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Foreword

This report is the result of a commissioned studhded by Radioactive Waste Management Ltd.
It is Phase Il of an investigation into the potahimpact of permafrost in a future climate on a
UK geological disposal facility. This Phase Il sfudses coupled flow and heat transport
numerical modelling, incorporating water-ice phadganges, to further investigate future
permafrost development, how deep it might penetrate how it might vary across the land
mass of Great Britain. We investigate the sensytiaf simulated permafrost thickness, and
dynamics, to a variety of climatic, geological dnairogeological conditions.
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Executive Summary

This report investigates the sensitivity of simethtpermafrost thickness and dynamics to a
variety of climatic, geological and hydrogeologicainditions for two geological environments,
basement under sedimentary cover and a low periitgahiccession of Mesozoic shales and
siltstones (Case 1 and Case 2 respectively). A gmtibn of one dimensional heat conduction
modelling, including the effects of freeze-thawddwo dimensional heat conduction-advection
modelling, including freeze thaw, has been underiato simulate permafrost development in
these two contrasting geological environments. Ehables an assessment of the sensitivities to
a range of possible geological parameters, adweti@at flow, and the effect of glaciation with
and without the influence of glacial loading.

In this report, permafrost is defined as the sutiase in which ice is present even in very small
amounts, i.e. ice content is greater than 0%, aridd model, this is at the zero degree isotherm.
The maximum permafrost thickness is strongly depahdon the mean annual surface
temperature, the presence of ice that will insullagesystem and the duration of the cold phase.
By scaling the minimum temperature of 57 PliocefesBocene globally distributed benthic
5180 records to temperatures of°C4 18C and 25°C below the present day mean annual
temperature, the maximum permafrost thickness fme is simulated to reach 171 m, 248 m,
and 475 m, and for Case 2 80 m, 138 m, and 238spectively. The difference in permafrost
thickness between the two Cases is attributed ¢ovdriation in subsurface rock properties.
Deeper permafrost depths than for Case 1 and Beaxpected where the thermal conductivity
is higher than for Case 1 and 2.

A sensitivity study of the geological parameters lshown that there is a strong, non-linear,
relationship between thermal conductivity, lateaathand geothermal heat flow for a series of
temperatures representative of the glacial cyddkeopast one million years. This is in contrast
to a steady state temperature profile, where peasiathickness relates linearly to thermal

conductivity, heat flow and ground surface tempemat Thickest permafrost under unchanged
climatic conditions is to be expected where thera low heat flow, a high thermal conductivity

and a low porosity, such as for example in themoftScotland.

The results of the modelling show that when theperature regime is dominated by heat
conduction, such as for the low permeability Casa Beat conduction only model is sufficient

to estimate the thickness and distribution of pérosa However, when heat advection is likely

to be important, such as in Case 1, the couplingeainafrost and groundwater flow is necessary
to simulate the permafrost distribution during feeand thaw, or during shallow permafrost
events. This particularly holds true when permadfiesmodelled to be relatively permeable,

where modelling suggests that heat advection aoff emter at recharge points (interfluves)

results in cooling and thicker permafrost compateddischarge points where discharge of
warmer water results in thinner permafrost. Howgvkese variabilities in local permafrost

thickness are of minor importance for the questibfreezing of the repository. However, when

assessing the broader influences of permafrost geodogical environment, local variations in

permafrost extent of thickness can have conseqeencthe biosphere.

Glaciation influences the thermal regime of theugub surface. If the glacier bed is undergoing
pressure melting, as found in the ablation zomegdaction in permafrost depth can be expected.
If the glacier bed is cold based, as often founthenaccumulation zone or at ice divides where
strong vertical advection of cold ice has a coogfffgct, then the maximum permafrost thickness
can be expected to be similar to the scenario witlgbaciation. It may even increase if the

temperatures at the glacier bed are colder thagrthend surface temperatures, which may occur
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when the temperature in the area where the iceorigifig is colder than that prevailing
downstream.

Recharge and discharge decrease considerably dugnaps when permafrost is present. In the
case of a model with an open model boundary tosmhe representing the coast for example,
and a high topographic gradient (Case 1), a largpe th hydraulic heads is observed beneath the
permafrost. This results in lower groundwater floatsdepth compared to unfrozen conditions.

Where a modelled area is closed on all sides (C3sea decrease in flow at depth is also

observed, however the hydraulic heads do not deeréa the same extent as the hydraulic
gradient is less than for Case 1. During permatftioatv, hydraulic heads rise, resulting in an

uptake of groundwater into elastic storage fromhaege over the top boundary of the model

domain.

When taliks underneath surface water bodies deyelap groundwater flow system remains
more active than during continuous permatfrost. Regdnand discharge are focused on the lakes
and a regional groundwater flow system connectimg lakes can develop. Heat advection
remains more important during thick permafrost wttenugh taliks remain open.

In the model, during periods of glaciation, hydrauieads increase by ~1500 m at depth for
Case 1 and Case 2 when ice loading is applied. Wieesheet loading is not accounted for, the
hydraulic head signal in low permeability layers deampened. During glacial advance,
groundwater recharge increases by up to two ordersagnitude, and during glacial retreat
discharge increases. During ice advance, groundateis in a downward direction but during
ice retreat it is in an upward direction. Dependiog the flow direction of the glacier,
groundwater flow directions can be reversed durangglaciation. Modelling the Anglian
Glaciation (middle Pleistocene glaciation, equinaléo the Elsterian or Mindel glaciation in
Europe and the Alps, most extensive glaciatiorhenBritish Isles, MIS 12), the hydraulic head
and groundwater flow magnitude are affected bydlaeiation for tens of thousands of years,
whereas after the Devensian glaciation (late Rlegste glaciation, equivalent to the
Weichselian/Vistulian or Wrm glaciation in Europe and the Alps, MIS 5d to ®)e signal
remains for thousands of years.

High hydraulic heads that may be present duringiaii@n are likely to modify the groundwater
flow around a GDF. The modelling presented heredbas two settings and typical thermal and
hydraulic properties for the rocks present, dematess that the depth of permafrost could
extend up to a depth of 300m below the surface deplending on specific characteristics (large
thermal conductivity and low porosity) and an exaeqmlly long cold period, could extend to
greater depths. Permafrost to these depths magt dffe engineering properties of some rock
types and could lead to the development of newtdracpathways in more brittle formations.
Permafrost could also affect some of the engineeoetponents of a GDF in similar ways, such
as the properties of clay materials.
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Summary

Radioactive Waste Management (RWM) commissionedtitesh Geological Survey (BGS) to
undertake a Phase 1 study to investigate the pattd¢ot permafrost development across Great
Britain under possible future periglacial climatdhe Phase 1 study Wgusby et al.(2014)
applied one-dimensional heat conduction models est locations across Great Britain.
Suggestions for further work included a full sengi analysis of parameters influencing
permafrost thickness in the UK rather than usingest estimate. Recommendations regarding
model development included work to add the effettatent heat produced during freeze/thaw,
which results in thinner permafrost compared toeatltonduction model without freeze/thaw
effects, and the inclusion of advective heat flaigiag from groundwater flow.

Following on from the work from the Phase 1 stutlys Phase 2 study aims to estimate the
impact of future climate and glaciation on a codpkystem of permafrost dynamics and
groundwater flow of two environments of the UK, aontrasting geological settings and with
differing positions with respect to future ice-shdevelopment. We used coupled groundwater
flow and heat transport modelling, incorporatingtevace phase changes, to investigate the
sensitivity of permafrost thickness and dynamica t@riety of climatic (temperature time series
and glaciation scenarios), geological (thermal cotiglity, density, heat capacity) and
hydrogeological (hydraulic conductivity) conditioftg two contrasting geological environments
(Case 1 and Case 2).

Case studies and model definition

The two contrasting geological environments, Cased Case 2, are informed by Environment
2 and Environment 5 described Tiowler et al.(2008b) and do not represent any specific site.
Case 1 is characterised by a basement under sedinypeover (BUSC) located on the margin of

a Permo-Triassic sedimentary basin, and Case 2 $gqgaence of Lower Jurassic shales and
mudstones and Triassic mudstones and siltstones.

The first set of simulations was performed usingjCaheat conduction only model including
phase change; a sensitivity study of different nhagaut parameters was undertaken. For the 1D
model, two different sets of parameters were ugbd.first set uses the geology for Case 1 and
tests the influence of different temperature tirages, glaciation scenarios and geothermal heat
flows on the permafrost depth. The second set ombidels consist of a one layer model and is
used to test the influence of different model inpatrameters (thermal conductivity, heat
capacity, geothermal heat flow, and porosity) anrttaximum permafrost depth.

Subsequent to 1D modelling, we undertook detailed\rtical slice) modelling of permafrost
dynamics in two example settings: Case 1 and CaBer2Case 1, the right hand boundary is
closed to heat flow and fluid flow, as this reprasea topographic high, and the left hand
boundary is set to a specified head and a flux daynfor heat. At the top boundary, variable
temperature, hydrological and glaciological comstis are applied to the land-surface. The base
of the model is closed to fluid flow and a constgebthermal heat flow is specified. The model
boundaries for Case 2 are the same as for Caseéptethat both sides are set to zero flux
boundaries for heat and fluid flow.

In addition to modelling a periglacial system, tinlduence of glaciation on the permafrost
distribution and groundwater flow system is studiedr the model including glaciation, the
model set-up of Case 2 is used, applying threemfft geological scenarios: a one-layer model
representing the geology of a basement, the geab@ase 1 and the geology of Case 2. For the
one layer model and Case 2, the model is run withwaithout the influence of glacial loading,
whereas for Case 1, only the model including logdsrpresented.

3
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Results from this report include the following kpyocesses and findings: evaluation of the
equilibrium state of permafrost in Great Britaing tinfluence on the permafrost thickness of the
temperature scaling of the time series, the tenwperacorrection for ice cover, the geological

variability, heat advection by groundwater flow atite existence of surface water bodies.
Furthermore, the effects of permafrost, glaciaaod sea-level changes on the groundwater flow
system are studied.

Transient permafrost thickness

Comparison of the results from 1D models, appliediae locations with contrasting thermal
properties and heat flows, showed that the decisiavhether to use a steady-state or a transient
model can have a significant impact on the simdlateximum permafrost depth. Modelling
indicates that when using a steady model, permafinickness extended to greater depths than
when using a transient model, as much as 167 meddep a scenario with a minimum
temperature of -5%. Therefore, assuming the temperatures oscillatexperienced over the
past one million years, there was insufficient tifoethe permafrost thickness to reach steady
state condition in Great Britain.

Surface temperature time series

The scaling of the global surface temperaturegetterate appropriate local temperatures, has a
large influence on modelled permafrost thicknedse Temperature is set to different minimum
temperatures; the T-10 scenario is set to &€ tkelow the present day temperature, the T-14
scenario 12C and the T-25 scenario 25 below the present day temperature. For the first
conceptualised locality, Case 1, the simulated p&wst thickness ranges between 49 m and
475 m for aAT of 10°C (T-10 scenario) ta\T of 25°C (T-25), respectively. For Case 2, the
maximum simulated permafrost thickness ranges let@@ m and 238 m for/&T of 14°C (T-

14) andAT of 25°C.

Temperature correction for ice cover

The timing of a glaciation and the associated teatpes correction for ice cover have a large
influence on the permafrost thickness. The maxinmodelled thickness of permafrost ranges
between 100 m and 177 m, depending on the glaciatocenario for the T-14 temperature
scenario for Case 1. However, the insulation oflacigr can result in no ground freezing,
whereas under non-glaciated conditions permafhickness would be several hundred metres.

Geological variability

The influence of thermal and geological properbased on ranges of UK geologies (see Figure
29) on the permafrost thickness is non-linear &edrélative importance of different parameters
is related to the magnitude of other parameters Variation in permafrost because of
differences in thermal conductivity and geotheriredt flux can range between tens of metres to
approximately 400 m, whereas the variation as altre$ porosity variability, is between zero to
300 m. Mass heat capacity and density have beerftuube of minor importance in influencing
the maximum permafrost thickness, with maximum esngf 30-40 m. The largest variability in
permafrost thickness with respect to porosity i€wth is associated with low heat flow and high
thermal conductivity. The largest variability inrpgfrost thickness with respect to heat flow
arises with high thermal conductivity and low patpsThe largest variability in permafrost with
respect to thermal conductivity is associated Vatt porosity and low heat flow.

Heat advection

The influence of heat advection on permafrost théds for the base case model, as described in
Section 4.3, reduces as permafrost develops. €l@sanship is not well known and a number of

4



CR/16/053 V6.0 28 July 2017

different functions can be used to describe it. Wliee permafrost permeability reduction
function is changed, the difference in permafrbstkness at a point in time can be as much as
100 m. Generally, the influence of heat advect®laigest when permafrost is shallow, and less
when permafrost is deeper, as with deeper permafthes regime changes from advection
dominated to conduction dominated. Heat advectian cesult in an uneven permafrost
distribution, with thicker permafrost where ther® advective cooling and thinner or no
permafrost where there is advective warming.

Surface water bodies

Surface water bodies insulate the ground from loawetemperatures and can result in taliks or
unfrozen zones that perforate the permafrost. Tiesemce of taliks alters the permafrost
distribution from continuous to discontinuous, aliog a groundwater-surface water connection
through otherwise thick permafrost (Section 4.4).

Groundwater flow in and below permafrost

When the model domain is unfrozen, recharge ancthdige are topographically driven. When
ice starts to form at the surface, recharge andhdige decrease by up to several orders of
magnitude, as determined by the permafrost pernityaiinction. For Case 1, reduced recharge
and discharge at the surface result in a drop rdufic heads beneath the permafrost, as
groundwater drains out the side of the model, reng an open boundary (e.g. sea), resulting
in lower groundwater velocity magnitudes at depthdecrease in velocity magnitudes at depth
can also be observed for Case 2, but hydraulicshdadhot decrease to the same extent as for
Case 1 because the boundary to the side is closgeksenting for example groundwater flow
divides or impermeable fault zones, and the hydragdadient is smaller. During permafrost
thaw, hydraulic heads rise, resulting in an uptakgroundwater into elastic storage.

For the scenario in which permafrost is set to loeenpermeable, with a decrease in permeability
of one order of magnitud€(=1), recharge and discharge both decrease whemafrest starts

to form, but discharge focusses on topographic |oesulting in taliks. Flow into the taliks is
focused, resulting in higher velocity magnitudeantlunder unfrozen conditions.

Observing the plume of a tracer released at delpthived that under ambient conditions the

plume spreads towards the surface, affecting alsaneh. The existence of permafrost can
fundamentally alter the area which is affected. ibpra permafrost event, discharge to the
surface ceases, and the flow direction changesadprg the tracer laterally. The tracer

concentrates below the permafrost and is then geteafter the permafrost has disappeared
(Section 5.1).

Glaciations

Glaciations influence the thickness and distributidd permafrost as they isolate the ground from
the air temperatures. When ice is at pressure mgedtnd liquid water is present, temperatures at
the base of the ice are close to, or belé®.dn the numerical model, we ignore the pressure
effects on temperature and the subglacial temperadati pressure melting is set t6CQ as
previously done irBense and Persof2008) andScheidegger and Beng2014). When the base
of an ice sheet is cold-based, temperatures arerltvan OC and permafrost either forms or
persists beneath the ice.

For Case 1, correcting the temperature time sedoesice coverage where the subglacial
temperature is set tdQ, -1°C and -3C for a temperature scenario of T-14 has a sigmfic
impact on the simulated maximum permafrost thickreger the past one million years. For the
maximum glaciation scenario with subglacial tempees at pressure melting, the maximum
permafrost thickness was calculated to be 100 mpeoed to 171 m without glaciation. When
the subglacial temperature is set t6Gbthe modelled maximum permafrost thickness was

5
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177 m. Whether the maximum or the medium glaciagoenario is selected does not have a
large influence on the maximum permafrost thicknessrall, because the medium glaciation
scenario is glaciated when temperatures are coldest

High hydraulic gradients beneath an ice sheet densbly alter the groundwater flow system
compared to ambient conditions. When the gradiéhe ice sheet is against the topographic
gradient, groundwater flow is reversed by the presef a glacier.

When an ice sheet is present, hydraulic heads oedtr the ice sheet and at depth increase to
the ice overburden (1500-2000 m) for the one lawedel representing basement, and Case 1.
However, for Case 2 the signal of high hydrauliadeis dampened and penetrates slowly in the
low permeable units. During ice advance and iceeattthe hydraulic gradient is largest,
resulting in the highest groundwater velocity magpés, which are one to two orders of
magnitude higher than under ambient conditionsfiogeological scenarios. During ice advance
and ice sheet build up, flows are in a downwarealion, resulting in uptake of groundwater
into elastic storage. During ice retreat, flows @ren upward direction, releasing groundwater
mainly underneath the ice sheet that has been iakestorage during ice advance. The lateral
flow directions are reversed during the glaciataord its magnitude is highest during advance
and retreat.

For the modelled groundwater velocity magnitudes @inection at depth to return to their initial
states after the Anglian glaciation took tens adugands of years, and after the Devensian
glaciation it took several thousands of years. Hifference is because of the length of time the
region has been glaciated, set at 20 ka for thdi&mgnd 2 ka for the Devensian for this study.

The loading efficiency of the rock matrix deternsriew the ice load is apportioned between the
rock and pore fluid and depends on the relativepressibility of the porous medium to the pore
fluid and the porosity. For the one layer model &ade 1, the influence of ice sheet loading is
minimal. However, for Case 2, the effect of ice ethleading is large in the low permeability
layers, since the ice sheet loading may result ineapulsion of water as a result of a
consolidation of the bedrock matrix. For the moebetluding loading, the high hydraulic heads
propagate slowly in the low permeability layerssuléing in high gradients around the low
permeability layer. In contrast, when the effedtsce loading are included, the high hydraulic
heads still propagate to the low permeability layatr a slower rate than in the aquifer above,
however, at a faster rate than when loading iscoosidered. Therefore, the effects of loading
are largest for Case 2 in the low permeability tayahereas for Case 1 and the one layer model
the impacts of loading are small.

Implications for a GDF in the UK

The depth to which permafrost penetrates is depgnaie a number of variables that include
surface temperature, geothermal heat flux, theomadluctivity, groundwater flux and ice cover.
Many of these properties are site specific and cabe determined accurately for a ‘generic’ site
so will require a site specific assessment ondteassbeing evaluated.

This study does show, depending on the specifitseofcenarios under consideration, that when
modelled on past glaciations, permafrost in the ¢3ik readily extend to depths of up to 300m
below the surface and, depending on specific cheniatics (large thermal conductivity and low
porosity) and a long cold period, can extend t@tmedepths. While the former is an important
consideration for a GDF at shallow depth the lagem important consideration for a deep GDF.
However, these depths will only be reached by p&oaawhere and when conditions and rock
characteristics are particularly favourable fordévelopment and there are no other factors, such
as the presence of taliks, which may reduce thehde&p which permafrost develops. Such
features may also influence groundwater flow regin®&ub-permafrost changes to groundwater
flow-paths and hydrochemistry may also affect a GigReath permafrost.

6
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1 Introduction

1.1 BACKGROUND

As outlined byShaw et al(2013) and subsequently McEvoy et al(2016), there are a number
of processes that may have an effect over thearextnillion years on a UK geological disposal
facility (GDF) emplaced at a depth of between 208nd 1000 m below surface:

e Erosion (in the order 10s of metres and occasipmgllto 200 m)
* Permafrost
* Changes in groundwater flow patterns

Most climate models suggest that the northern hamei® will continue to undergo cycles of
glacial advance and retreat over the next milliearg, even with consideration of anthropogenic
climate change. Therefore, the site of the GDikal\l to be glaciated and/or permafrost covered
several timesNICEvoy et al.2016) over the next one million years and hepoeglictions of the
duration, thickness and extent of future ice comed permafrost thickness are important for
assessing the post-closure safety of a UK GDF.

Glacial-interglacial cyclicity results in differelimate domains, including temperate climate
glaciated conditions and permafrost covered lammscand this will profoundly impact the
hydrology, hydrogeology and geomorphology of arfgeed UK site. The depth of groundwater
flow will increase under temperate or wet-baseaigla, as the pressure underneath wet-based
ice increases up to the ice overburden pressueesheet loading and subsequent land-surface
uplift will influence the near-surface stress fielithin the shallow geosphere, control regional
relative sea-level, and indirectly change groundwaégimes. Furthermore, eustatic sea-level
fluctuations influence groundwater in terms of, @&tample, composition, flow pathways and
flow rates(McEvoy et al.2016).

Under periglacial conditions, the extent and depftipermafrost will alter the geomechanical
properties of the land-surface, reduce the rechafgeuifers resulting from precipitation and
alter the positions of recharge and discharge ilmtsitrelative to those of the present day
temperate conditiondMcEvoy et al.2016).

How future glaciation and permafrost coverage afiléct the groundwater system of a potential,
as yet unknown GDF site in the UK is largely unkngwowever forcing a coupled permafrost-
groundwater model with a range of boundary cond#i@nd model parameterisations will
provide us with an array of groundwater-permafrasieractions. These models require
predictions from future climate models, which thehass use understanding of recent and past
climate, including the extent, duration and intérga glacial periods. Further, the modelling
needs to take account of the geological charatit=ri®f the host rock and surrounding
formations, and how they are likely to respond ke taforementioned natural changes.
Specifically, there is a need to better understamd groundwater recharge, flow and discharge
will be affected, and how groundwater compositioil whange in response to freeze-thaw
mechanisms or fresh glacially recharged groundwater

1.2 EFFECTS OF PERMAFROST ON A REPOSITORY

Possible impacts of permafrost on a geological atiap facility include an influence on

groundwater flow direction and magnitude, reductidrrecharge and discharge, and focussing
of groundwater flow through taliks underneath stefavater bodies and around any high
permeability fracture zonefRR(skeemiemi et al2002). In addition, changes in the chemical
composition of groundwater, salinity increase dudréeze out of solutes and the formation of
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cryopegs (which are defined as unfrozen zones #mat perennially cryotic) can occur
(Hartikainen et al. 2010). Furthermore, mechanical effects of fregzand thawing on rock and
soil stability are of importance as they could m&uhe performance of the engineered
components of a GDF, such as clscEwen and de Marsijy1991). In addition, aggregation of
methane hydrates within cavities in the GDF, orarndath, the permafrost is possible, giving
rise to releases of gas during warmer periods. Ragleases of gas is sufficient quantities
(overpressure) could give rise to the formatiorci@cksand potentially increase groundwater
flow in the host rock above the GDF.

1.3 PREVIOUS PERMAFROST MODELLING FOR PROPOSED REPOSITORY
SITES FOR RADIOACTIVE WASTE

Permafrost modelling coupled with groundwater miaiglhas been undertaken to inform the
long-term safety cases for a number of proposess dibor deep geological repositories for
radioactive waste, for example in Sweden (SKB)nldfid (POSIVA), France (Andra), Canada
(NWMO), Belgium (SCK CEN) and Switzerland (NAGRA).

Andra has developed a fully coupled 3D groundwared heat transport model that includes
permafrost formation, and this has been appliethéoentire Paris basin on the Meuse/Haute-
Marne Sector areddplmén et al.2011). The maximum permafrost depth simulatedHerpast

130 ka is ~110 m. Groundwater flow has been founddcrease by 10-25% when there is a
large extent of permafrost and with extensive pémsathe hydraulic conductivity and recharge
will be reduced to zero. The hydraulic head valoel®w the permafrost may also fall as much
as 50 m, resulting in a reduction of groundwatewftlose to the outcropsi¢lmeén et al.2011).

