Towards An improved Understanding of Geodynamic Processes
Along the Pacific Coast oféhtral North America

by

Maryam Yousefi

A thesis submitted to the Faculty Barth and Environmental Sciences
in partialfulfilment of the requirements for the degree of

Doctor of Philosophy

at the

UNIVERSITY OF OTTAWA

August2020

© Maryam Yousefi, Ottawa, Canada, 2020



To mybelovedparents, Tauran and Ali



Abstract

The Pacific Coast of Centrdlorth America is a geodynamically complex region which
has been subject to various geophysical process@se isostatic response of the Earth
to the advance and retreat ofice sheets and glacierscalled glacial isostatic
adjustment (GIA), is known to be important on millennial timescalesin this area The
other dominant geodynamic process at playalong this coastlineis that associated
with two active plate boundaries. The work presented in this thesis aims to better
isolate the signals associated withlifferent geodynamic processesthat are observed
simultaneously by a variety ofdata typesin order to arrive at a better understanding
of these processesThe principal aim of this thesis isto develop an improved GIA
model for western North America.

In Chapter 2, | quantiy the significance of the GIA signa{and its associated
uncertainty) by constraining its two fundamental components the Earth rheology
and history of past ice loading using relative sealevel (RSL observations.Due to the
possible influence of noRGIA processe®n the RSL observationsa careful approach
was taken in order to confirm that parameter inferences are robust. The results
obtained from a 1D (spherically-symmetric) Earth modelling analysis of two- and
three-layer mantle viscosity modelssuggestthat there are significant variations in
the inferred viscosity structure from north to south. The datamodel misfits (and also
sensitivity to the ice mode) are largest in northern parts of the study areavhich were
once located close to the ice marginThe optimal parameter setsare then used to
estimate the GIA contribution to present-day crustal movement and future RSL
change.My results suggest that GIA contributes significantly to presendlay vertical
motion; mostly at those parts of the coastline experiencing forebulge subsidence

The datamodel misfits evident in Chapter 2 motivatedne to improve the applied
Earth model by incorporating, in Chapter 3Jateral variations in viscosity structure.,
and this work is presented in Chapter 3Three different approaches are used to
construct 3D realizations of the Earth structure For the first approach, lateral
variations in sub-lithosphere viscosity are calculated using four different global
seismic tomography modelsand are used with two models of lateral variations in
lithosphere thickness The other two approaches incorporateregional structure into
the Earth modelby, in one case, inserting a regional seismic model into two of the



global seismic models and, in the other caseyy explicitly incorporating the
subducting slab, the overlying mantle wedge, and the plate boundannterface.
Neither of these approaches reveal any cleampreference over the 1D models.
However,the two different approaches used to determine8D Earthstructure give us
insight to the spread (and thus uncertainty) of modelled RSL valuesand are a
necessay step towards trying other approaches.

In Chapter 4,1 apply late Holocene RSL observation®ver the past 4 ky) and GPS
data (over the past few decadesto infer the associated vertical land motion(VLM)
rates along the Pacific coastline of North Americd. model and remo\w the signals
associated with20th-century glacier mass loss and ground water depletionso that
the residual VLM ratesare expected to represent the signal due to the Cascadia
earthquake cycle The residual rates compare well with those predicted using a recent
locking model of Cascadia subductionyhich is encouraging given thathe model was
developed using only horizontal land motion observationsPerforming a sensitivity
test on locking model parameters suggest that the residual VLM rates are able to
provide useful constraints on key subduction model parameters such as tl{gear-
trench) locking state.
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Introduction

1.1 General Overview

The dynamics of the Earth system is defined through the processeperating
between and within its different components, such asthe solid Earth, oceans,
cryosphere, continental hydrosphere and atmosphere. Our understanding of the
Earth systemrequires consideration of the broad temporal and spatialscalesof these
processes Interactions between different system components and the solid Earth is
key to understanding a variety of solid Earth deformation(geodynamiq processes.
The response of the solid Ealt to these applied forcings is reflected invarious
geophysical and geological datatypes, including 3D crustal motion, sealevel
OAOEAOQET T O AT A AEAT CA ET OBidiesohaeppicd COAO|
different observationsat regional and globd scalesto infer more accurate knowledge

about the driving forces and solid Earth response One typical issue is that



geodynamic signals resulting from differem processescan occur simultaneously; in
time and spaceand so the signals overprint eachother in the available data sets.
Separating these signals to unravel the underlying processess a challenge in areas
that are geodynamically complex.

The pacific coast of North America is affected by various geodynanpcocesses
that operate simultaneouwsly. Thereis an activeconvergent plate boundary along trs
coastline, known asthe Cascadia subduction zonegextending over D1000 km
from southwestern British Columbia to northern California(Figure 1.1). Over a broad
range of timescales, subductionrelated processes cause different types of Earth
deformation and motion of the solid surface, from the formation of th@acific Coastal
Mountain Rangesand the CascadeRange over geological timescateto active and
rapid crustal movements due to the Cascadiaaethquakes.From northern California
southwards, the plate boundary setting changefrom a convergentto a transform
margin (Figure 1.1). The tectonic activity in this area is mainly characterized by the
strike-slip motion along the San Andreas faultsystemthat results in local zones of
crustal compression and extension as well as large earthquake ruptures.

In addition to tectonic processesthe Pacific coast of North America experiences a
considerable geodynamic signal associated with glacial isosi&a adjustment (GIA),
driven by the repeated advance and retreat of ice sheets in North America during the
Quaternary. The isostatic response of the Earth to the glaciatiafeglaciation process
is complex and involves several components which will be disssed in section 1.2. In
plain words, to provide the general idea, imagine that all of Canada and parts of the
northern US were covered by ice sheets with regional maximum ice thicknesses of
more than 3000 m when the ice was at its greatest exteifat ~21,000 years ago, or
21 ka,Figure 1.2). 4 EA xAECEO | £ OOAE A@OAT OEOGA EAA
surface that bends the lithosphere and causes the mantle to flow. During the

deglaciation phase, a large volume of meltwater fluxes into the oceans and theface



of the Earth experiences an unloading on the continent but a loading over most of the

oceans.

-132° —-128° —-124° -120° -116°

-132° -128° —124° -120° -116°

Figure 1.1. Map showing the study area considered in this thesis. Thick black lines show plate
boundaries, with the triangles indicating subduction of the Juan de Fuca, Explorer and Gorda
plates beneath the North American plate. The brown triangles indicate the major volc ~ anoes of
the Cascade Range. MTJ represents the Mendocino Triple Junction; SFZ, BFZ, MFZ, and NFZ
represent the Sovanco, Blanco and Mendocino fracture zones, and Nootka fault zone,
respectively; SAF is the abbreviation for the San Andreas Fault. US states z Washington (WA),
Oregon (OR) and California (CA) z and the Canadian province British Columbia (BQ) are

indicated along with their geographic boundaries  (thin black lines ).
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Ice Thickness at 21 ka

Figure 1.2. A model of ice thick ness at 21 ka during the last glacial maximum . The model shown
in this plot is from the work of Tarasov etal. (2012).

Although the deglaciation of the ice began around 20 ka and most of the continent
was free of ice by ~10 ka, there remains a considerable GIA signal at present in the
region indicated in Figure 1.1 that is comparable in magnitude to signals from other
geodynamic processeskFor example, contemporary uplift rates exceeding 1hm/yr
have been detected in areas near the centers of past ice sheets, such as Hudson Bay
located close to the center of Laurentian ice sheé®ella et al, 2007. In addition to a
GIA sgnal associated with the melting of the ancient North American ice sheets, there

also exists a more spatially confined contemporary signal in the northern parts of the



coastline shown in Figure 1.1 associated with mountainglacier mass loss in
southwestern Canada and northwestern US during the twentieth century.

In addition to the influence of tectonics and melting ice sheets and glaciers, the
hydrological cycle can also produce significantlocal effects on geophysical
observables The recharge and discharge of groundwater reservoirs occurs naturally
and its seasonal variability canproduce solid Earth deformation and surface motion
Observations of crustal motion have also been used to identify signals that are not
associated withthe natural hydrological cycle but originate from the time that human
beings began largescale farming and water management practices. In some
populated areas, such as central and southern California, there has been a persistent
groundwater extraction during the twentieth century in order to satisfy the water
demand in domestic, industrial and, more importantly, agricultural sectors. This
excessive groundwater depletion produces a contemporary Earth deformation signal.

The combined effects of the abovenentioned processes over different time scales
are reflected in observations acquired from the west coast of North Americahese
observations are, therefore, commonly used in different research disciplines to model
and constrain various processes and modgarameters. In turn, these models are
used to make predictions of natural hazards: for example GIA models are used to
make projections of sedevel change at regional and global scalékove et al., 2016
and tectonic plate locking modelgLi et al., 2018;see section 1.3provide information
that can be used to help predict major subductiomelated earthquakes. The
important applications of these modelsemphasisethe need to find methods to better
isolate the signals of interest in the available data seéd thus more robust estimates
of key model parameters The research presented in this thesis aims to better isolate
the signals associated with the processes described above to arrive at a better
understanding of these processes and Earth properties bengmathe Pacific coast of

North America. The primary focus of this thesis is the development of an improved



GIA model for the region defined irFigure 1.1. Section 1.2 provides some additional

background to this research field.

1.2 Glacial Isostatic Adjustmen t

Since the onset of Pleistocene glaciation in the northern hemisphefaround 3
Ma), there has been a quageriodic advance and retreat of ice sheets in North
America and Eurasia with dominant periods of ~40 and ~100 kyr(e.g., Shackleton
and Opdyke 1973. During the most recent glacial cycle which began around 115 ka,
ice sheets developed and evolved in North America, reaching a maximum extent at
the last Glacial Maximum(LGM around 21 ka. Three major ice sheets experienced
growth and decay during the last glacial cycle in North America: Laurentian,
Cordilleran and Innuitian ice sheets. The advance and retreat of these ice sheets along
with other ice sheets around the world(notably Eurasian and Antarcti¢ introduced
a globalscale icewater mass redistribution. The glaciation phase with a relatively
slow increase in ice volume lasted ~90 kyr and caused a global skvel minimum of
~130 m at the LGM(Lambeck et al., 2014 Thedeglaciation phase, in comparison,
occurred more rapidly over a shorter period(~10 kyr) and an equivalent amount of
water consumed for the ice expansion was delivered back to the oceans. The
ice/water mass transfer between the oceans and continents durgn glaciation
AAci AAEAOCETT PDPEAOGAO APPI EAO A AT 1T OEAAOAAIT A
the Earth and its gravity field and thus changes selavel. A relevant question at this
point would be, how we do know all this about such an ancient phenomena In short,
our knowledge originates from observations, particularly those spanning longer

(millennial) timescales.



1.2.1 GIlAobservables

The response of the Earth to the glaciationleglaciation process is manifest
through a wide range of observables, the primary ones being séavel change and
present-day variations in 3D land motion and gravity. There are various types of
observations that constrain the GIA signal over different time scales, including the
radial and tangential crustal motion observed using satellitebased methods(e.g.
GP$, vertical land motion from land levelling profiles, (relative) sealevel change
measured using tide @uges, and lanebased and satellitebased gravity
measurements. Since the amplitude of GIA decays over millennia following a given
ITAAET ¢ T O O1T1TAAET ¢ AOAT Oh OEA AT 1T OAI PT OA
of this millennial-scale signal.

The daaset that best captures the millennialscale GIA signal is paleo
reconstructions of relative sea leve(RSL) from geological records(RSL isthe height
of the ocean surface relative to the ocean flopFigure 1.3) (e.g., Milne and Shennan,
2013).Paleo RSL markers consist of a broad range of evidence, suchrabaeological
artifacts, macrofossils (e.g., corals andnangroves, microfossils (e.g.,foraminifera,
diatoms, and pollen), biological remnants(e.g., tree stumpy and geomorphological
markers (e.g., tidal notches and raised beacheee e.g., Khan et al., 2015; Shennan
et al., 2015. Some of these markers indicate only the upper limits or lower limits of
RSL(known as limiting data points), while some others can provide a more accurate
estimation of RSL(known as sealevel index points). Whether a given indicator results
in a limiting datum or a sealevel index point, to be useful for constraining the GIA
process it should come with the fdbwing information: a location, an age, its present
elevation, and an indicative meaning which is a quantitative relationship between the
sealevel range over which the indicator existedreferred to as the indicative rangé

and the contemporary tidal refeence level. Paleo RSL reconstructions based on



geological records have significantly improved our understanding of the GIA process,

and they play a central role in the research presented he(®ilne and Shennan, 2013

Ocea Surface

Relative Sea Level

Ocean Floor

Ocean

Figure 1.3. A schematic diagram representing relative sea level. Note that topography of the

ocean surface has been exaggerated.

