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Preface

The following report constitutes a study reconstructing paleotemperatures from borehole thermal data
at the Forsmark and Laxemar sites by inverse modelling. The study was initiated and managed by
Assoc. Prof. Jens-Ove Niaslund (SKB) and Dr. Jan Sundberg, Chalmers university of Technology.
The modelling was performed by Dr. Volker Rath, Dublin Institute for Advanced Studies.

The results will be used, together with other published scientific information, for assessing the long-
term safety of the planned and existing repositories for nuclear waste in Sweden (the spent nuclear fuel
repository for long-lived high level waste, SFR for short-lived low- and intermediate level waste, and
SFL for long-lived low-level waste).

The report manuscript was reviewed by Dr. Dmitry Demezhko, Institute of Geophysics, Russian
Academy of Sciences, Yekaterinburg, Russia and Prof. Lars O Ericsson, Chalmers university of
Technology, Goteborg, Sweden.

Stockholm, May 2019

Jens-Ove Néslund
Research coordinator Climate Programme SKB
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Summary

This report presents inversions of borehole temperature profiles in boreholes at the Forsmark and
Laxemar sites. Past changes in ground surface temperatures can be estimated from recent borehole
temperature profiles, using numerical inversion methods. Here, we present results from a study using
Bayesian methods for this task, which seek not only to derive one optimal model, but to characterize
the full a posteriori probability density function of the parameters involved. In particular, we use
Markov Chain Monte Carlo (MCMC) technique on a parameter vector combining a fixed number of
step functions for temperature and the heat flow density at the base of the investigated borehole.

For Forsmark, an approximately 800—1 000 m deep averaged temperature profile was constructed by
merging data from 8 different boreholes. It was combined with averaged rock properties and used for
the inverse modelling of paleoclimate. In addition, simplified inverse modelling was also made using
temperature logs from two selected Forsmark boreholes representing two groups of fundamentally
different developments of local environmental conditions. For Laxemar we only present results for the
single deepest borehole (KLX02).

The paleoclimate interpretation using the averaged merged temperature profiles were challenging, as
the inversion results do not directly comply to our prior conception of the deglaciation, subsequent
water cover, and modern climate. However, it was possible to identify significant differences between
the two sites. From a climatological point of view, as expected, the presence of water cover is the
dominant effect at both sites. From 11 kyr BP or 14 kyr BP, for Forsmark and Laxemar, respectively,
GST (Ground Surface Temperature) appear to have been between 0 °C and +4 °C until 3 kyr BP, with
slightly warmer conditions (3—4 °C) at the former site and colder (near 0 °C) at the latter site. The
difference in the GSTHs (Ground Surface Temperature Histories) for both sites may be related to the
position with respect to the coastline and the particular hydrological and environmental conditions met.

When using temperature data from the two selected individual Forsmark boreholes, with known
different environmental histories, the ground surface temperature histories derived from the boreholes
were more consistent with environmental conditions. These results tentatively suggests that the
climate at Forsmark site during the Medieval warm period (around 1 kyr BP) was around +8 °C,
that is 2—-3 degrees warmer than at present. For the last 500 yr, the results agree well with proxy
reconstructions as Luterbacher et al. (2004), if an appropriate SAT-GST correction is applied
(Surface Air Temperature — Ground Surface Temperature).

Uncertainty in interpretation mainly derives from the unknown environmental regime (water tempera-
ture and salinity) controlling the ground surface temperatures during periods of shallow estuarine
water cover. Uncertainty was also derived from the use of averaged compound temperature profiles
and thermal conductivity data. The results of the study show that the individual historical paleoclimate
development for borehole locations, within a larger site, may be fundamentally different, in turn
affecting modelled paleoclimate histories.

The joint MCMC estimations of GSTH, heat flow density, and internal heat production rate also

delivers most probable basal heat flow values (4000 m depth), which are 49 mW/m? for Forsmark
and 47 mW/m? for Laxemar (KLX02), respectively. These results support the former estimates of
Sundberg et al. (2009).
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Sammanfattning

Denna rapport presenterar rekonstruktioner av paleoklimat baserat pa temperaturprofiler i borrhal i
Forsmark och Laxemar. Historiska fordndringar i markytans temperatur kan berdknas fran uppmatta
temperaturprofiler i borrhal med hjélp av numeriska inversionsmetoder. Hér presenterar vi resultat

fran en studie som med hjilp av bayesianska metoder inte enbart syftar till att ta fram en optimal
rekonstruktion av paleoklimat, utan dven att karakterisera den fulla sannolikhetsfunktionen hos de
involverade parametrarna. I synnerhet anviander vi Markov Chain Monte Carlo-teknik (MCMC) pa
en parametervektor som kombinerar ett fast antal stegfunktioner for marktemperatur och virmeflode
1 berget.

For Forsmark konstruerades forst en genomsnittlig temperaturprofil ner till ett djup pé cirka

800-1 000 m genom sammanslagning av temperaturdata frén 8 olika borrhal. Denna kombinerades
med medelvérden for bergets termiska egenskaper och anvéndes for inversmodellering. Dessutom
gjordes forenklad inversmodellering genom anvindning av individuella temperaturloggar frén tvd
utvalda borrhal (KFMO1A och KFMO02A) i Forsmark. Borrhalen valdes ut {or att representera tva
grupper av borrhal med fundamentalt olika utveckling av lokala klimatfoérhéllanden (orsakade av olika
langa perioder av post-glaciala havstéickta forhéllanden). For Laxemar presenterar vi endast resultat for
det enskilt djupaste borrhalet (KLX02).

Den paleoklimatologiska tolkningen fran de sammanslagna temperaturprofilerna var utmanande,
eftersom inversionsresultaten inte var kompatibla med dvrig information om deglaciation, efter-
foljande havstickta period och Holocent klimat. Det var emellertid mojligt att identifiera signifikanta
skillnader mellan de tva platserna. Ur klimatologisk synvinkel var det som forvéntat langden pa
den postglaciala perioden med havstédckta forhallanden som utgér den dominerande mekanismen pa
bada platserna. Fran 11 kyr BP och 14 kyr BP, for Forsmark respektive Laxemar, verkar markytans
temperatur (GST) ha varit mellan 0 °C och +4 °C till 3 kyr BP, med négot varmare forhéllanden
(3—4 °C) vid Forsmark och kallare (néra 0 °C) vid Laxemar. Skillnaden i markytans temperatur-
historia (GSTH) mellan platserna kan vara relaterad till borrhédlens position med avseende pa kusten
och de sirskilda hydrologiska och miljoméssiga forhallandena.

Nér man istéllet anvéinder temperaturdata fran de tva utvalda individuella borrhalen i Forsmark, med
olika miljohistorik, var markytans rekonstruerade temperaturhistorier frdn borrhdlen mer 6verens-
stdimmande med den kénda historiken for platsen. Dessa resultat foreslar att &rsmedeltemperaturen i
luften 1 Forsmark var omkring +8 °C under den medeltida varmperioden (omkring 1 kyr BP), vilket
ar 2-3 grader varmare dn idag. For de senaste 500 dren dverensstimmer resultaten vdl med proxy-
rekonstruktioner av temperatur, om en korrigering tillimpas mellan lufttemperaturen néra markytan
och markytans temperatur (SAT-GST-korrigering).

Osikerhet i tolkningarna harrér huvudsakligen fran okdnda miljéforhallanden (i huvudsak
vattentemperatur och salthalt) som kontrollerar markytans temperatur under perioder av grunda
vattenforhallanden. Osdkerhet konstaterades ocksa fran anvandningen av de sammanvégda
temperaturprofilerna och vid anviandning av medelvirden for virmeledningsférmagan. Resultaten
av studien visar att temperaturutvecklingen for individuella borrhalsplatser, inom en storre plats,
kan vara fundamentalt annorlunda, vilket i sin tur paverkar den modellerade paleoklimatologiska
historiken. Resultaten visar darfor ocksé att det kan vara béttre att anvénda data fran individuella
borrhél vid den hér typen av rekonstruktioner 4n att viga samman data fran flera borrhal, speciellt
om de senare har forvéntat olika postglacial historik.

MCMC berdkningarna av markytans temperaturhistoria, virmefldde och intern virmeproduktion ger
ocksé de mest pélitliga virdena for det basala virmeflodet (4 000 m djup). Resultaten visar att detta
virmeflode dr 49 mW/m?® f6r Forsmark och 47 mW/m’ for Laxemar. Dessa resultat stoder de tidigare
berdkningarna av virmeflode fran de tva platserna presenterade i Sundberg et al. (2009).
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1 Introduction

1.1 Background and purpose

Swedish Nuclear Fuel and Waste Management Company (SKB) is responsible for the management

of spent nuclear fuel and radioactive waste generated within Sweden. SKB is planning to build a
geological repository for spent nuclear fuel at the Forsmark site. An important document in the license
application for building the spent nuclear fuel repository was an assessment of long-term repository
safety. In this assessment, a range of climate scenarios form the basis for the assessment of long-term
safety (SKB 2010, 2011). The same apply for e.g. the last safety assessment performed for the existing
low- and intermediate level waste repository SFR (SKB 2014a, b). In addition, large site investigation
programmes have been performed at the Forsmark and Laxemar sites and the final site descriptive
models are summarized in SKB (2008, 2009).

The reference SKB climate scenario used in the safety assessments is based on a reconstruction

of last glacial cycle climate- and environmental conditions. The purpose of the present study is to
derive local climate information for the past thousands of years. The information will be used for
improving the description of the climate of this period in the reference climate scenario, and to assess
the temperatures previously used for the period. The results will be used in this way for all three
repositories (the planned spent nuclear fuel repository for long-lived high level waste, the existing
SFR repository for short-lived low- and intermediate level waste, and the planned SFL repository for
long-lived low-level waste).

1.2  Ground surface temperature from borehole temperatures

Some of the safety assessment climate scenarios make use of paleoclimate information for the last
glacial cycle and the Holocene. In this context, locally derived paleoclimate information is of
importance, if available, since it describes the development specifically at the site of interest. Paleo-
temperatures of the ground surface can be inverted from subsurface temperature logs in boreholes.
The surface temperature of the Earth is controlled by the heat transfer across the ground-atmosphere
interface. It is affected by climatic conditions, type of ground surface, vegetation and thermal properties
of the subsurface.

Ground surface temperatures (GSTs) vary on many different time scales, ranging from diurnal and
annual cycles to as long as glacial cycles (around 100 kyr). Temperature variations at the ground sur-
face propagate downward and attenuate in the subsurface bedrock medium as a diffusion signal. The
daily variation extends to 0.5—1.0 m depth, the annual variation to 1020 m, decadal and millennial
variations to tens and hundreds of metres, and glacial cycle variations down to several kilometres. The
subsurface can therefore be utilized as a memory of past ground surface temperatures which can be
extracted from borehole temperature data with forward and inverse modelling. Due to the diffusive
character of the temperature signal, high-frequency information is efficiently low-pass filtered and the
remaining data is useful for revealing long-term trends in ground surface temperature history. High-
frequency variations can be studied through other palacoclimate proxies, such as tree rings, ice cores,
and lacustrine and marine sediments. In contrast to these often-used proxies applied in paleoclimate
studies, the geothermal method does not require a translation from a proxy parameter to temperature,
but provides the Ground Surface Temperature (GST) data directly from borehole temperatures.
Thermal rock properties (conductivity, diffusivity and in deep boreholes also heat production rate)
should be known, assumed, or determined as a part of the inversion process. Borehole depth constrains
the time range of the GST history that can be extracted from temperature logs. Temperature profiles of
500 — 1000 m depth cover approximately the last one—two millennia, whereas deeper holes are neces-
sary to retrieve GST histories further back in time.