Extensive permafrost simulations including the @8eof groundwater, pressure, salinity and
glaciation have been undertaken for Forsmark by $H&tikainen et al. 2010;Vidstrand et
al., 2010; Vidstrand et al. 2014). The emphasis of the permafrost simulagtudy is on
modelling surface conditions depending on climatd &ndscape, and transient processes of
snow, vegetation and water bodies are includedigwtork. An extensive sensitivity analysis of
the variation of air temperature, geothermal hiat,fthermal conductivity, thermal diffusivity,
heat from a repository and convective heat transfeundertaken. The report presents two
different temperature scenarios; the repetitiotheflast glacial cycle, which includes the effects
of an ice sheet and a severe permafrost case, wbeh not include the effects of an ice sheet.
Modelled permafrost depths for Forsmark are 310+#d60r the severe permafrost case and 160-
290 m for the repetition of the last glacial cy¢iartikainen et al. 2010). Groundwater flow
modelling of periods with periglacial and progldat@nditions comprises a coupled thermal-
hydraulic-chemical analysis for a temperate caggaaal case without permafrost and a glacial
case with permafrost/(dstrand et al. 2010). Overall, their modelling work concludesittfan

ice sheet covering the Fennoscandian Shield dutivey Weichselian impacted the deep
groundwater system. Their modelling shows thatrduglacial periods the primary driving force
for groundwater below and in front of an ice sheetriven by the hydraulic pressure difference,
which is assigned as boundary conditions. In aalititheir result shows that local
hydrogeological characteristics, such as deformationes and variation in hydrogeological
properties, have the strongest impact on the medelts Yidstrand et al.2013).

At Bruce nuclear site, the impact of glaciationsgpoundwater was studied, using the 3D model
FRAC3DVS-OPG, which includes hydromechanical coupknd solute transpoi¢rmani and
Sykes 2012). The ice loads are assumed to be spatwligogeneous, and therefore lateral
strains can be neglected. 1D vertical loading amdading of glaciation, erosion, or deposition
is a common simplification in hydromechanical caogl(Normani and Syke2012). Permafrost
occurrence and depth is calculated using a glasisiems model and then included into the
hydrogeological model. The hydrogeological and tmermafrost model are not coupled
(Normani and Sykes2012). Modelled results show that the impact ddcigtions and
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deglaciation does not lead to a groundwater peiwmirdo the depths of the proposed site.
Normani and Syke€012) find that the most significant consequeoteglacial loading is the
generation of higher pressures during loading thinout the rock column, with the level
dependent on the one-dimensional loading efficiemicthe rock mass. In addition, the model
used was unable to yield the abnormal pressurerpatbbserved.

1.4 PREVIOUS MODELLING OF THE POTENTIAL FOR PERMAFROST IN
GREAT BRITAIN

Radioactive Waste Management (RWM) commissionedtitesh Geological Survey (BGS) to
undertake a Phase 1 study to investigate the paltdot permafrost development across Great
Britain under possible future periglacial climat@fie Phase 1 study busby et al.(2014)
applied one-dimensional heat conduction modeleratdcations across Great Britain, selected to
represent a range of geological settings, latitades elevations, and found that the occurrence
of permafrost will be virtually certain over thexteone million years, using past temperature
time series as a proxy for future predictioBbdw et al.2013;McEvoy et al.2016;Busby et al.
2014).

Model outputs indicated permafrost thicknessesneaGBritain of between several tens to over
100 m depending on various factors, including diewaglacier ice cover, geothermal heat flow,
and air temperature. The thickness of permafrashgly depends on the surface temperature
time series used. In the literature (Bigtanja et al, 2005;Lisiecki and Rayma2005), there is
general agreement on the timing of the past magdd events, but not on the minimum
temperatures that will be reached during theseogsriln the Phase 1 study Bysby et al.
(2014), two temperature scenarios were appliedavamage cold estimate and an extreme cold
estimate. For the ten locations, permafrost thiskn@as modelled to be between 30 m and
180 m for the average climate estimate and betvild&nhm and 245 m for the cold climate
estimate Busby et al.2014;Busby et al.2015a;Busby et al.2015b).

The subglacial thermal regime was found to be goomant parameter for the development of
permafrost. The presence of ice alters the groumihee temperature; underneath the ablation
zone, temperate ice will result in higher groundfate temperatures than for non-glaciated
terrain, whereas underneath the accumulation zoold, ice can reduce the ground surface
temperature relative to unglaciated terrain.

This first study presented temporal and spatiaiatian in permafrost thickness across the UK
over the past 130 ka. Suggestions for further wodtuded a full sensitivity analysis of
parameters influencing permafrost thickness in the rather than using a best estimate.
Recommendations regarding model development indlwek to add the effects of latent heat
during freeze/thaw, which results in thinner pemostf compared to a heat conduction model
without freeze/thaw effects, and the inclusion dfective heat flow by groundwater flow.

1.5 AIMS AND OBJECTIVES

The recommendations Busby et al(2014) and subsequent discussions with RWM detexthi
the overall aim of this study, which are: to estienthe impact of future climate and glaciation
on a coupled system of permafrost dynamics andnghoater flow in two environments of the
UK, in contrasting geological settings and withf@liing positions with respect to future ice-
sheet development. As the thickness of permafsodeiermined by heat conduction, driven by a
temperature gradient in the subsurface, and heatctidn by moving groundwater, a coupled
model of heat flow including phase changes of firgeand thawing water/ice will be used. This
will allow the permafrost dynamics related to poteld climate changes, and dynamics of
groundwater flow driven by future glaciations, ® liietter understood.

The following objectives will be addressed:



CR/16/053 V6.0 28 July 2017

Objective 1: Identify the factors affecting permafrost thickness.

Permafrost thickness is influenced by the surfareperature time series, the ground thermal
properties and heat flow, latent heat and chandgeeirmal properties associated to phase change
and the insulating effect of glaciation. Hencegider to identify the relative importance of these
factors, this objective is divided into the followj sub-objectives:

a) Understand the influence of different scaling of tk surface temperature time series
on the maximum permafrost thickness.

The minimum temperature during the last glacialleyds unknown and estimates range over
several degrees. In addition, the ground surfaogpéeature is strongly influenced by local
factors, such as topography, vegetation, coolingtrbg shadow and warming by insulating
winter snow cover. To take into account differamtface temperature scaling and local factors, a
sensitivity of surface temperature time series esfggmed on one geological environment,
Case 1.

b) Identify the influence of different geological properties found in the UK on the
maximum permafrost thickness.

Two geological environments, Case 1 and Case 2)s@é in this report. In addition, a series of
one dimensional, homogeneous models with a vaoiegeological properties present in the UK
are compared in order to find their relative impade on permafrost thickness.

c) Understand the influence of advective heat transporby groundwater flow for a
periglacial scenario.

Two models, a heat conduction only case and a ioak&ling heat conduction and advection,
will be compared in order to determine the relaticgortance of advective heat flow on
permafrost development. This will show whether th8Buence of groundwater flow in a
periglacial environment is significant, or whetlaepermafrost model using heat conduction only
is sufficient to estimate permafrost distributiorfSor both models two climates will be
considered: an average climate estimate representt the conditions during the last glacial
cycle; and a cold estimate case that defines tliesbtemperatures that might occur in a future
glacial cycle in the next million years.

d) Understand the influence of glacial conditions onhe permafrost thickness and
dynamics at the selected localities.

The existence of an ice sheet influences the sfazsirtemperature regime as well as the
hydrogeological regime through subglacial infiltoat ice sheet loading, eustatic sea-level
changes and density dependent groundwater flowe,Hbe influence of glaciation on the
temperature regime, subglacial infiltration, iceshloading and eustatic sea-level changes will
be added step-wise into the model. Similarly togdtiye 1, a heat conduction only model will
be compared to a heat conduction and advection Inlmdeach case, in order to investigate the
influence of advective heat flow driven by glagralecharged groundwater on the dynamics of
permafrost.

Objective 2: Understand the influence of periglacia and glacial conditions on the
groundwater flow direction and magnitude at the sedcted localities.

The change in groundwater flow direction and grousmigr magnitude with permafrost
dynamics will be assessed. Questions such as wh#thee are any pressure anomalies in
permafrost dynamics, or whether groundwater isrtake and released into elastic storage, and
how the model responds to different model paransatigon will be addressed.

In addition, the influence of glaciation and perroaf coverage on the groundwater flow
direction and magnitude will be considered.

10
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1.6 REPORT OVERVIEW
The report is divided into the following furthercsiens.

Section 2 introduces the definition of permafrp&rmafrost hydrogeology and processes related
to glacial recharged groundwater.

Section 3 summarises the case studies and modeitidef The full description of the numerical
model is given in Appendix 1 and the full descoptiof model conceptualisation and choice of
boundary conditions in Appendix 2.

The key results are presented in Sections 4 andhfist the full results are described in
Appendix 3 and Appendix 4. Section 4 focuses orptioeesses that influence the thickness and
extent of permafrost, and Section 5 on simulatiossd to investigate groundwater dynamics.
The model results are presented in a process-laggedach combined for both geological cases,
aiming to present the relative importance of ddferfactors influencing permafrost depth and
distribution, rather than describing case one amd $eparately. The two geological cases
represent contrasting geologies; the first reprisseandstones overlying a basement and the
second describes a low permeability Jurassic seguen

Section 6 compares the relevant factors and presessd gives recommendations for further
work. Complete model results are compiled in Appeid

11
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2 Permafrost Hydrogeology

2.1 DEFINITION OF PERMAFROST

The definition of permafrostis solely based on temperature; permafrost isnddfias soil,
unconsolidated deposits, and bedrock, in which tratpres below 0°C exist for two years or
more Williams 1970).

As the definition of permafrost is solely temperatalependent, the occurrence of permafrost
does not determine whether liquid water is preddance, there are two schemes to define cold
ground: based on temperature (Figure 1, left) dedstate of liquid water (Figure 1, right).
Permafrost, operennially cryotic groundis defined as ground at, or below, a temperabdre
0°C regardless of whether its water is in a ligoidrozen state. In contrast, perennially frozen
ground refers to ground where most (>50%) of theveater is frozen \Voq 2012). Below the
perennially frozen ground, there is a cryopeg, Whias a temperature belowQ) but with
liquid water presentWoq 2012).
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unfrozen|water Ny
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Figure 1. Definition of permafrost and associateddatures based on the intersection
between the 0°C line and annual maximum and minimunground temperature profiles.
Frozen ground is defined on the basis of the inteestion of the annual maximum
temperature profile with the temperature of ice nudeation, which is usually <0°C and
varies with soil type. After (Woo, 2012).

The active layer that overlays perennially frozeougd is subject to seasonal freeze and thaw
conditions, and is deeper than the seasonallyicrgohe above the permafrost table, because of
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the depression of the freezing point. The deprassidhe freezing point is a minor effect in the
shallow active layer, but more important beneaticigrs and ice sheets. In discontinuous, or
relict permafrost areas, the active layer and #gremqmnially frozen layer may be separated by an
unfrozen zone; an intra-permafrost taMi(liams and Smith1989;French 2007;Woq 2012).

The lower boundary of permafrost is referred totlespermafrost baseThe cryopeg is the
difference between the depth of the permafrost basethe base of the perennially frozen zone,
which has a temperature below 0°C but with watemaieing unfrozen \illiams and Smith
1989;French 2007;Woq 2012).

The thermal regime of permafrost is different frémat of unfrozen ground due to the influence
of latent heat and a change of thermal conductiWiien water freezes, latent heat of fusion is
released and ground temperatures remain initiatyprad 0°C. This effect is called the "zero
curtain” Williams and Smith1989;French 2007). The thermal conductivity of frozen grousd
larger than that of unfrozen ground because thendleconductivity of ice is approximately four
times higher than that of water. Therefore, heatepates frozen ground faster than unfrozen
ground Williams and Smith1989;French 2007). Because of this, this study defined perosaf

as the sub-surface in which ice is present eveseiiyp small amounts, i.e. an ice content greater
than 0%., equating the zero degree isotherm imnibel. .

2.2 GROUNDWATER FLOW IN PERMAFROST

Perennially frozen ground acts as a low permegbb@rrier because the pore spaces are
generally filled with ice within the zone of sattiom. Ice- and water-saturation in permafrost are
important for the groundwater flow because the aytic conductivity in frozen media decreases
over the freezing interval by several orders of niagle Kleinberg and Griffin 2005).
However, as the definition of permafrost is onljnperature dependent, liquid water content can
occur at temperatures <0°C due to depression dir¢lezing point {illiams and Smith1989).
Unfrozen water can be found below 0°C due to a Bate content shifting the freezing point
to sub-zero temperatures, the surface tensiontedfgacting liquid water to fine particles, and
hydrostatic pressure at depth or beneath an icet siepressing the freezing poil&rshall,
2012). As there is a distribution of pore sizeghi@g occurs over a temperature range where
water and ice coexist. Generally, water in largenep freezes before water in smaller pores, and
smaller pores thaw before ice thaws in larger pdiesson et al. 2013). The very low
permeability of permafrost hinders both recharge @ischargeWilliams, 1970;French 2007).

Generally, groundwater movement in permafrost cavenregions follows the same physical
principles as in permafrost free areas. For fulgtusated fluid flow in porous media,

groundwater movement is described by Darcy's LaswéVer, groundwater flow in permafrost
covered areas is restricted to unfrozen zones,caléedtaliks (Figure 2). As shown in Figure 2,

taliks occur in three different forms as supra-parost taliks, intra-permafrost taliks and sub-
permafrost taliks§loan and Van Everdingeh988;Woq 2012).

Bense et al(2012) suggest that recharge in a thawing perméovironment is not sufficient
for advective heat flow to have a significant impan permafrost degradation in a nested
groundwater flow system. In contrast, advectivet lileav can influence transient taliks, where
geothermal heat flux anomalies occur, where flowtiengly focused, or where recharge is not
limited by effective rainfall, such as glacial reche. However, other studies have shown that
permafrost thaw can be accelerated by advectivetreesportMcKenzie and Vos&013) find
that during permafrost thaw groundwater first flolaterally above the permafrost, then flows
downward below recharge areas, and when taliky fudinetrate the permafrost, groundwater
passes from the surface through the permafrosietsub-permafrost aquifer, transporting heat at
a greater rate than by conduction only. The autbt@te that this thaw-flow feedback accelerates
thawing, especially at early stages of permafitwesivt
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Figure 2. Taliks found under lakes, springs and drianed lake basins, fromScheidegger
(2013) and modified afterSloan and Van Everdingen (1988).

2.3 INFLUENCE OF GLACIATIONS ON GROUNDWATER FLOW SYSTEM S

Previous studies have suggested a large influehggaoiations on groundwater systems. For
example, recharge rates across glaciated basires agemuch as two to six times higher than
modern rates and glacial meltwater penetrated pphdeof hundreds of metreBdrson et al.
2012b).

Lemieux et al(2008c) identify the following key processes folaege-scale (continental scale)
groundwater flow system during glaciations, as ghow Figure 3. Subglacial processes are:
recharge from a glacial meltwater source, isostatgpression and subglacial recharge.
Periglacial processes include permafrost evolutitavelopment of a forebulge, proglacial lake
development and eustatic sea-level changes.
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Figure 3. Cross-section along an ice flow line shamg hydraulic conditions during a glacial
cycle. The ice sheet is polythermal, with the margal ice below melting temperature
whereas the remaining glacier bed is at melting teperature. After Lemieux et al. (2008c).

Subglacial meltwater can recharge an aquifer whengtacier bed is wet-based, which means
that subglacial water can either originate fromsito- basal melting or from surface melting
during the melt season. The latter occurs fromnaige from the surface to the ice base, through
crevasses, moulins, or englacial drainage strustidsgally et al, 2002). Subglacial water leaves
the glacier system through a combination of Dardiew through the till, laminar flow through

a water film at the ice bed interface (rare, ordy @infractured crystalline rock surfaces) and
through laminar or turbulent flow through conduatsthe ice bed interface. Water discharges at
the bed are generally too large to be dischargegrbyndwater flow onlyl¢erson and Persgn
2012). Hydraulic heads can be near flotation (-9®0f the local ice sheet thickness for warm-
based conditions where the ice is effectively flogiton a sub-glacial layer of water) where the
ice is underlain by a subglacial till with low pezability. High subglacial water pressures and
melting result in much higher rates of groundwagsharge under temperate ice than during ice-
free conditionsRrovost et al.2012).

If perennially frozen ground underlies the gladiefield, glacially recharged groundwater is
forced under the permafrofdrson et al.2012a). Groundwater then discharges either mear t
ice sheet margin by hydrofracturing the sedimemsulton et al. 1993), into taliks under
surface water bodieS¢heidegger and Bens#14) or at the se8gulton et al. 1993).

In addition to hydraulic heads being near the icerlburden underneath the ice sheet, hydraulic
heads are also influenced by the deformation oHfwh’s surface. The weight of an ice sheet
results in the deformation of the Earth’s surfand the surface will be depressed below the ice
sheet (isostatic depression) and raised distadistllting in compressive stresses under the ice
sheet and horizontal tensile stresses in the ftgeluemieux et a).2008c). This will affect the
large-scale groundwater flow system by loweringtgdraulic potential under the ice sheet and
increasing it in the forebulgdémieux et aJ.2008c). In the margins in the isostatic depregsio
proglacial lakes form. In addition, compaction bk tgeologic medium can reduce both the
porosity and the hydraulic conductivity, and cacr@ase pore pressuteefnieux et aJ.2008c).

The loading efficiency of the rock matrix deternsriew the ice load is apportioned between the
rock and pore fluid Neuzil 1995). Changes in external loads can be accouotretty the
addition of a simple source-type term to the flmdss balance equation. However, it should be
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noted that the 1D vertical loading concept is ordyid during symmetric conditions, and this
assumption is not valid where vertical loads vagyisicantly, as expected near the margin of an
advancing or retreating glacievi@istrand et al. 2010). The magnitude of the error caused by
using 1D loading efficiency has not been invesédaieuzil 1995;Lemieux et aJ.2008c).

The existence of brines in deeper parts of thefagand flushing of cold and fresh, glacially
recharged groundwater results in large densitgdifices in the waters. Pressure gradients along
an ice sheet profile or transient changes in pressill drive recharge or discharge into the
subglacial aquifer. Therefore, fluid flow is alsaveén by buoyancy forces caused by solute
concentration, temperature and pressure in theobkdtemieux et a).2008c;Provost et al.
2012).

Person et al.(2012b) point out that the initial salinity coridits used in palaeohydrological
models are difficult to constrain accurately anattit is likely that salinity conditions in
sedimentary basins are never in equilibrium witbspnt-day climate forcing. However, when
simulating impacts like that of a past glaciatibe final results should be comparable with the
present day salinity distribution, or else the iatitconditions or boundary conditions were
incorrectly assigned. For Forsmark it has beendahat the initial salinity conditions are more
or less restored after a complete glacial cycle tad the observed water chemistry can be
simulated Vidstrand et al.2014).

Eustatic sea-level fluctuations occur due to tloedased volume of water stored in the ice sheets
and modify the location of the sea shoteerfiieux et al. 2008c). This means that the
hydrogeological base level is modified over time.
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3 Case studies and model definition

3.1 NUMERICAL MODEL

Coupled permafrost and groundwater models have theegloped using the advection diffusion
equation including latent heat of fusion to modetrpafrost and the groundwater flow equation
as shown in Appendix 1. Groundwater flow is couptedthe permafrost model by using a
hydraulic conductivity that is several orders ofgmidgude lower in frozen conditions than under
unfrozen conditions and through a source termithadlated to volume changes between ice and
water. Heat flow is coupled to groundwater flowotngh the advective heat flow term, which is
proportional to Darcy flow. The equations are sdlvavithin COMSOL Multiphysics
mathematical modelling environmenC@MSOL, 2016). Details of the numerical model are
provided in Appendix 1 and the model is benchmawkgainst analytical solutions and other TH
codes in Appendix 5.

3.2 MODELLED LOCALITIES AND MODEL CONCEPTUALISATION

3.2.1 Model localities

The localities used in this study are conceptual agpothetical geological environments
relevant to the UK, however their parameterisaisobased on Environment 2 and Environment
5 described iMowler et al.(2008b). These environments represent possibétitots for a GDF
on the UK mainland and are generic representattbmgology and hydrogeology. It should be
noted though that the environments have been nedddiightly fromTowler et al.(2008b); the
model domains for both environments have been detbmo include an upstream water divide,
any faults have been removed, and the hydrogeotbgyacterised as topographically-driven
systems that do not take into account variationdansity or viscosity due to temperature or
salinity.

Environment 2 inTowler et al.(2008b) is referred to here as Case 1, and descalbasement
under sedimentary cover (BUSC) located on the mawfia Permo-Triassic sedimentary basin
(Figure 4). The hydrogeology is characterised vty shallow groundwater system within the
drift deposits, a shallow fresh system in the upmest 50-100 m, and a deeper, relatively
stagnant system in the basement rocks. The grouadww in the basement rocks is
influenced by dense brines that are derived froapetxite deposits offshore. In the host rock,
fracture flow is dominant and in the sedimentaryezaocks matrix flow is dominanT owler et
al., 2008b). During the last ice age, the Case 1 enment was ice-coveredliverrell and
Thomas2010).

Environment 5, referred to here as Case 2 (FigirésGased on a type of geological setting
found in the east of England and consists of Lowgassic shales and mudstones and Triassic
mudstones and siltstones, dipping uniformly to #dast. The environment has a very low
topographic relief and is hundreds of kilometresfrthe nearest areas of significant topography.
During the last glacial maximum this locality wastlae margin of the ice sheet. There are two
aquifers within the sequence that influence tharenment, the Mid-Jurassic limestone aquifer
and Triassic sandstones. The Cretaceous Chalkeaquif Case 2 is submerged. The other
formations consist of mudstones, and siltstones Upper part of the sequence has been
modelled byTowler et al. (2008a), however, in this study, the model thidendras been
extended to a greater depth and captures theafdidl extent of the outcrop of the Permian
basin. Because of the low hydraulic gradient, tbe frates in the higher permeable zones are
suggested to be low ¢wler et al, 2008b).
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3.2.2 Model set-up

3.2.2.1Case 1

The model set-up is shown in Figure 4. The modehala is 20 km long and 2 km deep. The
right hand boundary is closed to heat flow (red) &m fluid flow (blue), as this represents a
topographic high and potential groundwater divitlee left hand boundary is a specified head to
represent the sea and a flux boundary for heat. fldvis means that groundwater and heat can
enter and leave the system. At the top boundaeyhtldraulic head is set to the elevation of the
land-surface and the temperature is specifiednie.tiThe base of the model is closed to fluid
flow and heat flow is specified, allowing heat tiex the model domain by heat conduction. The
layers used for Case 1 are a basement, overlanldayer and upper sandstone, and a weathered
layer, - the thermal and hydraulic properties usedhe different layers are taken frohowler

et al. (2008b) and listed in Table 3. The model domaichiaracterised by a higher ground near
the right hand boundary, followed by a steeperesld®-20 km of the model domain). The left
hand side of the model domain (0-10 km) is charasgd by lowlands and the topography is
characterised by three hills (at 1 km, 5 km and®dnd of 2 m, 10 m and 18 m height) and
topographic depressions (at 3 km, 7 km, 11 km of, &4 m and 18 m depth). The thermal and
hydraulic properties used for the different geatagilayers are fronTowler et al.(2008b) and
listed in Appendix 2, Table 3.

For the Case 1 model including glaciation, the nhaldenain had to be extended. As a starting
point, the model geometry of Case 2 was used (sémvh however using the thermal and
hydraulic properties of Case 1.

3.2.2.2CASE 2

The model set-up is presented in Figure 5. The haa®ain is 300 km long and 1500 m deep.
For fluid flow, hydraulic head is assigned at tbp boundary and is set to the elevation of the
topography. The sides and the base of the modeiafiow for fluid flow. For temperature, the
ground surface temperature is assigned at the eaopdary, and heat flow is specified at the
base. The sides of the model are closed boundditresthermal and hydraulic properties used
for the different geological layers are frohowler et al.(2008b) and are listed in Appendix 2,
Table 4.

3.2.3 Model drivers

The model is driven by the surface temperature serees, and the hydraulic head at the ground
surface. The temperature and hydraulic head aegedltwhen covered by an ice sheet or
submerged.