1.2.2 GIAmechanism

In this section the influence of GIA on solid Earth deformation, gravity change and

sea level variation is discussed. As an ice sheet grows thicker, the underlying regions

AOA AAPOAOOAA AT A bOOE

i AT O1 A

i AOAOEAI

forebul C ARdgdre 1.4). As the Earth experiences subsidence beneath an ice sheet

and uplift in the forebulges, the associated internasolid Earth) mass redistribution

perturbs the gravitational potential. Any perturbation in the gravitational potential

causes a sealevel variation. This is because the surface of the ocean conforms to a

hypothetical surface with a constantgravitational potential, in the absence of ocean

~ s N o~ A~
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known as the geoid. Another mechanism during glaciation that influences the geoid

is associated with the mass transfer from the oceans to the continents required to
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mass transfer rather than the resulting Earth deformation.

(a)

Near Field Far Field

Forebulge

Subsidence

(b)

Near Field Far Field
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-—-._.___
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Forebulge Collapse

Figure 1.4. A schematic diagram representing the influence of GIA on solid Earth deformation
and RSL change during (a) early deglaciation and (b) after disappearance of an ice sheet. Solid
and dashed lines indicate the original and new states, respectively. Adapted from Whitehouse
(2018).
When an ice sheet decreases in size during deglaciation, the Earth isostatically

adjusts to the overlying ice load to reach an equilibrium state. This adjustment

process involves mantle returnflow that causes uplift in previously glaciated areas

COA



and subsidence of the forebulges. Similar to the glaciation phase, the deformation of

theOT 1 EA %AOOE OAOOI 60 ET AEATGCA 1T &£ OEA %AO

opposite sign due to the process described above being reversed. The gravitational
attraction of the melting ice decreases significantly, and accordingly, so do the
regional geoid heights(e.g. note the raised sea surface indicated by the blue shading
in Figure 1.4a). In addition to the mass redistribution (on and inside the Earth)
affecting gravity and sea level, the transfer of a large volume of meltwater into the
oceans auses a globally uniform shift in sea level, referred to as the barystatic sea
level change. The net effect of these relative séavel changes is to induce a second
load (in addition to the ice), which is applied in ocean areas. In most areas of the ocean
the ocean loading is spatially variable and positive during a deglaciation as illustrated
in Figure 1.4. Close to the continental margins, this ocean loading acts like a lever that
pushes the continental margins upward and causes subsidence over the ogdssin
EAT AA OEA OAOI OAbnbé&EdndNakadd, 1990 AH@ Aubdidenced h
of the ocean floor arising from forebulge collapse and continental levering expands
the capacity of the ocean basins and so ocean water is redistributed from areas
located far from the melting ice sheets to the sinking areas of ocean floor peripheral
to the margins of ancient ice sheets or fafield continental shelves(explaining the fall

of the ocean surface after the ice has meltd&igure 1.4b). This process is redrred to

as ocean syphoningMitrovica and Milne, 2002).

Figure 1.4 depicts a simplified view of the mechanisms involved in the GIA process.
One important GIA feedback mechanism is associated with Earth rotation. Any
rotating object has a naturatendency to spin around its axi©f maximum moment of
inertia, also referred to as its axis of figure. Since GIA is a global process, it results in

AEAT CAO ET OEA %AOOESO iTI1 AT O T £ ETAOOGEA
ODPET (iAdpdiirydhe north and south geographic pole positionsto change. This

Ox AT AAOET ¢d8 [kuBwrOeB Rrue ®aldE WandeghEsheen tracked by the

1C
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International Latitude Service. GIA is responsible for a significant, or even dominant,
component of the obseved (secular) True Polar Wander during the 20 century (e.g.,

Sabadini et al., 1982 During the glacial cycles, the Earth adjusts its rotation vector to
align with the changing moment of inertia configuration and this, in turn, changes the

shape and graity field of the Earth, and thus sea level.

1.2.3 GIA modelling

The first attempts at GIA modelling date back to the eadgnid 19t century when
some evidence of icenduced deformed Earth was first discovered. However, it was
not until the late 20t century that a sufficient theoretical foundation was laid to
enable the development of contemporary GIA modelling. During the past few decades,
there have been theoretical and model developments to better simulate different
aspects of the complex GIA mechanismssgussed in section 1.2.2There has also
been considerable progress in methods to measure and develop the relevant
observational data bases that are required to test and tune the models and thus
enable key model components to be better determined. The anifpide of the GIA
signal reflected in the observations, particularly the RSL observations, is governed by
two primary components: the magnitude of the ice loading applied and the material
DOl PAOOEAO 1T £ OEA %AOOEGSO EIT OAdMEIMHEGIAT O OE
modelling are to constrain: (1) the ice evolution history, i.e., which locations were
covered by the ice sheets and what were the changes in ice thickness through time;
and (2) the rheology of the Earth, i.e. the material properties of the Earth that
determine how the Earth deforms in response to a given loadingnduced stress.

The majority of GIA modelling studies have taken a forward modelling approach in
which the Earth rheology and/or ice loading history are varied in seeking to
reproduce the observablegFigure 1.5) (e.g., Whitehouse, 2018 A core component of

the forward model isthe scA A1 1 ABKAA ODBAANDOAOEI 16 xEEAE EO

11



1.2.3.3. In essence, solving this equation gives the deael changez which is both a
load component and an observableg for an assumed ice history and Earth rheology.
GIA model ouputs generally include temporal and spatial evolution of RSL, and/or
present-day rates of crustal motion, and/or present rates of gravity change. An
optimal solution of the forward modelling is determined by comparing the model
outputs with their corresponding observations. Each model parameter set that gives
the minimum data-model misfit value is chosen as the bedttting model. However,
one issue that usually arises in forward modelling is the nomniqueness of the
solution which results in having more han one set of ice and Earth model inputs that
can fit the data equally well. This property as well as model limitations/assumptions
and uncertainty in the observations can lead to substantial differences in model

parameter estimates.

Model Inputs

Comparison to the

Observations GIA Model

Find an Optimal Solution

Model Outputs

Figure 1.5. The main components of a GIA model. The sea-level equation, a key component of
the GIA model that computes the redistribution of water in the ocean basins, is solved in an
iterative manner, as the ocean load is bot h an input to and output of the model (see eqnl.1lin
section 1.2.3.3).

12



1.2.3.1 Input Earth Model

In GIA modelling, the Earth component has been most oftersimulated as a
spherically symmetric seltgravitating Earth model that behaves as a Maxwell viseo
elastic material (e.g., Peltier, 1973 In this model the Earth is comprised of multiple
spherical layers that simulate a spring and dashpot connected in series, with éac
layer giving an immediate elastic response followed by a timdependent viscous
relaxation that decays through time for a given loading chang@Ranalli, 1995. The
outermost layer of the spherical Earthmodel isassumed to have a very high viscosity
so that it acts as an elastic material over GIA timescales to simulate the lithosphere. A
depth-dependent viscosity profile is assigned to the Earth model, from the base of the
lithosphere to the coremantle boundary, which consists of several layers with
different viscosity values. The average viscosity of the lower parts of the mantle is
usually greater than the average of the shallower parts by ~2 orders of magnitude.

The model outputs produced by a spherically symmetric Earth with a linear
Maxwell rheology have generally provided reasonable fits to the observations.
However, in many studies, the datanodel misfits are, at least partly, attributed to
these assumptions made in constructing the Earth model. For example, some recent
studies and laboratory eyeriments suggest that nonlinear rheology models or a
combination of both linear and nonlinear rheology, more accurately represent the
deformational response of the Earti{e.g., Karato, 2008; Wu et al., 28Qvan der Wal
et al., 2010; van der Wal et al2013). The assumption of spherical symmetry in Earth
properties is also one that has been questioned in the recent literature. An increasing
number of studies are making progress in developing more realistic Earth models
that accommodate lateral heterogerity in Earth structure to try and better fit the
observational constraints(e.g.,Steffen and Kaufmann2005;Wu et al., 2013; Kuchar

et al., 2019.
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1.2.3.2 Input Ice Model

The LatePleistocene ice sheet reconstructions have been traditionally built upon
various types of(dated) geomorphological evidence that mark the extent of the ice,
e.g., icedeposited materials, at different times during its evolution(e.g., Shennan,
2007). One major limitation of this approach is that the deposits containing the
records of ice sheet changes prior to the LGM have been mostly destroyed by the
regrowth of ice during the most recent glacial phase. Therefore, constraints on ice
evolution following the LGM are much more abundant than those for the pileGM
evolution. One of themost commonly usedconstraints onthe time distribution of ice
extent is radiocarbon dating of organic materialin glacial deposits The radiocarbon
dates should becalibrated for the spatial and temporal variations in radiocarbon
production rate to represent the actual ages of the organ material (Stuiver & Suess,
1966; Tornqvist et al., 2019. We note that all the datesndicated throughout this
study are calibrated and presentedin calendar years.

Over the past few decades, several studies haymiblished or compiled the
radiocarbon datesused to reconstruct the deglaciation of the North American ice
sheets (e.g.,Dyke et al.,2003; Dyke, 2004 Daltonet al., 202Q. The northern regions
of our study area, including southwestern British Columbia and northwestern
Washington Sate, was a part ofthe southwestern extent of the Cordilleran ice sheet.
The glaciation history in this region is complex and consists of severatlvances and
retreats during the lastglacial cycle.A detailed review of the available constraints m
ice margin chronologyin this areacan be foundin Gowan 2007 (e.g., se¢heir Table
3.2).

An important development towards improving reconstructions of the ice evolution
history has been the application of numerical ice models that, in addition to the glacial
geology observations, incorporate data and constraints from ice pBics as well as

regional climate change(temperature and precipitation) (e.g., Tarasov and Peltier,
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2004; Tarasov et al., 2012 The studyby Tarasov et al.(2012) applied alarge set of
different observational constraints to calibrate the model parameters. More than
50000 model runs were performed to ensure robust parameter inferences and
guantify model uncertainty for the reconstructed deglacial history of the North
American ice comple. A high-variance subset of these model reconstructions issed

in this thesis.

1.2.3.3 The Sea Level Equation

The physical model that is the basis of modern GIA studies is built upon the work
of Farrell and Clark(1976) who developed the underlying theory and were the first

to accuratelycalculatesealevel change assdated with Earth glaciation. This theory,

~ A~ s oA s A =~

contemporary GIA modelling.In their development and first application of the sea
level equation, Farrell and Clark assumed non-rotating Earth with fixed shorelines.
In their theory, the change in relative sedevel change Y'Y{ is attributed to the

change in geoid heightY"Q and variation in the height of sea floo(Y'Y):

YYo-hho Yo-+hh YY-hHD (1.1
where,—and_ are the colatitude and east longitude in a spherical coordinate sy$tem.
seasurface height changes can be separated into a spatigfiyyg componenty: ) and

a spatialy uniform shift(O 0 ), accordingly:

YYo-Ahfld ¥V Al 00 YY-hMP (1.2)

O 0 is atime-dependantspatially uniform shiftthat comprises two componentthe

barystatic sedevel chang€% ) and the ocean syphoni % ), as defined in section 1.2.2.

This spatiallyuniform termensuresice-ocean watemmass conservation, i.e., the mass

lost/gained by the ice sheets is gained/lost by the o¢Ean®ll and Cl&k, 1976. At each
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time (0) the spatially uniform shift of the serface height associated withrystaticsea

level change can be calculated as:

% o ——  ——A Yo an (1.3)

0 is the ocean area at time steff ” and” are the density of the ocean and ice,
respectively; w is the change in ice volume at time stefj Qmis the spherical polar

differential element (O EFQ -9 ); andY'O—h_f is the change in ice thickness at
time stepj. An expression for the sedevel change associated with ocean syphoning

can be obtained by averaging the selavel over the ocean area:

% 0 —&: -hf YY-hMO (1.4)
The symbol6O denotes the spatial integration over the ocean are: , thespatially-
variable component of geoid height change, idetermined to first order by dividing

the perturbation to the gravitational potential by the gravitational acceleration(y—).

The radial displacement(3-Y) and the perturbation to the gravitational field (3 B can

be obtained by convolvinga givensurface mass load)) —h_ o , with the associated

~

" OAAT 80 :£01 AOGETT O

3Y-hh _ AO0—hm oo o &aQo (1.5)
A _ AO0—hHm OoOorm o & anQo (1.6)
OEO OEA 11T AAI igthAerAptldr Qistadok Befv@ad the point load—h_)

and the observer(—h) and is derived by:ATfO AT-&AT-6 OEIOEFAT O

.0 —h_m is the surface load model and is defined as a combination of the ocean

load and the ice load:

~ Y ~ ~

O—hhmm 7 Yy—hhm Yohm (1.7)
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"0Cand OCAOA OEA ' OAAT 80 &O1T AGET T O AOOT AEAOAA
gravity perturbations. For a linear Maxwell thed T CUh OEA COAAT 80 &

formulated as follows:

OO —B Qo Q1 o6 0 AlfO (1.8)

OO —B 10 Q1o Qo 0 AIrO (1.9)

wheree0 EO | AOO T £ OEA %AOOEN ¢ EO OEA®AOOEGDGC
OEA 1T AAT %A & B thé Drac@ditd fEndtOror unit impulse function;d

is the nth Legendre polynomial. Q and Q are the surface load Love numbers
associated with the radial deformation and the perturbation to the gravitational field,
respectively. The corresponding superscripts V and E represent the contributions

from viscous (time dependant) and elastic components of deformation. The Love

numbers are dependent on the physical properties of the Earth, such as density and

viscosity of the mantle.