Inversion of GST history from borehole temperature logs has been extensively applied for paleo-
climatic studies since the 1980’s. Although the effect of paleo-temperatures on measured borehole
temperatures has been known for a long time (e.g. Benfield 1939, Birch 1948). It took a long time
until the particular value of extracting paleoclimate information from borehole data was recognized by
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Cermak (1971), Beck (1982), Lachenbruch and Marshall (1986) and Lachenbruch et al. (1982). Heat
flow data has been routinely corrected for climatic effects (e.g. Jessop 1971, Beck 1977, Kukkonen
1987). The utilization of subsurface temperature data as a source for paleo-temperature information
emerged when inversion methods were taken into use in the problem. Numerous methods have been
applied for GST inversions, but the most common ones are the singular value decomposition (SVD)
method (Beltrami and Mareschal 1992, Beltrami et al. 1997), functional space inversion (Shen and
Beck 1991), Monte Carlo inversion (Mareschal et al. 1999, Kukkonen and J&eleht 2003), and numeri-
cal methods using different forms of deterministic Tikhonov regularization (Rath and Mottaghy 2007).
In most of these methods, the model geometry is a 1D layered Earth. More complicated geometries
have been modelled with forward methods (e.g. Kukkonen and Safanda 1996). However, the typical
lack of detailed spatial information on temperatures and thermal properties in the bedrock often
prohibits a proper use of full 2D and 3D geometries. Also, the additional effort using 2D and 3D
geometries seems only justified when there is a strong indication of lateral heterogeneity in bedrock
properties. The state-of-the-art in the interpretation of borehole temperatures is presented in the
reviews by Gonzalez Rouco et al. (2009) and Bodri and Cermak (2007).

Sundberg et al. (2009) performed a paleoclimate and geothermal heat flow study using borehole
temperature data from Forsmark. The present study constitute a follow-up to Sundberg et al. (2009),
where we apply geothermal GST inversion methods on temperature and thermal property data from
the Forsmark and Laxemar sites. In the SKB site investigation programmes performed at Forsmark
and Laxemar, the usage of temperature data from deep boreholes has been limited to determining the
temperature at the planned repository depth and to verifying water flow from hydraulic tests (SKB
2008, 2009). However, the temperature development towards depth contains more information that
can be used to investigate (1) potential information on past climate changes that can be extracted from
the temperature profiles; (2) the uncertainty associated with these paleoclimate reconstructions; (3) the
climatological and environmental background to the temperature development at the drilling locations.

1.3 Previous work

In Sundberg et al. (2009), modelling of synthetic temperature and temperature gradient profiles were

carried out for boreholes in Laxemar and Forsmark and fitted to measured borehole temperature data.
The modelling was performed with an analytical expression including bedrock thermal conductivity,

thermal diffusivity, heat flow, internal heat generation as well as a step-function describing estimated
past air temperature variations.

One of the main objectives with the Sundberg et al. (2009) study was to calculate the paleoclimatically
corrected surface mean geothermal heat flow for the two sites. Since there is no independent way to
evaluate the heat flow, uncertainties in petrophysical data and the reconstructed paleoclimate ground
surface temperature history (GSTH) are transferred into uncertainties in the heat flow.

Temperature data from a number of deep boreholes (typically down to 600-800 m) were available
from each site. However, uncertainties in data, partly from thermal perturbation from drilling, made
it impossible to select data from one single representative borehole from each site. For this reason, all
temperature profiles from each site were merged to one single profile, judged to be the most repre-
sentative for the site at hand and to satisfy the objective calculation of the paleoclimatically corrected
surface mean geothermal heat flow. Since the analytical expression, used for calculation heat flow, did
not allow for variable thermal conductivity and diffusivity along the boreholes, it was logical to use
mean values for the petrophysical data in order to calculate the effective large scale heat flow values
for each site. Separate calculations were made for the 1 700 m long borehole in Laxemar, KLX02.
Note that while reducing the effect of heterogeneity in the physical properties, merging and averaging
of temperature profiles does not eliminate the influence of perturbation due to drilling. As pointed out
by Demezhko and Shchapov (2001) and Demezhko et al. (2013), the effect of an insufficiently restored
regime in the simplest case is manifested in a decrease in the geothermal gradient and, therefore, in
an overestimated paleotemperature prior to reconstruction, with an underestimated amplitude of the
paleoclimate signal. Data quality on temperature logs are further discussed in Chapter 2.

The available proxy data reconstruction of GSTH for the Forsmark and Laxemar sites reach 120 kyr
back in time (SKB 2006). From sensitivity analysis it was obvious that the temperature gradient was
affected by paleoclimate temperatures more than 240 kyr back in time (i.e. longer than one glacial
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cycle, which equals approximately 100 kyr), especially at larger depths. For the purposes in Sundberg
et al. (2009), the long-term glacial cycle climate was assumed to be generally cyclical in nature.
Therefore, the temperature models used in the modelling were extended to 228 kyr BP (Figure 1-1),
where the ground surface temperature model reconstructed for the last glacial cycle was used also
for the penultimate glacial cycle. A coarse reconstruction of the timing and conditions specifically
for the Eemian interglacial, separating the last and the penultimate glacial cycle at around 130-120 kyr
ago, was also made.

The surface mean heat flow, corrected for paleoclimate, at Forsmark and Laxemar was calculated to
be 61 and 56 mW/m’ respectively (Sundberg et al. 2009). If all uncertainties were combined, including
the ones associated with the thermal data but excluding uncertainties in the given paleoclimate, the
total uncertainty in the heat flow determination was judged to be within +12 % to —14 % for both sites.
The corrections for paleoclimate are large (approx. 24-20 mW/m’ respectively) and verify the need of
site-specific climate descriptions.

Simplified reconstructed ground surface temperature for Forsmark
10

-5

Temperature (°C)

—10 |

-15 ; T T T
250000 200 000 150 000 100 000 50000 0

Years before present

Simplified reconstructed ground surface temperature for Laxemar
10
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-15 : : . ;
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Figure 1-1. Step model of ground surface temperature variations for Forsmark (left) and Laxemar (vight),
modified from SKB (2006). Note that temperatures during the last glacial cycle (the Weichselian), i.e. for the
past ca. 120 kyr, have an uncertainty of several degrees. Temperatures during the penultimate glacial cycle
(the Saalian glaciation) are estimated in a simplistic way by repeating the conditions reconstructed for the last
glacial cycle, and should not be taken as representative of realistic conditions, see Sundberg et al. (2009).

SKB TR-18-06 11






2 Description of the sites and borehole
temperature data

The Forsmark area is located in northern Uppland within the municipality of Osthammar, east-central
Sweden (Figure 2-1). It consists of a major tectonic lens formed between 1.87 and 1.85 billion years
ago during the Svecokarelian orogeny. The boreholes in Forsmark were drilled into a metagranite,
inside the tectonic lens, and dominated by rocks of granite and granodiorite composition (SKB 2008).
The area is very well investigated and described in the site description presented in SKB (2008) and
in underlying reports.

The Laxemar-Simpevarp area is located within the municipality of Oskarshamn, in the Smaland
province, southern Sweden (Figure 2-1). The site consists of a 1.8 billion year old suite of well-
preserved bedrock belonging to the Transscandinavian Igneous Belt formed during the waning stages
of the Svecokarelian orogeny. It consists of three rock domains with variable mineral composition
both within and between the domains (SKB 2009).

Thermal data for the two sites is summarized in Table 2-1. Problems with data quality in the tempera-
ture loggings have been identified during the site investigations. Temperature logging data from
boreholes with acceptable quality was put together to one representative log for each site. The quality
criteria considered, discussed more fully in Back et al. (2007) and Sundberg et al. (2008b), were

1) errors associated with logging probe and ii) time between drilling and logging. The resulting mean
temperature profiles for Forsmark and Laxemar, used in the present study, can be seen in Figure 2-2.
The temperatures measured in the deep KLX02, see Figure 2-6, in Laxemar (outside the site descrip-
tion area), were also used as base for separate inversions in the present study. However, acceptable data
quality in the temperature loggings for the purpose of site description modelling does not necessarily
mean that the data quality is good enough for the purpose in the present report. Remaining perturbation
from drilling may have an influence in the inverse modelling and cause larger uncertainty.

0 50 100 km
——

Figure 2-1. Location of the Forsmark and Laxemar sites.
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Table 2-1. Mean thermal data for Forsmark and Laxemar (Sundberg et al. 2008a, b, Back
et al. 2007, Sundberg et al. 2009). The present-day mean air temperature at Forsmark
is from Alexandersson and Eggertsson Karlstréom (2001).

Parameter

Forsmark

Laxemar

Borehole temperature logs
Mean temperature at 2 m intervals

Based of temperature logs from
8 different boreholes

Based of temperature logs from
5 different boreholes

Thermal conductivity at room temperature

3.75 W/(m-K)

Small variations for > 90 % of
rock volume. Corrected for 4 %
anisotropy in vertical direction.

2.75 W/(m-K)

Large variation within and between
rock domains. No correction for
anisotropy.

Temp coefficient of Thermal conductivity

-10 %/100 °C

-3 %/100 °C

Heat capacity at room temperature

1.98 MJ/(m*K)

2.2 MJ/(M*K)

Temp coefficient of Heat capacity

+29 %/100 °C

+25 %/100 °C

Current air temperature 5.0°C 6.4 °C
Current ground surface temperature. 6.5°C 7.3°C
Extrapolated from borehole temperature logs (KLX02: 7.6 °C)
Heat production 2.7 pW/m?® 2 yW/m?®
Basal heat flow at 4000 m 50 mW/m? 48 mW/m?
(KLX02: 46 mW/m?)
Mean gradient (°C/km) Mean gradient (°C/km)
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----------- 95% Confidence interval

Figure 2-2. Mean temperature gradient from the eight boreholes used from the Forsmark site (left) and the

95% Confidence interval

Mean gradient

------------ 95% Confidence interval

five boreholes used from the Laxemar site (vight), from Sundberg et al. (2009).Measured temperatures and
calculated gradients for all boreholes can be found in Sundberg et al. (2009).
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It is worth noting that the two study areas were deglaciated at different times. Laxemar-Simpevarp was
deglaciated at ~14 kyr BP (~12000 BC) whereas the Forsmark area was deglaciated at ~10.8 kyr BP

(~8800 BC), see Soderbéck (2008). Following the deglaciation, both sites were entirely submerged by
water. The subsequent isostatic rebound gradually exposed the sites to terrestrial conditions, a process
that still is ongoing today. Because of this gradual isostatic rebound, there are differences within each

site when it comes to the timing of the transition to terrestrial conditions and the resulting duration of

terrestrial conditions.

Table 2-2 shows the timing of the transition from marine to terrestrial conditions for the individual
borehole locations in Forsmark and KLX02 in Laxemar, as well as the duration of terrestrial conditions
up until the time of the temperature measurement in the boreholes. From Table 2-2 it is obvious that
boreholes in Forsmark that are located at higher elevation, see also Figure 2-3, have experienced
terrestrial conditions for longer periods of time than boreholes at lower elevations. In Table 2-2 and
Figure 2-3 it can also be seen that the boreholes in Forsmark fall into two categories in terms of
their duration of terrestrial conditions. Five of the borehole locations have been exposed to subaerial
conditions for between c. 400 to 700 years, whereas three of them have been exposed for between
c. 1200-1300 years. They have been grouped accordingly in Table 2-2. Since the boreholes in
Forsmark can be grouped into two categories with different environmental- and thermal history, the
temperature borehole data have also been averaged according to these two groups (Figure 2-3). This
allows inversions to be made individually for the groups, for a discussion on the importance of local
environmental histories.