The surface temperature time series is scaled &dptiocene-Pleistocene stack of 57 globally
distributed benthié'®0 records with 1 ka temporal resolutidrisfecki and Rayma2005). The
model is forced with different scaling of the sudatemperature time series, in which the
minimum temperature over the last one million ydarset between 2C and 28C below the
present day temperature (set to°8.5nean UK temperature from 1910-2009). The tempezat
difference between present day temperature ananthenum temperature in the temperature
time series is set in the model name, e.g. the hMibdd refers to a model in which the minimum
temperature is PL below the present day temperature. When the uitacovered by an ice
sheet, the local temperature is altered to a satagleemperature. For the coupled models, warm
based subglacial temperatures are assigned ansinigdicity set to T=0C. When the land-
surface is submerged, then the surface temperatset to 7C to prevent freezing.

Hydraulic head is set to be topography driven, whbke hydraulic head at the surface set to be at
the elevation of the land-surface. When the surfadgee covered, then the local ice overburden

18



CR/16/053 V6.0 28 July 2017

is added to the land-surface elevation. When thé-frface is submerged, the hydraulic head is
set to the elevation of the shore position.

More details of model boundary conditions and midatel methodology are found in
Appendix 2.

3.2.4 Modelling assumptions and limitations

The modelling presented in this study uses therge@ases 1 and 2 and boundary conditions as
described above with the following assumptions landations.

For the hydrogeology, fully saturated, topographyeh flow was assumed, for which
the hydraulic head at the top boundary was sdtddand-surface elevation. This is a
simplification of the real world hydrogeology; hoveg in a temperate climate the
groundwater table is close to the land-surfaceddie, the majority of codes use the
assumption of fully saturated, topography-driveawil Codes that include variably
saturated fluid flow (e.g. permaFoaf@rfogozo et a).2014), or PFLOTRANKarra et

al., 2014)) are massively parallel codes and consdert time and/or small spatial
scales. An increase in model complexity with thditoh of variably saturated flow adds
further uncertainties with the characterisatiofreézing curves and relative permeability
curves. Therefore, the assumption of fully satutdit@v over the time scales of
millennia is fully justified here.

A further limitation to the groundwater flow systesthat buoyancy driven flow was not
considered. The influence of temperature or sglimit density and viscosity were not
considered in this work. However, for further assesnt the impact of brines will need
to be included into the groundwater model.

The scaled temperature time series are assigrtbe tnodel at the upper boundary.
Therefore thermal effects at the ground-atmospbevadary were not considered, e.g.
effects of soil, vegetation, and snow cover. Furti@e, one freezing curve and relative
permeability curve are used for all layers.

The model domains were simplified to 2D cross sesti and the model domain and
topography did not change over one million years ekbsion or deposition was included
in the model. Also, thermal, hydraulic and geolagjaroperties did not change over one
million years, e.g. permeability and porosity remanchanged after a glaciation.

The ice sheets are treated as a boundary conditidhe ice sheet dynamic is not solved
for explicitly in the model. Therefore the ice stzeare treated as follows: the pressure
underneath the ice sheet is set to the ice oveebuadd the basal temperatures are
assumed to be constant over time. For the 2D cduptelels, the basal temperature is
assumed to be at pressure melting, here séoRurther, deformation of the model
domain due to isostatic depression and forebulgetisonsidered.

Theoretical geological environments are used anéctoal sites, and thus no glacial models are
present.
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Figure 4. Model set-up and boundary conditions focCase 1. The boundary conditions in blue correspontdb hydraulic head and those in red to
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4 Factors and processes influencing the thickness and
extent of permafrost in a geological environment

4.1 TEMPERATURE

4.1.1 Steady state vs transient model

If the climatic conditions were unchanging and meanual ground surface temperatures were
below freezing, the permafrost thickness would meacsteady state. This means that the
permafrost thickness is in equilibrium with thentdite and the maximum permafrost thickness is
reached for the climate scenario. Comparison dD drdnsient model with a steady state model
at nine locations with contrasting thermal proertand heat flows gives a maximum difference
of 165 m for a minimum temperature of -BX5(detailed results in Appendix 3). The steadyestat

permafrost thickness is deeper than the maximumagieost thickness from the transient model

runs, ranging from 87 m to 487 m, compared to 7ton820 m. Therefore, assuming the

temperature oscillations from the past one milly@ars, results from modelling show that a

steady state permafrost thickness did not havettnoecur in Great Britain.

4.1.2 Sensitivity of the scaling of the temperature timeseries

The generation of the temperature time series ésabrthe main uncertainties for estimating the
permafrost thickness over the last glaciation,vaneover the past one million years. For the last
glaciation,Annan and Hargreave@013) have compiled a dataset based on a condrinat
numerical models and pollen temperature proxiessbothern England and Wales temperatures
are estimated to be 8-%2 below present, and for northern England and &edtlL2-20C below

the present day temperature. In contradgstaway and YoungegR2013) reconstructed a
temperature difference to the present day temperdtr southern England of 20, and for
northern England of €.

In order to address uncertainty in the LGM tempegatestimation a range of temperature
scenarios are used, ranging fromBabetween present day and minimum temperature & 160
aAT of 25°C.

The maximum permafrost thickness for the 1D modl€ase 1 ranges between 49 m fayTaof
10°C and 475 for a\T of 25°C, as shown in Figure 6. For Case 2, the maximurmakeost
thickness ranges between 80 m and 238 m for af 14°C (T-14) andAT of 25°C.
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Figure 6. Permafrost thickness for Case 1 (lower pt) using temperature time series (upper
plot) that are scaled between 10 and 25 °C belowelpresent day temperature.
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4.1.3 Correction of the temperature time series for ice aver and its influence on
permafrost thickness

The timing of a glaciation and the associated teatpes correction for ice cover has a large
influence on the permafrost thickness. Constanglseial temperatures oG, -1°C and -3C
were assigned for both the maximum ice coveragenaedium ice coverage conditions for the
temperature scenario of T X2 for Case 1. The definition of the glaciation so@ws is given in
Appendix 2, Figure 26.

The permafrost time series for all scenarios aesemted in Figure 7. The maximum thickness of
permafrost ranges between 100 m and 177 m, dependithe glaciation scenario for the T-14
temperature scenario for Case 1. However, theatisual of a glacier can result in no permafrost
whereas under non-glaciated conditions permafhiskness would be several hundred metres.

The difference in permafrost thickness caused byrtbulating effects of an ice sheet for Case 1,
with a temperature scenario of T-14, ranges betwéem and + 6 m. If a warm-based ice sheet
is assumed, the ground surface temperatures arated from the air temperatures and there is
a reduction in permafrost thickness. However, itfldmased ice is assumed, ice coverage might
lead to an increase in permafrost thickness cordparthe base-case scenario (unglaciated).

It is important to note that basal ice sheet tepees vary spatially and temporally, so when
modelling a specific site, output from an ice shmetdel could improve this first estimation of
permafrost thickness.

_ | hl
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depth [m]

200

200 400 600 800
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time [ka]
T\'ce °C
— 0 max — -1 max — -5 max — base case
0 med -1 med -5 med

Figure 7. Permafrost thickness for different glaciion scenarios. “max” refers to a
maximum glaciation scenario and “med” refers to themedium glaciation scenario after
Boulton and Broadgate (1993). The base case is for an unglaciated sceioar
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4.2 GEOLOGICAL VARIABILITY

« The thickest permafrost is to be expected whenetisea low heat flow, a high thermal
conductivity and a low porosity.

« The influence of thermal and geological propertieghe permafrost thickness is non-
linear and the relative importance of differentgraeters is related to the magnitude of
other parameters.

« The largest ranges in permafrost thickness weralated when thermal conductivity and
heat flow (0 to 400 m) were modified, followed bygrpsity (0O to 300 m).

« Mass heat capacity and density have been found t iminor importance in influencing
the maximum permafrost thickness, with maximum esngf 30-40 m.

e The largest variability in permafrost thickness dm@orosity is associated with low heat
flow and high thermal conductivity.

e The greatest influence on permafrost thicknessabeat flow is high thermal
conductivity and low porosity.

« The most significant change in permafrost due éorttal conductivity is associated with
low porosity and low heat flow.

A detailed analysis of geological variability isufed in Appendix 3.

4.3 INFLUENCE OF ADVECTIVE HEAT FLOW ON THE THICKNESS A ND
DISTRIBUTION OF PERMAFROST

The influence of heat advection on the modelledmadrost distribution depends on the
permeability of the rock, the thickness of the pa&finmst and the relative permeability function
used. The relative permeability of permafrost ie thodel is k=105"? where§ is the ice
saturation an@ a fitting parameter, and the function is descrilmeAppendix 1, Equation 16. In
Case 2 the permeability of the rock is low and laebtection has a negligible influence on the
permafrost thickness. In contrast, for Case 1, ictwthe geology is more highly permeable in
the weathered layers and the sandstone, the ick#ueh heat advection on the permafrost
thickness is modelled to be up to several tens efres when the relative permeability of
permafrost is low, or up to 100 m when the relapeemeability of permafrost is high@figure

8). At interfluves, permafrost thickness, includitng effects of heat advection, is simulated to
be thicker than under a conduction only scenadcation 9 km). In contrast, at discharge points,
permafrost is simulated to be thinner than underoaduction only case (location 7 km).
Advective heat flow is simulated to thaw permafrbsineath the topographic lows and to
develop permafrost beneath topographic highs. Gépethe influence of heat advection is
modelled to be largest when permafrost is shallod/ lass when permafrost is deeper, as with
deeper permafrost the regime changes from advedtionnated to conduction dominated.
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Figure 8. Permafrost thickness time series for th&-25 temperature scenario for Case 1
using a heat conduction (C) only and conduction-addction (CA) models using a minimum
(2=6), medium @=3), and maximum Q=1) permafrost permeability scenario. The left
hand plots show permafrost depth and those on theght hand the difference between the
two types of models (C-CA). Location 7 km and 9 kmefer to the distance of Figure 4.

Comparison of permafrost simulations with differaelative permeabilities shows that in

permafrost with a higher relative permeabilitiedyective heat flow can result in a non-uniform
permafrost distribution, with thinner or no pernusfr at locations where warm water is
discharging, and thicker permafrost where cold wastelownwelling (Figure 9). This results in

thicker permafrost at interfluves and thinner pdrost at discharge points compared to a
conduction only case.

As recharge decreases across the model domairodhe tow permeability of the permafrost,
and groundwater is allowed to discharge throughlefiehand boundary, the hydraulic heads
underneath the permafrost drop substantially taesalround zero, or slightly negative (Figure
9; upper plot). If permafrost is modelled to be mmpermeable((=1) recharge decreases less,
and higher hydraulic heads than for the less pdslagaermafrost cas€E6) can be maintained
underneath the permafrost, enabling groundwatowounderneath the permafrost.
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Figure 9. Comparison of permafrost distribution at74.75 ka BP for the T-25_Max models
using 2=6 (above) and=1 (below). Hydraulic head (spectrum contours), iceaturation
(blue fill) and groundwater flow vectors are preseted. For the model usingQ=6 (above),
the low permeability at the surface results in a rduction in recharge, and hydraulic heads
underneath the permafrost drop as a consequence. Fthe model usingQ=1 (below), the
permeability only decreases by one order of magnitle and recharge decreases less than
for the Q=6 case, maintaining an active groundwater flow sysm underneath the
permafrost and discharging at topographic lows, whee taliks form as a result.
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4.4 COMPARISON OF MAXIMUM PERMAFROST THICKNESS AND FROZ EN
DEPTH FOR THE COUPLED MODELS DEPTH FOR CASE 1 AND CASE 2

In this report, permafrost has been defined astibesurface in which ice is present even in very
small amounts, i.e. ice content is greater than Wbéch is at the O degree isotherm. As a large
proportion of the permafrost can be unfrozen ors@iimg of a low ice saturation, it is important
to differentiate between permafrost depth and ttezeh depth. Figure 10 compares the
permafrost definition of this report (>0% ice saitiion) with the 50% ice saturation and 95% ice
saturation (which is the maximum ice saturatiomhi& model). The difference for the maximum
permafrost between the three ice saturations isngin Table 1. The difference varies between
the Cases; for Case 1 the difference between tmegbhest definition of this report and full ice
saturation is 30 m and for Case 2 it is 20 m. F@ maximum permafrost thickness the
temperature scenario does not seem to impact tfiezeshce. Temporally, this difference is
larger; when thawing occurs after a permafrost gvéen a large part of the subsurface in the
model is partially frozen.
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Figure 10. Lines of equal ice saturation for Case 4t 5 km from the left hand boundary for
a) the T-14_max and b) T-25_max temperature scenari

Table 1. Maximum depths of >0, 50 and 95% ice satation for Case 1 at 5 km from the left
hand boundary and Case 2 at 80 km from the left hashboundary.

ice saturation/ Case 1 Case2

T scenario T-14 T-25 T-14 T-18 T-25
>0% 151 414 79 138 237
50% 136 399 69 128 227
95% 121 384 59 118 217
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4.5 SURFACE WATER BODIES

Surface water bodies can insulate the ground pdadin the sub-zero air temperature and can
prevent the subsurface directly below them froneZneg, or they can cause permafrost to thaw
locally if they form when permafrost is present.eTinfrozen zones, taliks, can penetrate the
entire thickness of the permafrost (Figure 11),aarupper part of it. These taliks provide
pathways for groundwater flow and can alter théuarice of heat advection compared to a case
for which there is no thermal disturbance at thdase. During periods of permafrost, advective
heat flow can be more important when through-tadikes present than when the entire surface is
frozen.

A model was constructed that incorporates taliksedaon the set-up for Case 1. Within this
model the temperature is set t6C4in three zones of 200 m width. In the talik model
(T_14 Talik), the taliks remain open during theirensimulation. For cases when there is thick
permafrost, the modelled surface fluxes remain hngthe taliks. At the location of the lake,

approximately ~11 km relative to the left-hand bdany, the groundwater flux is higher than
under unfrozen conditions, as groundwater is foddisem the area of steeper slope (Figure 11).

During thaw the discharge at the valley bottomaigér for the model without surface water
bodies. For the T-14 Max model, discharge is fodusteonly one location at the foot of the
steeper slope, whereas for the talik model disehaglistributed at the locations of the three
surface water bodies (See Appendix 3 for detaidsdlts).

If a GDF is placed below a surface water body unddch a talik remains open over the entire
duration of a cold period, the location of the GBkght still be hydrogeologically active, and

groundwater flow magnitudes could potentially bghr within the talik than under unfrozen

conditions, as observed at the lake at 11 km vwelatd the left hand boundary (Figure 51).
Therefore, recharge and discharge rates will basied on the locations of the taliks, which can
lead to high local groundwater flow rates.

Note, however, that the lifecycle of lakes is likatansient over space and time, and their
location and timing and lake bed temperature frolaka model could be used as an input. This
would imply that taliks would not form at the satoeation over several glaciations.
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Figure 11. Permafrost and hydraulic head distributon at 21.75 ka for a scenario with lakes
at topographic low places. Hydraulic head (spectruncontours), ice saturation (blue fill)
and flow vectors are presented.
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5 Influences of periglacial and glacial conditions the
groundwater flow system

5.1 PERIGLACIAL INFLUENCE ON THE GROUNDWATER FLOW SYSTE M

When the model domain is unfrozen, groundwater flothe model is heavily influenced by the
topographic gradient and the permeability of thativered layer. When permafrost forms at the
surface, recharge and discharge decrease as taakthd reduction in permeability related to the
permafrost permeability function. When permafrassét to be at a very low permeability, both
recharge and discharge decrease to near zero i§irstidy they decrease by six orders of
magnitude Q=6). In contrast, when permafrost is set to be npameneable (here: decrease by
one order of magnitudeQ=1), discharge focusses on topographic low plapesyenting
permafrost from forming there and taliks developatgthese location. Under such occasions,
discharge at the topographic depressions can bhetigan under unfrozen conditions for Case 1
for the T-25 scenario (Figure 12).
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Figure 12. Surface fluxes for Case 1 for the T-2&enario. a) non-permafrost (0 ka BP), b)
thin permafrost (74.75 ka BP) and c) continuous penafrost (58.25 ka BP). Two
permafrost permeability scenarios are considered;iffstly, permafrost that is more
permeable and decreases in permeability by one ordef magnitude (2=1), and secondly
permafrost that is less permeable and decreasespermeability by six orders of magnitude
(2=6). For a) both scenarios are identical. When theris thin permafrost taliks develop in
the higher permeability permafrost, resulting in higher discharge than under ambient
conditions. In contrast the lower permeable permafost model shows recharge and
discharge reduced by six orders of magnitude. c) &kes are reduced compared to the
ambient scenario to as many orders of magnitude aharacterised by the factorQ. A
similar graph (not using a log scale) is presenteid Figure 50.
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The order of magnitude of groundwater flow in thegrpafrost is highly related to the order of
magnitude as specified in the permafrost permégbilinction. Underneath the permafrost,
velocity magnitudes are also modelled to decregse d orders of magnitude at depth when the
surface is frozen compared to non-permafrost cmmditfor Case 2 (Figure 13). In Figure 13,
permafrost exceeds a depth of 300 m for one cokhtebefore 600 ka (MIS 16), which
corresponds to the Happisburgh Glaciation. This lodraulic head gradient underneath the
permafrost is responsible for lower flow than underbient conditions.
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Figure 13. Ice saturation and groundwater flow veloities at 300 m depth for Case 2 and
model run T-25 at 80 km from the left hand boundary The grey shading indicates the
times when the surface is frozen.

The groundwater flow directions and magnitudesiiftaenced by the existence of permafrost.
Releasing a constant virtual tracer at a point@of 1 kg rfa’ (Figure 14) demonstrates that
the existence of permafrost can fundamentally #éifterarea which is affected by a tracer and the
flux of the tracer to the surface. During a permsitfrevent, discharge to the surface stops and the
tracer spreads laterally, affecting a larger ate@ntunder unfrozen conditions. The tracer
concentrates below the permafrost and dispersesalypaand is then released after the
permafrost has disappeared, resulting in highdasarflux after a permafrost event than under
constantly unfrozen conditions.
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Figure 14. Virtual tracer (in kg/m?3) from a point source release to the surface under
ambient conditions and permafrost (blue) conditiongor Case 1, model T_14 tracer.
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5.2 GLACIAL INFLUENCE ON THE GROUNDWATER FLOW SYSTEM

For the models of Case 1, including glaciation, thedel domain is expanded and the same
topography as in Case 2 is used (Figure 22). Theial models for Case 1 use the same
boundary conditions as for Case 2, which allowsdifierences between the model runs to be
associated to geological factors only and excludge differences in topography or ice sheet
history or geometry.
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Figure 15. Hydraulic head and permafrost distribution in front of an advancing ice sheet at
460.75 ka BP for Case 2 with one layer.

For Case 1, when the land-surface is covered byaamvbased ice sheet, hydraulic heads
underneath the ice and at depth increase to theveddurden (Figure 15). In contrast, for Case 2
the signal of the high hydraulic heads is dampetetkepth, and only slowly penetrates the low
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permeability layers. At a depth of 500 m, the maximhydraulic head occurs after the Anglian
glaciation, and the decrease of the magnitude ehtldraulic head takes ~ 200 ka. For Case 2,
including 1D vertical loading, the hydraulic heaatsdepth are similar to those of Case 1 and
there is no time lag from the surface to a deptBGff m, however elevated heads persist during
the duration of the permafrost event following tArglian glaciation for Case 2 including
loading, whereas for Case 1 the hydraulic headsaatbe original value after the glaciation
(Figure 16). For Case 2, as the high hydraulic hlateases more slowly at depth than at the
surface, there is upward flow at depth; howevethiem model this does not reach the surface
(Appendix, Section 3.1.4). The velocity magnitufi@sboth Case 1 and Case 2 (Figure 57) are
largest during ice advance and ice retreat as Vaeablic head gradient is largest then, and
where the hydraulic heads are one to two ordersnafinitude higher than under ambient
conditions. During ice advance, groundwater flownsa downward direction and during ice
retreat in an upward direction. In the model hereGase 1 and 2, the lateral flow directions are
reversed during the glaciation, as the ice shgwgaphy and flow direction are against the
topographic gradient, and groundwater flow is dmnibg the ice overburden pressure.

For the flow direction and magnitude to returnheit initial states after the Anglian glaciation
takes tens of thousands of years in our model, tiewafter the Devensian glaciation it takes
only thousands of years. This difference is dughw® length of the glaciation, 20 ka for the
Anglian and 2 ka for the Devensian glaciation (Fegli7, and in Appendix Figure 56).

The loading efficiency of the rock matrix deternsriew the ice load is apportioned between the
rock and pore fluid and depends on the relativepressibility of the porous media to the pore
fluid and the porosityNeuzil 1995;Normani and Syke2012). The influence of glacial loading
is minimal for Case 1, however for Case 2 the éftdcice sheet loading is large in the low
permeability layers and ice sheet loading may teBulan expulsion of water due to a
consolidation of the bedrock matrix. For Case 2luding the effects of mechanical loading, the
high hydraulic heads propagate the low permealddiyers at a slower rate than in the aquifer
above, but at a faster rate than when loading is comsidered. For Case 2, without the
considerations of loading, the high hydraulic hexde the ice sheet propagate slowly in the
low permeability layers, resulting in high gradiearound the low permeability layer. Therefore,
the effects of mechanical loading are a crucialsmeration for low permeability layers.
However, only vertical loading has been consideard this assumption is only valid where
homogenous and laterally extensive overburden @saagcur, but not where vertical loads vary
significantly over short distances as found nearcansheet marginVidstrand et al. 2010).
Furthermore, in the model the compression of treumg is all taken up in the crust and no
deformation in the mantle has been considered.
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Figure 16. Hydraulic head during the Anglian glaciaion at different depths of profile 2 (80
km from the left hand side of the model domain).
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Case 1 with mechanical loading
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Case 2 without mechanical loading
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Case 2 with mechanical loading
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Figure 17. Top to bottom, time series of hydraulid©iead, temperature, velocity magnitude
and Darcy flow in x and y at the location 80 km fran the left hand boundary over the
duration of the Anglian glaciation. The grey shadedimes are when the surface is frozen

and the light blue covered by an ice sheet.
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6 Summary of results, conclusions and recommendations
for further work

6.1.1 Relevant factors and processes for permafrost thicless

6.1.1.1TEMPERATURE TIME SERIES

Assuming the pattern of fluctuation of past tempees to be based on regionally adjusted
benthics!®0 records, permafrost thickness has never reackehdy state in Great Britain over
the past one million years. Therefore, the tempeeatistory must to be taken into account when
estimating the maximum permafrost thickness.

The variation of the global temperature time sehas a large influence on the thickness of
permafrost calculated. For the last glaciatiohnnan and Hargreaveg2013) suggest
temperatures for southern England and Wales to®a®@12C below present, and for northern
England and Scotland to be°Cto 20C below present day temperatures. In contk&sistaway
and Younger(2013) reconstruct a temperature difference tosgme day temperatures for
southern England of 2@, and for northern England of A8 Scaling the minimum temperature
of a Pliocene-Pleistocene stack of 57 globallyritigted benthi®'®0O records to temperatures of
14°C, 18C and 25°C below the present day, the maximum modelled peastathickness for
Case 1 reached 171 m, 248 m, and 475 m, and foe Z&) m, 138 m, and 238 m. The
difference between the two Cases is due to thatamiin subsurface properties.

The results from this report can be compared teipusly modelled permafrost thickness at
other GDF sites. Previously modelled permafrostkiésses in the UK modelled in the Phase 1
report range between 30 m-180 m for the averagmatst climate and 180 m -235 m for the
cold estimate climateBlusby et al. 2014). The large range in permafrost thicknesguis to
different geologies as well as different surfacmperature time series used. At Forsmark,
Sweden, maximum modelled permafrost depth for eépetition of the last cycle is between 160-
290 m and for the severe permafrost case 310-4§Blantikainen et al. 2010). For Mol,
Belgium the maximum permafrost depth (defined a8oc5@ozen) is between 160-215m
(Holmén et al.2011).