A general basic form of the setevel equation is derived by substituting eqng1.3)-

(1.6) into eqn (1.2):

<
<
¢

YYo-hlo | AbD-—-+HmM —— 00 o &0

<
= xi

———A3m —0 AO—HhmM —— 00 06 GO (1.10)

By using the * symbol to represent spatial and temporal convolution, the
traditional sea-level equation first presented by Farrell and Clark1976) appears as:
yYo-hfd 0z— 0200 — —&z— 0z20® (1.11)

Considering the surface load definition that includes the ocean logi Y'Y0—h_ o
egn (1.11) is an integral equation; that means it is a function of itself and so is

generally solved in an iterative manner.
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Since the seminal work of Farrell and Clark, subsequent studies have extended
their theory to include Earth rotation (e.g.Han and Wahr 198; Milne and Mitrovica,
1998) as well as lateral shoreline migration(e.g. Mitrovica and Milne, 2003 and
references therein). The version of the sedevel equation that can accommodate
I AOAOAI OET OAIT ET A [T ECOAOQEIT EO 6wl i

equation. This is the version that is used in the research presented in this thesis.

1.3 The Cascadia Subduction Zone

The Cascadia subduction zone is a major tectonic feature within our study area and
results in deformation and land motion recorded in the data sets described above and
considered in this thesis. It extends about 14,000 km from the southern coast of
British Columbia to northern California and marks the convergence between the
continental North American plate and three yound4-9 Myr) oceanic plates: Juan de
Fuca, Explorer and GorddgFigure 1.1). These plates subducbeneath the western
margin of the North Anerican plate and have a similar fate to their ancient
predecessorg OE A O & A O AZwhithihas bé&eh de€cénding for ~150 Myr and
separated from the rest of the plate at ~26B0 Ma(Severinghaus and Atwater, 1990
Wilson, 2002, Crameri et al., 2018

Rupture of the plate interface in this subduction zone is capable of generating a
devastating earthquake that would threaten several major population centers. The
most recent Cascadia megathrust event occurred on the 26f January 1700 CE with
a moment magnitude of ~9, determined from historical records of a tsunami in Japan
(Satake et al.2003). In the absence of modern instrumental measurements, analyzing
the geological records of coastal marshes and marine turbidites suggests that the
Cascadia megathust events have a recurrence interval of ~206600 years (Adams,
1990; Atwater and Hemphill-Haley, 1997 Leonards et al., 2010; Goldfinger et al.,

2012). Considering the recurrence interval and the fact that 300 years has passed
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since the last major event, there has been extensive research focused on modelling
different aspects of Cascadia subduction zone to estimate the hazard associated with
a future rupture event.

The cyclic great earthquakes occurring along the Cascadia margin consist of
several stages of deformation over different timescales: a sudden coseismic rupture,
continuing slip of the fault(termed as afterslip), postseismic relaxation of thestressed
mantle, and relocking of the fault and interseismic strain accumulatioWang et al.,
2012). At the time of coseismic rupture, coastal areas experience an abrupt
subsidence while inland areas experience uplifte.g., Atwater, 1987 Dragert et al,
1994). Afterslip along the megathrust interface can continue from a few months to
few years, while postseismic relaxation of the material surrounding the rupture zone
can take years to decades to dissipate. During the interseismic phase, which has the
longest duration, stress builds up as a result of the lockddr partially locked) plate
interface until the occurrence of the next rupture. Accordingly, the coastal regions
that previously subsided during the coseismic phase gradually uplift and move
landward (Wang et al., 2012, Wang et al., 201L.3Beveral studies suggest that the strain
accumulated during the interseismic period is not fully recovered during coseismic
slip and so a longterm permanent deformation is produced that is reflected in the
uplifted shoreline platforms observed in this arede.g., Kelsey et al., 1994Note that
due to the lack of observations relating to the afterslip and postseismic phases, their
amplitude and characteristic timescales are poorly constraineLeonard et al., 2010.

Most studies have focused on the coseismic and interseismic stages because the
modern era of geodetic and seismic observations has provided important information
regarding the current late stage of interseismic deformation. For example, geodetic
observations of crustal motion have detected the occurrence of some periodic seismic
tremors and aseismic slips, termed as episodic tremors and slig&TS (see, e.g.,

Rogers and Dragert, 2008 The observations of teleseismic waves help to explain the
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mechanisminvolved in the periodic occurrence of ETS and their correlation with the
downdip extent of the fault locking zone. Some recent studies suggest that there are
low-permeability materials within the plate interface shear zone that trap fluid
released from the subducting slab and cause an increase in fluid pressure, weakening
the plate interface and triggering the ETSe.g., Audet and Kim, 2016; Audet and
Schaeffer 2018). During slip, the lowpermeability seal is breached allowing
migration of fluids and reduction of fluid pressure. The cycle is repeated as thew-
permeability seal is reestablished and fluid pressure reaccumulates(Gosselin et al.,
2020). The potential influence of the ETS on megathrust earthquake potential and
their mutual correlation is an active area of research.

The pattern of deformation during each earthquake stage is highly dependent on
the physical properties of the subduction zone interfa@ecommon approach to
constrain subduction models is to use geodetic or geophysical data,cbuas observed
crustal motions, seismic imaging, heat flow measurements, etc. One of the primary
observations is the horizontal component of motion which has been widely applied
to investigate various features of the Cascadia subduction systgg. Dragert et al.,
1994; Wang et al., 2003McCaffrey et al., 2007Li et al., 2018. Some specific features
that are of interest to hazard assessment studies are the current alosrike degree
of locking, and the depth range of the sticklip fault behaviour which indicates the
fault areas capable of producing large earthquake®©® A ZFZAOOAA OF AO OEA
UT 1).Amorder to have a robust estimate of these key subduction parameters, the
observations should not be contaminated by nottectonic processes.

Another important constraint in understanding the subduction process along the
Cascadia margin comes from seismic tomography. Seismic tomography techniques
have provided a powerful tool that enables the determination of 3D seismic velocity
structure (Figure 1.6). These variations reflect the influence of compositional and

thermal variations on rock properties within the imaged volume and thus highlight
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its different features and dynamicge.g., Bostock et al., 2002Hawley et al., 2019 For
example, thesubducting slab is colder relative to the surrounding mantle and is
imaged as a zone of higher velocitflarge blue oblique zone inFigure 1.6). As the
oceanic slab sinks, the increasing pressure and temperature cause it to dehydrate and
transform into eclogite. The release of water into the overlying mantléthe so-called
Oi AT O1 A)chargésEh& éomposition and properties of this region. The resulting
information about the heterogeneity in the mantle can be applied to better
understand various geophygcal processes. Of particular relevance here is the use of
these tomographic models to determine viscosity structure as input to the new
generation of 3D GIA Earth modelésection 1.2.3.).
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Figure 1.6. Seismic velocity model incentral Washington State(The model isadopted from Hawley
etal., 2019)

1.4 Contributions and Outline of Thesis

The general aim of my thesis is to use different data types obtained along the
Pacific coast of North America to advance our understanding of the underlying
geodynamic processes. The main focus of my research is improving estimates of the
GIA signal and tdoetter constrain its key components, i.e., the Earth structure as well

as the ice loading history.
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In Chapter 2, | modelled theontribution from GIA to RSLchangesand land motion.

As the first step, | used a large parameter space, more than 20000 cdndiions of
Earth and ice models, to search for an optimal ordimensional (spherically
symmetric) Earth viscosity model that provides the minimum datamodel misfit. The
GIA model parameters were constrained by a statef-the-art (at the time of
publication), Late Glacial/Holocene RSL dataset. Considering the potential
contribution from a tectonic signal, e influence of this processvas removed from
the database, where possible, using estimates based on last interglacial shoreline
elevations. Using the reults of this model calibration, | generated model output of
present-day land motion and RSL change at the locations of GPS and -tideige
stations with the associated model uncertainty. Considering the significant
contribution of GIA to these observableghis model output can be used by colleagues
seeking to use these data to interpret other signals. | also generated model output of
RSL change at the end of the 2kentury and show that GIA contributes significantly

Z as much as 28% of the totat to future RSL rise along parts of this coastline and so
should be considered in future RSiprojection analyses. As a final remark, the results
in Chapter 2 indicate a relatively poorquality fit of the model to the data in areas that
are closer to the ancient ie margin and no single set of model parameters could
adequately fit the entire dataset. Possible reasons behind the observed misfits are
discussed in detail; however, a likely important source is lateral variability in Earth
viscosity structure.

Motivated by the research presented in Chapter 2, | investigated the influence of
lateral variability in Earth viscosity structure on GIA model output in Chapter 3. | built
different realizations of 3D Earth structure based owlifferent constraints and test the
models by comparing output to RSL observations. In conventional GIA studies, the
thickness of the lithosphere is set to a constant value which is constrained along with

viscosity structure. In this research | applied two different models of lithosphere
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thickness, one of them is built and applied in GIA modelling for the first time as part
of my thesis research contribution. Based on results using global seismic models, |
concluded that the resolution of these models is not high enough to provide improved
fits to the observations compared to those of a 1Bpherically symmetric) model. As
an alternative, | explicitly incorporated 3D regional structureusing two approaches

a regional seismic velocity model and constraints on the geometry ttie Cascadia
subduction zoneso that the viscosity structure associated with slab and overlying
mantle wedge could be incorporatedThe influence of these higher resolution modes
of 3D structure issignificant but less than anticipated and sahe results areunable to
explain the large datamodel residuals identified in Chapter 2. The results in Chapter
3 provide an important first step towards producing more realistic models of the GIA
process in western North America.

As described in section 1.3, models dhe Cascadia subduction zone based on
geodetic observations can be biased if the data are not corrected for the
contaminating signals associated with other geodynamic processes, such as GA.
the majority of previous studies, only the horizontal componat of land motion has
been usedto constrain geodynamic models of the subduction process. In Chaptér|
isolated the vertical land motion associated with the interseismic cycle of the
Cascadia subduction zonén order to provide constraints on thekey parameters in
locking models of this tectonic boundaryTo do this, | applied two different datasets
that span different time periods contemporary GPSobservations andHolocene sea
level reconstructions. In addition, | modelled and removed the influence afecent
(20t century) signals from excessiveground water depletion and melting glaciers. |
then made a comparison between the isolated vertical land motion signal and output
from a stateof-the-art subduction zone modelto assessthe ability of these datato
constrain model parameters.There, |demonstrated that GPSinferred vertical land

motion rates are more effective tha horizontal rates in constraining key model
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parameters. My estimates ofvertical land motion (with associated uncertainty) can
be used in future studies that aim to improve our understanding of this

geodynamically complex segment of the North American coastline.
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2.1 Introduction

The Pacific coast of central North America is a geodynamically complex region. It
is the location of an active convergent plate boundary, known as the Cascadia
subduction zone, where the Juan de Fuca, Explorer and Gorda plates subduct beneath
the North America plate. Furthermore, parts of this coastline were once covered by
the Cordilleran ice sheet and were proximal to the Laurentian ice sheet during the
peak of the last major glaciation, resulting in a considerable isostatic response in
many areas. This omplexity is reflected in a variety of data types, including geodetic
measurements of 3D land motion, instrumented (tide-gauge and reconstructed
observations of relative sedevel (RS change. Numerous studies have examined
these data with the intent ofbetter understanding the underlying processes and/or
constraining models (Dragert et al., 1994; Hyndman and Wang, 1993, 1995; Smith
Konter, et al., 2014, Veit and Conrad, 2016; Wang et al., 2003; Wang, 208/common
issue that arises is the difficulty inremoving the unwanted component signals from
the data under consideration.

A number of studies have modelled reconstructions of RSL change in the vicinity
of the Cascadia subduction zone to assess the accuracy of glacial isostatic adjustment
(GIA) modelsand constrain input parameters, such as mantle viscosity structur@.g.
Clague and James, 2002; Dalrymple et al., 2012; James et al., 2000; James et al., 2009b;
Muhs et al., 2012; Roy and Peltier, 20)5Roy and Peltie(2015) modelled RSL values
along the pacific coast of North America, from Vancouver Island to Central California,
using the ICE6G_C ice model combined with three different radial viscosity models. A
comparison between their models and the compiled RSL historigEngelhart et al.,
2015) indicates that the models do not adequately fit the whole dataset. The
discrepancies between their model output and the data were notably largest in
western Vancouver Island, the southern part of Georgia Strait, and parts of the
California coast. Roy and Pea#r hypothesised that the majority of these discrepancies
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are associated with tectonic effects, although estimates of this contribution are not
discussed. The authors suggest that datmodel misfits in southern Georgia Strait,
which is close to the Cordikran ice margin, are associated with errors in the ice
history and/or subsidence due to sediment loading.

In northern Cascadia, GIA studies using RSL observations and kskmereline tilt
suggest lowviscosity values for the upper mantle raging from 5x1028 to 5x101° Pas
(James et al., 2000; James et al., 200Adopting these relatively low viscosity values
leads to presentday crustal uplift rates ok 0.1 mm/yr in southern Vancouver Island
(James et al., 2009aand 0.25 mm/yr in the northern Strait of Georgia(James et al.,
2005). James et al(2009b) found that an asthenosphere with viscosity range of
3x1018 Pas(for a 140 kmthick asthenospherg to 4x101° Pas(for a 380 km-thick
asthenospherg can fit the observations reasonably well. Their predicted presentlay
uplift rate over Vancouver Island i 0.4 mm/yr which is larger than that estimated
in previous studies.