Qstersjon

KFMOTC (545)
KFMOEC (661)

e e

17)

Boundsfiarden 5
KFMO2A (1147) )

| r
17 2
) Ay
4 b
KFMO3A(1277)
b =
Elevation (M a.sl) gy 10.50 o o8 1 Hiometers
= 05 B 2030 e
B8 510 I 3050 Basamaps & ingun Comrgh

SABAKDIE 20161204 1112

Figure 2-3. Map showing the location of the eight bedrock boreholes (circles) included in this study at the
Forsmark site (Figure 2-1). Numbers in brackets shows the duration of terrestrial conditions for the coring
site expressed as years before temperature the measurements. Coring sites denoted with green circles have
been exposed to subaerial conditions for c. 400700 years, whereas coring sites denoted with blue colour
have been subject to subaerial conditions for considerably longer time, c. 1200—1300 years (Table 2-2).
The colours on the map represent elevation intervals according to the legend.
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Table 2-2. The boreholes used in this study and their respective i) elevation, ii) timing of transition
from marine to terrestrial conditions following deglaciation of the sites, and iii) resulting duration
of terrestrial conditions until the borehole temperature measurement. IDCODE = borehole ID,
TOC = top of casing. Timing of terrestrial conditions is calculated according to Passe (2001) and
Hedenstrom and Risberg (2003). The Forsmark boreholes are grouped according to their duration
of terrestrial conditions (group 1: approx. 400-700 years, group 2: approx. 1200-1300 years).

Grouping of
Timing of Duration of Forsmark bore-
Distance transition terrestrial holes according
Year of Ground between  from marine conditions until to duration
Borehole temperature surface TOC TOC and to terrestrial temperature of terrestrial
Site IDCODE measurement elevation elevation ground conditions measurement conditions
(mas.l) (masl) (m) (BP, years before (years)
AD 1970)
Forsmark KFMO1A 2003 3.04 3.12 0.08 484 517 1
Forsmark KFMO8C 2006 2.28 2.47 0.19 366 402 1
Forsmark KFMO7C 2006 3.20 3.35 0.15 509 545 1
Forsmark KFMO06C 2005 3.96 4.08 0.12 626 661 1
Forsmark KFMO09B 2006 4.15 4.30 0.15 654 690 1
Forsmark KFMO2A 2003 7.26 7.35 0.09 1114 1147 2
Forsmark KFMO3A 2003 8.17 8.26 0.09 1244 1277 2
Forsmark KFMO4A 2005 8.64 8.77 0.13 1310 1345 2
Laxemar KLX02 2003 18.00 18.40 0.40 8465 8498 -

Separate inversions were made on one selected borehole from each group in Table 2-2, KFMO1A
(Group 1) and KFMO02A (Group 2), in order to investigate if the difference in timing of the transition
could be verified by inversion of borehole temperature data. The selected boreholes are rather deep,
approximately (1000 m), and the temperature loggings were made 6 and 5 months respectively after
drilling, indicating less disturbance from drilling compared to measurements made in the other bore-
holes. Moreover, the same type of temperature probe (century 9042, evaluated as “reliable”) have been
used in the two selected boreholes and the short distance in time between the two loggings increase
the probability that the identical equipment was used. Further, the two boreholes are situated in the
same rock type in the central part of the homogenous candidate area with expected small variation in
thermal conductivity.
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Figure 2-4. Temperature gradients (left) and temperature (right) of KFMOIA (green) and KFM02A. Green
colours represent the borehole exposed for terrestrial conditions for the shortest time (group 1 in Table 2-2),
whereas blue colours are exposed for the longest time (group 2 in Table 2-2). For locations of the boreholes,
see Figure 2-3. Based on data in Sundberg et al. (2009).
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Figure 2-5 shows the location of the KL.X02 borehole at Laxemar and Figure 2-6 shows the
temperature gradient profile for the same borehole.
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Figure 2-5. Map showing the location of borehole KLX02 in the Laxemar-Simpevarp area (Figure 2-1).
The number in brackets shows the duration of terrestrial conditions for the coring site expressed as years
before the temperature measurement.
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Figure 2-6. The temperature gradient profile for borehole KLX02 (Sundberg et al. 2009).
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3 Physical and mathematical background

The approach described here was developed during the lead author’s work on the Outokumpu scientific
borehole (Kukkonen et al. 2011a, b) and Olkiluoto (Kukkonen et al. 2015), and were described in these
publication. Here, we summarize the main elements for completeness.

The task of deriving meaningful estimates of past climate changes, in particular GSTHs, from recent
borehole temperature profiles (BTP) is nontrivial, because the problem is strongly ill-posed in the
nomenclature of Hadamard (1923). In a mathematical sense, the solutions to this problem may not
exist, they may be non-unique, and possibly inherently instable. Hansen (1998, 2010) and Aster et al.
(2013) give detailed accounts of this concept, and the techniques necessary to solve this kind of prob-
lems. In practice, this implies that the observed data (in this case the temperature measurements) need
to be combined with knowledge from other sources to render the problem tractable. For the boreholes
studied here, this additional information (as far as they are not introduced as explicit parameters in the
Bayesian sense) includes a set of measured petrophysical properties, assumptions on the forward model
used for the simulations, and on the general character of the solutions. It follows directly, that in these
studies, the goodness-of-fit cannot be the single criterion for the quality of the solution.

Most current software for the estimation of GSTHs from borehole temperature profiles is based on a
one-dimensional, conduction-only forward model. Thermal conduction in rocks is based on the theory
given in Carslaw and Jeager (1959) for the heat conduction equation:

(pe) L 242 =g (-1)
“ot Oz 0z

In this equation, H denotes the volumetric heat production (W/m’), whereas the index e marks effec-
tive properties, i.e. properties which describe the rock-fluid two-phase system. As in the cases studied
here porosity is very low, all properties will represent rock properties, and the e index will be omitted.
The occurring physical parameters are the density p (kg/m®) heat capacity cp (J/(kg-K)), and thermal
conductivity A (W/(m'K)), which in the case of spatially constant properties can be combined to define
the diffusivity k (m*/s) as:

K= p— (3'2)
C

In order to solve Equation (3-1) we assume boundary condition of T(z,, t)=Tgs(t) at the surface, and

or )
o ) ==

e

(3-3)

at the base of the model domain. Q, is the basal heat flow density at the base of the model, z,,,.

The forward problem is solved by numerical finite difference techniques (e.g. Patankar 1980),
allowing for a flexible discretization in both, time and space. As shown in Figure 3-1, temperatures
in the forward finite difference (FD) modeling are associated to nodes, which mark the boundary of
the cells. Thermal conductivity A, density p, heat capacity c,, and heat production H are associated
with cells, but the latter is interpolated to the nodes for computational convenience. Time stepping
is achieved by a Backward Euler or Crank-Nicholson scheme, which is complemented by possibly
damped fixed point iteration for resolving the nonlinearities in the coefficients.
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Figure 3-1. Schematic description of the discretization used for the finite difference forward modeling.
Measured data have to be assigned to computational nodes (red), while the properties are associated with
the cells. Both may imply interpolations or averaging (upscaling) to a given grid for observed temperatures
and measured petrophysical properties.
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4 Setup of the inversions

For the inversions presented here we used the deterministic approach presented in Rath and Mottaghy
(2007), as well as a Bayesian stochastic approach with a Metropolis-Hastings Markov Chain Monte
Carlo algorithm (Metropolis et al. 1953, Hastings 1970). Details of the techniques relevant to this
report are given in Appendix 1.

41 General setup

For the FD model employed, the temperature data as well as the rock properties (thermal conduc-
tivity A, density p, heat capacity ¢, and diffusivity x) measured in the laboratory are not known at the
nodes or cell centers of the numerical FD model. Thus it is necessary to upscale or interpolate these
point measurements to the nodes or cell centers, respectively. For the inversion models used here, we
have used an equidistant grid down to the bottom of the BTP (Az = 4 m), with a logarithmic increase
for larger depths down to around 4 000 m.

In order to minimize boundary effects, the numerical mesh for the paleoclimate calculations has to
extend to at least 4000 m. At this depth basal heat flow density defined as:

q=-avT~-2L “-1)

1574

must be imposed as a Neumann (i.e. fixed gradient) boundary condition.

Below the depth of the borehole, the thermal rock properties were set to the averages for z <4000 m,
whereas the heat production term was set to zero. This guarantees that the HFD imposed at 4000 m
equals the one at 1200 m, just below the depth of the borehole. The related errors in the approximation
of the subsurface temperature field in the domain of the borehole are negligible. Unfortunately, the
basal HFD has a decisive influence on the results of any paleoclimate inversion (e.g. Kukkonen et al.
2011a, b). In practice, it is determined by estimating the temperature gradient over an appropriate depth
interval in the borehole, and the corresponding mean thermal conductivity. However, as demonstrated
e.g. by Rath et al. (2012), the influence of the last glacial cycle leads to a downward bias in the top
2000 m at least at mid- and high latitudes of the Northern Hemisphere. For the inverse modeling
presented here, the basal heat flow density was thus included into the vector of estimated parameters
for the Bayesian simulations, but not in the deterministic inversions.
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Figure 4-1 shows the effect of the choice of the constant basal heat flow on a Tikhonov-type inver-
sion as described in Appendix 1 (deterministic approach). In general we see that even though there
are strong effects, the main effect is in the interval where the parameters are no longer well resolved.
This leads to a dominance of the regularization term in Equation A1-1 in Appendix 1.
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Figure 4-1. Inversion results for Forsmark (deterministic approach) with different values assumed for the
basal HFD, imposed at a depth of 4000 m. The reconstructed GSTH for different numbers of step functions
are shown in the top panel, while the corresponding residuals and heat flow densities are given below.
These results were obtained with a regularization parameters t, = 0 and t; determined by GCV as defined in
Equation (A1-7) in Appendix 1, leading to a divergence for times before 10 kyr BP. It is very clear that data
carries only weak information on the basal heat flux, as they can be fitted equally well by values between 48
and 60 mW/n’. This also implies that the uncertainty for the GSTH, for times before 4 kyr BP, is very large.
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Rock properties have been measured for the whole depth of the boreholes, giving, in principle, the
possibility of a detailed profile. The BTPs, interpreted in this report, were constructed from average
properties, assumed for the whole range of the borehole. Since porosity is generally very small (~1 %)
it can be safely neglected. In addition, for numerical reasons the model has to extend to large depths in
order to avoid undesirable effects of the boundary conditions. Thus, thermo-physical properties have
to be assigned for domains which are not sampled by measurements, and temperature dependencies
of the rock matrix were adopted. For this purpose, the values given in Posiva (2012) were fitted with
a function given by Mottaghy et al. (2005) and Mottaghy (2007), which largely agree with the values
given in Sundberg et al. (2008b). The effect on the paleoclimate inversions, however, is not very large
and was neglected in subsequent simulations (see Figure 4-2). It has to be kept in mind that only rather
small changes in temperature (< 10 K) are inverted for.
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Figure 4-2. Sensitivity of the obtained results to the nonlinear temperature dependencies of the coefficients
(rc), and 1, representing the effective properties in Equation (3-1). Top row: Inversion results assuming
constant or temperature-dependent rock properties. The maximum effect is less than 0.5 K. The second row
shows the effect of choosing different constant inversion priors.
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For the particular problem of borehole paleoclimate models which extend back to more than