6.1.1.2SUBSURFACE THERMAL PROPERTIES AND HEAT FLOW

Thickest permafrost is to be expected where thseeelow heat flow, a high thermal conductivity
and a low porosity.

Thermal properties and heat flow were varied adogrtb their range in the UK. The influence
of thermal and geological properties on the perasafthickness is non-linear and the relative
importance of different parameters is related ® riiagnitude of the other parameters. For the
temperature T-14 time series, the simulated peosathickness ranged between tens of metres
and 400 m as the thermal conductivity and heat fimwve varied. The sensitivity of permafrost
thickness to changes in porosity was simulatecetmlthe range 0 to 300 m. Mass heat capacity
and density were found to have a minor impact anrttaximum permafrost thickness, with
maximum permafrost thickness varying by 30-40 m.

It was found that the simulated permafrost thickresnost sensitive to variations in:

« porosity when heat flow is low and thermal conduityiis high;
« heat flow when thermal conductivity is high andgsity is low;
« thermal conductivity when porosity is low and hieaty is high.

Whereas here the thermal properties and heat fleve waried according to their range in the
UK, they were varied for a specified site at FordmaSweden. There, the combined
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uncertainties of heat flow, heat capacity and tl@monductivity result a variation in permafrost
depth between 230-290 m using a variation in gaathl heat flow of -14% to 12%, a variation
in thermal conductivity of -6.1% and 8.6% and tharndiffusivity of -11.5% and 14.6%
(Hartikainen et al. 2010).

6.1.1.3LATENT HEAT AND CHANGE IN THERMAL PROPERTIES OF FROZEN OR URPZEN GROUND

When pure water freezes the thermal conductivitygases by a factor of four, the mass heat
capacity decreases by half, and it releases heaivadgnt to that required to raise the
temperature of an equal volume of rock by ~150°Re €ffect of this latent heat is that during
freezing ground temperatures initially remain a®iC. As the thermal conductivity of frozen
soil is larger than that of unfrozen soil, heat giesites frozen soil faster than unfrozen soill
(Williams and Smith1989;French 2007).

The water filled pore space or, for fully saturateddia, porosity determines the amount the
thermal properties change with freeze/thaw andutiteke of latent heat. With higher porosity

permafrost thicknesses are lower, i.e. there isgative relationship between porosity and
permafrost thickness. When thermal conductivityhigh and heat flow is low, the range of

simulated permafrost thickness was 326 m (fromr@720 596 m) for the T-14 temperature time

series (see Figure 37). In contrast, when porasiiyw, the effects are negligible.

6.1.1.4HEAT ADVECTION

The effect of heat advection on the thickness ampdrost has been found to be strongly
dependent on the permafrost permeability functMinen the permeability of the permafrost
decreases by six orders of magnitude=§), the difference in permafrost thickness around
topographic highs and lows, simulated by the cotidaconly and the conduction-advection
models is small (~10 m). In contrast, when the matoility of the permafrost decreases by only
one order of magnitudeQgl), the effect of heat advection is larger and itféuence of
advective heat flow on permafrost thickness can-&8@m. Again, the effect of advective heat
flow is largest when permafrost is shallow and dases with increasing permafrost thickness.

Permeability in permafrost is dependent on theidiquater and ice content and decreases with
decreasing water content similarly to what is kndamthe vadose zone (Figure 18). In general,
permafrost is regarded to be low permeability, l#® $cenario of2=6 would be most likely.
However, over a larger scale, the relative permiéalmight decrease less than on a smaller
scale, as intra-permafrost taliks along fracturesigher permeable zones might persist and
increase the overall permeability of the permafroserefore, for a homogeneous system, a low
permeable permafrost case (&X56) is plausible, but in a fractured/heterogenesystem the
overall relative permeability could be higher.

Where cold water flows vertically downwards benehths, heat advection causes thicker
permafrost to develop. Where water upwells to togphic lows heat advection thins

permafrost. Advective heat flow thaws permafrostdagh the topographic lows and develops
permafrost beneath topographic highs.

The finding here that greater permafrost thaw ac@irtopographic lows contradidiécKenzie

and Voss(2013) who model permafrost thaw in a nested giaater flow system under an
atmospheric temperature rise scenario. Their moegllts suggest that thaw is largest on
hilltops where warm water recharges and that thgwaocurs more slowly at low-elevation
discharge points where water temperatures haveddolnear zero as a result of latent heat loss
during thaw. A difference to the model reportedehisrthe inclusion of a seasonal temperature
cycle, with temperature amplitudes ranging frono 20°C. This seasonal amplitude will allow
recharge of up to 2C when the mean annual temperature®(S.0n addition, the earlier study
used a linear permafrost permeability function,akhthe authors state exaggerates the impact of
advective heat flow on thaw.
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A further contrasting observation has been madBdnse et al(2012) using a similar approach
to McKenzie and Vos2013). The authors conclude that during permafiasy, hydraulic head
increases and results in groundwater uptake irdstiel storage. This increased groundwater
recharge is suggested to result in modified rechargl discharge trends. Furthermd@ense et

al. (2012) point out that recharge in a thawing perosfenvironment is not sufficient for
advective heat flow to be significant and have mpact on permafrost degradation. However,
they note that advective heat flow impacts trartsialiks, where the recharge is not limited by
effective rainfall, where flow is strongly focused; where geothermal heat flow anomalies
occur.

6.1.1.5SURFACE WATER BODIES

Surface water bodies insulate the ground beneatm tfrom the air and can prevent the
subsurface below from freezing, or cause permaftosthaw locally if they form when
permafrost is present. The importance of advechigat flow is compared for the scenario
including taliks (model T-14_Talik) and the basseanodel without taliks (model T_14 Max).
When the base case model is fully frozen, heat @ihre does not significantly affect the
temperature distribution. In contrast, when theme @pen taliks, heat advection is of greater
importance in the weathered layer directly bendhth lakes and between the taliks in the
sandstone. Considering Case 1, during thaw, adrecbncentrates heat at the foot of the steep
slope. This discharge of heat means that heat @tdmebecomes less important further
downstream over the lowlands compared to the mwilebut lakes (Figure 48).

More extensive modelling of the transient naturetadiks has previously been undertaken.
Rowland et al.(2011) study the effects of advective heat flomndsth a lake in shallow
permafrost and find that with the presence of setmafrost groundwater flow, permafrost
thickness was up to five times less than withowugdwater flow. In addition, they find that
advective heat flow accelerates thawing beneathmiledisturbances, such as surface water
bodies. The influence of groundwater flow from erito the plain or from a plain to a river
during a glaciation scenario has been modelleGtanier et al.(2013). The authors find that the
evolution of the talik is primarily controlled bye size of the river; however, advective heat
flow is an important correction to this. Flow frafre river to the plain results in delayed closure
times of the talik, as warm water is introduceaitite aquifer. In contrast, flow from the plain to
the river can result in faster closure times thanaf conduction only scenario, as cold water is
advected from below the permafrost into the riv@milarly, the subsurface temperature and
permafrost evolution beneath newly formed lakeseh&een found to behave differently
depending on the hydrogeological scenawellman et al.2013). The authors find that warm
water entering the subsurface from surface wateamres permafrost degradation. In contrast, a
lake gaining groundwater degrades permafrost mlelys compared with the lake loosing
water to groundwater. The presence of several lakbén a nested groundwater flow system in
a thawing permafrost environment has been fouractelerate thaw compared to the scenario
without lakes, as regional groundwater flow betwedbe lakes enhances heat advection
(McKenzie and Vos2013).

6.1.1.6GLACIATION

Temperature distribution

Glaciations influence the thickness and distributod permafrost by isolating the ground from
the air. When ice is undergoing pressure meltinthatglacier bed, temperatures at the base of
the ice are close t0°G. When the base of an ice sheet is cold-basegetatures can be lower
than 0C and permafrost forms beneath the ice.

Three time series were constructed in which theptatures were set to eithetQ) -1°C or
-5°C, when ice was estimated to cover the land-surfadgisting the T-14 temperature scenario
in this way had a profound impact on the maximummadrost thickness for Case 1 over the past
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one million years. For the maximum glaciation secen@ith subglacial temperatures &Qd) the
maximum permafrost thickness is 100 m, compared#d m without glaciation. When the
subglacial temperature is set t6C5 the maximum permatfrost thickness is 177 m. Wdretihe
maximum or the medium glaciation scenario is sekbctoes not have a large influence on the
maximum permafrost thickness overall, as the medglaciation scenario is glaciated when
temperatures are coldest.

Groundwater flow

High hydraulic gradients beneath an ice sheet densbly alter the groundwater flow system
compared to ambient conditions. When the ice flavin the opposite direction to the
groundwater flow direction under unglaciated cood, groundwater flow reverses during the
presence of ice.

When the ice is present, hydraulic heads beneathicth and at depth increased to the ice
overburden (1500-2000 m) for the one layer modetesenting basement and Case 1. Similar
observations have been made for a continental gwater model of the Canadian landscape
during the Wisconsinian glaciatiobhgmieux et a).2008b; c; a), where hydraulic head values up
to 3000 m were simulated down to a depth of 1.5 Kaowever, for Case 2 the changes due to
the propagation of high hydraulic heads are dangesmed penetrate slowly in the low
permeability units. The hydraulic gradient is gesatduring ice advance and ice retreat, resulting
in velocity magnitudes that are one to two orderanagnitude higher than under ambient
conditions. During ice advance, flows are in a deward direction (recharging), and in upward
direction (discharging) during ice retreat. For thedel including glaciation, as presented in this
report, the lateral flow directions are reversedmiuthe glaciation and its magnitude is highest
during advance and retreat.

In the model, the velocity magnitudes and directmepth take tens of thousands of years to
return to their pre-glaciation states after the lfergglaciation. This only takes several thousand
years after the Devensian glaciation. This diffeeers due to the length of time the region was
glaciated, 20 ka for the Anglian and 2 ka for thevBnsian.Bense and Perso(2008) and
Lemieux et al.(2008a) find that the present day fluid patterrsti responding to the last
glaciation at 10 ka BP for an intercratonic seditagn basin and the Canadian Shield,
respectively, which might be due to the immense&w@ and correspondingly slow decay of the
Laurentide Ice Sheet.

Ice sheet loading

The mechanical loading efficiency of the rock mattetermines how the ice load is apportioned
between the rock and pore fluid and depends onelaive compressibility of the porous media
to the pore fluid and the porositiN¢uzil 1995;Normani and Syke<012). For the one layer
model and Case 1, the influence of ice sheet Igadirminimal.Vidstrand et al.(2013) noted
that in hard, high strength, fractured (permeabig¥talline rock, all pressure changes during a
glacial cycle are often assumed instantaneousshegt loading has thus been excluded for
modelling a crystalline basemenYidstrand et al. 2010; Scheidegger and Bens2014;
Vidstrand et al. 2014) However, for Case 2, the effect of ice sheet logdnlarge in the low
permeability layers using the properties as listedrable 4. The loading may result in an
expulsion of water due to a consolidation of the&rbek matrix. For the model excluding
loading, the high hydraulic heads propagate slawlthe low permeability layers, resulting in
high gradients around the low permeability layarcontrast, when loading is included, the high
hydraulic heads propagate the low permeabilityrsg a slower rate than in the aquifer above,
however at a faster rate than when loading is ansidered.

43



CR/16/053 V6.0 28 July 2017

6.1.1.7SALINITY

Generally, as the surface freezes, recharge cearmdsthe freezing front of the downward
penetrating permafrost base drives a front of emiregly saline fluid. These more saline fluids at
the permafrost base will act to decrease the finggzoint.

The effects of salinity on the groundwater flow teys and the freezing point have not been
considered in the modelling presented in this repblowever, in a parallel study, the
geochemical aspects of permafrost development haea studied for a fluid parcel using the
Frezchem database in PHREE(XIlgatrick, 2016). This model allows the simulation of the
chemical composition, mineral precipitation, hydr&irmation and freezing point depression of
a fluid under given pressures and temperatures. fidezing point depression at a depth of
200 m for different UK groundwaters ranges from-8.2C for Meteoric water, 8-14°€ for
seawater, -16°€ for basinal brine, 7.8-138 for crystalline basement fluid, 5.9-6CGfor fresh
sandstone groundwater, 8.998 for fresh chalk groundwater, and 9.1-P&3for clay
porewater Kilpatrick, 2016). The magnitude of the freezing point depimssuggested is for a
stationary fluid parcel. If mixing of the higherramentrated brine with less saline water occurs,
then the magnitude of the freezing point depresisidikely to be lower.

6.1.1.8COMPARISON TO PERMAFROST THICKNESS DERIVED IN PHASEREPORT

The modelling for the Phase 1 report did not ineldlle latent heat effects of water-ice phase
changes or the effects of heat advection by groatelwflow. The latent heat affects the
maximum permafrost thickness, but will also delayg aeduce the permafrost thickness when
permafrost is forming, and delay thawing. The magle of the latent heat effect depends on the
porosity, but also thermal conductivity and heawl The effects of latent heat on the maximum
permafrost thickness will be largest where theromaiductivity is larger and heat flow is small,
as shown in more detail in Figure 36.

The influence of heat advection on the permafrogkhess strongly depends on the location of
profile modelled, and the hydrogeological scenafibe modelling indicates that the effect of
heat advection is likely to reduce permafrost theedgs by a maximum of tens of metres.

6.1.2 Relevant factors and processes influencing the hydgeology in a permafrost
environment

6.1.2.1PERMAFROST DISTRIBUTION

In the model used here, when the model domain fsozen, recharge and discharge are
topography-driven. When ice starts to form at thdage, recharge and discharge decrease by
several orders of magnitude, as specified by thiengkeost permeability function. For Case 1,
decreased recharge and discharge result in a dropdraulic heads beneath the permafrost, as
water drains out the side of the model, resultmgeduced flows at depth. A decrease in velocity
magnitudes at depth can also be observed for Cdad Aydraulic heads do not decrease to the
same extent as for Case 1, as the lateral bounslaipsed and the hydraulic gradient is less.
During permafrost thaw, hydraulic heads rise, tasglin an uptake of groundwater into elastic
storage, which has been discussed in more det&@iEhge et al(2012).

For the scenario in which permafrost is set to loeenpermeablec¥ =1), recharge and discharge
both decrease when permafrost starts to form, Imdhdrge focusses on topographic lows
resulting in taliks. Flow into the taliks is focukeresulting in higher velocity magnitudes than
under unfrozen conditions.

Simulations of the plume of a tracer released ptldhave shown that under ambient conditions
the plume spreads towards the surface in the twee€ased in this report and affects a small
area. The existence of permafrost can fundamerdfily the size and distribution of the plume.
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During a permafrost event, discharge to the surtaases, the flow direction changes, and the
tracer spreads laterally. The tracer concentragémibthe permafrost and is then released after
the permafrost has thawed, resulting in a puldbetracer being released to the surface.

6.1.2.2SURFACE WATER BODIES

In the talik model (T_14_ Talik) the taliks remairpem during the entire simulation. For
scenarios when there is thick permafrost, the sarfluxes remain high in the taliks. The flux at
the location of the lake at ~11 km focuses grouridiiom the area of steeper slope in Case 1
and is higher than under unfrozen conditions.

During thaw the discharge at the valley bottomrihige is larger for the model without surface

water bodies. For the T-14 Max model, dischargedsised at only one location at the foot of
the steeper slope, whereas for the talik modehdige is distributed at the locations of the three
surface water bodies.

6.1.2.3BUOYANCY DRIVEN FLOW

The contrast in density of cold and potentiallyirsalwater at the permafrost base and warmer,
potentially less saline water at greater depthsreanlt in the downward movement of plumes of

saline fluid and upwelling of warmer, less salingtev, which will then act to reduce the freezing

point depression.

In the study byKilpatrick (2016) it was found that meteoric water is uniked produce brines

in quantities that will affect the local groundwatw. In contrast, freezing of seawater and
crystalline basement fluid can produce brines gnificant volumes (10-30% of initial fluid
volume), which can be >10% denser than their paitard, and which could lead to gravity
driven flow, depending on the nature of the undedyfluids. FurthermoreKilpatrick (2016)
showed that freezing of fresh chalk, fresh sandstmd clay pore waters produces brines in
relatively small volumes. However, should signifitanigration of these fluids occur during the
freezing process (i.e. before the vast majoritylafl is frozen), then they may also have the
potential to migrate to depth and affect the regignoundwater flow.

As noted byMcEvoy et al(2016) even if permafrost does not reach the depthe repository,
unfrozen ground below permafrost and sub-glaci@irenments may encompass the stability
fields of several gas hydrates, of which methangrdte is the most common. These ice-like
phases require cool temperatures, elevated prassame a source of methane to form, but
importantly, are stable at temperatures above @9€ possible that, even though ice may not be
stable at potential repository depths, methanedtgdrould form if methane or carbon dioxide is
present. If hydrates do form, then they may grow dastabilise several times over the next
million years in response to glacial cycles. lh@svever unlikely that significant volumes of €H
or CO will be generated from the wastes at a time thisrfto the future.

6.2 CONCLUSIONS
Objective 1: Identify the parameters affecting pernafrost thickness.

This report investigates the sensitivity of simethtpermafrost thickness and dynamics to a
variety of climatic, geological and hydrogeologicainditions for two geological environments
(Case 1 and Case 2). A combination of one dimeasibeat conduction modelling, including
the effects of freeze-thaw, and two dimensional kseaduction-advection modelling including
freeze thaw has been undertaken to simulate pewstafievelopment in two contrasting
geological environments, (Case 1 and Case 2) amddess sensitivities to a range of possible
geological parameters, and advective heat flow. 8ds@ssment of the individual parameters are
described below:

45



CR/16/053 V6.0 28 July 2017

la: Understand the influence of different scaling bthe surface temperature time series on
the maximum permafrost thickness.

The maximum permafrost thickness is strongly depahdon the scaling of the surface
temperature time series. Scaling the minimum teatpeg of a Pliocene-Pleistocene stack of 57
globally distributed benthié*®0 records to temperatures of°C4 18C and 25°C below the
present day, the maximum modelled permafrost tles&rior Case 1 reached 171 m, 248 m, and
475 m, and for Case 2, 80 m, 138 m, and 238 m.ditference between the two Cases is due to
the variation in subsurface properties.

1b: Identify the influence of different geological properties found in the UK on the
maximum permarfrost thickness.

The sensitivity study of geological parameters Baswn that there is a strong non-linear
relationship between thermal conductivity, lategathand heat flow for a temperature time series
representative of the glacial cycles of the past wmillion years. This is in contrast to a steady
state temperature profile, where permafrost thiskneelates linearly to thermal conductivity,
heat flow and ground surface temperature. Thicgesnafrost is to be expected where there is a
low heat flow, a high thermal conductivity and avlporosity, as for example in the North of
Scotland.

1c: Understand the influence of advective heat trasport by groundwater flow for a
periglacial scenario.

Results have shown that when the temperature reigimeminated by heat conduction, such as
for the low permeability Case 2, a heat conductmy model is sufficient to estimate the
thickness and distribution of permafrost.

However, when heat advection is likely to be imanott such as for Case 1, the coupling of
permafrost and groundwater is necessary to simtieepermafrost distribution during freeze
and thaw, or during shallow permafrost events. Thisspecially important when permafrost is
assumed to be relatively permeable. Here it isddhat heat advection of cold water at recharge
points (interfluves) results in cooling and thickermafrost compared to discharge points where
discharge of warmer water results in thinner perosaf This stands in contrast with a model
including a seasonal temperature amplitude, wharig summer warm water recharges at the
hill tops, resulting in permafrost thaw therMdKenzie and Voss2013). However, these
variabilities in local permafrost thickness aremhor importance considering the time scales of
123 ka to one million years.

1d: Understand the influence of glacial conditionson the permafrost thickness and
dynamics at the selected localities.

Glaciation influences the thermal regime by insotathe ground surface from the colder air
during these periods. The timing of the onset ¢reeg of glaciation compared to the ground
surface temperature is crucial for the permafroiskness. If the ice sheet bed is at the pressure
melting temperature, a reduction in permafrost ldepimpared to an unglaciated scenario can be
expected. If the glacier bed is cold based the mam permafrost thickness can be expected to
be similar to the scenario without glaciation acregmse if the temperatures at the glacier bed are
colder than the ground surface temperatures. Hoywewereality the temperature regime
underneath a glacier is much more complex and woeddire a transient thermo-mechanical
model of ice flow coupled to a thermal model of twexk.

Objective 2: Understand the influence of periglacia and glacial conditions on the
groundwater flow direction and magnitude at the sedcted localities.

Recharge and discharge decrease considerably dpengds of permafrost coverage. For
Case 1, decreased recharge and discharge resaltdiop in hydraulic heads beneath the
permafrost, as water drains out the side of theahddhis results in lower groundwater flows at
depth. An open boundary at the side was chosenubedhe modelled domain finishes near
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present day sea-level and not at the boundaryaaitéghment. A decrease in flow at depth can
also be observed for Case 2, but hydraulic headesadadecrease to the same extent as for
Case 1, as the boundary to the side is closed ldydraulic gradient is smaller. During
permafrost thaw, hydraulic heads rise, resultingnruptake of groundwater into elastic storage
from recharge over the top boundary of the modelaln. As discussed iBense et al(2012), it

iIs unclear whether the strong increases in hydraodiad in sub-permafrost aquifer during
permafrost thaw occurs in natural systems, how®RACE data have suggested an increase in
groundwater storage in thawing permafrost regiMedi¢ogna et al.2012).

When taliks underneath surface water bodies deyelap groundwater flow system remains
more active than during continuous permafrost. Reghand discharge are focused to lakes, and
a regional groundwater flow system connecting Hie$ can develop. Heat advection remains
more important during thick permafrost when throtajiks remain open.

In the model, during periods of glaciation hydrautieads increase by ~1500 m at depth for
Case 1 and Case 2 including loading. This signdbaimpened in low permeability layers when

no ice sheet loading is considered for Case 2.rguglacial advance, groundwater recharge
increases by up to two orders of magnitude, andngduglacial retreat discharge increases.

Depending on the flow direction of the glacier, wndwater flow directions can be reversed as a
result of glaciation. After the Anglian glaciatiowhich is set to last for 20 ka, the signal of the

glaciation remains in the groundwater system fos tef thousands of years, whereas after the
Devensian glaciation, which is set to last for 2tk@ signal remains for thousands of years.

For Case 1 the maximum permafrost thicknessestbeepast 123 ka, based on the temperature
time series of 14, 18C and 28C below the present day, were simulated to be 1,7248 m,
and 475 m, respectively. For Case 2 these simuthiekinesses were 80 m, 138 m, and 238 m,
respectively. In geological environments where thermal conductivity is higher than for
Case 1 and 2, the maximum permafrost thickneskaly lto be greater (Profile 1 in Figure 39).

High hydraulic heads because of glaciation ardylik@ modify the groundwater flow around the
GDF.

6.3 RECOMMENDATIONS AND POTENTIAL FOR FURTHER WORK

¢ Assess the influence of surface properties on the permafrost development

As already pointed out bBusby et al.(2014) andHartikainen et al.(2010), the surface
temperature history is the main driver of permdfrdsvelopment and uncertainties in the
mean annual temperatures profoundly impact the mmaxi permafrost thickness. The
sensitivity of the scaling of the temperature tirseries has been assessed for both
environments. In addition, the effects at the gmbatmosphere boundary could be
considered in the future. The surface cover (eegetation, snow cover, soil cover) is one of
the most important factors determining the pernsafrdepth after air temperature
(Hartikainen et al. 2010).

*  Assess the most favourable case for permafrost development for a site/case
For future assessment of permafrost on a GDF, ai@ation of different parameters (e.g.
scaling of temperature, surface conditions, glammatgeological uncertainty, hydrogeology)

favouring permafrost growth would give the maximyermafrost depth expected at a
specific location. This approach has been undentbkgHartikainen et al. 2010).

