA RSL change may be up to 34 % greater than actually

experienced in upper Cook Inlet, which would result in closer fit with the RSL reconstructions.

4.3 Earthquake deformation cycle modelled relative sea-level change

Figure 9C helps to assess whether the quantitative reconstructions of RSL are solely a consequence
of land-level changes associated with the EDC, or whether there is deviation away from the expected
model (as summarised in Figure 2). The rates of interseismic land uplift calculated in section 3.6
(Table 3) define the tectonically driven RSL fall from AD 1400 for each site. Our calculations show
the interseismic rate declines from Girdwood to Ocean View, with increasing distance from the
subduction zone, similar to the pattern of decreasing co-seismic displacement east to west along
Turnagain Arm following the AD 1964 earthquake (Plafker, 1969). The exception to the spatial
pattern is at Kenai where the estimated interseismic rate is similar to Girdwood. The four GPS sites

within 10 km of Kenai record a very high weighted mean 1992-2007 uplift rate of 16.5 * 1.5 mm/yr



(Figure 6A), with high uplift rates record along much of the south eastern coast of the Kenai

Peninsula (Freymueller et al., 2008).

The EDC model includes a hypothesised period of pre-seismic RSL rise prior to the AD 1964
earthquake (Figure 2). There is no consensus as to the existence or timing of any pre-seismic phase
of the EDC, however, Karlstrom (1964) notes increased frequency of tidal inundation of Girdwood

137Cs data. We cannot confirm

marsh from AD 1952 and Zong et al (2003) suggest a similar age from
whether these changes are due to a pre-seismic tectonic process or a 20" century eustastic change.
However, to test the complete southern Alaska EDC model (Figure 2) we first include a pre-seismic
component in our model of tectonic RSL change. In the absence of any other data we take AD 1952
as the start of the potential pre-seismic RSL rise and calculate a mean rate (15.5 mm yr™) by
averaging the hypothesised pre-seismic rates gained from geological data around upper Cook Inlet

(Shennan and Hamilton, 2006, Table 1). Alternatively, the interseismic rate of land uplift may have

continued until the AD 1964 co-seismic phase and that there was no pre-seismic RSL rise.

The quantitative RSL reconstructions from all four sites initially follow the pattern of tectonically
driven land-level change with an initial RSL fall up to ~AD 1500. However, the RSL reconstructions
then deviate from the expected EDC model with a RSL rise, similar to the hypothesised deviations in
Figure 2, and coinciding with the middle LIA advance. The reconstructions all consistently plot below
the EDC model with maximum fit of 54% between the EDC model and the OV-4 reconstructed data
points and minimum fit of only 20% with the GW-1 reconstructions (Table 4). This indicates that the
upper Cook Inlet did not continue to experience the magnitude of RSL fall due to interseismic uplift

as predicted by the EDC model.

4.4 Combining relative sea level reconstructions and models of relative sea-level change

By adding the GIA model rates in Figure 9B with the EDC model rates of RSL change in Figure 9C
produces an estimate of RSL change driven by tectonic land-level deformation, gravitational

deformation of ocean geoid and glacial-isostatic solid Earth displacement (Figure 9D). All of the RSL



reconstructed fossil samples of BP-6, OV-4 and KE-7 fit one or more of the combined EDC plus GIA
model solutions, and 80% and 89% from GW-1 and GW-2b respectively (Table 4). An exception to
the trend is the outlier at ~AD 1625 in GW-2b. This single sample may be a consequence of ice
rafting of sediment onto the paleo marsh surface, a process observed on the contemporary marsh
(Hamilton et al., 2005). The overlap between model solutions and data values, within both the
errors of the RSL reconstructions and spread of GIA model solutions, suggests the simplest
hypothesis for the RSL changes experienced in upper Cook Inlet from AD 1400 to 1964 is due to the

interplay between short term GIA and interseismic land uplift.