120 kyr BP, a logarithmic time stepping is chosen, starting with very large steps (around 1800 years
at 120 kyr BP), which are reduced to very short steps near the present (reaching around one month
at 10 years BP). This matches the physical character of the underlying conductive process, which
reduces the high-frequency content of the GSTH with increasing depth, see Mottaghy and Rath
(2006) and Rath and Mottaghy (2007). All inverted GSTHs are referenced to the year 2000 AD.
For both sites, Forsmark and Laxemar, we used the same parametrisation for the GSTH with 25
piecewise constant intervals distributed logarithmically on the time axis, with increasing lengths
backward in time, (Figure 4-3). This choice represents a trade of between the desirable resolution,
and the computational effort. This is particularly important when using a stochastic approach as the
Bayesian simulations where the “curse of dimensionality” (Bellman 1961) rules. A simple numerical
exercise using the deterministic approach described in the last section underpins that this approach

leads to reasonable results.
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Figure 4-3. Inversion results for Forsmark with different number of parameters, i.e. intervals of piecewise
constant temperature. The two numbers in the legend mean the number of steps (parameters) and the corre-
sponding RMS defined in Equation (A1-8) in Appendix 1. For these inversions, the regularisation is achieved
using zero and first order terms as defined in Equation (A1-3). While t, is kept constant at a small value (0.003),
t; is determined by GCV by Equation (A1-7). The reconstructed GSTH for different numbers of step functions
are shown in the top panel, while the corresponding residuals and heat flow densities are given below.
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Finally, for the numerical solution of the forward problem, an initial condition is required. Here we

have employed the following procedure. The forward model used for the inversion starts at 125 kyr BP.
However, at this time the subsurface temperature cannot be assumed to be in thermal equilibrium, as
glacial cycles have existed for a long time, and should in principle be part of the time-dependent model
simulation. We tried to find a trade-off between computational resources and accuracy by constructing
an approximate state of the system, which could be used as an initial value for the simulation. For this
purpose we used the last glacial cycle temperature reconstruction presented in SKB (2006), adopting
the simplification described in Sundberg et al. (2009) as forcing for our 1D simulations (Figure 4-4).
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Figure 4-4. GSTH forcings for Forsmark (top) and Laxemar (bottom) based on SKB (2006) and Sundberg
et al. (2009). Note that on the left we present the GSTH on a logarithmic scale, as this corresponds approxi-
mately to the “weights” of the parameters in the inverse modelling. For the construction of the initial values
of the paleoclimate models these patterns were used.
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Using these forcings, forward models were run iteratively for several (up to 10) cycles, taking the
output of the last iteration as initial value for the current. The converged result was stored and subse-
quently used as initial state for the inversion runs. As an example, the initial temperature profile for
Laxemar is shown together with the corresponding equilibrium in Figure 4-5.
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Figure 4-5. Sensitivity of the obtained results to the chosen prior values for the GSTH and the initial
conditions for Laxemar and based on SKB (2006) and Sundberg et al. (2009). Top: Inversion results for
values of the constant prior model between —1 °C and 5 °C. The priors mainly affect the early times, where
no information is present in the borehole profile. Bottom left: Initial temperatures for the Laxemar site. The
red curve is the equilibrium (steady-state) distribution based on the modern surface temperature, while the
blue one was calculated by the iterative procedure described in the text. Bottom right: difference in inversion
results for both initial values value. The effect is generally below 0.1 K.
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4.2 Forsmark setup

As Sundberg et al. (2009) pointed out, there is no single deep borehole temperature profile which fulfils
the requirements for a high-quality paleoclimate inversion. Therefore, we have the BTP constructed in
a similar manner as described in Sundberg et al. (2009). This means that the data used for the inversion
are averaged from eight boreholes scattered over an area of considerable extent (Figure 2-3) but with
low variability in thermal properties. In addition, selected data from the boreholes that were grouped
according to similar environmental history (Figure 2-4) were also used for a simplistic inversion test
to study the impact of the duration of terrestrial conditions at the drillsites (Section 5.1.2). Due to
significant noise in the top 100 m, this part of the log was disregarded, implying that there is no reco-
verable information on the GSTH for the last 100 years. At depths larger than 750 m, the differences
in length between the boreholes lead to artefacts which made it inadvisable to use this interval. The
computational grid was uniform down to 1000 m with a 4z of 4 m, and the “measured” temperature
profile was interpolated correspondingly to the nodal values, using linear interpolation with a following
3-point triangular smoothing operation.

In Figure 4-6 we show the sensitivities of the BTP data with respect to the paleo-temperatures for
the model described in this section. These sensitivities, defined as the rows in the Jacobian matrix J
which correspond to the piecewise constant intervals centred at 8, 2.2, 0.59, and 0.16 kyr BP. It is easy
to see that we cannot expect resolution for very recent times (less than 100 years BP), or beyond the
Holocene (approximately the last 10 kyr). This is due to the missing top 100 m in the data, and the
short temperature log of less than 800 m. Likewise, it should be noted that because of the diffusive
nature of the underlying physical process, the sensitivity with respect to the older surface temperatures
cover a wide interval of the observations.
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Figure 4-6. Sensitivity of borehole temperatures with respect to four time intervals in the past, results for the
Forsmark borehole. It can be seen that we cannot expect resolution for very recent times (less than 100 years
BP), or prior to the Holocene (approximately the last 10 kyr). As the sensitivity is the partial derivative of a
temperature (measured in the borehole) with respect to a temperature (step in the GSTH), it has the dimension
of K/K.
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The parameter settings for Forsmark can be found in Table 4-1. These properties were used down to
the full depth of the numerical grid (4000 m). For the MCMC (Markov Chain Monte Carlo technique)
simulation we used a prior parameter vector m, which comprises a GSTH of 25 piecewise constant
intervals, covering the time interval between the present and 120 kyr BP. This GSTH was initialized
to a constant value of +5 °C, which was slightly perturbed randomly for each independent chain. As
numerical experiments had shown a significant relationship between the early GSTH parameters, and
the assumed basal heat flow density O, this parameter was included as well. In the case of Forsmark,

it was initialized to 55 mWm 2. The values of the standard deviations corresponding to these means
of the initial prior distribution were 2.5 K and 3 mWm 2, respectively. The correlation length L

in Equation (A1-10) was set to 5. The approximate volumetric heat production H was taken from
Sundberg et al. (2009).

Table 4-1. Parameter settings used as prior in the MCMC calculations for the Forsmark borehole.
After numerical tests concerning the role of the radiogenic heat production, this parameter was
also held fixed for the simulations. The values assumed here were motivated by the studies by
Sundberg et al. (2009). Within the Bayesian approach, the posterior distributions of the included
parameters (GSTH and basal heat flow density) will deviate from the priors.

Parameter A pc, H Qp

Sl unit (Wm-'K") (MJ/m3K) (HW/m?) (MW/m?)
m, 3.5 1.98 23 55

o, - - (0.5) 3

4.3 Laxemar setup

In the Laxemar area, we used the data from the Laxemar compound log (Figure 2-2), but also the
deeper temperature log at borehole KL.X02, see Figure 2-6, as described in Sundberg et al. (2009).
The Laxemar and KLX02 inversions were run with constant thermal properties, which were taken
from Sundberg et al. (2009). As in the case of Forsmark, we kept the mesh uniform down to about
the maximal depth of the observations of 900 m and 1500 m, respectively, with a 4z of 4 m. The
“measured” temperature profile was interpolated correspondingly to the nodal values using linear
interpolation, and a 3-point triangular smoothing operation.

Table 4-2. Prior parameter settings used for the MCMC calculations for the Laxemar and KLX02
boreholes..For the simulations the petrophyical parameter were held fixed, while the volumetric
heat production and the basal heat flow density were included in the inversion. The resulting
posteriors will not depend on the choice of the priors for these parameters.

Parameter A pC H Q,
Sl unit (Wm™'K™) (MJ/m3K) (HW/m?) (mMWm?)
m, 2.7 2.16 2 45
o, ; ; (0.5) 35
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5 Results

5.1 Forsmark
5.1.1 Results using the averaged compound temperature data

The results from the MCMC simulations using the averaged compound temperature data (Figure 2-2)
are shown in Figure 5-1 to Figure 5-3. In the following, we summarize the important observations
concerning these results.

The data fit for Forsmark is excellent. For the full length of the temperature log, the residual is less
than 0.025 K, a level only rarely reached in this kind of inversion. The reason for this is probably

that the assumption of a constant average with high-frequency perturbations is valid for this log. The
additional smoothing applied during the processing lead to a reasonably accurate representation of

the true conditions.

The interval of reconstructed surface temperatures which can be trusted is approximately between 30 yr
BP and less than 10 kyr BP. For this reason it is not clear, whether the decrease in temperature in the
last 30 years is real or an artefact of the prior value assumed. In the case of the very recent period, it
has to be kept in mind the top 100 m of the temperature measurements had to be neglected. At times
prior to 10 kyr BP, the estimated GSTH show considerable scatter Figure 5-1, visible as a large spread
of the solutions in both the global distribution and the median results from the single chains. The scat-
tered results for the times before 10 kyr BP should not be taken too seriously, as the sensitivity of the
data is very low for these time intervals. This applies in particular to the temperature decrease during
the last glacial cycle. The scatter is also strongly related to the rather wide distribution obtained for the
basal heat flow density (Figure 5-3).

Within the reliable interval, we find a rather clear signature of the little ice age (LIA) between 100
and 300 years BP. The medieval warm period is less clear. The most striking feature is the abrupt
rise in temperature near 1500 years BP. The amplitude is about 3 K, and starts from a level of about
+4 °C. Again, this feature is present in all independent chains. This gives us an indication that this is a
feature necessary to explain the data. Basal HFD, which is one of the additional outputs of the MCMC
simulations, follows a rather wide distribution centred at the median of 52.6 and 68 % quantiles of 51.3
and 54.0 mWm . It displays a small skewness to higher values. The corresponding mean value and
standard deviation would be 53 +£3 mWm™.

The covariance adaption scheme proposed by Haario et al. (2006) worked well. This is corroborated by
the high grade of similarity of the independent MCMC runs. The GSTH obtained by these simulations
also agree well with the ones from the deterministic (Tikhonov) schemes, which however display more
smoothing as a result of the strong regularization employed here. A summary of the GSTH obtained by
both methods is given in Figure 5-4.

5.1.2 Results using temperature data from boreholes with known different
environmental histories

Figure 2-3 shows the borehole temperatures in Forsmark grouped according to environmental history.
The boreholes in group 1 have a shorter period of marine conditions and a longer period of terrestrial
conditions during the Holocene compared to the boreholes in group 2. The borehole/temperature log
judged to be of best quality in each group was selected for a simplistic inversion calculation (KFMO1A
from group 1 and KFMO2A from group 2, see Figure 2-4). The results of this inversion (using two
different model settings) are seen in Figure 5-5. Even though the model parameters are not optimized
in these simulations, a tentative interpretation of the results is that FMKO02A shows a 1.5-2 degree
temperature increase at around 1100 BP (around the medieval climate optimum). This climate signal
is absent in FMKO1A, see the discussion.

SKB TR-18-06 29



FMEK DRAMGS: 1912000 samples, 45% accepted

o 4 < 4
~ =
< -
o —H 0
95% quantiles
68% quantiles
— median
y — prior 9 independent MC chains
10° 10° 10° 10° 10' 10° 10 10° 10° 10'
Time BP/2000 (a) Time BP/2000 (a)

Figure 5-1. Results from the Bayesian (MCMC) simulation for the Forsmark mean composite temperature
log. It is based on an ensemble of N = 2 x 1(° samples. Left: Density plot of GST history. The shading defines
the 68 % and 95 % quantiles. The median of the ensemble is shown in red, together with the prior (black).
Right: Results from nine independent MC chains, each of about 200 k samples. The constant prior model
(+5 °C) is marked in black.
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Figure 5-2. Left: Residuals for the ensemble. Right: RMS corresponding to the ensemble.
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Figure 5-3. Results for the HFD estimation from the Bayesian (MCMC) simulation for the Forsmark
temperature log. The distribution appears slightly asymmetric with a bias to higher values. The median is
53 mWm™, with 68 % quantile values of 51.3 and 54.0 mWm™.
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agree much better with the proxy data paleoclimate reconstruction (Proxy data)) used in Sundberg et al.