¢ Assess the impact of geological variability

Geological variability and geometrical uncertaistisvill have a big impact on the
hydrogeology and thus on advective heat transportexample, the inclusion of fault zones
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in the model will have a large effect on the gronatér flow system, and these should be
explored further, in particular at a site-specsoale.

e Consider the impacts of erosion and sedimentation on permafrost development

For the models used for this study, the land-sertaas been kept at a constant elevation.
However, especially when assuming a warm-basedsla®et, glacial and fluvio-glacial
erosion will be active and their magnitude will ydocally. The location of erosion depends
on where active ice streams, major glacial meltndtainage routes and major fluvio-glacial
outflow incisions occur, and the magnitude of gdh@rosion depth will probably be in the
200 m rather than the 1 km range for the WKCEvoy et al., 2016 Therefore, the model
assumption of constant topography might at cettaalities not be realistic. Glacial erosion
would influence permafrost formation at a GDF lamatby reaching deeper depths during
subsequent cold phases, than at a non-eroded docdtior future modelling, erosion
scenarios could be taken into account when consgi@ermafrost development at a GDF
location.

* Consider the life-time of a lake for talik simulations

In addition, the life-cycle of lakes is likely trsient over space and time, and their location
and timing and lake bed temperature from a lakeehoauld be used as model input.

¢ Apply a full THC model to take into account the effects of salinity on permafrost development

In the modelling reported here, heat conductioneatlen, including phase change has been
used to estimate the permafrost development indiferent environments, which we have
referred to as Cases 1 and 2. We have assumedétillyated fluid flow, and no variations of
density or viscosity because of temperature onggalhave been included. The interactions
between heat flow, fluid flow and hydrogeochemistyge however strongly coupled.
Permafrost formation acts to decrease the perniabild increase salinity, resulting in a
decrease of the freezing point, and increased gemdgiich then can result in gravity driven
groundwater flow. Groundwater flow and associatedthransport then will influence the
distribution of permafrost, potentially reducing predicted depth. In order to combine the
study byKilpatrick (2016) and the study in this report, a fully cagpmodel of groundwater
flow, heat transport and hydrogeochemisty couladde.

* Use relative permeability curves that are characteristic for each geological unit

For the models presented here, a uniform relaterenpability curve for all layers has been
used. However, as seen in Figure 18, the decreaséative permeability differs for different
geologies, and thus this should be added for a sitg-especific model.

¢ Expanding the models from 2D to 3D

The impacts of glaciation or lakes are not verylwepresented within a 2D model as they
influence groundwater flow and hence advective Heuat laterally and vertically. Therefore,
the model would benefit from expansion from 2D @, &s especially glaciation and talik
development are a 3D processes.

¢ Include variably saturated groundwater flow

Further model development to a variable saturateslrglwater model would allow
simulation of a more realistic groundwater flow ireg. This would require a model that
solves the Richards equation and is highly paiaédl However, given all the uncertainties,
unsaturated flow may not have a first order eftecpermafrost development, thickness and
evolution.
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¢ Use an output from an ice sheet model as the boundary condition for the model including
glaciation, and undertake more sensitivity scenarios for models including glaciation regarding
boundary conditions and glacial loading

The length, timing and temperature regime duringcigltions significantly impact the
simulated thickness and duration of permafrost,thase are all uncertain. Therefore, the
model could be greatly improved by using the maméput from an ice sheet model as the
temperature boundary conditions for the permafgostindwater model. However, the
uncertainties of the glacial scenario remain, amdensensitivity runs could be undertaken.
Examples could include glacial advance and retreat permafrost or over unfrozen ground,
different thicknesses and profiles of the coveitgsheet (e.g. variation of the factsifor
calculating the ice sheet profile) and periods aiw and cold based ice. Additionally, a
tracer could be assigned to glacial meltwater &deisidence time and flow-paths could be
analysed. Furthermore, using a virtual tracer gtost source in models using different
loading efficiencies would more clearly show thdluence of glacial loading on the
groundwater flow system.

¢ Include the effects of pressure on the melting temperature underneath glaciers

For future models, the pressure-melting temperaturéerneath an ice sheet should be
adjusted, as this will differ from the previouslysagned €C.

¢ Assess the stability field of gas hydrates if a source of methane is present

As mentioned above, gas hydrates are stable atteogderatures and elevated pressures.
Therefore, further work to estimate the stabiligld underneath the permafrost at the depth
of the repository could be considered. As a fitspspressures and temperatures obtained
from this model can be used to estimate the hydstbility field. A multiphase model
including fluid and gas flow patterns, temperatane salinity fields as used in Frederick and
Buffett (2014), could be applied to investigatestn@rocesses.

e Requirements for a site specific model

For a site specific model, the following data via# required to perform similar modelling:
thermal conductivity, heat capacity, density, pagoshydraulic conductivity, heat flow,
compressibility, and dispersivity on a regional lecan addition, ice saturation with
temperature and hydraulic conductivity with tempem® should be measured for the
different geologies of the chosen site. Moreoveiti, types, soil saturation, lake distribution,
lake and landscape development over time, snow @k vegetation cover will also impact
permafrost distribution and thickness. For a weldged site, palaeo-groundwater flow
modelling, including the effects of permafrost aglkhciation, is likely to improve our
understanding of the system and supports the ei@uaf a GDF. Comparing modelled
pressures and temperature distributions with pteday observations would show whether
all relevant processes are considered in the mawlel!for how long the influence of the
initial conditions might be expected to persist.
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Appendix 1 Theoretical background to numerical
modelling of groundwater in permafrost

HEAT TRANSPORT

The subsurface temperature distributioms[K]) are calculated using the advection-diffusion
equation, including the transient effects of lateaat of fusion I(s [J/m) to simulate freezing
and thawing as follows:

Ve [k, VT] = Cd - VT = C aT 41 a0, Equation 1

Fa wd " V5= 50 G T Ty

where k, [W/(m K)] is the effective thermal conductivity éhrock/water/ice mixtureCy
[J/(mK)] is the heat capacity of wate€, [J/(nPK)] is the effective heat capacity of the
rock/water/ice compositg, [m/s] is the Darcy flux and is coupled with theiflidlow equation.
The first term on the left-hand side of the equatlescribes the diffusive heat transport and the
second term heat advection by groundwater flow.&Fbeat conduction only permafrost model,
the second term on the left hand side is ignoretlam heat equation can be written as follows:

aT a0 Equation 2
V- [k,VT] = C, -+ Lfa—tw

The thermal effects of pore water phase changébearonceptualised in apparent heat capacity
Ca of the soil over the temperature range in whicleZneg occurs. The source/sink term of the
latent heat can be expressed as followed:
L 6& 00, 0T Equation 3
Tt — T or ot
Combined with the thermal storage of the compositderial, the apparent heat capacity is
defined as:

00, Equation 4
Ca = Cp+ Ly =" |

Solil freezing curve

Water freezes over a range of temperatures inuhsusface. Pure water freezes & Obut the
occurrence of salt lowers the free energy and tigei@ depression of the freezing point. An
additional effect is that of capillarity and adsiop; the migration of water to the freezing front
and the forces emanating from the mineral partstifaces reduces the free energy in the
absorbed layer on the particléd/ifliams and Smith1989). The unfrozen water content for
subzero temperatures is measured for silt, illihd &lay byBurt and Williams(1976) and
presented in Figure 18.
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Figure 18. a) Unfrozen water content and b) hydraut conductivity for subzero
temperatures for clay, silt and illite, after Burt and Williams (1976).

McKenzie et al(2007) were the first to review the freezing fuoct(Sy [-]) in the context of

coupled permafrost and groundwater models, andesiggo empirical freezing functions, a
linear function, or an exponential function.

The exponential function suggested llgKenzie et al.(2007) is also used in the Interfrost
model comparison projedR(ihaak et aJ.2015;Grenier et al, 2016) and given below:

S = Spres T (1 = Syyres)el~(T=273.15)/W)] Equation 5

whereS,, s [-] is the residual saturation amd [-] is a fitting parameter.

Bense et al(2009); Bense et al(2012); Scheidegger et ali2012); Scheidegger and Bense

(2014) use a smooth stepping function describekd anterror function:

T — 273.15) 1
0.25 )

Similarly, here a smoothed Heaviside function igdjswhich is a built in step-function in
COMSOL. The function is dependent ©f°C], the freezing interval and Swes

Suress I T<—d

Equation 6
Sw = (erf(Z.l +

i TS0 Equation 7
) 1 =

Sures T+d T +dy? T +dy\*\ .
05+="=4+ (1— Swres) | 09375 (T) — 0.625 (T) + 0.1875 (T) LFO < T > Syres

The different freezing functions are compared igur¢ 19. All of these functions are from a
Swres Of 0.05 and over a transition interval of 1°C. Emeor, exponential and Heaviside functions
are similar, however, especially near 0°C the dftehange differs, with the error function

showing the slowest decline in water saturationtedinear function the fastest decline.
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Figure 19. Comparison of freezing curves.
Porosity, thermal conductivity and heat capacity oer the freezing range
For a fully saturated media, all free pore spadilesl with water / ice so that:
6;+6,+6,=1 Equation 8

wheref,, = ¢ S,, and6; = € — 6,,. The porosity i€ [-], and the volume fractions of solid, water
and ice ard,, 6,,, 6; respectively.

The presence of ice and water near their freefiagfing temperature has a dominant effect on
the thermal and hydraulic properties of the sulam&f When water freezes, the thermal
conductivity increases four-fold, its mass heatac#ty decreases by half, it releases heat
equivalent to that required to raise the tempeeatiiran equal volume of rock by about 160
and its hydraulic conductivity decreases severdéis of magnitudeWilliams and Smith1989;
Woq 2012).

The thermal conductivity of ice is more than faunnds higher than that of water, and thus frozen
ground has a higher thermal conductivity than urdro ground. The effective thermal
conductivity of rock1, [W/m K] is calculated as a weighted geometric m&gam the thermal

conductivities of rock 4, ), water(4,,) and ice(4; ):
Ao = 295297 29" Equation 9
The volumetric heat capacitg, [J/(n’K)] is the amount of heat required to change the

temperature of 1 fby 1°C. For a composite material, a weighted averagéhfoheat capacities
of solid (Cs), water (C,,) and ice (;) is used.

C, = C;04+C,,0,,+C;0; Equation 10
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FLUID TRANSPORT
Assuming that ice is immobile, the mass balanceviter can be expressed as follows:

d — Equation 11
a(g(swpw + Sipi)) = -V [pw ]

where e [-] is the porosity,p [kg/m® density,d [m/s] fluid velocity, Sy is the liquid water
saturation, an& is the ice saturation.

For fully saturated medi&,=1-S. Subscripts ofv andi refer to liquid water and ice.

The mass balance for the solid matrix, assumingatid matrix is immobile is given below:

d Equation 12
E(l —&)ps =0

Fluid flow is simulated using fully saturated fluildw described by Darcy’s Law. The transient
hydraulic headh([m]) field is calculated as follows:

_ dh (pi—pw) 9S,, Equation 13
V- [k-wKVh] =S,S R + ¢ o FR

whereK [m/s] is the hydraulic conductivity,.,, [-], is the relative permeability as a function of
temperature,Sy [-] is the watesaturation pw [kg/m®] andpi [kg/m?] the density of water and ice,
S [1/m] the aquifer specific storage, anthe porosity.

The terme M‘%” describes a source/sink term that is relateddéostthume change between

Pw

water and ice. When ice forms, the volume of théewkaction expands and the hydraulic head
increases. When ice melts, the volume of waterglesyl generates a drop in hydraulic head.

Relative permeability

In perennially frozen ground, where all pore fluidse frozen, water is immobile and the
hydraulic conductivity is effectively zero. Howeyewer the freezing process, porewater freezes
progressively from larger pores through to smaberes and there will be a steep decrease in
hydraulic conductivity Ifeson et al. 2013). How groundwater flow decreases over theZing
interval has a profound control on how permafrastl #hanges in permafrost distribution
impacts groundwater flow.

Several experimental or theoretical relations dbsxg the change of hydraulic conductivity as a
function of ice content or temperature over theZreg interval can be found in the literature for
sand, silt, and clay. The decrease in hydraulidaotivity with temperature has been measured
for sand, silt and clayBurt and Williams 1976;Kleinberg and Griffin 2005; Watanabe and
Flury, 2008;Azmatch et aJ.2012). Model descriptions of how the permeabitigcreases over
the freezing interval commonly assume an analoguansaturated fluid flow, in which the
increase in ice content resembles the relationdl@ween moisture content and suction
described by a soil water retention curiicKenzie et a).2007;Kurylyk and Watanahe2013).

The simplest function for relative permeabilityaidinear decrease k for temperatures between
freezing and the temperature at which the residaalration is reached}(,). At this point, an
arbitrary small minimum value d; is used, for example fQas the flow equation cannot be
solved for a value of zerd/icKenzie et aJ.2007):

Equation 14

1076 — 1
kry = | —— | (T = 273.15) +1
res
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Alternatively, McKenzie et al(2007) propose an impedance factor law for whih minimum
kr is limited to 1¢:

k, =109 Equation 15

where Q=S¢ and S is the ice saturation;, the porosity and2 an empirical derived impedance
factor. For the Interfrost project, this relativermeability curve was used, usifF50 and a
porosity of 0.37.

Alternatively, it has been suggested tlQais the ratio of the ice content to the total miriug
residual water contentH@nsson et al. 2004). Q thus increases with ice saturation and Q
accounts for the fact that blocking becomes mofectfe as the ice content part of the total
water content increases.

Here, a similar approach kansson et aJ.2004 is taken witlQ equal to the ice saturation.
k., = 10-Si? Equation 16
whereQ=6. This means that the relative permeability deses by six orders of magnitude.

Bense and Persaf2008) use a model describedKiginberg and Griffin(2005), who compared
theoretical models of hydraulic conductivity deses with measured data. The models used
represented ice coating the walls of capillary sjbee occupying the centre of capillary tubes,
ice coating the surface of a grain pack, and icaipging the centres of grain pack pore space.
The model where ice occupies the grain pack poaeespepresented the measured data best.
From this theoretical model, the permeability reduc could be described as a function of
water-saturation stat@{=Si/c), applying a minimum value of 0

r - i Equation 17
(14 (A - pw)5)?

Figure 20 compares the relative permeability cuthes decrease over six orders of magnitude
over one degree for a linear model (Equation 1#4),immpedance model (Equation 15), an
exponential model (Equation 16) and the experimientalel (Equation 17). The linear function
has the slowest decrease in permeability with @eitng temperature. The impedance and
exponential model decrease faster compared to xperienental curve after Kleinberg, but
overall have a similar shape.
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Figure 20. Comparison of relative permeability cunes over 2C decreasing by six orders of
magnitude. Shown with a linear and a log scale.
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GROUNDWATER FLOW INCLUDING THE EFFECTS OF GLACIAL L OADING

The loading efficiency of the rock matrix deternsriew the ice load is apportioned between the
rock and pore fluidNeuzil (1995). The amount of stress transferred dependthe relative
compressibility of the porous media to the poredfland the porosityNormani and Sykes
2012). Following the approach hymieux et al(2008c) andNormani and Syke012), a one-
dimensional vertical loading and unloading is usadhydromechanical coupling, whereas a
source/sink term is added to the flow equationftecévely increase or decrease the fluid pore
pressure or hydraulic head. It has been showrthkeaassumption of purely vertical strain can be
used to describe flow in 2D and 3D with small réagl errors provided that only homogeneous
and laterally extensive overburden changes océlang 2000;Neuzil 2003;Lemieux et aJ.
2008c).

Adding the source term, the flow equation for hytiahead becomes:

oh Pi Ohjce Equation 18
A
at py Ot

—V - [kpyKVh] = S, S,

where( is the one-dimensional loading efficiency given by

a
¢

— Equation 19
a+ef

wherea [1/Pa] is the compressibility of the porous me@igl/Pa] is the compressibility of the
pore fluid, anc: [-] is the porosity.

The loading efficiency varies between 0 and 1 gretisies how much of the surface loading is
transferred to the subsurface fluid.
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Appendix 2 Boundary conditions and model
conceptualisation

Modelled localities

The localities used in this study are conceptual agpothetical geological environments
relevant to the UK, however their parameterisaisobased on Environment 2 and Environment
5 described imowler et al.(2008b). It should be noted though that the emwvirents have been
modified slightly fromTowler et al.(2008b); the model domains for both environmerageh
been extended to include an upstream water diadg, faults have been removed, and the
hydrogeology characterised as topographically-driggstems that do not take into account
variations in density or viscosity due to tempemtor salinity.

Environment 2 inTowler et al.(2008b) is referred to here as Case 1, and descalbasement
under sedimentary cover (BUSC) located on the mavfiia Permo-Triassic sedimentary basin.
The hydrogeology is characterised by a very shalgpaundwater system within the drift
deposits, a shallow fresh system in the upperm@std® m, and a deeper, relatively stagnant
system in the basement rocks. The groundwater fltothe basement rocks is influenced by
dense brines that are derived from evaporite depoffishore. In the host rock, fracture flow is
dominant and in the sedimentary cover rocks mdkow is dominant Towler et al, 2008b).
During the last ice age, the Case 1 environmentiegasoveredChiverrell and Thomg2010).

Environment 5, referred to here as Case 2, is baseatltype of geological setting found in the
east of England and consists of Lower Jurassi@slaid mudstones and Triassic mudstones and
siltstones, dipping uniformly to the east. The eowiment has a very low topographic relief and
is hundreds of kilometres from the nearest areasgoificant topography. During the last glacial
maximum, this locality was at the margin of the gleeet. There are two aquifers within the
sequence, the Mid-Jurassic limestone aquifer anasdic sandstones. The other formations
consist of mudstones, siltstones, and Cretaceoatk Chhe upper part of the sequence has been
modelled byTowler et al.(2008a), however, in this study the model thickness been extended
to a greater depth and captures the full lateréérgxof the outcrop of the Permian basin.
Because of the low hydraulic gradient, the flowesain the higher permeable zones are
suggested to be low ¢wler et al, 2008b).

MODEL SET-UP

Case 1l

For the initial 1D permafrost sensitivity analysibe profile from Figure 21 is used and the
thermal properties as described in Table 2.
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Layer Thickness [m] Unit

«— 1 425 Upper sandstone
«— 2 700 Lower sandstone
= @ 50 Evaporites
—:( 4 150 Breccia
5 150 Limestones
< b6 3525 Basement

Figure 21. Layers for 1D model for Case 1.

Table 2. Thermal properties for 1D model for Case 1

Layer A [W/mK] Cs [J/kgK] e[-] plkg/m3]
1 3.1 850 0.2 2650
2 3.1 850 0.1 2650
3 4 850 0.01 2650
4 3.1 850 0.1 2650
5 3.1 850 0.01 2650
6 4 850 0.01 2650

The model set up for the 2D coupled groundwatempétost model, excluding glaciation, is
shown in Figure 4. The model domain is 20 km lond 2 km deep. The right hand boundary is
closed to heat flow (red) and to fluid flow (blu@} this represents a topographic high. The left
hand boundary is a specified head and a flux baynida heat flow. At the top boundary, the
hydraulic head is set to the elevation of the landace, and the temperature is specified in time.
The base of the model is closed to fluid flow anzbastant heat flow is specified, allowing heat
to enter the model domain by heat conduction. Eyers used for Case 1 are a basement,
overlain by a lower and upper sandstone, and ahesad layer and the thermal and hydraulic
properties used for the different layers are tgkem Towler et al.(2008b) and listed in Table 3.
The model domain is characterised by a higher gitowwar the right hand boundary, followed by
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a stepper slope (10-20 km of the model domain). [€ftehand side of the model domain (0-10
km) is characterised by lowlands and the topograploharacterised by three hills (at 1 km, 5
km and 9 km and of 2 m, 10 m and 18 m height) apddraphic depressions (at 3 km, 7 km, 11
km of 6 m, 14 m and 18 m depth).

Case 1 including glaciation

For the model runs of Case 1, including glaciatible, model domain is expanded and the same
topography as in Case 2 is used (Figure 22). Theial model for Case 1 uses the same
boundary conditions as for Case 2, which allowsdifierences between the model runs to be
associated to geological factors only and excludge differences in topography or ice sheet

history or geometry.

Case 2

The model set up is presented in Figure 5. The habateain is 300 km long and 1500 m deep.
For fluid flow, hydraulic head is assigned at tbp boundary and is set to the elevation of the
topography. The sides and the base of the modelaflow for fluid flow. For temperature, the
ground surface temperature is assigned at thedopdary, and a constant heat flow is specified
at the base. The sides of the model are closeddanies. The thermal and hydraulic properties
used for the different geological layers are froawler et al.(2008b) and listed Table 4.
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Table 3. Thermal and hydraulic properties for Casel. The different Kx values refer to the
minimum, medium and maximum permeability scenario.

Layer A[W/mK] Cs [J/kg K] €[] p [keg/m?3] Kx [m/s] Ky [m/s] | Ss[1/m]
Weathered Sandstone 3.1 850 0.12 2650 3.16e-6, 1le-6, 3.16e-7 Kx 1E-4
Upper Sandstone 3.1 850 0.15 2650 le-6, 1le-7, 1e-8 Kx/10 1E-4
Lower Sandstone 3.1 850 0.075 2650 le-7, 1e-8, 1e-9 Kx/10 1E-4
Weathered Basement 3.1 850 0.05 2650 3.16e-6, 1e-6, 3.16e-7 Kx 1E-6
Basement 4 850 0.001 2650 le-9, 5e-11, 1le-12 Kx 1E-6

Table 4. Thermal and hydraulic properties for Case.

Layer A [W/mK] Cs [J/kgK] €[] p [keg/m3] Kx [m/s] Ky [m/s] Ss [1/m]
Cretaceous chalk 1.88 1958 0.1 2000 le-10 kx le-4
Upper Jurassic LMS 2.3 1034 0.25 | 2500 le-9 kx le-4
Middle Jurassic Clay 1.45 901 0.2 2300 le-9 kx le-4
Middle Jurassic aquifers 2.75 850 0.1 2490 le-5 kx le-4
Lower Jurassic shales and mudstones 1.55 895 0.15 | 2340 le-12 kx/10 le-4
Triassic mudstones/siltstones 2.07 897 0.15 | 2430 le-10 kx/10 le-4
Triassic sandstones 2.75 850 0.1 2490 le-6 kx le-4
Permian 2.38 850 0.15 | 2500 le-8 kx le-4
Variscan basement 33 859 0.05 | 2630 le-9 kx le-6

BOUNDARY CONDITIONS AND MODEL CONCEPTUALISATION

Temperature time series

The climate has oscillated between glacial andrgideial conditions in the past, as seen by
palaeo-climatic proxies such as deep ocean sedireeoitds, lake sediments, or ice cores. In this
current work, a Pliocene-Pleistocene stack of Bbajly distributed benthid'®O records is used
and scaled for different climate scenaritssiecki and Raymo2005) Foraminiferab!®O is a
function of the temperature awfO of the water in which the sediment forms, and3d{@® of

the water is a function of the global ice volumeal dhe water salinityL(siecki and Raymo
2005). This globab*®O record (Figure 23) serves to estimate the shagehe general trend of
the temperature curve, which is characterised byeerease in temperature over ~100 ka
followed by a fast increase in temperature over kdQrather than very detailed temperature
variations over short time periods.

The globald®0 time series needs to be scaled in order to s&s\e proxy for a Great Britain
temperature time series. The present day mean hamuamperature is 8.8C for north-west
England, and is set to 8G in the model. Different scenarios for temperatifeerences over
the last one million years are used; the minimumpierature is set to 10, 12, 14, 18, 20, and
25°C below the present day temperatures. The presspnttemperature and the minimum
temperature are used to scale the proxy recordrlyyeand the resulting temperature time series
is presented in Figure 24. The use of this scalegyprecord serves as an estimate of the pattern
of the temperature time series; the overall paiteniaracterised by a slow decrease followed by
an abrupt rise in temperature over a glacial cg€lel00 ka for the past 500 ka.
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Figure 23. Global'®0 time series afterLisiecki and Raymo (2005).
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Figure 24. Scaled temperature time series aftdrisiecki and Raymo (2005) usingAT
ranging from 10°C to 25 °C.