The misfit with the Girdwood data points and the model solutions is due to a reconstructed trend of
RSL rise from ~AD 1800 to AD 1964, compared to the GIA model predictions of high sea level at ~AD
1850 as the asthenosphere responds to the late LIA advance from AD 1800, followed by a fall as the
glaciers retreat from AD 1900 (Figure 9D). At this stage we cannot say whether this misfit is an
artefact of a model input parameter. The ice model assumes a synchronous advance and retreat
history for all mountain glaciers which is probably unrealistic. Secondly, the misfit could be a
consequence of the linear sediment accumulation model extrapolated to the top of the Girdwood
profile, particularly in GW-1 where a layer of silty-peat punctuates the regressive pre-AD 1964 peat
layer (section 3.1). However, our radiocarbon dates do not produce good fit with the AD 1952 **’Cs
ages associated with the onset of nuclear weapons testing reported by Zong et al. (2003) which
suggest a much faster accumulation rate at the top of the Girdwood peat compared to our age-
depth models. **’Cs preferentially binds to ions on clays and fine silts and may be remobilised with
the decomposition of organics, accelerated by a lowering of the water table (Cooper et al., 1995;
Davis et al., 1984), which occurs following co-seismic submergence, potentially mobilising the **’Cs
profiles downwards and producing an artificially high estimates of sediment accumulation. If we
reject the Zong et al. (2003) hypothesis of a period of rapid pre-seismic sediment accumulation or
RSL rise in the decade prior to the AD 1964 earthquake, we should consider a climate origin for sea-

level rise. There are numerous estimates of the timing and magnitude of sea level accelerations in



the late 19™ to early 20" centuries from tide gauges, geological and geodetic data, and modelling
results which vary from ~1.0 to 2.5 mm yr'1 (Donnelly et al., 2004; Gehrels et al., 2006; 2008; Holgate
and Woodworth, 2004; Kemp et al., 2009; Woodworth et al.,, 2009a; 2009b). Without further

information we are cannot further resolve the cause of the misfit for Girdwood in figure 9D.

Apart from this exception, there is a good level of agreement (Table 4) between the salt marsh
reconstructions and models of sea-level change (Figure 9D). Both the reconstructions and model
predictions have inbuilt assumptions and errors, and the nature of RSL change means a number of
complex, interacting factors control RSL at a given place in space in time. By combining different
drivers of sea level we suggest the reconstructed RSL changes in upper Cook Inlet from AD 1400 -
1964 are likely a consequence of LIA GIA, interseismic land uplift, deformation of the ocean geoid
and potentially eustatic changes. This all occurs against a background long term rate of RSL change
and solid Earth deformation due to the movement of the upper mantle following LGM deglaciation.
We do not suggest it is possible to simply separate all these components without error and our
results do not preclude other combinations, however we apply Occam’s razor, allowing the simplest
explanation to exist until refuted. Further testing of the sea level hypotheses and disentangling the
mechanisms in Alaska requires integrated GIA and tectonic models, with a regional specific mantle
profile and both long and short term ice loads and additional far-field records of recent RSL

accelerations.

5 Conclusions

Integration of geological data and GIA modelling shows that it is possible test hypotheses of the
different mechanisms of RSL change in a tectonically active glacial environment. As on all coastlines,
different processes interact to make it complex to identify the relative importance of individual
mechanisms. Using records of RSL change from AD 1400 to 1964 from four sites in upper Cook Inlet
we test the hypothesis initially put forward by Hamilton and Shennan (2005a) that GIA during the LIA

overprints EDC RSL change. We derive quantitative estimates of the rates of interseismic uplift



during the penultimate EDC cycle and test for deviations from the expected EDC model of RSL
change. GIA models of RSL due to solid Earth displacement and deformation of the ocean geoid in
association with LIA mountain glacier mass balance changes within south central Alaska estimate up
to 70 cm of GIA RSL change during the LIA. In testing the hypothesis that RSL changes in upper Cook
Inlet are likely in part due to a combination of the complex interplay of tectonic and isostatic
processes driven by the unique rheology of this tectonically active location, we provide one solution
within the errors of our RSL reconstructions and GIA model to explain the reconstructed RSL
changes, though are mindful that other more complex Earth process combinations may exist. Misfits
between the GIA model predictions and RSL reconstructions in the 19" and 20" century highlight
that the tidal marshes of upper Cook Inlet potentially record a hemispheric wide acceleration in sea