In southern regions, including southern Washington, Oregon and California, a
persistent subsidence has occurred following ice retreat. This has been interpreted
as peripheral bulge(forebulge) collapse(Muhs et al, 2012; ReedeMeyers et al., 2015;
Reynolds and Simms, 2016 Although the northern regions proximal to the ice
covered aeas are affected more by GIA, the departure of sea level observations from
the sealevel change due to meltwater addition(often termed eustatic or ice
equivalent sea leve) can be interpreted as the imprint of GIA and tectonics in this
region. Muhs et al(2012) considered coral terraces on San Nicolas Islan@ffshore
southern California) dated to MIS5.They adopted an upper mantle viscosity of 5x19
Pas and found that the observations were compatible with lower mantle viscosity
values in the range 510x102! Pas. Their results indicate a mean rate of uplift for San
Nicolas Island of 0.250.27 mm/yr since MIS 5Dalrymple et al.(2012) provided RSL

model predictions for a few cities such as Pacific City, Waldport, Coos Bay, Eureka,
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and etc. based on theGE5G and ICEBG models combined with the VM5a Earth
model (Peltier and Drummond, 2008; Argus and Peltier, 2010; Peltier, 20)0These
models generally predicted a higher rate of sekevel rise during late Holocene,
resulting in the modelled curve being too deep compared to the observations.

The primary aim of this study is to constrain GIA model parameters for the Pacific
coast region, extending from Vancouver Island to southern California. This work
builds on those introduced above in several respects. Following Roy and Peltier
(2015) we make use of the regional, quality assessed database of Engelhart et al.
(2015) but extend this to include data from California(Reynolds and Simms, 2016
We explicitly consider and, where possible, correct for the influence of neGIA
processes on the RSL observations to arrive at relatively robust estimates of Earth
viscosity structure. We comsider a large range of Earth viscosity parameter§704
viscosity profiles) and ice histories (29 models) to sample parametric uncertainty
more completely than in previous studies. In total, over 20,000 model runs were
performed in carrying out the work presented below. A key contribution of this paper
is the estimation of model parametric uncertainty. We provide spreadsheets of model
output of presentday rates of vertical land motion and RSL change at 483 GPS
stations and 56 tide gauge stations so that endlsers can remove the GIA signal and
focus on that due to other processes such as tectonics. Finally, as indicated in past
studies and confirmed here, there is strong evidence for lateral variations in Earth
properties along the east Pacific coastline. ABIA studies to datd€including this one),
have applied a 10properties varying with depth only) Earth model. A second aim of
this study is to provide a crude estimate of the lateral variations in Earth viscosity
structure that will form the basis of a fuure study that explicitly considers lateral

variations in Earth viscosity structure.
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2.2 Methods

2.2.1 Observations

We have made use of two recently published compilations of séevel records: one
from Vancouver Island to Central Californig Engelhart et al., 201%, and one from
Central California to Southern CalifornigReynolds and Simms, 2016 The combined
datasetis subdivided into 13 areas or siteghereafter referred to as sites; Figure.1).
Sites 11 comprise the data compiled by Engelhart et 812015) and we have adopted
the same criteria used by these authorge.g. tectonic setting, distance from former ice
sheel to partition the data into the 11 sites. Site 12, Central California coast,
comprises data from both Engelhart et al(2015) and Reynolds ad Simms(2015).
The most southerly site, 13, uses data from Reynolds and Simif2015) only. The
total dataset consists of 178 freshwater indicators(upper limiting), 163 marine
indicators (lower limiting ), and 680 sedevel index points (SLIP9 to constrain past
sealevel change in our study region. The number of each of these data types per site
and the spatial distribution of SLIPs are shown in Table S1 and Figu2l,
respectively.

Based on the lateQuaternary ice coverage and tectonic setting of thewgly region,
we divided the entire dataset into three subregions: northern (British Columbia and
northern Washington), sites (1-7); central (southern Washington and Oregoj
including sites 8, 9, and 10; and souther(California), including sites 11, 12and 13.
The northern region sites were once covered by the Cordilleran ice sheet with the
southern margin extending, at most, to the area defined by site(Clague and James,
2002; James et al., 2009aThe central region comprises the sites located soutf the
former ice sheet margin and north of the Mendocino Triple Junction. These sites have
a similar tectonic regime and have experienced, in general, lotgrm crustal uplift

due to the subduction of Juan de Fuca plaf@twater, 1987; Burgette et al., 209;
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Kelsey et al., 1996; Merrits and Bull, 1989; Muhs et al., 1992n the southern region,
which extends from the Mendocino Triple Junction to southern California, the
primary tectonic boundary is conservative with strike-slip motion across the San
Andreas Fault system(Brown, 1990; Crowell, 1962; Grove et al., 2010; Simkin et al.,
2006).
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Figure 2.1. Map showing the spatial distribution of RSL data (SLIPs only) and plate boundaries.
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Each of the 13 regions are indicated by a red rectangle and the number of SLIPs for each site is
specified next to the site number. The locations from where SLIPs were acquired are indicated
by light blue circles. The dark blue diamo nd in each region gives the average location of all the
SLIPs for that region; this is the location at which model curves were generated for visual
comparison to the observations (Figs2.6,2.7,2.9,2.11,2.12, S1, and S4. Dashed black lines are
depth contours that represent the inferred top surface of the subducted Juan de Fuca, Explorer
and Gorda plates (Blair et al., 2011 ). Solid black lines show plate boundaries, with the triangles
indicating subduction of the Juan de Fuca, Explorer and Gorda plates beneath the North
American plate. SFZ and BFZ represent the Sovanco and Blanco fracture zones, respectively. US
states z Washington (WA), Oregon (OR) and California (CA) z and the Canadian province British

Columbia (BC) are indicated along with their geographic boundaries.

Figure 2.2 displays the sedevel data reconstructed for the 13 sites. The majority
of the SLIPs in the ndhern region date to the preto-early Holocene and late
Holocene. Data from the northern region record a rapid RSL fall immediately upon
deglaciation of the Cordilleran ice shee{from x 15 tox 12 ka); following this, sea
levels rose gradually during eary-to-mid Holocene followed by relatively stable
values in the midto-late Holocene. At the central and southern sites, the
reconstructions show RSL always below present and continuously rising during
Holocene. The rate of sea level rise in the eartgp-mid Holocene is higher than that in
the late Holocene due, mostly, to the decrease in the rate of both meltwater input and
peripheral bulge subsidence. For more discussion and details about the RSL
reconstructions, please refer to Engelhart et al(2015) and Reynolds and Simms

(2015).
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Figure 2.2. RSL reconstructions for (@) the northern region (sites 1-7) and (b) the central (sites
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2.2.1.1 Isolating the GIA signal

To accurately estimate the GIA signal, the data used for determining Gifodel
parameters should not be contaminated by other processes which cause RSL change,
such as tectonics or sedimentary isostatic adjustment. To achieve this, either the data
should be taken from a region where these processes are known to play a negligible
role, or their influence can be estimated and removed from the RSL reconstructions.
Compaction of sediment can also lead to erroneous results. Based on the data
provided in Engelhat et al. (2015), we have identified those SLIPs that are believed
to be compaction free(see Figure2.2); however, there are only a limited number of
these SLIPs and so it is not possible to robustly estimate model parameters based on
these data alone.

The primary, non-GIA source of RSL in our study area is tectonic activity associated
with the plate boundary that is proximal to the coastline(Figure 2.1). In order to
determine the contribution of tectonics to local sedevel change, we consider results
from previous studies that used the elevation of marine terraces preserved from past
sealevel highstands to estimate a tectonic contribution to local RSL chande.qg.,
Merrits and Bull, 1989; Muhs et al., 1990, 1992 The difference between the elevation
of Interglacial (MIS5aMIS5€ marine terraces and present sea level can provide an
estimate of the longterm average rate of RSL fall associated with tectonic uplift. The
accuracy of this approach is limited due to a lack of knowledge on the precise height
and time at which the past shoreline formed, nortectonic contributions to the
measured height difference(e.g., Creveling et al., 2015; Simms et al., 20Ehd the
assumption that the tectonic contribution was linear since the formation of the
shoreline used to determine the tectonic signal. While we do not make any
corrections to the tectonic estimates provided in past analyses, the uncertainty
ranges described below are broad and so most likely accommodate the first two of

these limitations. Finally, while the estimated tectonic signals are often reported as
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accurate to call them rates of RSL fall associated with tectonic uplift. This is the
terminology we adopt here.

Tectonic rates of RSL fall along Washington and Oregon have been estimated in a
small number of studies. For example, West and McCrunib988) using the Whiskey
Run MIS5a terrace proposed a range of 0.2 to 0.6 mm/y(with an average of 0.4
mm/yr ) along the northen Oregon and Washington coast. In a more recent study,
Peterson and CruikshankK2014), estimated rates of 0.1 to 0.3 mm/yr using a similar
approach in the same area. The MIS terraces are not well preserved along this
stretch of coastline, hence the relatively broad range in estimates given. Given the
difficulty in defining an accurate tectonic correction for this area, we adopted a
relatively large rate of RSL fal(0.4 mm/yr) for site 9 to determine the impact this
would have on our Earth viscosity parameter estimation. The impact was small,
decreasing the optimum value of the upper mame¢ viscosity from 3x1(1 Pas to
2x1021 Pas. Thus, given the large uncertainty in this value and the relatively small
impact it has on our model parameter estimates, no correction was applied for site 9.
Simms et al.(2016) estimated RSL rates associated Wi tectonic uplift along the
eastern Pacific coast while explicitly considering the influence of GIA on the spatial
variation in the height of marine terraces of a given age. We applied their published
rates for New Port, Cape Arago, Coquille Point, andpg@aBlanco to correct data from
site 10(Table2.1).

Further south, site 11 is located just north of the Mendocino Triple Junction, where
plate boundary motion changes from convergencgubducting Gorda platg to strike-
slip (San Andreas Fault Systejn Ddining a longterm RSL rate associated with
tectonic processes is difficult due to the tectonic complexity of the area. The elevation
of MIS terraces suggest relatively large rates of a few mm/yr; although migration of

the triple junction over the past fewhundred kyr could have resulted in a significant
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change in this rate through time(Merritts and Bull, 1989). Using MIS5 terraces, one
arrives at a rate ok 2.4 mm/yr (Alex Simms, personal communication However,
removing this signal from the RSL data ulted in an anomalously high rate of sea
level rise during late Holocene that is not compatible with those at neighboring sites
(10, 12 that have relatively accurate tectonic rate estimates. For this reason, we did
not apply a tectonic correction to datafrom site 11 but considered the influence of
these data on our parameter inference and found that the results were the same

whether they were included or not.

Table 2.1. Inferred rates of RSL change not associated with GIA that were applied to the RSL
reconstructions before inferring GIA model parameters. The rates in the second column were
assumed to be constant over the period spanned by the RSL observations. See Section 2.2.1.1

for further details.

) Correction to account for
Site Reference
Non-GIAprocesses (mm/yr )
Simms et al(2016)
The average rate is based on marine terracéMIS5a ,
10 0.75+0.08 J enm ¢
MIS5c , MIS5gat the following sites: New Port/Cape
Arago/Coquille point and Cape Blanco
Sacramento delta: Drexler et a{2009)
-0.2+0.1 _ _
Estimated rate of RSL rise: 0:B.6 mm/yr
Southern San Francisco Bay: Atwater et #1977
12 -0.4+0.1 _ > 5% 48977
Estimated rate of RSL rise 0:8.4 mm/yr
Monterey Bay: Reynolds and Simm$2015
0.33£0.02 y Bay-Rey £015)
Based on MIS5a Davenport terrace
0.18+0.04 Los Angeles Region: Reynolds and Simr015)
Los Angeles Region, upside of Palos Verdes fault:
0.65+0.06 g gion. tp
13 Reynolds and Simmg2015)
San Diego and Channel Islands Regions: Reynolds a
0.08+0.04
Simms(2015)
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Central California(site 12) hosts local faults and folds which make it difficult to
determine a robust estimate of RSL change associated with vertical tectonic motion
for the entire area. This area also includes river deltas which cause land subsidence
due to the deposition of sediments. As a consequence of this complexity, we classified
the data and the corresponding corrections into 3 locationgshown in Figure 2.3a):
southern San Francise Bay, Sacramentégan Joaquin River Delta and Monterey Bay
(Elkhorn Slough, Moro Cojo Slough and Tembladero SloygBouthern San Francisco
Bay has experienced subsidence between the Sangamon interglacial and Wisconsin
glaciation (MIS5-MIS2; a period of 100 kyr) (Atwater et al., 1977. Based on the
elevation of Wisconsin thalweg, located at least 15 m higher than the deepest
Sangamon estuarine deposits, Atwater et al. proposed a subsidence induced RSL rise
of 0.2-0.4 + 0.1 mm/yr. Neotectonic subsidence dhe Sacramento delta due to motion
across the Midland Fault is estimated to be 0:2.6 mm/yr (Weber-Band, 1998;
Drexler et al., 200§. Finally, Monterey Bay is estimated to have uplifted, with a rate
of RSL fall of 0.33 0.02 mm/yr (Muhs et al.,2006; Reynolds and Simms, 2005 We
corrected the RSL data from the Monterey Bay region using this rate but considered
the full range of rates for San Francisco B49.1-0.5 mm/yr) and the Sacramento delta
(0.2-0.6 mm/yr). We adopted rates for the latterwo areas that produced the most
coherent RSL curve for site 12; specifically, RSL rates of 0.4 and 0.2 mm/yr for San
Francisco Bay and Sacramento delta, respectively. As can be seen in Fi@b, the
data are better aligned after applying these correctios. We note that spatial
variability in Holocene RSL due to GIA is small across these three locations and so
cannot account for thevertical spread evident when all the SLIPs are combined on a

single plot (Figure 2.3a).