(2009). This, however, is probably an effect of the strong regularization inherent to this method.
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Figure 5-5. Results of the inversions for the two boreholes KFM02A and KFM01A, with different Holocene
environmental histories (KFMO1A from group 2 with a longer terrestrial history and KFMO02A from group 1
with a shorter terrestrial history, see Table 2-2). The left and right plots have different inversion model
settings. The difference between the two is the spatial discretization, which is linear (left) and logarithmic
(right). The discretization determines the distribution of data (temperature) values on the vertical axis. The
logarithmic increase makes the sampling coarser for most of the borehole s depth. A tentative interpretation
of the results is that FMK02A4 shows a 1.5-2 degree temperature increase starting at around 1100 BP, i.e.

around the medieval climate warming period, absent in FMKO0IA (see discussion).
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5.2 Laxemar

The data fits for the Laxemar and KL X02 temperature profiles are in general considerably poorer
than in the case of Forsmark. Furthermore, the corresponding residuals in Figure 5-6 and Figure 5-7
show much stronger systematic correlations, which indicate, that the underlying averaged properties
do not well represent nature. These structured residuals probably are the main reason for the generally
problematic results. This can be nicely seen in Figure 5-6 which shows conventional deterministic
Tikhonov-type inversions for both boreholes. In particular the gradients show that the algorithm tries
to adapt to the large deviations which probably correspond to heterogeneities of thermal properties at
or near the boreholes which cannot be represented in the averaged properties. For this reason, we have
concentrated on the results from the KLX02 simulations in this study.

We performed stochastic MCMC simulations in the same manner as was done for Forsmark for both
data sets from the Laxemar area, with the a prior GSTH of constant 4 + 2.5 °C for the full period,
corresponding to an average value over the period of interest as determined from the earlier results
from deterministic Tikhonov inversions. The prior standard deviation gives a variability which covers
most of the probable conditions, and is adapted later in the MCMC process (Haario et al. 2006). The
other priors were chosen as given in Table 4-2.

It was possible to derive a meaningful posterior GSTH with MCMC approach for KLX02 only, while
the uncertainties for the Laxemar compound inversions remained unsatisfactory large and are not
included in this study. KLX02 obtained a median RMS near 0.27, with the value for the Laxemar
compound more than twice as large. This is about five times more than for the Forsmark case. The
results from KLX02 simulations are shown in Figure 5-7.

In order to improve the results, we added the constant value of radiogenic heat production to the set
of parameters included in the MCMC runs. As was expected from the numerical experiments shown
in Figure 4-2, the data are compatible with a broad range of values for H, some influence was visible,
with a posterior median value for the KL.X02 log of about 1.4 pW/m?, with 68 % quantiles of 1.1
and 1.6 pW/m?. For the KL.X02 simulation, we obtained basal heat flow values of 47.3 mW/m’, with
corresponding 68 % quantiles of 46.6 and 48.0 mW/m?, respectively (see Figure 5-7, bottom).

With respect to the paleoclimate to be inferred, the results are quite similar to the ones in Forsmark
during the last millennium. The development during earlier parts of the Holocene is quite different.
Though the most prominent change in surface temperature occurs at the same time (1.5-2.5 kyr BP),
the KLX02 GSTH reaches much lower temperatures, coming near the freezing temperature in the
very early Holocene. It must be noted, however, that the data do not really resolve this time period,
as the spread becomes large here, and the influence of the prior model increases.

Numerical experiments on KL.X02 with deterministic inversion schemes (not included in this report),
which employ stronger constraints, e.g. the W, or W, smoothness-enforcing operators as defined in
A1-3 lead to similar but less detailed GSTH curves as the stochastic ones, irrespective of the particular
type of regularization and number of parameters. However, the results presented here do not agree well
with the paleoclimate reconstruction used in Sundberg et al. (2009), see Figure 5-8.
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Figure 5-6. Tikhonov inversions (deterministic approach) for the Laxemar compound (left), and KLX02
(right) temperature logs. In each panel results are shown for different choices of the regularization parameter
1, and an automatic determination by minimal GCV. Top: Estimated GSTH. Centre: Temperature Residuals;
Bottom: Heat flows. These heat flows show nicely that the algorithm tries to adapt to the large deviations
which may correspond to heterogeneities of thermal properties at or near the boreholes. The GST history
estimated from Laxemar (LAX) must be considered highly improbable given the spatial relationship between
both data sets. The simulations for this numerical experiments were run with the laboratory-derived average
value of heat production H (2 mWm™) and a basal heat flux density of 47.0 mW/nr’.
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Figure 5-7. MCMC simulations with the delayed rejection scheme of Haario et al. (2006) for the KLX02
temperature log. The estimated GSTH (top left) shows the strongest variation at 1.5-2 kyr BP, very similar to
Forsmark. The data fit is good for both, temperatures (left) and the corresponding vertical gradient (vight).
The bottom row shows the distribution of the basal heat flow density (left) and heat production rate (vight)
from the KLX02 simulations, which follows a smooth distribution centred near 47 mW/m’.
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6 Discussion

From the results of the inversion studies described in the previous chapter, several questions arise,
discussed below.

6.1 Depth of temperature logs

Temperature data in both target areas, Forsmark and Laxemar, only reach a depth of about 800—1 000 m
(1400 m KLLX02). This does limit the validity of the results to times back to ~10 kyr BP. As argued by
Rath et al. (2012), this depth is hence clearly not enough to resolve the full effect of the last glacial
cycle, but at best the temperature rise after the Last Glacial Maximum. In particular, while it is possible
to conclude that a temperature rise took place, the level of temperatures prior to the rise cannot be esti-
mated from these BTPs. Furthermore, both temperature logs are ending at depths where the curvature
of the temperature profile is still important. This can be seen in Figure 6-1. The results presented in
Chapter 4 are in full agreement with this general observation.
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Figure 6-1. Numerical experiments concerning the signature of the last glacial cycle in synthetic borehole
temperature profiles from Rath et al. (2012). Panels (a) and (b) present the outcome of a Monte Carlo study
generating samples with different values for the petrophysical properties and the assumed glacial GSTH (top
panel). The colors the normalized density plot signify the number of samples for predefined cells (Az x AT),
normalized by the total number of simulations. The parameters and source code are given in the (open access)
article cited above. While (a shows the resulting temperature anomaly, (b) shows the vertical gradient of
temperature, which is proportional to the heat flow density.
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In order to test what can be expected from the inversions, we conducted another simple numerical
experiment by using a simplified temperature reconstruction for Forsmark (SKB 2006) as used in
Sundberg et al. (2009) for constructing synthetic borehole logs by forward modeling and a perturbation
of these temperatures similar to the observed data. We then derived logs of lengths between 400 m and
2400 m, which were subsequently inverted in a similar way as the observed data. The results are shown
in Figure 6-2. It can easily be seen that under these assumptions, a reasonable reconstruction is possible
back to the deglaciation with log lengths of about 2000 m. Glacial and early post-glacial conditions
will influence the BTP, but will not be resolvable in the inversion.
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Figure 6-2. Numerical experiment on the possible resolution of the paleoclimate reconstruction for the
Forsmark site used in Sundberg et al. (2009). The proxy data paleoclimate reconstruction is shown in grey
(“True Model”). All physical parameter settings were as used for the Forsmark inversions.
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6.2 Physical assumptions

As shown in many previous studies, the simplified 1D inversion applied here can produce meaningful
results only if care is taken that none of the physical assumptions are violated. In general, it cannot be
excluded that the heterogeneity of thermal properties may have some influence on the results. This is
particularly the case in Laxemar, where strong signatures are visible in the residuals, implying that
there are variations in the temperature log which cannot be explained by paleoclimate variations. This
is probably caused by the mingled mineralogical composition in one of the dominant rock types in
Laxemar, varying from granodioritic to quartz-monzo dioritic composition in scales from one to several
hundred of meters. This is also transferred into the thermal properties causing large variability in the
mentioned range of scales, see Sundberg et al. (2008b). From the results presented in Chapter 5, it
appears that this is a major problem at the Laxemar KLX02 site. In Figure 6-3, the variability in ther-
mal conductivity in the Laxemar area is visualized for some boreholes. It is obvious from the figure
that these large variations in thermal conductivity have significant influence on the temperature log.
The modelled thermal conductivity profile for KLX02 is available, but only down to less than 1000 m.

50 m moving averages for
six boreholes (KLX01 — 06) in Laxemar

Thermal conductivity (W/(m-K))

22 24 26 28 30 32 34
0 L L L L L L

-200
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1/
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KLX02 (201.5-1000 m)
—— KLX03 (1001000 m)
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——KLX05 (1081000 m)
KLX06 (102-965 m)

Figure 6-3. Visualization of large-scale changes in thermal conductivity with depth for six boreholes

in Laxemar, modelled from laboratory measurements, rock type distribution and density log. Thermal
conductivity is expressed as moving geometrical mean over 50 meter long sections. For rock types other
than “Avré granite”, within rock spatial variability is not considered. Consequently the variability is

underestimated for some borehole sections, e.g. lower parts of KLX03 and KLX05 dominated by quartz
monzodiorite (Wrafter et al. 2006).
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It should also to be kept in mind that even when the observations can be fit with small deviations, it is
still not guaranteed that long spatial wavelength features are not erroneously taken for a paleoclimate
signal. This should be bared in mind when using the results in this report.

Nevertheless, adopting a 1D modelling approach is a useful simplification. The results, at least for
Forsmark, indicate that this approach leads to meaningful results. Here, there are no strong anomalies
present in the residual, and the variability found is associated with small spatial length scales. This may
be taken as justification that there is no necessity to include 2D/3D effects or anisotropy in this case. In
Laxemar, the situation is less clear, due to the comparatively large and structured residuals encountered
here. While the principle of parsimony (“Occam’s razor”) speaks in favor of this simplification, further
investigations based on a 3D model may challenge this assumption. Particularly interesting would be
the effect of anisotropy, which cannot be included in a 1D model in a general way, but is relevant in the
environment of Forsmark and Laxemar (Sundberg et al. 2009). In Laxemar it is not possible to consider
anisotropy effects since the orientation varies over the area and is not consistent and therefore hard to
determine. However, in Forsmark it is possible to choose an appropriate value of conductivity as in the
1D model since the orientation of anisotropy is subvertical, see Section 6.4.

Related to this problem is the question of representativeness of the laboratory measurements of the
thermal rock properties. This does not only concern the choice of samples, but also the question of
whether the properties in the laboratory are identical to the ones under in situ pressure conditions.
While temperature effects are rather small, as pointed out in Section 4.1, pressure may play a role

for the thermal conductivity A, which is known to be influenced by the presence of micro-cracks

or related phenomena (Hartmann et al. 2005), and would be expected in the depth interval of less
than 1000 m considered here. However, if the samples are water saturated, the pressure influence
up to 50 MPa appears to be low, approximately 1-2 % according to Walsh and Decker (1966). All
determinations of thermal conductivity performed in the site investigations have been made on water-
saturated samples. The pressure dependence has therefore been neglected in the modelling, see e.g.
SKB (2009).

An important physical effect which could possibly interfere with the borehole temperatures is fluid
flow. However, no clear and direct indications of thermally relevant fluid flow at depths below approxi-
mately 100 m are found in the averaged temperature logs neither at Forsmark nor at Laxemar. Some
local, small-scale effects visible in the gradients in the single logs were probably strongly reduced
by the data processing during the upscaling to the computational mesh. Given the generally very low
porosity (less than 1 %), we propose that the temperature logs can be considered as representing a
conduction dominated heat transfer regime, and can be used for inversion.

Remaining perturbation from drilling is a reason for uncertainties in the temperature logs,
see Chapter 2.

6.3 Paleoclimate

In the following we discuss some of the features found in the inversion results, going backwards in
time, with emphasis on their uncertainty. In order to facilitate the discussion, we summarize the results
from the present study using averaged compound temperature data from Forsmark and KLXO02 in
Figure 6-4. Here we combine the results from the stochastic MCMC simulations with some important
time markers and relevant temperatures and the proxy reconstructions from Luterbacher et al. (2004).
This chapter also includes a section where we discuss the results of the inversions using the two
selected Forsmark boreholes with different known environmental history (Figure 5-5). These results
are compared and discussed in terms of their individual environmental history, and specifically their
timing of post-glacial transition from marine to terrestrial conditions.