level.
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14C yr BP | Calibrated age (26 yr AD) | P_sequence modelled calibrated age(2c yr AD) | Agreement
Lab code Sample code Depth (cm) (x10) Minimum Maximum Minimum ‘ Maximum index
Girdwood (GW-2b) A gveran = 80.4
SUERC-31174 | GW-2b-R1 60 272 £ 37 1489 1953 1773 1803 57*
SUERC-31175 | GW-2b-R2 64 116 £ 35 1678 1940 1692 1749 101
SUERC-31176 | GW-2b-R5 76 374 £ 37 1444 1635 1493 1569 72
SUERC-31177 | GW-2b-R6 80 433 + 37 1414 1619 1440 1498 96
SUERC-31178 | GW-2b-R7 84 537 +37 1310 1442 1391 1436 128
SUERC-31179 | GW-2b-R8 88 620 £ 37 1289 1404 1333 1385 109
SUERC-31180 | GW-2b-R9 92 629 + 35 1287 1400 1280 1328 98
Bird Point (BP-6) A overall = 83.6
SUERC-22662 | BP-6-R1 76 110+ 37 1679 1940 1803 1855 112
SUERC-22666 | BP-6-R3 84 125+37 1675 1942 1686 1743 104
SUERC-22667 | BP-6-R4 88 250 £ 37 1516 1955 1635 1685 125
SUERC-22668 | BP-6-R5 92 248 + 37 1517 1955 1579 1645 24*
SUERC-22669 | BP-6-R7 100 368 £ 35 1447 1635 1477 1536 108
SUERC-22670 | BP-6-R8 104 399 +37 1435 1632 1435 1485 138
SUERC-22671 | BP-6-R9 108 549 + 37 1306 1438 1384 1435 119
Kenai (KE-7) A overall = 95.7
AA-50484 KE-7-R1 9 3151 1682 1933 1814 1906 92
AA-50485 KE-7-R2 13 71+28 1691 1920 1689 1834 91
CAMS-93963t | KE-7-R3 215 425+ 40 1416 1626 1416 1632 109

Table 1 — Radiocarbon dates from the pre AD 1964 earthquake peat layers at Girdwood, Bird Point and Kenai. Dates reported in **C yr BP and calibrated to
20 yr AD using IntCal09 (Reimer et al., 2009) in OxCal 4.7 (Bronk Ramsey, 1995). Due to plateaux in the relationship between radiocarbon ages and calendar
years from AD 1650 to 1950, calibration of the dates is refined using IntCal09 and the P_sequence deposition model in OxCal (Bronk Ramsey, 1995) with k =
500 (Figure 4). The agreement index is a measure of the accuracy of the overall model and individual calibration solution. Bronk-Ramsey (2009) suggests a
threshold value of 60% is appropriate. * = those solutions which fall below 60%. The overall performance of each sequence is greater than 60%, giving

confidence in the calculated accumulation rates. tDate previously reported in Hamilton and Shennan (2005b).
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Table 2 — Key to rheology of Earth models shown in Figure 6. Two models greyed out are those
rejected using the GPS data in Figure 6.



EDC component Interif:)lsmlc RSL (m) Co-seismic (m) sedime?izlion (m) PMSI:::;ange TlmzeA;;e)rlod Rate (mm/yr)
Girdwood (GW-2b)

Whole EDC 1.74 1.40 1.59 1.29 -0.04 1964 - 1100 2.01
First part (silt) 1.24 0.33 1.59 0.87 -0.20 1303 - 1100 6.14
Last part (peat) 0.49 1.07 0.00 0.42 0.16 1964 - 1303 0.74
Bird Point (BP-6)

Whole EDC 1.72 1.39 1.72 1.25 0.14 1964 - 1100 2.00
First part (silt) 1.41 0.50 1.72 0.87 -0.06 1408 - 1100 4.57
Last part (peat) 0.32 0.90 0.00 0.38 0.20 1964 - 1408 0.57
Ocean View (OV-4)

Whole EDC 0.76 1.56 0.32 0.79 0.32 1964 - 1100 0.88
First part (silt) 0.60 0.60 0.32 0.35 -0.03 1436 - 1100 1.79
Last part (peat) 0.16 0.95 0.00 0.44 0.35 1964 - 1436 0.30
Kenai (KE-7)

Whole EDC not not not not not not not
First part (silt) applicable applicable applicable applicable applicable applicable applicable
Last part (peat) 0.32 0.44 0.00 0.16 -0.04 1964 - 1509 0.70

Table 3 — Calculation of interseismic rate (final column) using equation 1 (see section 5) over the penultimate earthquake cycle (where applicable) at the
four field sites. Palaeo marsh surface elevation (PSME) changes calculated using diatom transfer functions. Calculated rates for last part of EDC cycle
(highlighted in blue) used to produce EDC RSL curve in Figure 9C.