37



Relative Sea Level (m)

Sacramento—San Joaguin delta

San Joaquin Valley

San .Jose

b)

10 —1—7—

10 +

40 - :l _

San Francisco Bay ———1

50 Sacramento Delta -1 _|
Monterey Bay C——
I S S T T T T |

[ I N S A

-15-14-13-12-11-10-9 8 -7 6 -5 4 -3 -2 -1 0-15-14-13-12-11-10 -9 -8

7 6 -5 -4 -3 -2 -1

Time (kyr) Time (kyr)
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For southern California, site 13, we applied the tectonic corrections provided in
Reynolds and Simmg2015); i.e., 0.18 mm/yr RSL fall for the Los Angeles area, 0.65
mm/yr RSL fall for the upthrown side of the Palos Verdes fault in the Los Angeles
region, and 0.08 mm/yr RSL fall for the San Diego and Channel Islands areas.

A summary of the applied tectoniaccorrections for sites 10, 12 and 13 is provided
in Table 2.1. We note that the uncertainties in these corrections were added in
guadrature to the uncertainties in the SLIPs.

In contrast to the central and southern regions, no tectonic corrections are
available for the northern region as glaciation has eroded evidence of past RSL
highstands. Therefore, an alternative approach must be applied to attempt to isolate
the GIA signal in order to constrain GIA model parameters. Given that this region was
once corered by the Cordilleran ice sheet, the rapid rebound subsequent to ice
retreat, indicated by RSL fall at site®-5, is the dominant signal that can be uniquely
associated with GIA. Therefore, the optimisation of model parameters was done using
only the R& fall component of the observations from sites -5 (see Sectior2.3.1.1 for

details and further discussior).
2.2.2 GIA model

Our GIA model calculates the response of a Maxwélliscoelasti spherically
symmetric Earth to a specified loading history that ncludes ice and ocean
components. We define the density and elastic structure of our model Earth using a
global seismic modelDziewonski and Anderson, 198)and depth discretization that
varies from 1 km in the crust to 30 km at the base of the mantle. &lviscous structure
is more crudely discretized into three shells: an outer region with variable thickness
(i.e., 46, 71, 96 or 120 kmand high viscosity to represent an elastic lithosphere and
two deeper regions with uniform viscosity to represent the uper and lower mantle.
The upper mantle extends from just below the lithosphere to a depth of 670 km and

the lower mantle extends down to the mantlecore boundary. A primary source of
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uncertainty in GIA model output is associated with Earth viscosity struatre. In order

to accommodate this source of uncertainty, we explore a large range of viscosity
values (in addition to the four values for lithospheric thickness(LT) defined above.
Upper mantle viscosity(UMV) spans the following 16 values: [0.005, 0.008.01, 0.02,
0.03, 0.05, 0.08, 0.1, 0.2, 0.3, 0.5, 0.8, 1, 2, X1H Pas and lower mantle viscosity
(LMV) spans the following 11 values: [1, 2, 3, 5, 8, 10, 20, 30, 50, 70, 80D2! Pas.
Note that the relatively low bound for UMV reflects results from previous studies that
found the need for viscosity values as low asx3018 Pas to fit RSL observations from
Vancouver Island(James et al., 2009b In addition to the above viscosity sucture,
three 4-layer models are also applied to consider the influence of a possible lew
viscosity asthenosphere layer, which could be associated with the mantle wedge
located above subducting lithospherde.g., James et al., 200Rbrhese Earth models
consist of an asthenosphere layer with viscosity of*6L018 Pas and upper and lower
mantle layers with viscosities of %1020 and 1?1 Pas, respectively. Three values are
assigned to the asthenosphere thickness: 103, 185 and 389 km.

The Late Pleistoceneice loading histories applied here include model
reconstructions of the North American Ice Sheet Complex, including Laurentian,
Cordilleran and Innuitian ice sheets, published by Tarasov et d2012). All of these
reconstructions are based on a physiebased, glacial systems model calibrated
against regional observations such as ice extent, RSL, and presday crustal uplift
rates. We use a high variance subset of 25 ice histories from this analysis. This subset
of ice models was chosen to provide betteiits when constrained with regional RSL
data from south of Alaska and presentlay uplift rates from British Columbia and
Alberta. Figure2.4 shows the average thickness of these 25 ice histories and their
related standard deviation at 21 and 10 ka. At 2ka, the modelled North American
Ice Complex was at its maximum extent covering the whole of Canada and some

northern parts of the United States with the thickest ice located west of Hudson Bay
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(Figure 2.4a). Following 21 ka, there was no major loss of icentil x 15 ka. The
majority of ice was deglaciated from western Canada By10 ka (Figure 2.4c); only
some small areas were still covered by the remnants of Cordilleran ice sheet. Figure
24b indicates that the ice history is relatively well constrained in western areas
compared to most other regions at 21 ka. The main areas of uncertainty at thaghl
maximum are the Hudson Bay region, southeastern and northeastern Canada. At 10
ka the Hudson Bay area seems to be the least well constrained given the spatial
distribution in the standard deviation of the model subse{(Figure 2.4d). This is likely
due to the large possible variation in ice streaming through Hudson Strait in the
glaciological model. By applying this large number of regional ice models, we sample
some of the parametric uncertainty associated with this model input. We note that
four additional North American ice models were considered in an attempt to improve
fits to RSL data in the northern region; thus, a total of twenty nine ice models were
used. The regional North American ice model reconstructions were patched into the
ICE5G history (Peltier, 2004) as a background global model. The reader is referred

to the original articles for further details.

The ocean load for a given Earth model and ice history was computed in a
gravitationally self-consistent manner by solving the sedevel equation (Farrell and
Clark, 1976. We solved the generalised form of this equatio(Mitrovica and Milne,
2003; Kendallet al., 2005 to accurately account for lateral variations in shoreline
position through time. The influence of Earth rotation due to GIA was also included
in our calculations (Milne and Mitrovica, 1998; Mitrovica et al., 200%h Finally, spatial
fields were represented using spherical harmonic functions with a truncation of

degree and order 256.
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Figure 2.4. The mean (a) and standard deviation (b) of the 25 North American ice model

reconstructions from Tarasov et al.(2012 adopted in this analysis for the time 21 ka.
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Figure 2.4. (continued ). Frames (c) and (d) also show, respectively, the mean and standard
deviation but for 10 ka. The left -hand map in each frame shows results for the area indicated
by the black rectangle in the right -hand map and illustrates the ice coverage in thaorthern region.
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2.2.3 Estimating model parameters

Constraining GIA model parameters and, consequently, the GIA signal was done by
comparing model output to the reconstructed RSL values described above. With the
exception of the northern region, limiting data were not used to infer model
parameters; howeve, limiting data are included in figures that compare RSL data to
model output and so are used to assess the overall quality of the model fits. In order
to determine the best fitting 1D viscosity model, the datanodel misfits are estimated
for each combindion of 704 Earth models and 29 ice historie¢a total of 20416 model
runs). To do this, the model curve is computed at each SLIP locatitight blue circles
in Figure 2.1) and the point on the curve with minimum distance to the SLIP is
determined (i.e., the norm2 or Euclidean distancé. This procedure is repeated for all
SLIPs available in the regiorfnorthern, central or southern). The chisquared misfit
of a given modelparameter set is then calculated for a given region vigMitrovica et

al., 2000,

1 - B — T 2.1)

Where,’YYO and’Y"YD are the observed and predicted RSL values for thi
SLIPwith2A T AOAOOAQGET T Al &1 Addo O A Bre héobderted
and predicted age values with 26 1T A O A @ (inkeBidintylofd . § is the total
number of SLIPs in the region. As noted in Sectid@i2.1, uncertainty in the tectonic
correction is included in the height uncertainty of the SLIPs. The best fitting 1D model
for a given region is defined as that wh the parameter set that minimises thg value.
Along with isolating the optimal GIA parameter set, it is important to provide a
robust estimation of the uncertainty range as a reliability criterion for the estimated
model parameters. In this paper we follow Love et a[2016) and apply a heuristic

approach by considering a confidence interval ofP+H100-P)/2)% as the bounding
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criteria (with confidence level of P = 68.27% foraflL A1 O1).Ate prcdire for
determining the model bounds includes: first, for each set of model parameters we
determine the percentage of SLIPs which pass above and below a given model curve.
The derived percentages for each model run are then compared with the threshold
value ([P+(100-P)/2]% ). If the percentages of the SLIPs which lie above the model
curve are greater than he assumed threshold, the model run is categorized as a lower
bounding model (vice versa for the upper bounding case Among all of these
bounding model runs, the two with the minimum misfit values are then selected as
the lower and upper bounding runs. Insome regions, this procedure does not result
in both an upper and lower bounding run and so a different approach was applied.

Again, we follow Love et al(2016) and apply a Bayesian approach as an alternative
method to determine the model uncertainty. Hwever, given that certain
requirements of this approach cannot be robustly met, this approach is not applied
OECI 01 601 U AT A EO OEOO OAEAOOAA O1I KO o111
ATl 0T A0 A&OT i OEEO APDPOI AAEh xA ADPDPI U " AUAOG
DA e 0l 0 & (2.2)

Where,0 & is the prior probability, 0 Qg is the likelihood function andd & Q is
the posterior probability, for model parameters & and observational dataQ The
likelihood function is an indicator of closeness of a given model output to the
observations. Here, we consider the likelihood as an exponential function with
negative] values as its exponente.g. Hauser et al., 2092 The prior represents our
knowledge about the model parameterization before analyzing the data. We consider
a uniform prior such that the posterior estimates sum to one. Then a stinsemble of
model parameers with the highest posteriors are chosen by adopting aflthreshold

(0.68). The assumptions made here, such as assuming a uniform prior or considering
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1 values as the logikelihood and not taking to account the multivariate structure of
the residuals,may affect the accuracy of our posterior estimate@_ove et al., 20186.

The nonruniform distribution of RSL data in both space and time can bias the
obtained results(Briggs and Tarasov, 201Bwhen the multivariate residual structure
is ignored. To test whether this is the case here, we reduce the effect of data clustering
by applying a spatiectemporal weighting method. This weighting method involves
scaling both the observed elevations and time uncertainties so that the clustered data
would be less weighted for the misfit calculations. We first applied spatial weighting
by considering data from each site in a region as one group. We scaled the elevation
uncertainties by the square root of the number of SLIPs at each site divided by the
square root of the total number of data in that region(north, central or south). Then
a temporal partitioning was applied by considering 5 time intervals: from present to
2 ka, 2 ka to 4 ka, 4 ka to 6 ka, 6 ka to 8 ka and older than 8 ka. For each siee, t
observations which lie within each time interval are identified and the weighting
scale for age uncertainties was computed as the square root of the number of SLIPs
in each time bin divided by the square root of total number of regional data. After
scaling theuncertainties, the misfit between observations and the model predicted
values were calculated via e2.1) using the scaled uncertainties. The results were

normalised to facilitate the comparison of weighted and noweighted values.