Figure 25 compares the scaled temperature timességBusby et al.(2014) with thed'®O
proxy derived temperature time series. In compariso the previous project, the full
temperature record is used as model input andtis rstep change model. The maximum and
minimum temperatures are comparable, but the duraiti the extreme events differ.
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Figure 25. Comparison of scaled temperature time ses with temperature time series used
in the Phase | study Busby et al., 2014). Tabs -10, Tabs-12 and Tabs-18, are the
temperature time series used ifBusby et al. (2014) and refers to the temperature difference
between the present day and minimum temperature dung the last 123 ka of 18C, 12°C
and 18C.

The initial conditions for the first series of silations using a one-dimensional model were
derived as follows: an initial steady state simaolatis run with the temperature set at the top
boundary to the average temperature over the Gska. This provides the initial conditions for
a subsequent transient simulation in which the asa@rftemperature boundary condition is
specified as the temperature history of the lasB K2 For the 2D coupled model, the
computational run-time increases significantly d@inid approach was unsuitable. Therefore, the
temperature at the top boundary was set to thesutemperature of the first time step. An
initial temperature profile, for subsequent transieins, was then calculated by running a steady
state simulation that incorporated heat conduciwh advection.

Hydraulic head boundary conditions

Hydraulic head is set to be topography driven, whbe hydraulic head along the top surface is
set to the elevation of the land-surface. This isimaplification of the real hydrogeological
regime. However the focus lies on the influenceagiermafrost layer, the presence of an ice
sheet or sea level fluctuations on the flow regime.

The hydraulic head boundary is modified when thisr@an ice sheet present or when it is
submerged by the sea. When the land-surface ige\®/ an ice sheet, the ice overburden is
added to the local elevation, and when the seeeiept, the depth of the sea is added to the local
elevation.

Glacial history over the last one million years

The timing, duration and the temperature of a glamifluence the ground surface temperature.
Warm-based, or temperate, ice insulates the grénand the subzero air temperatures, whereas
cold-based ice that has been advected from upeglaan be colder than temperatures without
ice coverage.
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Whereas the maximum ice extent and the deglacidtistory of the last British Ice Sheet is
relatively well constrained from glacial geomorpbgital evidence Glark et al, 2012), and
numerical modelling Boulton and Hagdorn2006; Hubbard et al. 2009), the timing of ice
coverage during the Quaternary is more uncertain.

Lee et al.(2012) review pre-Weichselian Quaternary glacragiof the British Isles and present
evidence of glacial stratigraphy in Britain for ME 6, 12, 18, 22 and potentially the stages 8,
10, 16, and 20.

For Case 1, a model of the British Ice Sheet okerlast 500 ka is taken froBoulton and
Broadgate (1993). Ice extent with time along a transect adl s subglacial discharge are
presented irBoulton and Broadgat€é1993). The authors present three glaciation st®s)aa
minimum, medium and a maximum scenario. The mininsggnario assumes that the locations
were never covered by a glacier. The medium andrtagimum scenarios are presented in
Figure 26 a-b.

It is assumed in this study that the Anglian Glacia(480-430 ka) and the Late Devensian (19-
17 ka) glaciation affected Case 2 (Figure 26 ce Precise timing of ice during the Anglian is
not known and only generic ages can be given wbarhespond to the timing of the Anglian
(480-430 ka). The Late Devensian glaciation wasuralo19-17 ka based dBateman et al.
(2015) andClark et al. (2012). Using the times of the glaciated time<Case 2 during the
Devensian as an analogy for the glaciated timemgldine Anglian glaciation, it is likely that the
glaciated times during the Anglian glaciation ocedrduring 20-30% of the duration of the
glaciation.

In this modelling study it is assumed that the Aanglglaciation occurred from 465-445 ka BP,
10 ka for build-up, 5 ka at its maximum stage, &né for retreat. The location of the ice margin
during build-up and retreat are calculated asealiriunction of distance and time.
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Figure 26. Temperature time series with modelled famaximum and (b) median ice
coverages afteBoulton and Broadgate (1993) for Case 1, and (c) ice coverage for Case 2
The blue lines indicate glaciated times.
TEMPERATURE BOUNDARY CONDITIONS UNDER GLACIATIONS

The temperature distribution of an ice sheet ociglas controlled at the surface by the climate.
If the ice is sliding, geothermal heat and frictivarm or melt the base, while ice deformation
and refreezing of meltwater warm the interior. lididion, heat conduction and advection
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through ice movement, and in some cases water ftoamsfer heat within a glacier. The
temperature distribution is thus a combination leetwice flow and heat flowaterson 1994).

Generally speaking, the temperature distributioiwvia glacier can have four forms:

* All the ice is below pressure melting

* Melting point is only reached at the bed

* A basal layer of finite thickness is at the meltpant
* All the ice is at the melting point

It is of note that more than one temperature dhstion can be present at once for different
locations of the glacier, e.g. at parts of the igiaall the ice is below pressure melting and other
parts the glacier bed is at pressure melting. Euantbre, the thermal distribution can change
seasonally or interannually.

Boulton and Hagdorn(2006) model the British Ice Sheet during the Igisicial cycle. The
simulation which satisfies the extent, elevatiod aglative sea-level best is one in which major
ice streams are fixed. The simulations show thaibtisal temperature of these ice streams would
have been at pressure melting, whereas the coamdiglreas of the ice sheet were cold based
during the last glacial maximum.

The ground surface temperature time series is cedefor ice coverage by setting the
temperature to @ when ice is present. During the Devensian, tkeewes likely to be warm
basedBoulton and Hagdorr§2006). During the Anglian, the temperatures atitle bed are less
well known and are likely warm based and cold bdeedome time. There is evidence of chalk
rafts, which would imply a cold glacier beflyles et al(1989) suggest that ice movement may
have detached frozen slabs of chalk from unfrozeaikcat depth. Evidence for a warm glacier
bed is provided by tunnel valleys that were forndeding the Anglian glaciationPhillips and
Lee 2013). Seasonal variation in the temperaturawe@f the glacier bed could have occurred,
with a cold-based glacier bed during winter and armvrbased glacier bed during summer
glaciation Phillips and Lee2013).

As a seasonal temperature variation goes beyonsctifge of this study, a uniform, warm based
glacier bed is assumed through the simulation fon€ase 2.

As the subglacial temperature estimate is unceréarange of different temperature scenarios is
used for the sensitivity study in 1D with ice beunperatures of°C, -1°C and -3C. For the
coupled 2-D model, one temperature scenario asgumit-based basal conditions with a
temperature of @ was used.

HYDRAULIC BOUNDARY CONDITIONS UNDER GLACIATIONS

To model the exchange of groundwater between thaegl bed and underlying aquifers, a flux
boundary or a head boundary can be applied. Abwndary condition based on estimated rates
of basal melting may have an error of several ardémagnitude, whereas setting the hydraulic
head to the flotation value provides probably amlyild overestimate of actual heads at the bed
surface fverson and Persqr2012). Potentiometric heads from palaeo-pore watssures have
been estimated to be equivalent to 72% of thehwkmess based on the stress characteristics of
the fine-grained sedimentBiptrowski 2006). The maximum head that can be reachedeigéh
overburden is 92% of the local ice thickness, havav the transition from warm-based to cold-
based ice near ice margins of polythermal glacetesian water pressures can existmieux et

al. (2008c) argue that all meltwater reaching theigtaoed in excess of the flotation level of the
ice sheet thickness should be treated as overlandaind leave the glacier through channelized
flow because, otherwise, the ice sheet would beaamstable.

66



CR/16/053 V6.0 28 July 2017

The ice height is calculated aft®aterson(1994) considering a steady-state ice sheet on a

horizontal bed:
Hice = AJx — Xy

where H;..(x[m], t[a]) is the height of the glacier as a function of gpaad timex[m] is
distance along an ice flow line ang,(t[a]) is the location of the ice margin as a function of
time. This equation is derived from the calculatimihshear stressr) at the glacier bed as
follows:
B H dH

T=—-pg dx
Assuming the base is horizontal and the ice igeady state, and the ice is treated as perfectly-
plastic material, then this equation can be intiegréo give the equation of the surface profile.
V(21lpg) is equal to the factoA. Assuming a basal shear stress of 50 kR®.4. After
Paterson(1994) the shear stress for alpine valley gladiessusually between 50 and 150 kPa,
and for ice sheets between 0 to 100 kPa, with anmahlue of ~50 kPa. A similar approach has
been used ilBense and PersofR008) andScheidegger and Beng2014), and is suitable for
conceptual models.

The position of the ice margin for the Devensiad amglian glaciation are presented in Figure
27. To set the hydraulic head value at the top 8ann the local ice sheet elevation multiplied
by 0.9 is added to the local land-surface elevation
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Figure 27. Position of the ice margin in the modedomain for the Devensian (a) and
Anglian glaciation (b). The distance is relative tdhe left hand boundary of the model

domain.

Sea-level change

Local relative sea-level curves for use in Casee only available for the past ~20ka (e.g.
Peltier et al, 2002; Shennan and Hortqr2002). Over the past one million years, the dloba
relative sea-level curve is used (Figure 28). Befoe Anglian glaciation, in regard to Case 2 the

coast is assumed to be distant to the cross section

For modelling sea-level changes in relation to Caseis assumed that when the land-surface is
covered by the sea, the temperature at the bourolatliye submerged locations is set to b€ 7
in order to prevent freezing, and the hydraulicchaaithe boundary is set to be the elevation of

the shore position. Therefore, the base level dfdaylic head varies over time.
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Figure 28. (a) Global relative sea-level curve afteéBintanja et al. (2005), and (b) global

relative sea-level curve translated to shore positn.

Temperature boundary condition for lakes

The temperature at the lake location is imposedsantb 4C for the T-14_MaxTalik model and
to 2°C for the T-14_MaxTalik2 model. We note that assigra temperature that is fixed in time
and space is a large simplification. In realitye tiecycle of a lake is transient, and gets often
filled with sediment or peat. In addition, the deptf a lake together with climatic factors will
drive the temperature at the bottom of the lakeréfore, setting a fixed temperature in time and
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space is a first attempt to investigate the maximuaftuence of a talik, however future
modelling should take into account the lifecycldaies.

MODELLING METHODOLOGY

Modelling assumptions and limitations

The modelling presented in this study uses therge@ases 1 and 2, and boundary conditions as
described above with the following assumptions landations.

¢ Hydrogeology
o0 Fully saturated flow was assumed.
0 Topographically driven flow was assumed i.e. thdrhylic head at the top boundary was
set to the land-surface elevation.
0 Buoyancy driven flow was not considered. The infice of temperature or salinity on
density and viscosity were not considered.
e Temperature
0 The scaled temperature time series were useddargper temperature boundary.
Thermal effects at the ground-atmosphere boundarg wot considered e.g. effects of
soil, vegetation, and snow cover.
o0 One freezing curve and relative permeability cuareused for all layers.
¢ Model domain and subsurface properties
0 The domains were simplified to 2D cross sections.
0 The model domain and topography did not change avemillion years. No erosion or
deposition was included in the model.
o Thermal, hydraulic and geological properties ditlefange over one million years. For
example, permeability and porosity remain uncharaftt a glaciation.
* Ice sheet
0 The pressure underneath the ice sheet is set toettowerburden.
0 The basal temperatures are assumed to be congarttroe.
o For the 2D coupled models, the basal temperatuassismed to be at pressure melting.
o Deformation of the model domain due to isostatigrdssion and forebulge is not
considered.

Modelling approach

The first set of simulations was performed usingiCaheat conduction only model including
phase change; a sensitivity study of different nhag®ut parameter was undertaken. For the 1D
models, two different sets of parameters were uBke.first set uses the geology for Case 1 and
tests the influence of different temperature tirages, glaciation scenarios and geothermal heat
fluxes on the permafrost depth. The second seDaibdel consists of a column with the same
properties (referred to as: one layer model) anasexd to test the influence of different model
input parameters (thermal conductivity, heat cagageothermal heat flow, and porosity) on the
maximum permafrost depth.

For the one layer runs, several hundred combinatdmifferent geological input parameters are
run, which are not listed here. The model rungfase 1 are listed in Table 5.
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Table 5. 1D model runs for Case 1.

Run Description

T-10 Using the T-10 temperature time series for a 1D conduction only case.

T-12 Using the T-12 temperature time series for a 1D conduction only case.

T-14 Using the T-14 temperature time series for a 1D conduction only case.

T-16 Using the T-16 temperature time series for a 1D conduction only case.

T-18 Using the T-18 temperature time series for a 1D conduction only case.

T-20 Using the T-20 temperature time series for a 1D conduction only case.

T-25 Using the T-25 temperature time series for a 1D conduction only case.

T-14, IceMax_0 Using the T-14 temperature time series corrected for the maximum ice sheet scenario

and a subglacial temperature of 0°C.

T-14, IceMax_1 Using the T-14 temperature time series corrected for the maximum ice sheet scenario
and a subglacial temperature of -1°C.

T-14, IceMax_5 Using the T-14 temperature time series corrected for the maximum ice sheet scenario
and a subglacial temperature of -5°C.

T-14, IceMed_0 Using the T-14 temperature time series corrected for the medium ice sheet scenario and
a subglacial temperature of 0°C.

T-14, IceMed_1 Using the T-14 temperature time series corrected for the medium ice sheet scenario and
a subglacial temperature of -1°C.

T-14, IceMed_5 Using the T-14 temperature time series corrected for the medium ice sheet scenario and
a subglacial temperature of -5°C.

The second set of simulations were performed usiveg2D coupled models based on the

approach described in Appendix 1, and the set-ap£éase 1 and Case 2 described in Section
3.2.2. Simulations for Case 1 are listed in Tabldo8 Case 2 in Table 7, and for the runs

including glaciation in Table 8.
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Table 6. Coupled model runs for Case 1.

Run Description

T-14_Cond Using the T-14 temperature time series for a conduction only case.
T-14_Min Using the T-14 temperature time series for a minimum permeability case.
T-14_Med Using the T-14 temperature time series for a medium permeability case.
T-14_Max Using the T-14 temperature time series for a maximum permeability case.
T-25_Cond Using the T-25 temperature time series for a conduction only case.
T-25_Min Using the T-25 temperature time series for a minimum permeability case.
T-25_Med Using the T-25 temperature time series for a medium permeability case.
T-25_Max Using the T-25 temperature time series for a maximum permeability case.

T-25_Max_Omega3

Using the T-25 temperature time series for a maximum permeability case, using Q=3
for Equation 16.

T-25_Max_Omegal

Using the T-25 temperature time series for a maximum permeability case, using Q=1
for Equation 16.

T-14_Talik Using the T-14 temperature time series for a maximum permeability case, and
imposing three lakes of a width of 200 m with a temperature of 4°C.
T_14_tracer Using the T-14 temperature time series for a maximum permeability case and

releasing a tracer of 1 kg m-3 a-1 at 500 m depth and 7 km from the left hand
boundary with dimensions of 200 m by 20 m.

Table 7. Model runs for Case 2.

Run Description

T-14 Using the T-14 temperature time series for the past one million years.
T-25 Using the T-25 temperature time series for the past one million years.
T-25_Cond Using the T-25 temperature time series for a conduction only case
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Table 8. Model runs including glaciation.

Run

Description

T-14_Onelayer

One layer model, representing basement, using the T-14 temperature time
series and ice sheet scenario for Case 2.

T-14_Onelayer_Loading

One layer model, representing basement, using the T-14 temperature time
series and ice sheet scenario for Case 2, including ice sheet loading.

T-14_Casel_Loading

Geology representing Case 1, using the T-14 temperature time series and ice
sheet scenario for Case 2, including ice sheet loading.

T-14_Case2

Geology representing Case 2, using the T-14 temperature time series and ice
sheet scenario for Case 2.

T-14_Case2_Loading

Geology representing Case 2, using the T-14 temperature time series and ice
sheet scenario for Case 2, including ice sheet loading.
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Appendix 3 Factors and processes influencing the
thickness and extent of permafrost in a geological
environment

TEMPERATURE

Steady state vs transient model

Under unchanging climatic conditions when mean ahgtound surface temperatures are below
freezing, the permafrost thickness will reach aadyestate. This means that the permafrost
thickness is in equilibrium with the climate, amg tmaximum permafrost thickness is generated
for the climate scenatrio.

Assuming a uniform ground condition, the tempemtTifz), at a depthz, is given by:
T(z) =Ts + Z * Qreat/K Equation 20

where [s) isthe ground surface temperatuge, . is the heat flow density, ariiis the thermal
conductivity.

Where the long-term mean surface temperature @\b@&C, permafrost is present at a depth
Setting OC for T (z) and rearranging gives the permafrost thicknesa &ieady state profile:

Zy, = TsK /Qneat Equation 21

It is evident that permafrost thickness under stestdte conditions is a function of the surface
temperature, the thermal conductivity and the lieat, and that the permafrost thickness is
equally sensitive to all three parametéhslijams and Smith1989).

Using the UK thermal conductivity of the surfacaltmek and a heat flow map (Figure 29), and
a ground surface temperature ofC5 the steady state permafrost thickness basedcese t
parameters can be calculated. The steady stateafsresththickness for a surface temperature of
Ts=-5° is presented in Figure 30. The permafrost thickmasges between 78 m and 560 m.
Generally, permafrost is thicker where the theromaiductivity is larger and where the heat flow
density is smaller.
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Figure 29. Thermal conductivity and heat flow dengy of Great Britain (Rollin, 2002;
Busby et al., 2011). Heat flow density estimatiorombines bottom hole temperature

28 July 2017

observation with a mean thermal resistance at eaatepth, derived from the borehole
geology and a databank of mean thermal conductivityRollin, 2002; Busby et al., 2011)
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Figure 30. Steady state permafrost simulation for $=-5°C, using the thermal properties
from Figure 29.

In order to test whether steady state permafraoskribss is realistic in Great Britain, transient
1D permafrost models were run for the past oneioniliears at the nine locations shown in
Figure 30 and compared to the steady state perstastimates (Table 9) using a homogeneous
1D model of the surface bedrock geology. The ramigpermafrost depths for the steady state
simulation at the nine locations is from 87 to 48’And for the transient simulation the range is

76



CR/16/053 V6.0 28 July 2017

between 77 and 320 m. The temperature time sandhtd nine locations is presented in Figure
31. The comparison between the steady state artcati@ent permafrost thicknesses leads to the
conclusion that assuming the temperature oscillatioom the past one million years, a pseudo
steady state permafrost thickness did not havettneecur in Great Britain.
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Figure 31. Permafrost thickness over time at the nie locations from Figure 30.

Table 9. Thermal properties, steady state permafrdaghickness and maximum permafrost
thickness for a transient simulation using a Tmin 6-5.5C (T-14 scenario).
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1 4.6 52 2420 | 900 2.1E-06 | 487 320 34
2 2.4 56 2680 | 890 1.0E-06 | 236 177 25
3 1.3 56 2400 | 920 5.9E-07 | 128 108 15
4 2.9 85 2500 | 840 1.4E-06 | 188 149 21
5 3.4 61 2680 | 840 1.5e-06 | 307 221 28
6 2.9 79 2590 | 840 1.3E-06 | 202 158 22
7 3.8 60 2700 | 860 1.6E-06 | 348 245 30
8 3.4 43 2720 | 800 1.6E-06 | 435 286 34
9 1.79 113 2600 | 920 7.5E-07 | 87 77 12

Sensitivity of the scaling of the temperature timeseries

The scaling of the temperature time series is dnéhe main uncertainties for estimating the
permafrost thickness over the last glaciation oerowe past one million years. For the last
glaciation,Annan and Hargreave2013) compile a dataset based on a combinatiowmierical
models and pollen temperature proxies. For soutligrgland and Wales, temperatures are
estimated to be 8-22 below present, and for northern England and &cdtlL2-20C below the
present day temperature. In contra$staway and Young¢2013) reconstruct a temperature
difference to the present day temperature for soatlEngland of 20°C, and for northern
England of 18C.
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In order to address this uncertainty, a range roptrature scenarios is used, ranging fronTa
of 1°C to AT of 25°C. (Figure 32a)

The maximum permafrost thickness for Case 1 rabhgtgeen 49 m for AT of 10°C and 475
for aAT of 25°C (Figure 32b;
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Figure 32. Permafrost thickness for Case 1 usingrgperature time series that are scaled
between 10 and 25 °C below the present day tempeua¢.
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Table 10. Maximum permafrost thickness for Case 1sing temperature time series that are
scaled between 10 and 2% below the present day temperature.

Model Run AT Max permafrost thickness (m)
-25 475

-20 338

-18 248

-14 171

-12 111

-10 49

Correction of the temperature time series for ice aver and its influence on permafrost
thickness

Subglacial temperatures of@, -1°C and -8C were run for both the maximum ice coverage and
medium ice coverage conditions for the temperasgenario of T -194C for Case 1. This
temperature correction is a simplified approach] &l coupling of ice sheet models with
permafrost may change the permafrost thicknesstalwge temporal variation of ice sheet bed
temperatures.

The permafrost time series for all scenarios amsemted in Figure 33 and the maximum
permafrost thickness in Table 11. The differencepammafrost thickness caused by the insulating
effects of an ice sheet for Case 1, with a tempegatcenario of T-14, ranges between -71 m and
+ 6 m. If a warm-based ice sheet is assumed, thengrsurface temperatures are insulated from
the air temperatures and there is a reduction imakeost thickness. However, if cold based ice
is assumed, ice coverage might lead to an incliegsermafrost thickness compared to the base
case scenario.

Table 11. Maximum permafrost thickness for temperatire time series corrected for the
insulating effect of an ice coverage. Max, and Medenote the glaciation scenario from
Figure 26 a and b and the value the subglacial terepature is set to.

Model Run Max PF thickness (m)
T-14, no Ice 171
T-14, Ice Max 0 100
T-14, Ice Max -1 101
T-14, Ice Max -5 177
T-14, Ice Med 0 169
T-14, Ice Med -1 169
T-14, Ice Med -5 177
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Figure 33. Permafrost thickness for different glaction scenarios. “max” refers to a
maximum glaciation scenario and “med” refers to themedium glaciation scenario after
Boulton and Broadgate (1993) presented Figure 26 a and b.

GEOLOGICAL VARIABILITY

Subsurface thermal properties

As seen above, the permafrost thickness for a teaatyye scenario of T-14 for the nine different
locations across Britain varies between 77 m amdlr@8Variables controlling the permafrost
thickness are the surface temperature time saevl@sh is kept constant for this exercise, and the
following parameters: thermal conductivity, heapaety, density, porosity and heat flow
density. Porosity alters the thermal conductivitg &ieat capacity of the rock, whereas density is
used for the calculation of volumetric heat capacit

For thermal conductivity, porosity, heat capaditgat flow density and density, one parameter is
changed whilst all the others are left at comboreti of three different values, a minimum,
maximum and a median value. Some of the parametersnot independent, nevertheless,
treating the parameters as independent enables ek their relative importance and show
whether their relative importance deviates front tifaa steady state, where temperature, thermal
conductivity and heat flow contribute equally.

To examine the sensitivity to heat flow, thermahduoctivity and porosity, heat capacity and
density are set to their medium value, whilst #fleo parameters are altered. For the sensitivity
to heat capacity and density, all values are altbsgween the minimum, medium and maximum
value (Table 12).

Table 12. Parameters for sensitivity study: thermaktonductivity, A, porosity, €, heat
capacity, G, heat flow density, gea, and density,p.