Total number of Percentage of RSL data Percentage of RSL data Percentage of RSL data points
diatom based RSL points that overlap with points that overlap with that overlap with the
reconstruction data | the GIA model predictions | the EDC model predictions | combined GIA and EDC model
Core points of RSL (Figure 9B) of RSL (Figure 9C) predictions of RSL (Figure 9D)
GW-1 10 80 % 20% 80 %
GW-2b 18 44 % 28% 89 %
BP-6 20 80 % 40 % 100 %
ov-4 13 100 % 54 % 100 %
KE-7 16 50 % 25 % 100 %
Percentage of total number
of RSL data points which not
overlap with t:e models of applicable 68.8 % 33.8% 94.8 %%
RSL change

Table 4 - A simple assessment as to the degree of fit between the RSL reconstructions and the models of GIA and tectonic RSL change in Figure 9 by
calculating the percentage of diatom based RSL reconstruction data points from each core that overlap with one or more of the proposed GIA and EDC
models of RSL change. The best fit (*) with the RSL reconstructions are achieved by combining the GIA and tectonic model predictions in Figure 9D. There
is still some unexplained misfit which suggests the contribution by some additional Earth process beyond the scope of this paper.
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Figure 1: A: Map of south central Alaska showing key tectonic boundaries and main locations
mentioned in the text. Satellite image clearly shows regions of mountain glaciers, in particular those
in the Chugach Mountains, the centre of LIA ice loading relative to upper Cook Inlet. Larsen et al.
(2005) model GIA uplift in south east Alaska, ~850 km east of Anchorage (~350 km to the right of the
image). B: Map of Turnagain Arm (dashed box in ‘A’) showing three tidal marsh field sites and other
locations in  upper Cook Inlet. Base image in ‘A’ from NASA MODIS
(http://ecimages.gsfc.nasa.gov/ve/4559/Alaska.A2002245.2120.250m.jpg)
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Figure 2: Typical upper Cook Inlet peat-silt couplet and a four phase earthquake deformation cycle
(EDC) model (Shennan and Hamilton, 2006) for the last three great earthquakes in south central
Alaska: AD 1964, ~ AD 1100 and ~ AD 450. Due to the distance from the subduction trench great
earthquakes result in coseismic land subsidence in upper Cook Inlet and rapid RSL rise (1), followed
by decades of rapid post-seismic uplift (2) and centuries of gradual interseismic land uplift and RSL
fall (3), before a hypothesised period of pre-seismic subsidence (4) in the decades prior to the next
great earthquake. This cycle results in a series of sediment sequences where tidal silt becomes more
organic grading to peat during the interseismic uplift phase prior to rapid co-seismic submergence
and renewed tidal silt accumulation. The EDC framework of tectonically driven land level changes
provides a testable model against which to measure non seismic RSL deviations from the tectonic
model. This paper focuses on a possible deviation during the penultimate earthquake deformation
cycle (illustrated by grey curves) hypothesised by Hamilton and Shennan (2005a) to be due to LIA
associated GIA. Non seismic sea-level changes may take a series of forms (i, ii, iii), overprinting the
EDC. We focus on the RSL changes reconstructed from the sediments in the region marked by the
green box where suitable in-situ material exists to create an adequate age model.
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Figure 3 — Upper Cook Inlet transfer function model regression and residuals for the two new
restricted sample transfer functions: the silt with rootlets (>3 m MSL/SWLI >180) and the peat (>5 m
MSL/SWLI >225) models (see section 3.1 for details). To accommodate for local tidal range
differences in upper Cook Inlet we standardise elevations relative to mean higher high water
(MHHW) and the difference in elevation between MHHW and MSL, using the standardised water
level index (SWLI) equation given in Hamilton and Shennan (2005a), where a SWLI of 200 equals
MHHW and a SWLI of 100 equals MSL. Black pluses are samples from the Hamilton and Shennan
(2005a) dataset and red crosses are new samples from Hope. The transfer function models use
weighted averaging partial least squares component three in C2 (Juggins, 2003) based on selecting
the lowest root mean squared error of prediction. There is some structure in the residuals due to
other factors beyond elevation controlling modern diatom distribution. However, Hamilton and
Shennan (2005a) show elevation is the primary control and the long ecological gradient (>2 standard
deviations) allows us to apply unimodal methods of regression.