2.3 Results and Discussion

2.3.1 Estimating Model Parameters

2.3.1.1 Northern region

As discussed at the end of Sectidh2.1.1, no estimates of the tectonic signal are
available for the northern region and so to minimise any potential bias due to a
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tectonic overprint on the RSL curves, we focus on the large and rapid RSL fall
associated with major ice retreat from the region Not all sites record this fall and so
the optimisation of model parameters is based only on RSL records from sites 2
(Western Vancouver Islang, 3 (Northwestern Georgia Strai), 4 (Southeastern
Georgia Straiy and 5(Victoria region) which cover the timewindow of rapid RSL fall
(fromx 15 tox 12 ka). To focus on the RSL fall portion of the observations, we chose
the youngest SLIP during the RSL fall time window at each site to define a reference
time and height such that the model curve is vertically shid to pass through this
reference datum. In doing this, the influence of any tectonic activity occurring after
the reference time will be removed and the calculated model misfits will be
dependent only on the large RSL fall associated, primarily, with resmal deglaciation.
The modeldata misfits were calculated using the same misfit criterion as before but
using the chosen reference SLIP rather than presediay RSL(i.e. 0 n). Since there
are relatively few SLIPs in the RSL fall time windo\total of 16), we also used limiting
data where available(46 marine and 19 terrestrial datg. However, given that the
limiting data only provide a onesided bound on RSL, it was not possible to accurately
determine the norm-2 distance(see Sectior2.2.3). Therefore, weapplied a simplified

misfit criterion that considers only the height of the limiting data:

1 - B — (2.3)

The misfit value is set to one if the model curve passes above/below a lower/upper
limiting data point; otherwise, the value is computed usg equation2.3. The) values

are plotted in Figure2.5.
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Figure 2.5. Data-model misfit values for the northern region. The upper panel displays the
misfit values when the LMV is constant (102! Pas)and is only a function of UMV and ice model.
The middle panel shows as a function of LMV and ice model with the UMV fixed at 5x101° Pas.
The lower panel shows the values in terms of varying LMV and UMV for the case of ice model
6885R (index number 27 ). In all 3 plots, the lithosphere thickness is constant and has a value of
46 km. The misfit values for this data set are h igher than those for the central and southern

regions due, in part, to the inclusion of limiting data in the calculation.
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Being so close to the ice margin, the datmodel misfits for this region are
extremely sensitive to the deglaciation history. All oftte original 25 ice models were
unable to match well the timing of RSL fall. Those that deglaciated relatively late
produced the lowest misfit values(e.g. index numbers 8, 13, 14, 16, 1and so we
generated 4 additional models to explore the impact of tkiaspect of the model on the
1 OAI OAO8 4 x1 (index rhEb&r® A8 ahd 28,Aner® generated by
changing the local climate forcinge.g., amplifying the local precipitation and extra
cooling during the last glacial maximuny for one of the original models(9927; index
number 22) that produced the best fits to the observations from the whole North
America in the study of Tarasov et a[2012). The other two models(index humbers
26 and 27), were produced by delaying the deglaation chronology of a model which
provided the best fit to the observations from the northern region(6885; index
number 11), by 1000 and 500 years, respectively. Specifically, a period of no change
in ice extent was imposed between 1-16 ka or 17-16.5 ka As evident from Figure
2.5, the model with deglaciation delayed by 500 year@index number 27) provides
the best fit to the observations. The need to create these additional four ice models
reflects the fact that our original 25model subset is relativey small compared to that
required to more effectively span the range of plausible deglaciation scenarigsee
Tarasov et al(2012) for a discussion of this poinj.

The bottom panel in Figure2.5 indicates that for a given ice model there is a
preferencefor very low viscosity values in the upper mantle but no clear preference
for a specific LMV value. This was the case for the majority of ice models used and is
a consequence of the deformation being focused in the upper mantle due to the large
contrast in the UMV versus LMV values. The minimum dataodel misfits were
obtained with: LT = 46 km, UMV = 5x10 Pas, LMV = 18 Pas and ice model 6885R

(index number 27). Our inference of UMV is in agreement with the range inferred in
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previous studies (5x1018 - 5x1019 Pas; James et al., 2000, Clague and James, 2002,
James et al., 2009b

The optimum model curve is plotted in Figure2.6 along with the data in the RSL
fall time window for sites 2, 3, 4 and 5. The model curve is shifted vertically such that
it passesthrough the reference SLIRi.e. the youngest in the RSL fall time windojy
except for site 4 where no SLIPs fall within this window and so the data point’at8
ka was used. Inspection of Figur@.6 indicates that the optimised parameter set can
simulate reasonably well the reconstructed RSL records. However, even by choosing
a very low viscosity for the upper mantle, it is difficult to capture all the SLIP data
from the Victoria region (site 5) which date back to 1415 ka.

Model RSL curves for the entire data time window based on the above optimal
parameters are shown in Figure2.7. The model captures the majority of the datéSLIP
and limiting) at sites 4, 5 & 6. However, we note that the parametetuned to match
the large RSL fall do not provide good quality fits at most sites. There are a number of
possible reasons to explain the relatively poor fits in this region. The existence of a
significant tectonic overprint is one possible explanation. &ce there are no direct
observational constraints on this signal(see Section2.2.1), we estimated it by
considering datamodel residuals. However, the resultgnot shown) did not indicate
the existence of a coherent secular uplift signal at all sites, sygsting model
inaccuracy as a more likely explanation. One possible limitation in this regard is the
relatively low spatial resolution of the ice model(1 degree longitude by 0.5 degrees
latitude, or about 55 km) which would not capture well the short wavdength and high
variability climate and ice dynamic processes characteristic of regions with dramatic
topography. As for the Earth model, the assumption of a linear Maxwell rheology
could be a significant source of error. Departures from this simple modelould be
related to, for example, poweslaw deformation (e.g. Wu, 1995; James et al., 2009b

such that the high stresses during initial deglaciation would lead to relatively low
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effective viscosities during this time period with an increase to higher vaks as
stresses relax; also, one cannot rule out a possible contribution from Gidduced
faulting (Steffen et al., 2014; Wu and Hasegawa, 1998uring the early deglaciation
period at some locations. Ultimately, by focusing on the observed RSL fall to dhta
the greatest(GIA) signal to noise ratio, one limitation is that the amplitude and rate

of the signal make the assumption of a linear Maxwell rheology more tenuous.
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Figure 2.6. Data-model comparison for sites 2, 3, 4 and 5 in the northern region when using the
youngest SLIP that fell within the RSL fall time window ¢ 15-12 ka) as the reference height

(except for site 4, where the SLIP dated to x 8 ka was used). All reference SLIPs are shaded grey.
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The optimal curve (red)is plotted based on the following model parameters: UMV of 5x10 19 Pas,

LMV of 1021 Pas and ice model number 6885R (index number 27 ). The lithosphere thickness is

set to 46 km. The meaning of each data symbol is ind icated in the frame for site 3. The height
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Figure 2.7. Data-model comparison for the northern region. The optimal curve shown is the
same as that in Figure 6. Model uncertainty (p A calculated using the nominally Bayesian
approach is indicated by the green -dotted lines. To be consistent with the indicated mode |
01 AAOOAET 6uh OEA 3,)0 AT @AO xAOA AOAx1T OI OAPOAOAI
meaning of each data symbol is indicated in the key for site 1.
Another possibility relates to our adopted depth parameterisation of(sub-

lithosphere) viscosity gructure: two layers might not be sufficient to capture the

sensitivity of the RSL observations to the actual variation of this parameter. For
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example, if a low viscosity region were to exist, it would likely be quite limited in
depth extent as this is moe compatible with it being associated with thesub-oceanic
asthenosphereand/ or acontinental mantle wedge above the subduction zon@lames
et al., 20091. In either of these cases, the flow within this layer will be more
horizontal and channel like. Weexplored this possibility by considering a layer of low
viscosity asthenosphere with a background mantle defined by UMV = 5x2@Pas and
LMV = 101 Pas. The corresponding results are shown in Figure S1 for 3 different
thicknesses of asthenosphere: 103, 192nd 394 km along with the optimum model
curve derived from the RSL fall window. The model with the thickest asthenosphere
layer do produce a slightly better fit to younger data for some sites: southeast of Strait
of Georgia(site 4), southern Vancouver I&nd (site 5), northern Washington coast
(site 6), and Puget Soundsite 7). However, there is no clear preference over the
optimum model curve as it deviates from data at other sites, especially younger data
from western Vancouver Island(site 2) and northwest of the Strait of Georgidsite 3).
Although based on small set of model runs, these resultsuggest that a 1D
representation of shallow viscosity structure cannot capture well the observed
spatial and temporalvariability of RSL evolutionin the northern region.

We applied the heuristic method described in Sectior2.2.2 to quantify the
uncertainty bounds of the GIA model for the northern region. Since no upper bound
could be distinguished using uncertainties in model input parameters, we also
applied the nominally Bayesian method described in SectioR.2.2 to estimatethe
uncertainty ranges. The obtained uncertainty bounds using this method are shown
by the greendotted lines in Figure2.7.

To conclude this section, we determined model parameters using all the SLIPs in
the northern region. This was done to provide a comparison to the results obtained
when considering the period of RSL fall only and to examine a potential bias

introduced by ignoring possible tectonic overprints. The results are presented in
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Figures S2unweighted) and S3(weighted). The optimized model parameters for the
unweighted dataset are the same as those estimated using the R8I time window.
When data weighting is aplied, the preferred UMV reduces by an order of magnitude
from 5x101° to Pas to 5x108 Pas. In this case, the optimized model parameters for
LT, LMV and ice history are: 46 km, B0 Pas, and 9927Kindex number 28). Thus,
when we apply the more accurate(weighted) approach, the inferred optimal
parameters differ from those based on the RSL fall immediately after local
deglaciation. One possible interpretation of this difference is that it reflects the
influence of tectonics on the RSL curve. Specificallgctonic uplift would shift the
heights of the older SLIP$to higher valueg due to a steady upliff RSL fal) since Late
glacial times.(Note that, by focusing on the RSL fall only.e. referencing the SLIPs to
a time at the end of RSL fall interv3J the influence of such an overprint would be
considerably reduced. Fitting this enhanced RSL fall for a given load history would
require a larger uplift in a given time, hence the need for lower viscosity in the upper
mantle. Although the change to the optiral model parameters, particularly UMV, is
substantial, the impact on the form of the misfit function is not largécompare Figs
25 & S3; note that the markedly different absolute values of the misfit function in
these figures is a consequence of using liting data when calculating misfits using
the RSL fall approach

The optimal model curve derived from applying the weighting approach is plotted
in Figure S4. The optimized model curve in this case shows a similar pattern to the
model curve derived from considering the RSL fall time window only(Figure 2.7).
There are differences, however, particularly between the late glacial and the mid
Holocene when the parameters tuned to fit the observed RSall produce a curve that
is significantly lower than that based on the entire weighted data set. There are also
differences in the timing of RSL fall, reflecting differences between the two ice models

preferred in each case.
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The results obtained for this region(Figures 2.7, S4 suggest that no singlelD
model can fit the whole dataset, with discrepancies likely arising from a number of
model limitations, including tectonic effects of the Cascadia Subduction Zone, lateral

variation in viscosity structure, or other unmodelled proesses as outlined above.

2.3.1.2 Central region

Using the total number of 348 SLIPs for sites-80, the preferred model parameters
determined using the spatietemporal weighting approach are: LT = 71 km, UMV =
2x1020 Pas, LMV = 1& Pas and ice model 9858. Theessitivity of the misfit function
(1) to different model parameters is shown in Figure2.8; specifically,] values are
plotted in terms of two pairs of model parameters while the others are constant.

The results show that, for the ranges in input paramets explored, they values
show the least sensitivity to changes in the chosen ice history and the greatest
sensitivity to changes in UMV. Regardless of the adopted ice model, the observations
prefer an UMV of 2x1@° Pas and a LMV in the range-30x1021 Pas Using the optimal
ice model(9858; index number 15, the optimal LMV was determined to be 183 Pas.
The influence of data weighting is relatively minor, as evident when comparing Figure
2.8 to Figure S5 which shows equivalent results when no weighting wsaapplied. In
this case, the optimal parameters were determined to be: LT = 96 km, UMV = 2890
Pas, LMV = 8x18 Pas and ice model 9858. Comparison between different LT and
, -6 OAI OAO OAmEI AAOO OEA OAI1 AGEOGAT U 11 x OA
parameters. Although the changes in some parameters seem significant, the predicted
RSL curves for each parameter set are very simildFigure 2.9), indicating that the
results obtained in the nonweighted case are not significantly biased. The results in
Figure 2.9 also demonstrate that the optimum model curve provides a good fit to the
majority of the data. The older SLIPs at site 8 are driving th@eference for relatively

low viscosities in the upper mantle as the SLIPs from sites 9 & 10 prefer higher values.
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Figure 2.8. Data-model misfit values for the central region when applying the data weigh  ting
approach. The upper panel displays the misfit values when the LMV is constant (1022 Pas) and

is only a function of UMV and ice model. The middle panel shows as a function of LMV and
ice model with the UMV fixed at 2x10 20 Pas. The lower panel shows the values in terms of
varying LMV and UMV for the case of ice model 9858 (index number 15 ). In all 3 plots, the

lithosphere thickness is constant and has a value of 71 km.
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It is evident from Figure 2.9 that the optimal model curves are not compatible with
some of the older marine limiting data at sites 9 & 10, indicating that the model is not
able to capture the spatial gradient in the observations. It is important to recall that
the limiting data were not used in estimating the optimal model parameters. This
data-model discrepancy can be explained in different ways. Tectonic corrections
were not applied to data from sites 8 and 9 in the results shown in Figur29 given
the large uncertainty in these orrections and the relatively minor impact it had on
the parameter estimation results (see Section2.2.1). However, plausible spatial
variations in the tectonic contribution could explain this discrepancy. A correction for
possible uplift would shift the sa level data to lower values and so, if this is the
primary contributor to the difference, our results suggest that a greater tectonic
correction should be applied for northern Oregon(site 9) compared to southern
Washington (site 8).