6.3.1 Simulations using averaged compound temperature data

As previously mentioned, the last 100 years are not well represented in the observations, as the top
50 or even 100 m had to be neglected for the paleoclimate inversions. For this reason the GSTH for
both sites stay very near their respective prior model. This means, that the climate development since
the end of the Little Ice Age (AD 1350 to 1850), which is easily seen in the reconstructions from
Luterbacher et al. (2004), cannot be resolved.
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For the observational period, we compare our results with the paleo-temperature reconstructions for
the last 500 years published by Luterbacher et al. (2004). The authors present a spatially resolved
reconstruction of annual SAT, with a resolution of 0.5 degrees. The gridded values were interpolated
to the borehole position by a simple inverse squared distance weighted average. A lack of agreement
between the two temperature time series was to be expected, as borehole temperatures are not able to
record short-term events like the anomaly found between 1700 and 1800 AD. The lack of resolution
is probably not due to a “smearing” of the Forsmark signal by groundwater flow. The recent results
of Trinchero et al. (2014) (see also Soderback 2008) indicate that there has not been vigorous vertical
fluid flow in the subsurface, as some of the geochemical characteristics for different generations
of groundwater still survive to the current day. In numerical permafrost simulations performed for
Forsmark (Hartikainen et al. 2010) the 2D groundwater flow modelling indicated that the water flow
did not advect enough heat to efficiently influence the bedrock temperature field.

With respect to the aforementioned paleo-temperature reconstructions (Luterbacher et al. 2004), the
Surface Air Temperatures (SAT) derived from a set of proxies for atmospheric conditions as shown
in Figure 6-4 may be considerably different from the GSTH. This is mainly an effect of conditions
near the surface, which control the energy and water balance. In the area considered, these factors
are dominantly vegetation, snow cover, permafrost, and possible near surface flow (Hartikainen et al.
2010). Their effect is not easily quantified for a given site for times reaching far back into the past.
Assuming modern surface conditions, which may be a justified simplification for the short times of the
observational period, in some cases, a particular linear SAT-GST relationship 75y = a-Ts,r+b can be
derived by a regression between both temperatures involved. We obtained the best general agreement
with the transformation derived by Kukkonen (1987) from observations from several long term
monitoring sites in Finland (coefficients a =0.71 and b = 2.93). This linear relationship also fits data
from Forsmark and Laxemar well (Figure 6-5).

The paleotemperature reconstructions (Luterbacher et al. 2004) included in Figure 6-4 were trans-
formed using these regression coefficients. The already comparatively high temperatures between
800 and 1800 years BP appear to be a robust feature of the inversions presented here.

The GST for the last 1000 years broadly matches the transformed results from the reconstructions.
The characteristic peak at around 250 years BP is not reproduced. This is probably because of the
low resolution of the paleoclimate inversion. Though present in the proxy reconstructions for a large
area in northern Europe, it could not be found in any other borehole temperature inversion, even in
the ones with better data coverage as the Outokumpu scientific borehole described in Kukkonen et al.
(2011a, b). However, a possible divergence of the estimates because of not yet investigated physical
reasons, which are related to the underlying proxy types, cannot be excluded. The slightly higher
temperatures found for early medieval times are only weakly visible in the simulation results, as they
fall into the time of the smooth temperature rise from the water-covered to the terrestrial period.
Another reason for not seeing the higher temperatures of the Medieval warm period relates to the
methodology of here using a compound average temperature curve as input data to the inversions.
For a more in-depth analysis of these effects, and the possible temperatures at Forsmark for this
period of time, see Section 6.3.2.

While showing a similar development since around 2 kyr BP, the GSTHs before this time are different
from each other as well as from the paleoclimate reconstruction presented in SKB (2006) and used in
Sundberg et al. (2009). A remarkable common feature is the abrupt temperature rise at 1.8 — 2 kyr BP,
embedded in a general smooth temperature increase (Figure 6-4). Here, the two sites show the largest
differences. This temperature development, if confirmed, is not fully consistent with simple concep-
tions on the paleo-environmental development at the sites, and contradicts the GSTHs derived from
the temperature reconstructions for both sites, as can be seen in Figure 5-4 and even more pronounced
in Figure 5-8.

Obviously, given the lengths of the temperature logs and the uncertainties already mentioned above, the
most important questions are (1) whether these differences between the sites are trustworthy, and (2)
whether a physical explanation can be found. The key for understanding the GST development possibly
lies in the geographical position of both areas. In the following, for the paleo-environmental conditions
we mainly use the information on timing and duration of terrestrial conditions from Table 2-2, and
information from Soderback (2008) and SKB (2006).
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Figure 6-5. Ground surface temperature (GST) versus air temperature. GST for Forsmark and Laxemar are
extrapolated to the ground surface from the temperature logs in a number of boreholes (Sundberg et al. 2009).
A linear expression from Kukkonen (1987) is shown for comparison.
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Concerning the reliability of our simulation results, the main problem is to discriminate which features
are required by the data, and which are produced by the estimation procedure. This is a problem shared
by any indirect estimation, and is particularly difficult in ill-posed problems as the one encountered in
this study.

Both deterministic and stochastic inversions indicate that the results are reasonably reliable back to a
few kyr BP, reaching possibly back to the time of deglaciation. This may be concluded from the pos-
terior distributions in the stochastic simulations, and the very consistent behavior of the deterministic
regularized inversions in this time period for both sites. From the sensitivity test shown in Figure 6-2
it is obvious that the temperatures in the depth ranges found in the studied boreholes are sensitive to
paleo-temperature changes in the time period discussed here. Within an inverse framework, whenever
the data do not contain sufficient information, the results will be dominated by the prior information.
In the case of the deterministic inversions, this will be the smoothness enforced by the regularization
method, while for the stochastic approaches the posterior parameters and their probabilities will be
similar to their priors. This is the case for the behavior of the GSTH before 10 kyr BP. It has to be noted
that the high temperatures at the beginning of the glacial cycle are a result of the choice of initial condi-
tions as a result of a large number of similar cycles, as explained in Section 4.1. This behavior, though
plausible, is thus a result of the prior knowledge, and is not enforced by the observations.

The physical explanation of the results, if considered trustworthy, is challenging, and necessarily
speculative. The basic features to be discussed are the timing of the rise of the study areas above the
sea level, and the temperature development at the ground surface during the time of water cover.

Fennoscandia has been exposed to a complex history of glaciated phases during the last (Weichselian)
glacial cycle. During this period, in the Baltic area, there have been several periods of fast changes in
ice sheet extension and thickness (e.g. SKB 2014a and references therein). Significant advances in the
understanding of this complex history have been made in the last two decades (e.g. Siegert et al. 2001,
Andrén et al. 2011, 2015, Helmens 2013, Wohlfarth 2013, Hughes et al. 2015, 2016, Stroeven et al.
2016, Stokes et al. 2015). For borehole temperatures, the dominating signatures in the depth interval
considered here are the temperature change related to the deglaciation period following the LGM
(including the post-glacial transition from marine to terrestrial conditions), the Holocene warm period,
and the minor variations during the last two millennia. The development of the Baltic area during this
period is also complex, as after the retreat of the Fennoscandian ice sheet, vast areas in e.g. Southern
Sweden were submerged by the Baltic until historical times.

As can be seen in Figure 6-6, Forsmark and Laxemar were not deglaciated at the same time. The last
deglaciation of Laxemar occurred at 14 kyr BP, whereas the deglaciation of Forsmark occurred some
3 kyr later, at 10.8 kyr BP (Soderbéck 2008). As previously mentioned, there are also major differences
in how long time the individual boreholes within the Forsmark site have been exposed to terrestrial
conditions following deglaciation and submerged conditions. The differences are up to 900 years (see
Table 2-2). However, from the results of the inversion using averaged compound temperature data, dis-
cussed in the present section, no direct conclusion can be drawn on this development. The results using
boreholes selected for their different known histories regarding the timing of transition from marine
to terrestrial conditions, on the other hand, do provide insight to the climate development during these
periods, see Section 6.3.2.
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Figure 6-6. Minimum and maximum ice cover at 11 kyr BP (vellow) and 14 kyr BP (red) in the Baltic area.
This is based on the DATED-1 reconstruction Hughes et al. (2015, 2016). Laxemar was deglaciated at
14 kyr BP, about 3 kyr earlier than Forsmark.

A first and surely too simple approach to interpret the surface temperatures for the submerged period
assumed a gravity-controlled layering of the water cover. The maximum density of fresh water occurs
at +4 °C, and higher salinities reduce this characteristic temperature marker. The development of the
relative sea level in the Baltic is reasonably well known from many geomorphological indicators, while
its salinity is still a matter of discussion, as the different proxy methods do not agree well (Andrén et al.
2011, Harff et al. 2011). Salinity affects the water density minimum temperature, and for the range of
salinities considered representative for the Baltic Sea during the Holocene, its value has varied from
about 2.5 °C (salinity 6 g/L) to about 1 °C (salinity 12 g/L) (IOC, SCOR, IAPSO 2010). In a stratified
lake/sea environment, water salinity alone would strongly influence the temperature of the sea floor,
which would be totally decoupled from the ground surface temperature on-shore. The most saline
phase (the Littorina Sea) culminates in the highest relative sea level near 6 kyr BP, when the maximum
salinity of 12 g/L was reached. This high-salinity period should also agree with the coldest water in
contact with the ground surface. The more recent salinity history is less clear, as for the last 2 kyr there
is no agreement on the general trend (Andrén et al. 2011, 2015). Moreover, the salinity deduced from
averaged point measurements in the Baltic area do not represent spatial heterogeneity, and thus may
not be valid for a particular environment.

The results from the paleoclimate inversions presented here are not consistent with such a simple
explanation. While generally lying in the interval to be expected, i.e. between 4 °C and 1 °C, the
behavior of the temperatures at Forsmark and KLX02 is complicated.

At Forsmark, the temperature in the water-covered period is systematically higher than in KLX02, and
is near the freshwater maximum density temperature for the late and middle Holocene, with lower tem-
peratures down to 1.5 °C. The paleo-environmental development shown in Séderbéck (2008) mainly
shows brackish water over this period, changing smoothly from 170 m directly after the removal of the
ice sheet to the rise above sea level about 2.5 kyr BP.

Could there be environmental conditions consistent with the GSTH derived from the borehole? It has to
be kept in mind that the water depth in the area changed considerably reaching a very shallow estuarine
environment already during the proposed salinity maximum 5 to 6 kyr BP. It has to be expected that
salinity, temperature, and hence density may have been influenced by the supply of fresh water from
contributing rivers and evaporation/precipitation. Large spatial and temporal gradients in salinities and
temperatures probably prevailed (Valle-Levinson 2010, Omstedt 2011). Low winter temperatures at the
ground surface may have been inhibited by the isolation and latent heat effects. With these conditions
it can not be taken for granted that a stable layering existed and it is thus difficult to constrain the
borehole results from independent reconstructions of the conditions of the water cover.
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The time of rise above sea level (transition from marine to terrestrial conditions) for the individual
Forsmark borehole locations that are included in the averaged compound data set occurs between

ca 400 to 1300 kyr BP (Table 2-2). These are all later than the rise to the probable SAT level derived
from the inversions using the averaged compound temperature data, which is near 1.8 kyr BP. As the
process of emergence occurs in a spatially heterogeneous way, and involves large changes in the
surface processes which influence the surface energy balance (sedimentation and vegetation changes)
a discrepancy here is not surprising. An additional reason for the discrepancy is likely to be the meth-
odology of using averaged compound data as input to the inversions instead of individual or grouped
borehole data based on their respective environmental histories. In order to get a better consistency
between modelled results on GSTHs and the environmental conditions at the Forsmark site, the deve-
lopment at the individual drill sites need to be taken into consideration, see the following section.