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Figure 4 — OxCal depositional age models for Girdwood (GW-2b), Bird Point (BP-6) and Kenai (KE-7)
for radiocarbon dates (Table 1) from the upper pre AD 1964 peat layer. All age models use the
P_sequence depositional model and IntCal09 calibration curve (Reimer et al., 2009). Plots show
IntCal09 likelihood and posterior probability distribution. The blue interpolation envelope shows 2o
(light blue) and 1o (dark blue) ranges. 20 fit for KE-7 is poor compared to the other two curves due
to the limited number of dates. White circles mark mean calibration solutions which are used to
develop the age models in Figure 9.
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Figure 5 — Ice load history of the Larsen et al. (2005) regional Neoglacial load model shown as
differential ice thickness (m) relative to AD 2004. The load is spread over a grid of 531 disks which
cover the glaciated regions of Alaska and neighbouring British Columbia. Each disk is 20 km in
diameter and has a 20-step time piecewise load history for the past 2000 years (further detail in
section 3.3).
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Figure 6 — A: Weighted mean vertical velocities of GPS stations within 10 km of six coastal sites in
upper Cook Inlet and Whittier on the western coast of Prince William Sound, (data and uncertainty
terms as defined by Freymueller et al. (2008)), relative to the centre of the solid Earth (CE). B: For
the seven locations in A, maximum vertical velocities, defined as weighted mean plus uncertainty
term, plotted against the TABOO modelled present day GIA uplift for eight Earth models (Table 2).
We reject those solutions where the modelled present day GIA exceeds the maximum GPS measured
vertical land motion (i.e. above the black 1:1 line).
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Figure 8 — Late Holocene relative sea-level trends at four sites around upper Cook Inlet. We
calculate the rates using published radiocarbon dates (Hamilton and Shennan, 2005b; Hamilton et
al., 2005; Shennan and Hamilton, 2006; Shennan et al., 2008; Shennan et al., 2010) alongside new
dates in Table 1 from fossil peat layers representing the latter stage of each earthquake cycle
(section 3.5), calibrated using IntCal09 (Reimer et al., 2009), which are plotted against the elevation
of the radiocarbon sample relative to mean higher high water (m MHHW).
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Figure 9 — Integration of geological data and geophysical modelling results with estimates of tectonic
land level changes to assess the mechanisms of RSL change. All data plotted against radiocarbon
modelled ages (Figure 4 and section 4.3) and standardised as changes relative to AD 1400, or the
base of the peat if younger. A: summary of diatom salinities classes for each microfossil sample in
the five cores. B: TABOO estimated GIA and geoid deformation driven RSL changes for the six
possible Earth models (colours and Earth models as summarised in Table 2), overlain with transfer
function based reconstructions of RSL with sample specific error terms. C: EDC model of RSL
changes using the interseismic rates calculated in Table 3 and an average 15.5 mm yr™ pre-seismic
rate from AD 1952 to AD 1964 (as detailed in section 6.3), overlain by the RSL reconstructions. D:
combination of the GIA models in ‘B’ with the tectonic model in ‘C’, overlain by the RSL
reconstructions. This achieves the best fit between the geological data and model predictions for all
five locations.
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models as detailed in the main text.
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Sup info Figure 4 — Biostratigraphy of BP-6 showing diatoms that account for 7.5% of total diatom
values counted reconstructions of palaeo marsh surface elevation using the transfer function models
as detailed in the main text.
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Sup info Figure 5 — Biostratigraphy of OV-4 showing diatoms that account for 5% of total diatom

values counted reconstructions of palaeo marsh surface elevation using the transfer function models

as detailed in the main text.
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Sup info Figure 6 — Diatom salinity summaries and reconstructions of palaeo marsh surface elevation
using the transfer function models as detailed in the main text for GW-1 and KE-7 for those samples
shown in Figure 9. The full biostratigraphy for each core is available in Hamilton and Shennan

(2005a) and Hamilton and Shennan (2005b) respectively.