There are other posible explanations of the noted discrepancy. One is lateral

variation in rheology causing a decrease in UMV going from northern Oregon to
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southern Washington. For example, #vave velocity anomalies averaged over the
100-400 km depth range, which indicate dster anomalies beneath northern Oregon
(Eakin et al., 2010. Assuming that seismic velocity anomalies are mainly attributed
to variations in temperature, this is consistent with higher UMV underneath northern
Oregon. Compaction of the sediments from whicthe SLIPs were reconstructed at
site 8 is another possibility. This area hosts three major Bays: Grays Harbor, Willapa
Bay and Columbia River estuary which have accommodated deposition of sediments
during the Holocene. The majority of the data during eaylHolocene are peat samples
from Grays Harbor. Since all of these index points were reconstructed from
intercalated sediments and derived from boreholes at depths ©f30 m or more, there
is a good likelihood of compaction due to the overburden pressure dhe above
sediments. Although the influence of compaction on inferences of past skael
changes can be quantifiede.g., Horton and Shennan, 2009applying this procedure
to remove compaction from the reconstructed SLIPs is beyond the scope of our study
The 1A model uncertainty ranges are estimated from the procedures explained in
Section 2.2.2 and are shown in Figure2.9. When using all data in the heuristic
approach, only an upper bounding(p A model could be distinguished. A lower
bounding model could be determined using the compactiofiree SLIPs; though we
note there are only 3 from this region(2 at site 9 and 1 at site 1) which will impact

the accuracy of this bound.

2.3.1.3 Southern region

Datamodel misfits were computed for the 195 SLIPs from this regiofiFigure
2.10). The optimum model parameters in this case are: LT = 71 km, UMV = 5%1Ras,
LMV =2x1320 A0 AT A EAA 11T AAT vwecd ' 0O AAT OAh
without data weighting (Figure S6 shows results without and in each case the

optimal parameters are identical. As can be seen from the top and middle panels in
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Figure 2.10, the misfit values are insensitive to the chosen ice model. This is to be
expected as the data sitesdrome further from the region of past ice loading. Also,
there is a consistent preference for an UMV of 5x20Pas and LMV values in the range
2-3x1022 Pas for different sets of model parameters. The UMV is consistent with a
previous study by Muhs et al(2012) and lies in the highend of their proposed range
(2-5%1020 Pag. Furthermore, our preferred LMV is higher than their proposed range
(5-10%x1021 Pag. Considering lower LMV values results in a model curve which passes
below the SLIPs in the 48 ka timewindow.

The best fitting model and the curves representing model uncertainty are plotted
along with the RSL data in Figur@.11. As for the central region, no lower bounding
model parameter set that satisfied the conditions defined in SectioR.2.3 could be
found when considering all SLIPs. Therefore, the lowdheuristic) uncertainty bound
is derived from compactionfree SLIPs onlya total of 21). The model provides a high
quality fit to the data (both SLIPs and limiting datd, except for the oldest twaoSLIPs
at site 13. There is a very sharp rise in sea level between 11.5 and 11 ka associated
with a contribution to meltwater pulse 1B (sourced from Antarctica in the ICESG
model). The older SLIPs at site 13 would be better fit by scaling up this contribution
by x 30%. We explored the effect of ignoring the tectonic signal on our model
parameter inferences and found that the results are biased toward a thicker
lithosphere (120 km) when no tectonic correction was applied.

Our results suggest a preference for a higher upper mantle viscosity for the
southern region compared to the central region. The tectonic regime of each region is
different due to the transition from subduction to lateral slip at the Mendocino Triple
Junction. Seismic studies and shear wave splitting analyses indicate a significant
change of the mean fast direction above and below the Mendocino Triple junction
(Eakin et al., 2010. Moreover, tomography studies using® and S wave velocities

reveal a lowvelocity anomaly in southern Oregon at 206800 km that reduces in

59



amplitude south of the triple junction (Xue and Allen, 201Q. Assuming that
temperature is a primary control on the velocity anomalies, this is compatilel with

the difference between our estimates of UMV in the two regions.
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Figure 2.10. Data-model misfit values for the southern region, when applying the data weighting
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only a function of UMV and ice model. The middle panel shows as a function of LMV and ice model
with the UMV fixed at 5x10?° Pas. The lower panel shows the values in terms of varying LMV and
UMV for the case of ice model 596Zindex number 9. In all 3 plots, the lithosphere thickness is

constant and has a value of 71 km.
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2.3.1.4 Comparison of results for the three regions

A summary of the optimal and bounding model parameters for each region is
presented in Table2.2. The results indicate substantial spatial variability in the
inferred viscosity structure, with very low UMV in the northern region(5x101° Pag
compared to higher values in the central2x1020 Pag and southern (5x1020 Pag
regions. Similarly, the propsed LMV for the northern region is lower(1021 Pag in
comparison with the central (1022 Pag and southern (2x1022 Pag regions. We note
that the RSL observations from northern sites will have a different depth sensitivity
to Earth viscosity structure compared to data at sites in central and southern regions.
Specifically, we would expect the northern data to have greater sensitivity to local

and shallower structure compared to central and southern sites due to the latter
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being located on the peripheral buje. The inferred viscosities are likely to be
influenced by the tectonic regime, i.e., the location of the sites relative to the

subducting Juan de Fuca, Explorer and Gorda slabs for northern and central regions

and the transition from subduction to lateral sip for the southern region.

Table 2.2. Optimal and bounding model parameters for northern, central and southern regions.

See Section2.2.4 for a description of the criteria used to infer these parameter sets

Lithosphere | Upper Mantle | Lower Mantle
Region | Model Type Ice Model Thickness Viscosity Viscosity
(Km) (%102t Pas) (%102t Pas)
Northern Optimal 6885R (#27) 46 0.05 1
Optimal 9858 (#15) 71 0.2 10
Upper bound | 9858 (#15) 71 0.08 70
Central
Lower
9960 (#24) 71 0.2 20
bound
Optimal 5962 (#9) 71 0.5 20
Upper bound | 9858 (# 15) 120 1 20
Southern
Lower
9894 (#20) 120 0.3 90
bound

In order to emphasise the necessity for spatial clustering of the data into sub
regions, we determined theoptimum model parameters for the entire dataset: LT =
46 km, UMV = 8x1 Pas, LMV = 3x18 Pas and ice model 688%ndex number 11).
Model RSL curves in this case are plotted in Figu212 along with the optimum
model curves for each regior(Table 2.2). The models tuned to each regiofred line)
provide a better fit to the observations at most sites with the exception of sites 4, 6 &
7 where the fits are similar between the two model parameter sets. These results

indicate that the spatial variability in the GIA response as recorded in RSL changes
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cannot be captured well by a single model parameter set, reflecting the contribution

of lateral viscosity structure to this response.
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model curve tuned to the entire dataset with the following parameters: UMV 08x10¥ Pas, LMV of
3x1(! Pas and ice model number 688@index number 1J. The lithospherethickness is set to46 km.

Observational uncertainty is indicated at the 20 | e

2.3.2 Present-day vertical motion

In this section we use our estimates of model parameters for each region to
calculate the GIA contribution to preseniday vertical land motion and compare this
to the total signal observed using GPS monitoring, which includes the influence of
other processes such as tectonics. Modelled and observed rates for each gelgion
are given in Figure2.13. Model uncertainty rangegp Afor predicted vertical motion
rates are plotted in Figure S7. As can be seen in Figtd3, GIA contributes a long
wavelength sigral that is mainly uplift in the northern region and subsidence in the
central and southern regions. We note that the reference frame implicit in our
modelled uplift rates (centre of mass that includes deformation of the solid Earth as
well as mass redistribution in the ice and ocean loadsis different to that used to
determine the rates via GP8lewitt, 2003). However, this issue likely produces data
model uplift rate differences that are relatively uniform across our study region with
an amplitude well below the mm/yr level (Argus, 2012.

In the northern region, our optimal model results indicate that all of Vancouver
Island is experiencing uplift with rates less than 1 mm/yr and decreasing towards the
northeast. A center of subsidencdless than 1 mm/yr) is located just above the
northeastern part of Vancouver Islandwhich is thought to be dominated by changes
in glacier mass loss in areas peripheral to this regioSouthern and eastern parts of
Vancouver Island and other locations, including Puget Sound and the Olympic
Peninsula, experience GIA uplift rates of 0:h mm/yr. Our modelled rates for the
northern Strait of Georgia and Vancouver Island are compatible witthose in James
et al.(2005, 2009b), although we note that model uncertainty is estimated to be large

(several mm/yr; Figure S7).
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In the central and southern regions, our model results indicate that GIA produces
widespread subsidence reachingd 2 mm/yr in southern Oregon and northern
California. It is evident from Figure 2.13 that the vertical velocities obtained via GPS
(483 stations, velocities are provided in IGS08 reference frame by UNAVCO for Plate
Boundary Observatory (PBQ, ftp://data -out.unavco.org/pub/products/velocity/ )
show greater spatial variability than the GIA model output. This is not surprising
given the importance of tectonic and other processes along this coast that exhibit
shorter spatial wavelengths.

The residuals between observed and modelledGIA) uplift rates (i.e. GPS rates
minus model rateg are shown in Figure S8. These residuals reveal more clearly the
contribution of tectonic processes to vertical land motion. For example, there is a
change in the orientation of the subducted slab in the vicinity of Juan de Fuca Strait
(see Figure2.1). Vaious subduction zone models suggest that this landward tilt of the
forearc region may produce uplift rates of 44 mm/yr as a result of interseismic strain
accumulation along the plate interfacqHyndman and Wang, 1995; Mazzotti et al.,
2007 and 2008; Wangget al., 2003. This signal is more clearly seen when GIA rates
are removed, with the area to the northwest of the Straiincluding Vancouver Island
and the Olympic Peninsulauplifting and the area to the southeastnorthern, central
and eastern parts & Washington Staté subsiding.

A similar pattern is evident for the central region, where the sites that are located
close to the coast experience tectonimduced uplift and the inland sites experience
subsidence or lower rates of uplift compared to codal sites. The amplitude and sign
of the GIA signalorder 1 mml/yr ) is significant in that when removed, the GPS rates
give greater rates of uplift along the coast and these rates have been used to infer the
extent of the plate locking. While most of thesetudies applied a GIA correction
(Burgette et al., 2009; Wang et al., 2003only a single model estimate was used which

may not accurately represent the actual signgMazzotti et al., 2008. As indicated in
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Figure S7, there is considerable uncertaintyni the GIA signal which should be
considered in future analyses of plate locking.

For the southern region, the general pattern of residuals is a rising coast with the
highest rates in northern and southern California. However, there are some localities,
such as the San Joaquin Valley and the Sacramento delta, where there is localized and
rapid subsidence due to excessive ground water pumping and the resulting
compaction of sediments. This complex spatial variability can be recognized
throughout the southernregion, where local processes such as ground water changes

and sediment compaction contribute significantly to the observed vertical motion.

2.3.3 Sealevel projections

Similar to the previous section, we use our estimates of model parameters for each
region to calculate the GIA contribution to recent past and future sekevel variations
at 56 tide-gauge stationgSupplementary Materia). Rates of sedevel change for the
21st century (i.e., modelled RSL at 2100 CE minus that at 2000 )Cand the
corresponding net contribution to RSL change at 9 major cities along the west coast
are presented in Table2.3. The GlArelated RSL rates vary significantly, from a value
of-0.22 mm/yr (Seattle) to 1.52 mm/yr (Crescent City; when considering paametric
uncertainty (p 4, this range increases to-1.35 mm/yr (Victoria) to 2.00 mm/yr
(Crescent City. These rates are used to determine the contribution of GIA to RSL at
these 9 cities(Table 2.3, column 3 during the 21st century which can be compareda
the change estimated in the recent assessment report of the IP@hurch et al., 2013
that includes the effect of ocean steric and dynamic changes, future melting of land
ice and GIA. We note that, at some locations, our estimates of the GIA contribatio

differ considerably to those used in Church et a{2013) (see Table S
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Table 2.3. Rates and values of RSL changes for the 23t century for 9 major cities along the west
coast of North America. The second column represents the GIA contribution to the rate of RSL
with the corresponding uncertainty range  (1A) estimated from nominal Bayesian approach.
The third column indicates the ¢ ontribution of GIA to the projected RSL for 2081 -2100 CE
relative to 1986 -2005 CE with the corresponding estimated uncertainty range  (1A). The fourth
column represents the projected RSL changes for 2081 -2100 CE relative to 1986 -2005 CE for
the Representati ve Concentration Pathway 4.5 and several different processes (see text for
details; Church et al., 2013 ). The fifth column is the estimated background non -climatic rate of
sea-level changes derived from tide -gauge data (from Sweet et al. (2017)). The sixth column is

the residual between the background RSL rate and the GIA -induced RSLrate(E8A8h O" AAECOI O
i E1060)0')! 8

Total RSL

projection )
Location GIA RSL rate GIA RSL for 2081- for 2081. Background Residual rate

(mml/yr ) 2100 CE(cm) 2100 CE rate (mm/yr ) (mml/yr )
(cm)