A[W/m K] e[] Cs [J/kg K] Qheat [MW/m?] p [kg/m’]
min 1.2 0.01 780 36 1900
med 2.95 0.2 880 86 2680
max 4.6 0.4 1100 136 2900
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HEAT FLOW

Heat flow and permafrost thickness are inverselgted; when heat flow is low permafrost is
thicker than when heat flow is high (Figure 34).r Foe steady state permafrost model the
relationship between permafrost thickness and fieat is linear, but it is non-linear for the
transient model. The relative importance of heafbn permafrost thickness is also dependent
on the thermal conductivity and porosity. For ahhigermal conductivity and low porosity, the
range of permafrost thickness is 406 m, from 57@mna low heat flow to 170 m for a high heat
flow. In contrast, for a low thermal conductivitydha high porosity, the range of permafrost
thickness is 91 m, ranging from 52 m to 143 m.

The variation in heat flow is particularly importaio consider when estimating the permafrost
thickness of an area larger than several tenslarfnkitres. For Case 1, approximating a location
in north-west England, the local variation in hélatv density is between 50 and 100 m\¥/m
over a distance of 50 km (Figure 35). For the bemse model, a heat flow of 70 m\W/rs
assigned. The maximum permafrost thickness for 80mt is 218 m, for 70 mW/Mm171 m,
and for 100 mW/rh129 m.
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o lambda : 2.950 epsilon : 0.4
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£
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Figure 34. Sensitivity of heat flow using a combirtéon of three different thermal
conductivities (lambda) and porosity (epsilon).
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Figure 35. Permafrost thickness for Case 1 usingleeat flow density of 50, 70, and
100 mW/n?.

THERMAL CONDUCTIVITY

There is a positive relationship between thermaldoativity and permafrost thickness (Figure
36). The maximum influence of thermal conductivitycurs when heat flow and porosity are
both low, with a range of permafrost thickness ©6 4n, ranging from 160 m to 576 m. The
smallest influence of thermal conductivity occurken porosity is large and heat flow is low,
with a range of 56 m, from 52 m to 108 m.
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Figure 36. Sensitivity of thermal conductivity (lanbda) using a combination of three
different heat flows (gheat) and porosity (epsilon)
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POROSITY ANDLATENT HEAT

Porosity determines the amount the thermal pragsertchange with freeze/thaw and
release/uptake of latent heat. Porosity is invgrsellated to permafrost thickness (Figure 37).
There is a negative relationship between porositg permafrost thickness when thermal
conductivity is high and heat flow is low, with ange of permafrost thickness of 489 m, from
107 m and 596 m. In contrast, there is a smalltpesielationship between permafrost thickness
and porosity for low thermal conductivity and a thigeat flow, with a range of permafrost
thickness of 3 m from 49 m to 52 m, which is of orimmportance and might be due to model
error.
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Figure 37. Sensitivity of porosity (epsilon) using combination of three different heat flows
(gheat) and thermal conductivity (lambda).

The main causes for this non-linearity are thediemt effects of freeze-thaw. First, the thermal
diffusivity, which is specified by the ratio of theal conductivity and heat capacity, determines
how fast a temperature change propagates in theudabe, and affects whether a medium is
frozen or unfrozen. When water freezes, the theoatuctivity increases by a factor of 4 and
the mass heat capacity decreases by half. Secahdlenergy required for water to freeze, or
released when ice thaws, is equal to that requoedise the temperature of an equal volume of
rock by ~150C.

HEAT CAPACITY AND DENSITY

The choice of heat capacity and density has beeamdfto be of lesser importance for estimating
maximum permafrost thickness (Figure 38). The maxmrange of permafrost thickness by
altering the heat capacity is 29 m and the mininrmamge is O m. Similarly for density, the
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maximum range in permafrost thickness by alteriagsity is 36 m and the minimum range is
Im.
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Figure 38. Sensitivity of heat capacity (Cs) and dhsity (rho) using a combination of three
different heat flows, thermal conductivity, and porosity.

SUMMARY GEOLOGICAL VARIABILITY

The maximum and the minimum range of permafrostkiiess for different geological
parameter values, leaving all other parametersamgdd, are presented in Table 13. The largest
ranges in permafrost thickness were simulated vihermal conductivity and heat flow were
modified, followed by porosity. Mass heat capaeihyd density result in sensitivity ranges about
one order of magnitude less than the first threamaters. The minimum ranges are close to
zero for density, mass heat capacity and poro#is/.there are non-linearities between the
parameters, the variation of one parameter fronefarence case might not show the true
sensitivity of a parameter. Furthermore, porositfluences more than one parameter: the
amount of latent heat required to freeze the grpehdnge in thermal conductivity and heat
capacity.

Table 13. Influence of geological parameters on thange of permafrost thickness.

Parameter maximum range [m] minimum range [m]
Thermal conductivity (A) 437 54

Heat flow (gheat) 433 89

Porosity (g) 331 1

Mass heat capacity (Cs) 29 0

Density (p) 36 1

EXAMPLE: PERMAFROST TIME SERIES FORCASE 2 AT DIFFERENT PROFILES

The influence of geological variability, namely theal conductivity and porosity, can be

illustrated with the example of Case 2 (Figure 3nH c). At three different locations, at 20 km,
80 km, and 160 km from the left hand side of thelel@omain, a permafrost depth time series
is compared. The first profile is through the baseinthe second profile through the Jurassic
sequence, and the third profile is through the &&extus Chalk overlying the Jurassic sequence.

For both, the T-14 and T-25 temperature time segpesnafrost is thickest in the basement,
followed by the profile through the Cretaceous seqe and then the profile through the Jurassic
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strata. The maximum permafrost thicknesses for Tefi@perature time series are 245 m, 103 m

and 132 m for profiles 1-3, and for the T-25 tenapare time series the maximum permafrost
thicknesses are 688 m, 363 m and 323 m.
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Figure 39. a) Three different location of the depttprofiles: Profile 1 at 20 km, Profile 2 at
80 km and Profile 3 at 160 km with respect to lefhand edge of the modelled domain.
Profile 1 is through the basement, profile 2 throup the Jurassic sequence, and profile 3
through the Cretaceous Chalk overlying the Jurassisequence. The filled contours in a)
represent the location of the different geologicdhyers. These profiles refer to the locations
20 km, 80 km and 160 km of b) and c). Permafrost gith time series for one Million years
is presented for the three profiles of Case 2 fohe T-14 run (b) and (c) T-25 run.
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INFLUENCE OF ADVECTIVE HEAT FLOW ON THE THICKNESS A ND
DISTRIBUTION OF PERMAFROST

Permafrost thickness

Case 2
Models discussed in this section for Case 2, asritbesl in Table 7:

- T-25
e T-25 Cond

For Case 2, the permafrost thicknesses for the Imadeluding heat conduction only, and heat
conduction and advection, are similar (Figure 4jis is an expected outcome, given the low
permeability of the geological layers. As the cgile in the vertical is 10 m for Case 2, the
difference between the two scenarios lies withim ¢kll size. The temperature distribution for
Case 2 is conduction dominated, except for the agaifers where heat advection is also
important.

50

100

depth [m]

150

200
—— T=25

250 — T-25_Cond

120 100 80 60 40 20 0
time BP [ka]

Figure 40. Permafrost thickness for the T-25 tempeture scenario for Case 2 using a heat
conduction model and a conduction-advection model.

Case 1
Models discussed in this section for Case 1, asritbes! in Table 6:

e T 14 Cond
« T 14 Min

e T 14 Med
« T 14 Max
« T 25 Cond
e T 25 Min

e T 25 Med
e T 25 Max

For Case 1, in which the geology is more permetide for Case 2, four different permafrost
time series are compared: one heat conduction mylation, and three conduction-advection
simulations based on a minimum, medium and maximpermmeability scenario. Figure 41 and
Figure 42 are for a temperature scenario of T-1dl Bi25, respectively, and in each the model
results are compared at three locations: at thiedioa hill at 7 km, at a hill top at 9 km and et
point of significant slope at 13 km of the modehdon Figure 4.
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First considering the T-14 temperature scenariothat valley bottom. At times when the
permafrost is shallow, permafrost is simulated ¢otlinner when heat advection is included.
However, when permafrost is thicker, e.g. during ldst cold period between 35-15 ka BP, there
is little difference between the conduction-onlylaonduction-advection models. In contrast, at
the hill top, during shallow permafrost events painost is deeper for the advection scenarios
than for the conduction-only scenario. Therefore,this model, advective warming can be
observed at the hill foot, where warmer water sehkarging, and advective cooling at the hill top
where cooler water is recharging.

Similarly, for the T-25 temperature scenario, tiffea of advective cooling at the hill top and
advective warming at the valley bottom can be oletmwhen permafrost thickness is shallow.
In contrast, at the point of higher slope, thera larger effect of heat advection than for thedT-1
scenario.

Generally, the maximum permafrost thicknesses lf@ ¢onduction-advection scenarios are
similar to the conduction-only scenarios, with diffnces 1- 5 m for the hill top and foot and
difference up to 10 m on the larger slope. Considea maximum permafrost thickness of over
500 m on the larger slope, a difference of 10 rery small.

Temporally, the permafrost thickness for a conductidvection scenario can differ

considerably from a conduction-only scenario. B@ameple for Figure 42, there are spikes in the
permafrost thickness differences, which are dueadier or later thaw of permafrost. For the
locations at 7 km and 9 km, there are spikes in dhferences just before 80 ka, where
permafrost thaws earlier than for the conductioly@tenario. At the valley bottom (7 km)

where advective warming is expected, there is kesfor the maximum scenario that would

suggest advective cooling. This could be due tahdigge of cooler water, decelerating
permafrost thaw locally.

When permafrost forms, permeability decreases lweraé orders of magnitude, and thus
advective heat flow decreases within the permafidsting a permafrost event, the temperature
distribution within the permafrost is dominated tbgat conduction. However, as it is uncertain
how much the permeability will decrease when theugd is frozen, the influence of advective
heat flow in a permafrost environment is stronglgpendent on the relative permeability
function.

However, the temperature distribution changes lpchéfore the cold event and advective
cooling can be observed at recharge points or aideewarming at discharge points. If there is
recharge of warmer water and discharge of coldéemthan the ambient temperature, advective
warming could be expected at recharge points anckcsite cooling at discharge points.
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Figure 41. Permafrost thickness for the T-14 tempeture scenario for Case 1 using a heat
conduction-only (C) model, and a conduction-adveatn (CA) model using a minimum,
medium and maximum permeability scenario. The leftaand plots show permafrost depth
and those on the right the difference between thevb types of model (C minus CA). The
permeability scenarios used here refer to the mininnm, medium, and maximum
permeability as listed in Table 3, using2=6.
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Figure 42. Permafrost thickness for the T-25 tempeture scenario for Case 1 using a heat
conduction-only (C) model, and a conduction-adveatn (CA) model using a minimum,
medium and maximum permeability scenario. The leftaand plots show permafrost depth
and those on the right the difference between thevb types of model (C minus CA). The
permeability scenarios used here refer to the mininmm, medium, and maximum
permeability as listed in Table 3, using2=6.

PERMAFROST THICKNESS AND PERMEABILITY REDUCTION FUNCTION
Models discussed in this section for Case 1, asritbes! in Table 6:

« T .25 Cond

e T_25 Max (Omegab)
« T_25 Max_Omega3
« T 25 Max_Omegal

In the model, the permeability of permafrost isinked by Equation 16. The fact@r determines
how many orders of magnitude the permeability desee when frozen. For the default models,
Q=6, but to test the importance of heat advectiothenpermafrost thicknes is also set to 1
and 3.

For the locations at 7 km and 9 km, there is aglalfference in permafrost thickness depending
on the choice of2. More permeable permafrost enhances the effecslwéctive heat flow and
results in a considerable difference in permafdegth (Figure 43).

Figure 44 compares the temperature and the iceasiatu for the simulations in whicf2 varies,
at 7 km (foot of the hill), 9 km (hill top) and X8n (slope) for Case 1. The largest difference
between the conduction and the advection sceneaainde found at the base of the foot of the
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hill. When there is no permafrost, the temperatweshe advection scenarios are warmer
compared to the conduction scenario, however whes frozen, the temperature difference
between the conduction and advection scenario lage ¢o zero. For the cold events around
110 ka BP and 90 ka BP, the runs withta6 are fully frozen, whereas for tbe=3 is partially
frozen for the first cold event and for tfe=1 is unfrozen.

At the hill top, the models including heat advect&re cooler than the models for conduction
only, with the difference being largest under uné&o conditions.

In conclusion, the relative importance of advectheat flow is strongly dependent upon the
relative permeability function used in the model.
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Figure 43. Permafrost time series for the T-25 scamio using different Q from Equation 16.

92



CR/16/053 V6.0

temperature [°C]

120

ice saturation [-]

120

temperature [°C]

120

ice saturation [-]

120

100

100

100

100

location =7
5)
L
0]
=
=
©
[]
o
£
L
80 60 40 20 0
time [ka BP]
location =7
-
c
ke
©
3
©
7]
0]
L
80 60 40 20 0
time [ka BP]
location =7
19)
-
]
3
©
P
]
o
£
2
80 60 40 20 0
time [ka BP]
location =7
=
c
Ee]
®
o
2
©
»
[0]
Q
80 60 40 20 0
time [ka BP]
— Cond

0.8

06

0.4

02

0.0

30

20

08

0.6

0.4

0.2

0.0

depth=50 m

location =9

120 100 80 60 40

time [ka BP]

location =9

20 0

ice saturation [-]

temperature [°C]

120

28 July 2017

location =13

100 80 60 40
time [ka BP]

location =13

20 0

120 100 80 60 40 20 0 120 100 80 60 40 20 0
time [ka BP] time [ka BP]
depth=200 m
location =9 location =13
[5)
-
g
2
o
[0]
Q.
£
L
120 100 80 60 40 20 0 120 100 80 60 40 20 0
time [ka BP] time [ka BP]
location =9 location =13
T os
5
= 08
S
T 0.4
2]
_8 0.2
0.0
120 100 80 60 40 20 0 120 100 80 60 40 20 0
time [ka BP] time [ka BP]
—— Omega=6 —— Omega=3 —— Omega=1

Figure 44. Temperature and ice saturation for model-25 using a conduction scenario and
a max permeability scenario using2 =6, 3, and 1.
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Permafrost distribution

T-25_Max CAse 1
Models discussed in this section for Case 1 asitbestin Table 6:

 T-25_Max
« T 25 Max_Omegal

The distribution of permafrost depends on the gepmef the model domain, the thermal
properties of the subsurface, the driving surfareperature time series, and the advective heat
flow.

Figure 45 presents the hydraulic head distributitmw vectors and ice saturation for different
time steps, representing fully unfrozen (a), froag¢rthe top few metres (b), frozen within the
weathered layer (c), deep permafrost (d) and duhay (e & f) of permafrost.

When unfrozen, the hydraulic head follows the toppby and flow is topography driven. Flow
velocities are largest within the weathered layeth® steeper slope, and in the sandstone driven
by topographic undulations.

When permafrost forms at the surface (Figure 456kaly is greatly reduced in, and below, the
permafrost. The hydraulic head below the permafiosps and the gradient of hydraulic head in
the domain becomes very small. This is becauseargelceases, and water continues to drain at
the side of the model. The hydraulic head gradienhe permafrost however remains high, but
as the permeability is reduced there by six ordérsagnitude, this does not affect flow.

Permafrost thaw is driven by a combination of psses; surface temperatures above 0°C result
in a temperature gradient and heat flow from the teeat flow from the base of the model, and
advective heat flow. Whereas permafrost from the #waws relatively slowly for both the
sandstone and the basement, permafrost thaw fréow e the basement is faster than in the
sandstone, due to the higher thermal conductivith® basement. Permafrost disappears first in
the weathered layer, followed by the basement,ingaa relic permafrost layer within the
sandstone disconnected from the surface.
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Figure 45. Hydraulic head (spectrum contours), iceaturation (blue fill) and flow vectors
for model T-25_Max for different time steps.
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Figure 46. Comparison of permafrost distribution fa two different time steps for the T-25_Max modelsising Q =6 (a, c) and 1 (b, d). Hydraulic
head (spectrum contours), ice saturation (blue fijland flow vectors are presented.
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As discussed in above, the choice of the permafresheability function greatly influences the
role of advective heat flow. Comparing a model gsid =6 andQ = 1 (Figure 46), the
permafrost distribution for a shallow permafrosemtvis fundamentally different. For tlée= 6
scenario, permafrost is continuous across the eemtiodel domain, inhibiting recharge and
discharge. As a result, the hydraulic head bel@pgrmafrost is reduced, resulting in little flow
below the permafrost. In contrast, for ie= 1 scenario, permafrost coverage across the model
domain is discontinuous, with local areas of disghaat topographic lows. Advective cooling
underneath the hills results in locally thickermafrost than for th€ = 6 scenario.

For a more severe permafrost event, both scenaaios a similar permafrost thickness, however
for theQ = 1 scenario, permafrost is deeper underneath thiin underneath topographic lows.
In addition, as permafrost is more permeable ferth= 1 scenario than for the = 6 scenario;
recharge is still possible at a reduced rate, tieguin a hydraulic head field underneath the
permafrost that is not as greatly reduced as itk 6 scenario.

INFLUENCE OF TALIKS ON THE THICKNESS AND DISTRIBUTI ON OF
PERMAFROST

Model discussed in this section for Case 1, asribestin Table 6:
e T 14 Talik

Currently, lakes are widespread in the Arctic, asfage water cannot infiltrate into the
subsurface and water ponds in topographic lowssé liakes insulate the ground from the air
temperatures, and if the mean annual lake bottompéeature is above zero, a talik forms below
it.

A model was constructed that incorporates taliksedaon the set-up for Case 1. Within this
model the temperature is set t8C4in three zones of 200 m width. For the T-14 terapgse
scenario, permafrost does not form underneathakes| and through taliks persist during the
last glacial cycle. The flow for 21.75 ka BP (Figut7 a) is reduced compared to periods when
permafrost is absent, especially across the regiosteeper slope in the bedrock. In the
sandstone, the flow is larger and water is disdhgrmto the lakes. During thaw (Figure 47 b),
flow from the larger slope intensifies, as welldéscharge into the lakes.
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Figure 47. Permafrost and hydraulic head distributon for a scenario with lakes at
topographic low places.
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THERMAL PECLET NUMBER
Models discussed in this section:
Case 1:

e T_14 Max
e T 14 Talik

Case 2:
e T 14

The thermal Peclet number defines the ratio of leaduction to heat advection; when the
Peclet number is less than 1, heat conductioneigddminant mechanism, and when the Peclet
number is greater than 1, heat advection is thermmrprocess.

When unfrozen, heat advection is dominant in thathered layer and in most of the upper
sandstone for Case 1, as the permeability thdrigieer than the lower formations.

When frozen, for the base case scenario T-14_Maeaat bonduction is the dominant process
(Figure 48). However, when there are taliks (T-14xMralik), heat advection is dominant

beneath surface water bodies in the weathered. |Bigat advection also drives the temperature
distribution between the lakes and towards the dypemdary at the side in the upper sandstone.

For the T-25 temperature scenario, the distribstiohthe thermal Peclet number are compared
for times corresponding to a shallow thaw, a shalfgermafrost event and thawing of deep
permafrost (Figure 49). For thawing of a short, llsina permafrost event, heat advection
becomes dominant over the region of the steepgresland beneath the high ground at
approximately 10 km from the left hand boundarytfoe T-25 Max model. In contrast, for the
T-25_Max_Omegal model, heat advection is largeeainthe topographic depressions where
the permafrost thaws and taliks form.

For the shallow permafrost event that does notexktlee thickness of the weathered layer, heat
advection is equally important at the base of thpen sandstone for the T-25_Max model. For
the T_25 Max_Omegal model, heat advection is damhifiar large parts of the upper
sandstone, thawing the permafrost from upwellirmugdwater.

For the thaw event of deep permafrost, the relatiwportance of heat advection for the T-
25 Max and T_25 Max_Omegal model are similar.

For Case 2, heat advection is only dominant inwweaquifers, and remains dominant in lower
parts of the aquifer during permafrost events fd4i{(and T-25, not shown). Otherwise, Case 2
is dominated by heat conduction. The variationehpafrost thickness in Case 2 is mainly due
to geological variability, ranging from basementhe Jurassic sequence, and the sea-level rise,
thawing the permafrost from the right boundary.
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Figure 48. Thermal Peclet number for different modéruns; Case 1: T-14 Max, T-14 Talik, and T-14 Casg T-14, for unfrozen, fully frozen
and thawing conditions.
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Figure 49. Thermal Peclet number for different T-25 max and T-25_Max_Omega_1 runs, for shallow thawindreezing and deep thawing.
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Appendix 4 Influences of periglacial and glacial
conditions on the groundwater flow system

PERIGLACIAL INFLUENCE ON THE GROUNDWATER FLOW SYSTE M

Surface fluxes
Models discussed in this section for Case 1, asritbes! in Table 6:

« T_25 Max
« T 25 Max_Omegal
e T 14 Max
e« T_14 Talik

« T 14 Max_rep

When the model domain is unfrozen (Figure 50a)haege and discharge are driven by the
topographic gradient and the permeability of theatvered layer. Water is recharged at the
higher topography and in the lowlands on the smaliés, and discharges in valleys and other
topographic lows. For the model wi€h= 6, when ice starts to form at the surface, regghand
discharge decrease by up to six orders of magniflide decrease is most pronounced in the
lowlands, and recharge across the steeper slopainmenhigher (Figure 50b and c). When
permafrost thickness exceeds the thickness of teathered layer, recharge and discharge
decrease further (Figure 50e). During thaw, disphdirst peaks at the base of the larger hill
(Figure 50f). When there is only relict permafrastthe lowlands below the weathered layer,
recharge and discharge are similar to unfrozenitond.

When permafrost is more permeable wih=1, recharge and discharge both decrease when
permafrost starts to form, but discharge focussestapographic low places, preventing
permafrost to form there, and taliks form in théseations (Figures 50b-d). For Figure 50d,
discharge at the topographic depressions is higffaer when permafrost is absent (Figure 50a).
When there is thick permafrost, the surface fluktgra is similar to the model in whicd =6,

but the decrease is only one order of magnitudepeoed to six orders of magnitude (Figure
50e). The pattern for thaw (Figures 50f-g) is agamilar to theQ2 =6 case, however recharge
and discharge are slightly higher.
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Figure 50. Recharge (blue) and discharge (red) for the timeteps as Figure 45 and Figure 46 for run T-25_Max.
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Figure 51. Surface fluxes for the T-14 _Max model ahthe T-14_Max_Talik model for the time steps as ifrigure 47.
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In the talik model (T_14_Max_Talik), the taliks ram open during the entire simulation, and
surface fluxes remain high when these are throhgk permafrost (Figure 51a). The flux at the
location of the lake at ~11 km is higher than ungd#rozen conditions.

During thaw (Figure 51b) the discharge at the yalles larger for the model without surface
water bodies. For the T-14 _Max model, discharg®eadsised at only one location at the foot of
the larger hill, whereas for the talik model disg®is distributed at the locations of the three
surface water bodies.

Velocity magnitudes within the permafrost and belowthe permafrost

Case 1l
Models discussed in this section for Case 1 asidbestcin Table 6:

e T_25 Max (Omega 6)
e T_25_Max_Omega3
e T 25 Max_Omegal

When the ground is frozen, the velocity magnitudesrease by as many orders of magnitude as
specified with the&) parameter. This can be observed at the depthGfrilbetween 70-15 ka BP
(Figure 52).