In the case of KLX02, our results are difficult to reconcile with the paleo-environmental development
described in S6derback (2008). Having been deglaciated approximately around 14 kyr BP (3 kyr earlier
than Forsmark), it should have seen the full development from the Baltic Lake through the Yoldia
Sea, the Ancylus Lake to modern conditions (Figure 6-7) with all the proposed salinity changes. The
KLXO02 drillsite emerged above sea level at around 8465 years BP (Table 2-2). Also it has to be kept
in mind that KL X02 has been in a position very near to the coastline since about 11 kyr BP. The local
hydrodynamics related to fresh water supply and other environmental factors are unknown. Since then,
the complicated surface conditions already mentioned above have prevailed, which includes a develop-
ment from saline water cover to islands, lakes, bogs, peatland finally forest. The inversion results for
Laxemar show generally lower temperatures than for Forsmark, with the largest change in temperature
occurring at the same time as at Forsmark. The temperatures, though with a large uncertainty, are
between 0 °C and 2.5 °C, consistent with that of brackish water at maximum density. It is not clear
whether the fall of temperature since the time of deglaciation is required by the data. This behaviour of
the reconstruction is however also influenced by the constraints imposed by the choice of the temporal
covariance in the inversion. Stochastic and deterministic methods lead to consistent results far back into
the past, in contrast to the case of Forsmark, where they agree only back to approximately 10 kyr BP.
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Figure 6-7. Development of the Baltic during the last deglaciation/Holocene. Dark blue denotes the presence
of fresh water, while the blueish-white indicates brackish or sea-water (Séderbdck 2008).

SKB TR-18-06 45



6.3.2 Simulations using temperature data from boreholes with known
different environmental histories

As previously mentioned, the inversion conducted using the temperature data from the two Forsmark
boreholes selected to represent two groups of locations with different environmental histories, was
simple and not made with optimized model parameters. Nevertheless, the tentative interpretation of
the results (see Figure 5-5), i.e. that FMKO02A shows a 1.5-2 degree temperature increase starting at
~1100 BP and that this signal is absent at FMKO1A, is in line with the environmental development of
the two drillsites as governed by isostatic rebound. KFMO02A is today located at 7.26 m a.s.l. whereas
KFMO1A is located at 3.04 m a.s.l. (Table 2-2). Following the last deglaciation, this 4.2 m difference
in elevation resulted in the KFMO02 drillsite emerging from the Baltic Sea significantly earlier than
the KFMO1 location. At the KFMO02 location, the transition from marine to terrestrial conditions
occurred around 1114 BP (AD 856), whereas KFMO1 continued to experience marine conditions up
until around 484 BP (AD 1486) (Table 2-2). Prior to ~1100 BP, the results from the inversions show
similar temperatures for the two locations (Figure 5-5). Around, or somewhat prior to, ~1100 BP, the
simulated GSTH at KFMO?2 rises substantially and remains high for several hundreds of years. This
clear temperature increase is not present at KFMO01, where the GSTH remains more or less stable,
and 2.5-3 degrees lower, during the same period (Figure 5-5). This is concordant with a develop-
ment where KFMO02 emerges from the sea at around 1100 BP, and thus starts to experience warmer
temperatures (around +8 °C according to the tentative modelling results), whereas KFMO01 remains
submerged by the sea for another 600 years (until around 484 BP). Furthermore, since the mean
bedrock thermal properties for the two drillsites are judged to be almost the same, the difference in
the results may be caused by the timing of the rise above sea-level.

The Medieval warm period was a warm climate period between around AD 950 and 1250 with
average air temperatures in Europe as high, or higher, than at present (e.g. Linderholm and Gunnarsson
2005). The above interpretation suggests that the SAT at Forsmark, as derived from the regression in
Section 6.3.1, was around +7 °C around the time of the Medieval warm period,. This is ~2° warmer
than the present mean annual air temperature of 5.0 °C (Table 2-1). The results also suggests that
this warm climate period was recorded at KFMO02 but not at KFMO1 since the latter remained sub-
merged during this time. The Medieval warm period was followed by the Little Ice Age (around

AD 1350-1860), a period that hosted the coldest climate following the end of the Weichselian
glaciation. The start of the Little Ice Age (around 600 BP) coincides approximately with the start of
the declining temperatures at KFMO?2 that follows the period with warm climate (Figure 5-5).

While the results obtained from the boreholes grouped according to their time emergence can be
interpreted in a plausible way, a few remarks seem to be unavoidable. As already seen with the BTP
from Laxemar (Figure 5-6, bottom left), the assumption of constant thermal conductivity resulting
from averaging may lead to spurious signal in the data. There is a close local relationship between
thermal conductivity and the temperature gradient, such that spatial structures not represented in the
average model (i.e. in the distribution of the thermal conductivity) may lead to apparent variation in
the data. As shown in Figure 6-3 we know that spatial correlations with characteristic length of 1 to
hundreds of meters are present in the Laxemar area. Furthermore, the subsurface acts as a low-pass
filter the temperature signal penetrating from the surface, with a characteristic spatial cut-off changing
with depth. Thus local vertical variations in thermal conductivities near the drilling site d with a spatial
wavelength larger than the cut-off may bias the results of the inversion. In this case, the inversion is not
able to discriminate between the potential origins of the behavior of the BTP, i.e. whether it is caused
by paleoclimate or by local variations in thermal conductivity.

A synthetic example for this ambiguity is given in Figure 6-8 shows the result of inverting the data
generated from the simplified GSTH shown in Figure 4-4 (top) with constant thermal conductivity
perturbed by sinusoidal variations of constant amplitude but different wavelengths L,. The results
show that because of the diffusive character of heat conduction, the inversion is able to interpret
(erroneously) the temperature variation caused by this heterogeneity as paleoclimate when physically
possible. While it is possible to mitigate this effect, e.g., by smoothing the observations, this leads to
over-smooth results. Without further information on the local heterogeneity, it can thus not be excluded
that the higher variability of the GSTH of FMK2 results from the presence of local correlated varia-
tions of thermal conductivity. This once more emphasizes the necessity for deep BTPs and coincident
estimates of thermal properties.
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Figure 6-8. Result of inverting the data generated from the simplified GSTH shown in Figure 4-4 (top)
with additive random errors of 0.01 K. Constant thermal conductivity with sinusoidal perturbations with an
amplitude of 0.1 W/(m'K) and different wavelengths L, were assumed for the numerical experiment, which
demonstrate the role of spatially correlated thermal properties.

6.4 Comparison with heat flow from previous studies

Comparison between calculated basal heat flow between the present study and Sundberg et al. (2009)
show overall good agreement, see Table 6-1.

Some small differences in the results are present, see Table 6-1, Table 1-1, Figure 5-3 and Figure 5-7.
However, some minor deviations have also been discovered in the averaged input data used in the
modelling in the present study compared to the earlier study by Sundberg et al. (2009), see Table 1-1,
Table 4-1 and Table 4-2. The differences in data are only significant for Forsmark and are caused by
non-correction for the subvertical anisotropy in thermal conductivity and small differences in heat
production. Together these differences cause an overestimation of the basal heat flow at 4000 m with
approximately 4 mW/m? in the present study. However, these differences are not judged to influence
the estimated climate data in a significant way.

When a correction is made, the suggested results on basal heat flow in this report are in excellent agree-
ment with the modelling results in Sundberg et al. (2009), transferred to 4000 m depth, see Table 6-1.

Table 6-1. Comparison of calculated basal heat flow at 4 000 m depth in present report and
Sundberg et al. (2009).

Basal heat flow Basal heat flow Forsmark Basal heat flow
Forsmark Corrected for small discrepancies Laxemar (KLX02)
in input data
mW/m? mW/m? mW/m?
Modelling in the present report 53 49 47
Modelling in Sundberg et al. (2009) 50 50 46
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7 Conclusions

There are several conclusions to be drawn from the study. From a climatological point of view, as
expected, the presence of water cover following deglaciation is important at both sites. From 11 kyr BP
or 14 kyr BP, for Forsmark and Laxemar, respectively, GST appear to have been between 0 °C and
+4 °C until 3 kyr BP, with slightly warmer conditions (3—4 °C) at the former site and colder (near 0 °C)
at the latter site. No conclusions are possible concerning the atmospheric conditions for this interval, as
the influence of the water cover is not well understood. The main reason for this is the estuarine regime
of shallow brackish water which probably was covering both sites until permanently rising above sea
level, which must have been very sensitive to environmental change during this interval. Clearly no
stable density distribution and corresponding maximum density temperature can be assumed for the
water covering the sites during the postglacial period. The difference in the GSTHs for both sites may
be related to the position with respect to the coastline and the particular hydrological and environmental
conditions met.

The results obtained from using individual selected temperature data from two Forsmark boreholes
with different environmental histories, tentatively indicate warm air temperatures of around +7 °C (that
is around 2° warmer than at present) from around 1100 BP (during the Medieval warm period) for the
KFMO2 drill site. This coincides with the time when this borehole location had emerged from the sea.
At the same time, the simulated temperature for the other borehole location (KFMO1), located at a
lower elevation and still submerged by water during this period, did not show this temperature increase.

Also, we find a rather clear signature of cold climate between 100 and 300 years BP associated with the
Little Ice Age. For the last 500 years, the results agree well with proxy reconstructions as (Luterbacher
et al. 2004), if an appropriate SAT-GST correction is applied. No indication is found in the data for the
recent warming since the 19th century, which is present in the aforementioned proxy reconstruction,
as well as in most other boreholes in the Northern Hemisphere. This is most likely due to the missing
information in the top 100 m of the temperature logs.

Even if Forsmark constitute a site with low bedrock relief and a subtle topography, compiling bedrock
temperature data from borehole locations at fundamentally different altitudes within the site, and thus

with different environmental histories in terms of marine and terrestrial conditions, prohibits a detailed

analysis of Holocene paleoclimate by inverse modelling. If temperature logs are available from bore-
holes at different elevations within a site, inverse modelling benefits a lot from the temperature records

being selected and/or grouped according to their known histories/elevations. Dedicated inversions need
to be done for the different groups and/or individual boreholes.

The results are compatible with a wide range of values of the basal heat flow density, influencing
the paleoclimatic results only at the early periods of the GSTH where sensitivity is low (>5 kyr BP).
The joint MCMC estimations of GSTH, heat flow density, and internal heat production rate also
delivers most probable basal heat flow values (4 000 m depth), which are 50 mWm* for Forsmark
and 46 mWm * for Laxemar, respectively. These results support the former estimates of Sundberg
et al. (2009).

It should also be noted that in general, the borehole temperature data available from the Forsmark
and Laxemar sites do not represent ideal conditions for truly quantitative paleoclimate studies. The
depths of the boreholes are not sufficient to reliably resolve the temperature level further back than
around 10 kyr, i.e. a period basically covering the Holocene post-glacial period of the sites. Due to
uncertainties in the individual temperature logs and in order to better represent respective area, new
composite logs was constructed for each site either from group of logs, logs from different boreholes
or from different logs in the same borehole. The use of single, equilibrated, and high quality logs
combined with localized rock properties would be preferable. In addition, two single temperature
logs were selected from two different Forsmark boreholes in order to represent fundamentally
different environmental histories within the site.

The borehole temperature profiles from Forsmark and from the deep borehole KLX02 at Laxemar,
can be inverted for ground surface temperature histories with an extraordinary (Forsmark) or at least
satisfactory data fit (KL X02). In these two cases, the amplitude of the residuals is generally less than
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0.05 K. As explained in Section 5.2, it was not possible to obtain satisfying results for Laxemar.
The reason for this can be found in the variation in thermal conductivity for a range of scales in
Laxemar. It has to be kept in mind though that a good data fit is no guarantee for realistic results
on paleotemperatures. The data used here have been generated by constructing a single BTP from
distinct logs, by shifting and/or averaging. In addition, the timing of the transition from marine to
terrestrial conditions for the different boreholes used in this study vary significantly (between around
400 and 1300 years BP at the Forsmark site). Furthermore, the physical bedrock properties used are
averages over the full depths of different logs. Thus we cannot expect that the spatial variability in
the temperature logs is fully explained, especially not in Laxemar. Furthermore, the possible effect
of unresolved long-period variations appears to impact the resulting ground surface temperature
models to a certain degree, reducing our confidence in these results considerably. This underlines
the aforesaid necessity for high-quality logs and in situ rock properties.