Vancouver -0.09 [1.32 0.10]| -0.85 F12.540.95] 28.95 | -1.37[-1.50-1.24] | -1.28 [-1.6 0.08]
Victoria -0.19 [1.35-0.01] | -1.8 [12.82 -0.09] 28.00 |-1.21F1.34-1.08] | -1.02 [1.33 0.27]
Seattle -0.22 F1.33-0.06] | -2.09 F12.63-0.57] 27.72 0.21[0.09 0.33] | 0.43[0.15 1.66]
Astoria 0.78[0.26 1.04] | 7.41[2.47 9.88] 42.23 | -2.152.28-2.02] | -2.93 [3.32 -2.28]
Charleston 1.34[0.84 1.71] | 12.73[7.98 16.24] 49.92 |-1.11[}1.35-0.87] | -2.45[-3.06 -1.71]
Crescent City | 1.52[0.88 2.00] | 14.44[8.36 19] 52.62 | -2.67 [2.81-2.53] | -4.19 [4.81 -3.41]
San Francisco | 1.05[0.69 1.25] | 9.97 [6.55 11.87] 45.61 | -0.07 }0.16 0.02]| -1.12 [1.41 -0.67]
Los Angeles | 0.65[0.42 0.87] | 6.17[3.99 8.26] 36.17 |-1[-1.13 -0.87] |-1.65F2.0 -1.29]
San Diego 0.60[0.34 0.84] | 5.7 [3.23 7.99] 40.11 | 0.22[0.09 0.35] | -0.38 [0.75 0.01]

Figure 2.14 illustrates the contribution of GIA (estimated here to future RSL
changes, along with that of due to other contributing processes, including ocean
steric and dynamic changes, melting of glaciers and ice sheets, and ground water
extraction (Church et al., 2013 The values presented here are based on a niaal
scenario of increasing anthropogenic climate forcingRepresentative Concentration

Pathway (RCBH 4.5). As can be seen in Figur214, ocean steric and dynamic changes
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are the dominant cause of future segevel change in this region(more than 60% of
the total RSL variations for northern sites and more than 40% for the other locatiohs
The contribution of GIA is relatively small in the northern region(Vancouver, Victoria
and Seattlg, while, in the central and southern regions, it is more important, \tin
contributions exceeding 10 cm at some sites by 2100 CE. The contribution of the GIA
signal to future RSL rise for central and southern sites ranges from 6 cm to 15 cm;
specifically, 10 cm(22% of the total signa) in San Francisco, 13 cn(26%) in
Charleston and 15 cm (28%) in Crescent City. The amplitudes of these GIA
contributions are similar to those found in a recent study that considered the Atlantic
coast of North America(Love et al., 201, with, for example, 12 cm in Washington
and New York and 8 cm in Halifax(giving a GIA contribution ranging from 2533%
of the projected value that includes the processes discussed abdve

We also include in Table2.3 (5t column), estimates of the contribution of secular
processes(e.g. GIA, tectonics, sediment compaction, ground water load)ng past
RSL change as measured by tide gaugé&weet et al., 201Y. These norclimatic
background RSL rates were estimated using a spatiemporal statistical model tuned
to the tide gauge datdSweet at al., 201Y. By subtracting our estimated GIA rates from
these nonclimatic background rates(Table 2.3, 6" column), we can examine the
residual which should reflect the contributions from dher processes(tectonics, etq.
The residuals are all negativéfalling RSL contribution), with maximum rate of 4.19
mm/yr at Crescent city in central Oregon, with the exception of Seattle which shows
a modest RSL rise signal. This pattern of RSL f@t land uplift) is broadly compatible
with that of Cascadia subduction zone models which predict RSL fall along the west
coast and RSL rise for Puget Sound in the amplitude rangel Inm/yr (Mazzotti et al.,
2008; Wang et al., 2008 The fall in RSL at 3 sotiern cities below the triple junction
(San Francisco, Los Angeles and San Diggse consistent with the RSL fingerprint

associated with ground water depletion(Veit and Conrad, 201%and the interseismic
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tectonic deformation of the San Andereas Fault systn (Smith-Konter et al., 2014.
However, we note that the amplitude of the residuals at these 3 locatiorf$able 2.3,

6t column), is larger than that estimated in the cited studies.
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Figure 2.14. a) Map showing the locations of the cities mentioned in Tables 2.3, S2 aRigjure 2.14(b)
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Figure 2.14.(continued). b) RSL projections for 2081-2100 relative to 19862005for the Representative
Concentration Pathway scenario 4.5. Other than GIA, the values are from the IPCC AREChurch et
al., 2013.

2.4 Conclusions

In this study we infer the GIA signal and its uncertainty along the central Pacific
coast of North America using 680 sedevel index points and over 20,000 model runs
sampling >700(1D) Earth viscosity models and 29 ice models. Due to the large spatial
extent and different tectonic settings of the study area, we divided it into three sub
regions (northern, central and southern) for which model parameters were inferred
separately. Also, given that this region is tectonically active, the influence of this
process(as well as sediment isostatic adjustmentvas accounted for, where possible,
by removing it from the data using published estimates. In locations where the
tectonic influence was not known or poorly quantified, we estimated model
parameters with andwithout specific subsets of RSL data to check that our parameter
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inferences were not significantly biased by including data with a potentially large
tectonic overprint.

For the northern region, which was once glaciated, the RSL data indicate a high
sensitivity to the input ice history. These data, which record a rapid fall in RSL, suggest
that ice models generated from a glacial systems mod@larasov et al., 2012retreat
around 500 years too early from this region. These RSL data also prefer a low upper
mantle viscosity (5x101° Pag, a lower mantle viscosity of 18! Pas and lithosphere
thickness of 46 km. The preference for a low viscosity upper mantle is consistent with
findings from previous GIA modelling studies from this region(e.g. James et al.,
2009b). We were unable to determine a single set of model parameters that could
produce satisfactory fits to both the older(> 8 k& and younger RSL data; particularly
for southeastern Georgia Straif(site 4) and Puget Sound(site 7). Considering the
presence of a low-viscosity asthenosphere layer of different thicknesses did not
resolve this problem. This likely reflects either the influence of longerm tectonic
effects and/or limitations of our model, particularly the Earth component(e.g. not
accounting fa transient or nonlinear deformation and the neglect of lateral
variability ).

In the central region, including Washington and Oregon States, the reconstructed
sealevel rise is monotonic over the period spanned by the observations, reflecting
the influence of peripheral bulge subsidence. Compared to the northern region, the
model results are much less sensitive to the chosen ice history and prefer higher
mantle viscosity values(2x102° Pas and 162 Pas, respectively. While good quality
fits were obtained to the SLIPs in this region, we note that the optimal model curve is
incompatible with some limiting data suggesting that the older SLIPs from southern
Washington (site 8) are influenced by sediment compaction.

In the southern region, which covers California State, RSL reconstructions indicate

a similar RSL signal to that for the central region, indicating that the influence of the
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peripheral bulge extends to this area. The results indicate that the data prefer a
moderately higher upper mantle viscosity (5%x102°0 Pag compared to the central
region, which may arise from the different tectonic regime of this regioigstrike-slip
versus convergent for the central and northern regions The significant variability in
our viscosity inferences between the three regions indicates the importance of
applying Earth models that can explicitly accommodate lateral viscosity structure.
Using our parameter estimates, we compute presertay, GlAinduced vertical
land motion at 483 GPS stations and sekevel change at 56 tidegauge stations(see
Supplementary Materia) for use by enduser communities seeking to interpret the
geodetic observations in terms of other processes. Our results show that
contemporary rates of vertical landmotion and RSL change reach amplitudes of a few
mm/yr with uncertainties that are of order 1 mm/yr in many areas. Therefore,
accurate interpretation of these data for a norGIA signal requires that the latter be
removed in many locations. Furthermore, ourresults indicate that GIA will be a
significant contributor to RSL changes this century, reaching values well in excess of

10 cm at a number of locations.
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figures to complement discussion and figures presented in the main text. All of the
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Additional Supplementary Material (Model output at GPS station locations and
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Table S1. Number of limiting data and sea -level index points (SLIPs data for each of the 13 sites

indicated on Figure 1.

Site # Terrestrial data Marine data SLIPs Total number of data
1 10 3 4 17
2 21 9 39 69
3 21 30 12 63
4 25 17 23 65
5 28 22 10 60
6 3 0 14 17
7 7 2 35 44
8 1 3 128 132
9 7 6 110 123
10 14 6 110 130
11 6 0 45 51
12 3 7 108 118
13 32 58 42 132
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Table S2. The contribution of GIA to the projected RSL for 9 major cities along the west coast of
North America for the period of 2081 -2100 CE relative to 1986 -2005 CE. The RSL values and the
corresponding uncertainty range (p A derived from our study are presented in the second
column. The third column shows the results from the IPCC report, AR5 (Church et al., 2013).

Location Projected RSL z Our Study (cm) Projected RSLZ AR5 (cm)
Vancouver -0.85 {12.54 0.95] -9.78 [-11.18 -8.37]
Victoria -1.8 {12.82 -0.09] -2.32 [-9.67 5.02]
Seattle -2.09 {12.63 -0.57] 2.02 [-6.93 10.97]
Astoria 7.41 .47  9.88] 7.11 [-0.84 15.06]
Charleston 12.73 [7.98 16.24] 8.07 [2.25 13.90]
Crescent City 14.44 [8.36 19] 6.29 [-3.41 16.00]
San Francisco 9.97 [6.55 11.87] 5.50 [-4.11 15.10]
Los Angeles 6.17 [3.99 8.26] 5.41 [-2.72 13.55]
San Diego 5.7 [3.23 7.98] 5.50 [-2.09 13.10]
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Figure S1. Data-model comparison for the northern region. The results are shown for 4 model

curves: 3 models consider the inclusion of an asthenosphere layer with viscosity of 5x10

19 Pas

and thickness of 103, 192 and 394 km (see key on bottom right of figure ). The asthenosphere
layer was included in a model with an UMV of 5x10 20 Pas and LMV of 1(?! Pas. The red curve
shows the two -layer optimal model curve with the following parameter
LMV of 1021 Pas and ice model number 6885R (index number 27 ). The lithosphere thickness is

OAO O61 19 EI S8

| AOAOOAOGEIT T Al

s: UMV of 5x10'° Pas,
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Figure S2. Datamodel misfit values for the whole northern dataset  (sites 1-7) without applying

any data weighting. The upper panel displays the misfit values when the LMV is constant (1021
Pas) and is only a function of UMV and ice model. The middle p anel shows as a function of
LMV and ice model with the UMV fixed at 5x10 1° Pas. The lower panel shows the values in
terms of varying LMV and UMV for the case of ice model 6885 (index number 11 ). In all 3 plots,

the lithosphere thickness is constant a nd has a value of 71 km.
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0.4

misfit values for the whole northern dataset  (sites 1-7) when applying

the data weighting approach. The upper panel displays the misfit values when the LMV is

constant (102! Pas) and

is only a function of UMV and ice model. The middle panel shows as

a function of LMV and ice model with the UMV fixed at 5x 1018 Pas. The lower panel shows the

values in terms of varying LMV and UMV for the case of ice model 9927K (index number 28 ). In

all 3 plots, the lithosphe

re thickness is constant and has a value of 46 km.
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Figure S4. Datamodel comparison for the northern region when using the whole northern
weighted dataset. The optimal curve in this case is plotted in red and adopts the  following
parameters: UMV of 5x10 18 Pas, LMV of 13 Pas and ice model number 9927K (index number
28). The lithosphere thickness is set to 46 km. The model curve obtained by considering data
that capture the late -glacial RSL fall window is plotted in ligh t blue. Observational uncertainty
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Figure S5. Data-model misfit values for the central region without applying any data weighting.

The upper panel displays the misfit values when the LMV is constant
a function of UMV and ice model. The middle panel shows

with the UMV fixed at 2x10 20 Pas. The lower panel shows the

(8x102t Pas) and is only
as afunction of LMV and ice model

values in terms of varying LMV

and UMV for the case of ice model 9858 (index number 15 ). In all 3 plots, the lithosphere

thickness is constant and has a value of 9 6 km.

88



| | | | 1 | ] | | | |
ST T 1 I I I
5 | LMV=2x10**Pas
m— 1
S 08
o 05
5 03
E 0.2
x 0.1
= 0.08
= 0.05
= 0.3
D 002
0.01
0.008
0.005
1 3 5 7 9 11 19 21 23 25 27 29
90 -
70 + UMV=5x10*"Pas

w a
o o
!

n
o

LMV (x102'Pas)
>

- N W o,

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
lce Sheet Model Index

(e}
o

-~
o

Ice_Index=9

LMV (x10%'Pas)

T T T T
.0050.008 0.01 0.02 0.03 0.05 0.08 0.1 02 03 05 08 1 2 3 5
UMV (x102"Pas)

[Co—— — T oa—

0.1 0.2 0.3 0.4 0.5
Model-Observation RSL Misfit &
Figure S6. Data-model misfit values for the southern region without applying any data
weighting. The upper panel displays the misfit values when the LMV is constant  (2x1022 Pas)
and is only a function of UMV and ice model. The middle panel shows as afunction of LMV
and ice model with the UMYV fixed at 5x10 20 Pas. The lower panel shows the values in terms of
varying LMV and UMV for the case of ice model 5962 (index number 9 ). In all 3 plots, the

lithosphere thickness is constant and has a value of 7 1 km.
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