At 400 m, permafrost is only present between 25a3BP, however, the velocity magnitude
also decreases below the permafrost before 25 kio BHesser extent than when the ground is
fully frozen. This is because recharge and disaatghe surface decreases and water drains the
domain at the left hand boundary, resulting in w&eo hydraulic head beneath the permafrost
than under unfrozen conditions. This low hydratiéad gradient underneath the permafrost is
responsible for the lower velocity magnitudes thamder ambient conditions.
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Figure 52. Ice saturation and velocity at 100 m and00 m depth for locations of 7 km, 9 km and 13 krfor Case 1 for model runs T-25_Max
(Omega 6), T-25_Max_Omega3 and T-25_Max_Omegal. Theey shaded times are for when the surface is fren.
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Case 2
Model discussed in this section for Case 2, asribestin Table 7:
- T.25

For Case 2, the velocity magnitudes are lower tbai©Case 1 in most of the domain, except for
the aquifer at 300 m depth for profile 2 locate@@tm from the left hand model boundary (see
Figure 39a). Nevertheless, the pattern of flow ewiles is similar to Case 1; the velocities
decrease ~six orders of magnitude when it is frq2@9 m depth), and respond at depth when
the surface is frozen (Figure 53). In the aquiferaadepth of 300 m, this decrease in flow
velocities is most pronounced when the surfaceizeh. For one instance, before 600 ka BP, the
permafrost penetrates to a depth of 300 m and e¢lexity magnitude decreases further. In the
lower Jurassic, (450 m depth) velocity magnitudesgenerally very low and of the order of 10
Bm/s. After the instance before 600 ka BP, whenmpémost forms in the aquifer, flow
velocities in the lower Jurassic decrease by ~50P& signal of decreasing velocities in the
lower Jurassic is delayed compared to the perntagrasnt at shallower depths.
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Figure 53. Ice saturation and groundwater flow veloities at a) 100m, b) 300m and c¢) 450 m
depth at the location of the repository for Case #or model run T-25. The grey shading
indicates the times when the surface is frozen.

112



CR/16/053 V6.0 28 July 2017

Tracing of groundwater during a permafrost event

In order to assess the potential travel time fropoiat source release to the surface or the side of
the system, a mass source of 1 kéarhwas released at 500 m depth and 7 km from thédeftl
boundary in a simulation based on Case 1 T-14_Max4 tracer). For the entire model, the
lateral dispersivity is 50m, the transverse dispiysis 5m and the solute diffusivity 16 m?s™.
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Figure 54. Tracer from a point source release at ®0m depth and 7 km from the left hand
boundary to the surface under a) ambient condition$100 ka BP), b) forming permafrost
(65 ka BP), permafrost (18 ka BP), thawing permafrst (14 ka BP) and post permafrost
conditions (0 ka BP) for Case 1 run T_14 tracer.

During ambient conditions, the tracer plume is @nitowards the surface (Figure 54a). Under
unchanged hydrogeological conditions, the plumearemlike this. When permafrost starts to
form, advection to the surface ceases and the plspneads laterally towards the left hand
boundary (Figure 54b). During a prolonged permafeeent (e.g. Devensian glaciation) the
tracer plume spreads laterally, and the area affeloy the tracer is more extensive than under
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ambient conditions (Figure 54c). When permafroaity the plume spreads towards the surface
again and the plume leaves the system at the sacagdn as before the permafrost event, but
also to a discharge point further downstream (Fedidre-f).
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Figure 55. Integrated surface flux of the tracer oer time for the point source release
placed at 500 m depth and 7 km from the left hand dundary for Case 1 run T_14_tracer.

The integrated flux to the surface across the entodel domain decreases to zero when
permafrost forms (Figure 55), however after a pérosa event the flux increases again. During
the permafrost event, the tracer gets concentrateterneath the permafrost, and after the
longest permafrost event lasting ~35,000a, the tioxthe surface increases by 20 times
compared to the flux without the occurrence of pErost.

This simulation run, releasing a tracer at a peodrce, demonstrates that the existence of
permafrost can fundamentally alter the area whschffected by a tracer and the flux of the

tracer to the surface. During a permafrost eveisghadrge to the surface stops and the tracer
spreads laterally, affecting a larger area thareunafrozen conditions. The tracer concentrates
below the permafrost and is then released afterpdrenafrost has disappeared, resulting in

higher surface flux after a permafrost event thagiewm constantly unfrozen conditions.

GLACIAL INFLUENCE ON THE GROUNDWATER FLOW SYSTEM

The following models are used to evaluate the glanfluence on the groundwater flow system.
The geometry/topography of the model domain is daseCase 2 and the boundary conditions
are the same for each run. The following modelatems are considered:
e T-14_OnelLayer: Conceptual one layer model, reptesgbasement
e T-14_Onelayer_Loading: Conceptual one layer maéekesenting basement, and
consideration of mechanical loading
e T-14 Casel Loading: Geology representing Case hanéral loading as shown in
Figure 22.
e T-14 Case2: Geology representing Case 2
e T-14 Casse2_Loading: Geology representing CasecBaneal loading

Two glaciations are assumed to impact the modelaslmnthe Anglian glaciation and the
Devensian. During the Anglian glaciation, the entinodel domain is covered by the ice sheet,
whereas for the Devensian, only the right hand sfdbe model is covered by the glacier.

The hydraulic head distribution underneath an adwvanor retreating ice sheet during the
Anglian glaciation is shown for different model su(Figure 56). As the ice sheet is advancing
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against the general groundwater flow directionugdwater flow directions are reversed during
the presence of the ice sheet. Generally, hydraelad is high beneath the ice and propagates to
the base of the model domain. An exception is fase_2 in which no loading is considered. The
change in hydraulic head induced by the ice shelgtropagates very slowly through the clay
and mudstone layers, resulting in a very large &wiitr gradient at the boundary between the
aquifers and the low permeability layers. This Isoavhy the groundwater flow velocities are
highest compared to the other runs in the aquiberGase 2. For Case 2, when loading is
considered, then the hydraulic head distributiomiush more similar to the other runs.

For Case 1, groundwater flows underneath the ieetsire largest in the weathered layer and the
sandstones; the hydraulic conductivity is highantin the basement.

Uniform properties

For this model, all layers have been removed ardutiiform thermal and hydraulic properties
correspond to those of the basement.

The time series for hydraulic head, temperaturlcity magnitude and Darcy flows in x and y
directions at 400 m depth for profile 3 at 160 kitoithe model domain (Figure 39a) are
presented in Figure 56. The two spikes in hydraudad correspond to the Anglian and
Devensian glaciation.

During the Anglian glaciation, hydraulic head ireses even at depth to ~2 km, and the
groundwater velocity magnitudes increase during gheciation. The groundwater velocity

magnitudes are highest at the start and the enitheofglaciation when ice is advancing or
retreating and high hydraulic gradients are imposadthe boundary. During ice advance
groundwater flows are in a downward direction, vélaarthey are upward during ice retreat. The
lateral groundwater flow direction is reversed dgrthe glaciation and its magnitude is highest
during ice advance and retreat.

The signal of the Devensian glaciation is smal@npared to that of the Anglian glaciation, as
the ice only covers the right half of the model @m It is notable that the signal of the

Devensian glaciation at a depth of 400 m is delay@dpared to the signal at the surface; the
peak in hydraulic head reaches this depth at tdeoéthe Devensian glaciation.

After both glaciations permafrost forms as soothasice has retreated, as temperatures are still
subzero. The permafrost layer inhibits the highgiraulic heads at depth in propagating to the
surface, and therefore the hydraulic heads areehighdepth as long as the surface is frozen.
The velocity magnitude at depth during the pernsfevent after the glaciation event decreases
over time and is lower than under unfrozen condgiolhe lateral groundwater flow direction
reverses during the permafrost event and when pgeystahaws the flow direction reverses to
its original direction.
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Case 2 without mechanical loading
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Figure 56. Hydraulic head, permafrost distribution and flow vectors for different glaciation scenariogluring ice advance (left) at 539.25 ka, fully
glaciated at 542.75 ka (middle), and ice retreat ight) at 553.5 ka
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Global relative sea level fluctuated during the @uzary and is represented here with the global
relative sea level curve IBintanja et al.(2005) in Figure 28. During sea level rise andlsegal
drop, hydraulic head increases and decreases byfenetres. The velocity magnitude overall
decreases as lateral flow drops to zero, as thare lateral hydraulic gradient where submerged.
During sea level rise, there is downward flow ach@ge of groundwater and during sea level
drop there is upward flow or discharge of grounchuat

Comparison of one layer model, Case 1 and Case 2

Figure 57 compares the time series of hydrauliadhéamperature, velocity magnitude, and
Darcy flow in x and y directions at Profile 2, 8thkof the model domain (Figure 39a) for the
different model runs.

For the model with uniform properties (one layerdeiyp the time series with and without
loading are very similar. Hydraulic heads reachOGdltn for both model runs, but the flows are
higher for the model including loading. Overallwever, the effect of loading is small for a one
layer model representing basement geology.

Case 1 behaves similarly to the one layer modetirélylic heads reach ~1500 m at the depth of
the repository with loading. However, whereas teads remain high after the glaciation during

the period of permafrost coverage for the one layedel, they return to pre-glaciation levels in

the Case 1 simulation. This higher drop in hyd@abkad at the end of the glaciation compared
to the one layer model results in a higher velogiggnitudes and lateral flows.

The influence of loading is larger for Case 2, aswa by the magnitude of hydraulic head at
400 m depth in Figure 57. Hydraulic heads reachO~+6(or the model excluding loading at a
depth of 400 m, whereas for the model includingliog they reach ~1400 m. The increase in
hydraulic heads due to glaciation for the modeluding loading is dampened by ~100 m

compared to the one layer model at depth. In théemexcluding loading, the propagation of the
high hydraulic heads due to glaciation is dampeared delayed in the low permeability layers
even stronger (600 m vs 1500 m of hydraulic head)the high hydraulic heads only propagate
slowly and are dampened in the low permeabilityefayn the model without loading, strong

gradients persist and result in higher velocity magles compared to the model with loading.
Flows increase due to glaciation by two orders afgnitude at the repository depth for the
model excluding loading and one order of magnitiadehe model including loading.
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a) Entire simulation
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b) Anglian glaciation
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c) Devensian glaciation

28 July 2017

d) Sea level fluctuations
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Figure 57. Time series for hydraulic head, temperaire, velocity magnitude, and Darcy velocity in x ad y for the one layer model for Profile 3 at
160 km. Times presented are a) the entire simulatiotime, b) the Anglian glaciation c) the Devensiaglaciation and d) during submerged
conditions. The grey shaded times are when the sade is frozen, dark blue submerged and light blueowered by an ice sheet.
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Case 1 with mechanical loading
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Case 2 with mechanical loading
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1 Layer model Loading
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Figure 58. Time series of hydraulic head, temperature, veloty magnitude and Darcy flow in x and y at the locabn of the repository over the

duration of the Anglian glaciation.
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Pre glaciation at 465 ka BP
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Ice advance at 460.75 ka BP
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Ice max 457.25at ka BP
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Ice retreat
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Post ice with permafrost 430 ka BP
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Present day
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Figure 59. Model results including a tracer for Cas 2 including ice sheet loading for pre-
glaciation, during ice advance, during ice retreatpost glaciation and present day.

The tracer disperses in the lower Jurassic untifedches the boundary of the aquifer
approximately 130 ka after its release (Figure ¥Mce the tracer reaches the aquifer, it is
transported by advection until it discharges to slweface, approximately 250 km from the
boundary. The tracer also spreads horizontally asoves upwards, mainly through dispersion,
and reaches the surface above the repository. @uyrermafrost coverage, the tracer cannot
leave the system and concentrates in the aquif@reathe source. After the permafrost event,
this pulse travels through the aquifer towardsstindace at around 250 km of the model domain.
During glacial advance, the lateral flow directismmeversed and the tracer spreads upwards from
the repository. After the glaciation, the flow dite@n reverses to its original direction, and the
tracer spreads along the aquifer.

In the model, the tracer only leaves the modelubhoadvection, as suggested®yode(1996).
This might be a limitation to this approach, asow permeable layers transport is dominated by
hydrodynamic dispersion. This means, that the banohight be representative for the aquifers,
but less so for the low permeable layers and tmatracer might accumulate in the model as a
result of it not being able to leave the systenriiiar modelling would be necessary to address
this limitation.
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Appendix 5 COMSOL Multiphysics benchmarking with
InterFrost test cases

To date, numerical codes can only be compared stgamalytic solutions for thermic equations
including phase change such as the Lundardini aoalolution.

However for coupled Thermo-Hydraulic systems, th&lyomeans for validation is the
comparison of different codes with each other @ t¢bmparison of a code with a controlled
laboratory test case. InterFrost is a model intemgarison project for Thermo Hydro (TH)
coupled heat and water transfers in permafrosbnsgand is in the process of comparing 14
codes from laboratories across Europe and Amerldee British Geological Survey are
contributing to this benchmarking exercise usingS®L Multiphysics.

Comparison of analytical test cases and InterFbestchmarks are presented below. More
information about the InterFrost project can be nfbu here:
https://wiki.lsce.ipsl.fr/interfrost/doku.php?idste cases:all

COMPARISON TO ANALYTICAL SOLUTIONS

Heat conduction — Comparison to Lunardini analyticd solution

The comparison of a numerical model, including phesange, with the Lunardini analytical
solution has first been proposed llgKenzie et al(2007) and is part of the InterFrost model
comparison as case T1.

The domain is divided into a fully frozen zorl), a mushy zonel@), and a thawed zon& )
(Figure 60).
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Figure 60. Three-zone model with an ice, mushy zorand liquid water zone.
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The analytical solution models the movement of eeding zone from an initially unfrozen

medium that undergoes a step change in tempeifatunel to Ts at the left boundary over time.

Initially, the temperature of the entire model dama set tolo = 4°C and the temperature at the
left boundary at x=0 is cooled Tg=-6°C.

The Lunardini solution for the temperatuiés T3 in the three zones over x is given by:

erf(x/2+/a;t (22)
T1 = (T, — TS)<€I‘+I/01+ T,

erf(x/2+/ a,t — erf(y (23)

erf(y) — erf(y \/7

—erfc(x/2+/ast) T, (24)
erfc (y %3)

T2 = (T; — Tp)

T3 = (Ty — Ty)

Where Ty is the temperature of the initial conditiofs; the temperature of the solidug, the
temperature of the liquidus, aid is the temperature at the boundasyfm?s]is the thermal
diffusivity and defined asdC for zone 1 and 3 respectively, whetdJ/s m K] is the bulk
thermal conductivity an@ [J/m*K]the volumetric bulk heat capacity for the frozamd unfrozen
zone. For the mushy zone, the thermal diffusivitys regarded as constant and defined as:

K2 (25)

c, VdeAf
Y F-T,

0l2=

Whereyq = (1-¢)ps [kg/m7 is the dry unit density of soil solids, and = &-¢&, whered and&,
are the ratio of unfrozen water to solid massffierfully thawed and frozen conditions.

T1lis valid for a time t in the region from<Ox < X1(t) where

X1(t) = 2/t a; (26)

T2is valid fromX1(t) < x < X(¢t) where
x(T) = 2y,/ta, (27)

And T3is valid forx > X(t).

The parameterg andy are found iteratively, but for this comparisonyttege taken from the
INTERFROST project (https://wiki.lsce.ipsl.fr/infevst/doku.php?id=test_cases:one).

The Lunardini analytical solution uses a uniformatheapacity for zone$1-T3, and thus the
model in COMSOL is adjusted to that. In additidre thermal conductivity in the mushy zone is
constant in the analytical model and this has laeumsted in COMSOL.
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Parameter values used for the analytic and nunsetittion are represented in Table 14. The

freezing interval for the numeric solution lies WweénTs and Tm, in which the water content
decreases from 1 ®es.

Table 14: Parameter values used for the Lunardini malytical solution, after McKenzie et

al. 2007 and INTERFROST.

Parameter Symbol Value Units
Initial temperature To 4 °C
Temperature at surface Ts -6 °C
Temperature of liquidus Ts 0 °C
Temperature of solidus Tm -1 °C
Thermal conductivity of frozen zone K1 3.462696 W mtK?
Thermal conductivity of mushy zone K2 2.939946 W mtK?
Thermal conductivity of unfrozen zone K3 2.417196 W mtK?
Volumetric heat capacity of frozen zone C1 690030 Jm3K
Volumetric heat capacity of mushy zone C 690030 Jm3K
Volumetric heat capacity of unfrozen zone G 690030 Jm3K
kg water / kg solid frozen condition & 0.0782 -

kg water /kg solid unfrozen condition o 0.2 -
Volumetric latent heat of fusion Ls 3.3472-108 Jm3

Dry unit density of solid Vd 1680 kg m3
parameter % 2.062 -
parameter U] 0.1375 -
Average matrix porosity n 0.336 -
Residual saturation Sres 0.391 -

The temperatures are driven at the sides of theemagat the left side andoTat the right side.
The top and bottom boundary of the model are ne@-fhoundaries. The temperature distribution
at t=0 and t=168 h are shown in Figure 61. Figzepfesents the numeric and the analytic
solution for 1, 2, and 3 days of simulation timéheTtemperature difference between both
solutions is presented in Figure 63. The maximuiferdince of the two solutions lies between
0.0066685C and -0.0021883C. The mean error is 3.5 6.

The error of the numeric solution is strongly degemt on the selection of the mesh and the

absolute tolerance. A mapped mesh with a maximemeht size of 0.01lm has been used here.
As there is a steep temperature gradient in th@nigrtemperature the finer meshing results in a

more accurate solution. In addition, the relatnlerance is set to 1e-7 and the absolute tolerance
to le-6. Using an absolute tolerance of 1 ordemagnitude higher increases the temperature

difference in this case by nearly an order of magld, but also increases simulation time.
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Figure 61. Temperatures at t=0 and t=168 h for thene dimensional three phase heat flow
model after Lunardini.
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Figure 62. Comparison of the modelled temperaturesf the analytical Lunardini solution
and the numerical solution from Comsol for differert time steps. The coloured lines are the
numeric solution and the black dotted line the anaftical solution.
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Figure 63. Temperature difference between numericadnd analytical Lunardini solution.

1D soil thaw with conduction and advection by Kuryyk and InterFrost case TH1

Here, in addition to heat conduction with phasengea heat advection via constant pore water
velocity is considered. The analytical solutioroigained fromKurylik et al. (2014) based on a
reassessment of solutions bynardini (1998). This analytical solution assumes thatether
constant velocity independent of ice saturationictviis not physically realistic, but can be used
for benchmarking purposes. Ksirylik et al. (2014) states, “lack of fidelity to physical prgses
does not limit ability to serve as a benchmark”.

The setup uses an initially frozen 1 D column wémperature set to very close to freezing (T=-
0.00rC) and the surface temperature increases@at t=0 s (Figure 64). The system thaws
from the top. The initially uniform temperaturesradar OC simplify the energy balance at the
thawing front as there is no thermal gradient ia flozen medium. The water is advected
through the entire medium, but the divergence efatlvective flux is zero below the thawing
front due to the uniform thermal conditions.

The benchmark suggests using two different veles;itv1=10 m/a, and v2=100 m/a.
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Figure 64. Model set up. AfterKurylik et al. (2014).

These benchmarks are based on the following analyolution:

X +a{exp[— Y Xj— 1} =V, 8,1
v, a

where X is the depth to the thawing froatjs the thermal diffusivity, wvis the thermal plume
velocity due to advection, t is time, an€liS the dimensionless Stefan number.

The parameter values frokurylik et al.(2014) are used and listed in Table 15.
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Table 15. Parameters for TH1

28 July 2017

Parameter Symbol Value Units
Porosity € 0.50 -
Relative permeability Krel off -

Darcy velocity (downwards) v 10, and 100 m yrt
Gravity g 0 m s?
Water saturation (total) Sw 1 -

Sat. available for freezin@(-Ses) St 1 (for solutions) -
Thermal conductivity of thawed zone y) 1.839 W mteCt
Heat capacity of thawed zone cp 3.201x16 J e °Ct
Thermal diffusivity of thawed zone a 5.743x10/ m? st
Thermal diffusivity of frozen zone as 1.205x1¢F m? st
Thermal dispersivity - 0P m
Density of water Pw 1000 kg n3
Specific heat of water Cw 4182 J kgt °Ct
Heat capacity of water Cpw 4.182x16 J i °Ct
Latent heat of fusion for water Lt 334,000 J kgt
Specified temperature Ts 1 °C

Initial temperature Ti 0 °C
Freezing temperature (solutions) Tt 0 °C
Residual freezing temp. (SUTRA) Tres -0.0005 °C
Residual liquid saturation Ses 0.0001 -

Slope of freezing function b 1999.8 °C?

Piecewise linear freezing
curve (SUTRA)

_ Step function freezing
curve (solutions)

0.8 -

0.6 -1

saturation, S,

Liquid water saturation (vol/vol)

0.4
Residual liquid b

0.2 -
1
01 Freezing
/ temperature, T;
-0.01 Tee O

Temperature (°C)

0.01

Figure 65. Freezing function for TH1. FromKurylik et al. (2014).
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A piecewise linear freezing curve (Figure 65) iedign the benchmark, and is characterised by
the residual liquid saturationr$ the freezing temperatures, Tand the residual freezing

temperature (ks

The comparison between COMSOL and the analytidatisa is shown in Figure 66 and Figure
67. The maximum difference between the two solgtisrwithin 0.004C and -0.002C.
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Figure 66. Comparison of numerical and analytical slutions for v = 10 m/a.
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Figure 67. Comparison of numerical and analytical slutions for v = 100 m/a.
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TH2 Frozen Inclusion in a coupled system
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Figure 68. Geometrical setup for TH2 Test Case.

TH2 uses a fully coupled model of heat and flumiwlto model the temperature distribution of
the domain over time, the evolution of the totahthffux exiting the system and the evolution of
the total liquid water volume over time. The partéangused in this model are listed in Table 16.
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Table 16. Model parameters for TH2.

Parameter Symbol Value Units
Porosity € 0.37 -
Compressibility B 108 Pat
Acceleration of gravity g 9.81 m s?
Thermal conductivity of water Y 0.6 W mtK?
Thermal conductivity of ice Ji 2.14 W mtK?
Thermal conductivity of solid matri; s 9 W mtK?
Equivalent thermal conductivity — Jeq €(Sw Aw+(1-Sw) i)+(1- €) s W mtK1
Specific heat of water Cw 4182 J kgt K1
Specific heat of ice C 2060 J kgt K1
Specific heat of solid matrix Cs 835 J kgt K1
Density of water Pw 1000 kg m3
Density of ice pi 920 kg m3
Density of solid matrix Ps 2650 kg m3
Volumetric heat capacity of water Cupw  4.182x10 JmeK?
Equivalent volumetric heat capacit Cp €(Sw puCwH(1-Sw)pi C)+(1- €) psCs I MK
Latent heat of fusion for water L 334,000 J kgt

Water dynamic viscosity u 1.793 1¢° kg mts?t
Water saturation for ® 273.15 SW(T) 1 -

(1 - 'S‘WI‘F)S)e_((T—273.150/W)2 + SWT'ES
Water saturation for T < 273.15  Sy(T)

Residual liquid saturation Swres 0.05 -
Parameter in &T) W 0.5 K
Hydraulic conductivity Kw KrKintpwg/p m st
Intrinsic permeability Kint 1.3 10% m?
Relative permeability for kSw)>10 10-2¢(-5.)

° ke(Sw) -
Relative permeability for kS»)<10° k(S») 107° -
Impedance factor Q 50 -

The initial temperature distribution of the modebnehin is characterised by a uniform
temperature of C and of -5°C in the frozen inclusion (Figure 68). The flow Ifieis
characterised with a hydraulic head gradient framléeft to the right side of the model domain.
For heat flow, the temperature is specified atefiecooundary to 3C and a zero conductive flux
(heat advection only) on the right side.

Figure 69 presents a comparison of the temperétldefor the conduction only scenario (left)
and conduction and advection using a gradient di9d6 for different time steps. Heat
advection for this test case results in faster tbathe frozen inclusion and in advection of the
cold temperature towards the right hand boundary.
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Figure 69. Comparison of conduction only (left) andadvection scenario (right) with
dh/dx=0.15 for test case TH2. Time steps presentade 0, 90, 420, 525, 675, 2040 min.

Figure 70 presents the minimum temperature ovee fion different hydraulic gradients. The
gradient of dh/dx 0.03 is then compared to othelesocas part of the InterFrost project (Figure
71) (Grenier et al, 2016). The temperature curve from COMSOL laysinithe spread of the
other benchmarked curves, and is thus a suitalle mmodel coupled heat and fluid flow.
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Figure 70. Minimum temperature over time for different dH scenarios.
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