Thermal conductivity data from laboratory measurements are normally in the cm scale. This is a far
smaller scale compared to the relevant scale for e.g. heat flow. Through stochastic modelling of both
geology and thermal properties for rock types it is possible to upscale data and spatially distribute
thermal conductivities in large volumes, for instance along a borehole (e.g. Back et al. 2007, Sundberg
et al. 2008b).

New deep reliable temperature log and good spatial thermal conductivity data, would make it possible
to evaluate the surface temperature development for periods prior to 10 kyr BP and significant decrease
uncertainties in the whole period.
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8 Recommendations

In order to improve the evaluation of the ground surface temperature development, the following is
recommended:

1. To improve data quality in existing boreholes and significantly reduce uncertainties, new
temperature data and spatial thermal conductivity distribution along boreholes are needed.

2. New deeper boreholes are necessary in Forsmark to permit modelling of reliable ground
temperature history that covers the past ice age.

Table 8-1. Recommendations for future work in Forsmark and Laxemar.

Possible actions to improve data | Forsmark Laxemar
Existing boreholes Up to 1000 m depth Up to 1700 m depth
Temperature log New temperature log in eg. KFMO1A- Evaluate the quality of temperature
02A, preferable DTS-technique with measurements measured made with
inflatable liner Posiva flow log in KLX02. Alternative:
new DTS-log
Spatial thermal conductivity data | Spatial distributed data through Extend and improve the thermal
stochastic modelling of thermal conductivity modelling along the whole
conductivity (Back et al. 2007) borehole length (Wrafter et al. 2006)
Alternative: Incorporate a heating with stochastic technique (Sundberg
wire with the DTS fibre that may et al. 2008b)
enable distributed thermal conductivity | Alternative: DTS log and possible
measurements of sufficient quality distributed thermal conductivity
measurements
Heat production Complementary determination from Complementary determination from
core samples core samples
New deep borehole Up to 2000 m

New borehole or extension of the depth
of existing 1000 m deep boreholes

Temperature log See above -

Spatial thermal conductivity data | See above -

To improve temperature data quality in Forsmark in existing boreholes it is possible to perform
new high quality temperature loggings. This is possible to perform with conventional technique.
However, SKB have used DTS-technique (Distributed Temperature Sensing) with optical fibre in a
borehole in the GAP-project at Greenland (Harper et al. 2016, Claesson Liljedahl et al. 2016) with
good experiences gained. SKB is interested in the technique for several reasons. Demonstrations and
tests in Forsmark are on-going. The optical fibre can be installed with an inflatable liner that seals
the borehole and prevent water movements. Repeated DTS-loggings can be made until satisfactory
undisturbed conditions are achieved.

The uncertainties in the thermal conductivity are smaller in Forsmark compared to Laxemar. However,
in order to gain the spatial distributed thermal conductivity and further improve the data quality, it is
recommended to model the thermal conductivity along the borehole in a similar way as in the thermal
site descriptive model for Forsmark 2.2 (Back et al. 2007), but conditioned instead of unconditioned.

If optical fibre is installed for utilisation of distributed temperature sensing technique (DTS) it is
recommended to use an optical fibre that includes a heating wire to allow controlled heating. Together
with inflatable liner it then seems to be possible to determine the thermal conductivity with a resolution
up to approximately 0.1 m. However, the technique first need to be developed further, tested and the
results verified.

Deeper boreholes are necessary at Forsmark in order to get deep data to permit reliable inversion of
the ground surface temperature history during the last ice glacial. New deep boreholes may be drilled
or extension of existing 1000 m deep boreholes may be performed.
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The deepest borehole in Laxemar is the 1700 m deep KLX02, used in the present study. The tempera-
ture logs used from KLX02 in the present study have significant uncertainties and possible biases.
However, newly found additional temperature logs, made with Posiva flow log (PFL) with built-in
temperature sensor of high quality, could make it possible to do further evaluations and reduce
uncertainties. To take into account the large variations of thermal conductivity in a number of scales,
it is possible to model the thermal conductivity distribution along the borehole for KL.X02. This has
already been performed for the first approximately 950 m in the thermal site descriptive model for
Laxemar 2.1 (Wrafter et al. 2006) but might be possible to extend and improve with later developed
stochastic modeling of lithology and thermal conductivity distribution for each rock type.
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Appendix 1

Deterministic inversion approach (Tikhonov techniques)

For the deterministic approach we seek to minimize an objective function 6 with respect to a given
model specified by a set of parameters m = [m,, m,,... m,,J/, which is defined by:

6?=(d—g(m))T W, W, (d—g(m))+R(m-m,), (Al-1)

where W, denotes a weighting matrix commonly used to standardize the residuals r = d—g(m), i.c. it
is set to the inverse square root of the data covariance matrix C,. In Equation (A1-1), the first term
measures the data fit, while the second, R(m) , is necessary to stabilize the generally ill-posed inverse
problem, see Aster et al. (2013).

In the problem treated here, the parameter vector m is composed of a piecewise constant function of
time, using a logarithmic spacing. The data vector d = H(d,,,) contains the result of an observation
operator H applied to the discrete values of temperature measured in in the borehole. In this case, the
application of this operator refers to the “upscaling” procedures mentioned later.

This regularization in Equation (A1-1) can be achieved in many different ways. Most of the results
presented here use a generalized Tikhonov technique, formulating the corresponding term as:

R(m-m,)=7,(m-m,) (m-m,)+> 7, (m-m,) W/W, (m-m,) (Al2)

In this equation, we define W, to be a discrete approximation to the first or second derivative of the
parameters with respect to logarithmic time, see Aster et al. (2013), which can be written in discrete
form using a logarithmic time step A:

-1 1 0 R | 0
. -1 1 . 1 -2 1
W,zZ WZ:E : 2, (A1-3)
-1 1 1 -2 1
_0 -1 1_ i 0 1 -2 1_

Taking the derivative of Equation (A1-1), and imposing the minimum conditions leads to the iteration:

1 1
[Ja I, +zriw;,iwm,,-j5mk ¥ [d—g(m)]-3 £ W, W, ,(m, -m,)
i=0 =0

(A1-4)
m,, =m, +uom,.
We define the weighted Jacobian or sensitivity matrix as:
J,=W,J=W,g/om, (A1-5)
and the Generalized Inverse as:
-1
Ji = (Jg J, + i rian’in’ij J o, (A1-6)
i=0

respectively. Note that the inverse in Equation (A1-6) is the posterior covariance matrix. These quan-
tities are appropriate tools to further analyze the sensitivity of given data to the inverse parameters.

Given the two regularization parameters 1, and t,, this formulation can be seen an approximation to
an inverse spatial exponential covariance a logarithmic scale with given error and correlation length
(Tarantola 2005). For the inversions shown below, 7, is set to a fixed small value (0.003), while z; is
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set to an optimal value determined by Generalized Cross Validation (GCV) (Rath and Mottaghy 2007,
Farquharson and Oldenburg 2004, Wahba1990). This optimal value is found by minimizing the GCV
function over a set of predefined values of the regularization parameter ¢:

N|a-g(m?)
trace(I-J J')’

2
2

GCV(r)= =min! (A1-7)

For the inversions presented here, we always used the GCV criterion. The Unbiased Predictive Risk
Estimator (UPRE) criterion described in Vogel (2002) produced nearly identical results. We did
not use the L-curve approach described above, as this technique is not well adapted to non-linear
inverse problems, where the identification of the point of maximal curvature often leads to highly
improbable results.

A useful measure for comparing the goodness-of-fit for different models is the normalized Root
Mean Square Deviation (RMS) defined by:

RMS = |(N,-1)" >

N jvjabs _7—}&11 2
A - (A1-8)

J=1 o
J

where N, is the number of observations, and the second term under the root is the sum of standardized
residuals. In the case of N,being large, and approximately Gaussian and independent data, the value
should be near one. However, due to the many assumptions involved, small differences in RMS are not
considered as significant, and this parameter should only be used as an indicator. In particular, all runs
shown here were run with a uniform error of 0.1 K for the temperature, which is usually a reasonable
estimate for this quantity. Note that this error includes not only the measurement error, which is at least
one order of magnitude smaller, but also all errors related to the misspecification of the model (e.g.
related to the use of average properties).

Bayesian stochastic approach (Markov Chain Monte Carlo technique)

In contrast to the deterministic approach described above, the Bayesian paradigm (see e.g. Gelman
et al. 1995) aims not at a single GSTH which is optimal in a previously defined sense, but seeks to
estimate the full posterior probability density function (PDF), given the prior PDF and the observa-
tional data. Detailed accounts on this approach can be found in Mosegaard and Tarantola (1995, 2002)
and Tarantola (2005). In the present study we concentrate on the stochastic inversions. Deterministic
inversions as described in Section 3.2.1 aim at deriving a single optimum model, which will commonly
not catch the characteristics of all models compatible with the data. In contrast, the stochastic methods
described in this section introduce constraints in generating a large number of models from a random
set of temporally correlated models, as described below. Starting from the prior distribution by p(m),
and the conditional probability distribution, p (d|m), also called likelihood, which describes the pro-
bability that the data, d, will be observed, given a set of parameters m. Given the above prior, we then
seek the conditional (posterior) distribution of the model parameter(s) given the data. We will denote
this posterior probability distribution for the model parameters by p(m|d). Bayes’ theorem relates prior
and posterior distributions by:

p(m|d)oc p(djm)p(m) , (A1-9)
where the proportionality constant usually is not explicitly computed.

While it is well known that, under the restrictive assumption of Gaussian probabilities, estimators can
be derived, which bear some similarity to the deterministic methods described above (Tarantola and
Valette 1982a, b), the technique of choice for the Bayesian is of stochastic nature.

In this study, a Markov Chain Monte Carlo (MCMC) technique was employed. We used a variant
of the well-known Metropolis-Hastings algorithm (MH) (Metropolis et al. 1953, Hastings 1970,
Haario et al. 2006). The Delayed Rejection Adaptive Monte Carlo (DRAM) algorithm improves on
MH 1) because it samples the posterior more effectively, as the rejection of low-likelihood samples
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is delayed for a predefined number of steps in the MC chain, before possibly being finally excludes,
and i) because it allows for an adaption of the prior covariance during the progress of the MC chain.
We used the DRAM algorithm as implemented by Haario et al. (2006), with reduced or deactivated
adaptivity in order to prevent a premature concentration of models.

There are problems with this choice in the case of an ill-posed inverse problem as the one investigated
here. The meaningfulness of the results depends strongly on the reasonable choice of both prior
probability density, which was chosen to be a multidimensional Gaussian distribution N(m,s) which
characterized by its mean vector m and covariance matrix C, which is updated at given intervals during
the MC process. In our case however, we did not assume C to be diagonal, but allowed for temporal
correlations in the GSTH parameters, while for the remaining parameters (Q,, H) it was initialised
with the appropriate variances.

For the parameters representing the GSTH, we introduced a Gaussian temporal covariance matrix
defined as:

2
|-

o (A1-10)

gauss __ __2
C; o =0, exp

Its width is controlled by a temporal correlation length L of approximately 1/2 of a decade, which
agrees with the resolution obtainable in this type of reconstruction (e.g. Demezhko and Shchapov
2001). A number of chains were started in parallel, each starting from a perturbed version of the prior
which was set to the average of a GSTH derived from a Tikhonov deterministic inversion of the
data set.
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Figure A Gaussian temporal covariances. In the MCMC samplings presented in this study, correlation
lengths of 5-At or less were used.
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Abbreviations

DTS Distributed Temperature Sensing

FD Finite Difference

GCV Generalized Cross Validation

GST Ground Surface Temperature

GSTH  Ground Surface Temperature Histories
MCMC Markov Chain Monte Carlo

RMS Root Mean Square Deviation

SAT Surface Air Temperature

UPRE  Unbiased Predictive Risk Estimator
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