Cement &
Concrete
Composites

www.elsevier.com/locate/cemconcomp

o : =
ELSEVIER Cement & Concrete Composites 25 (2003) 839-846

C, O and S isotopic signatures in concrete which have suffered
thaumasite formation and limited thaumasite form of sulfate attack

LK. Iden **, P. Hagelia °

* Institute for Energy Technology, P.O. Box 40, N-2027 Kjeller, Norway
® Norwegian Public Roads Administration, P.O. Box 8142 Dep, N-0033 Oslo, Norway

Abstract

Thaumasite formation and limited thaumasite sulfate attack has recently been discovered in sprayed concretes in contact with
pyrrhotite-, pyrite- and calcite bearing Alum Shale in Oslo. In concretes, several types of calcite occur, including internal Popcorn
calcite formed by replacement of both thaumasite and calcium silicate hydrate. In an attempt to throw further light on the origin of
carbonates and sulfates involved, we have used the laser ablation probe to characterise these secondary minerals with respect to
stable isotopes (C, O and S). Mitigation as well as repair may in several cases depend much on correct characterisation and location
of the fluids provenance, and stable isotopic characterisation may be an appropriate tool to do so.

The preliminary results of this study indicate a complex open system with influence of fluids from several sources. There is a
general difference in signatures between ordinary surface carbonation and internal carbonation associated with thaumasite. Calcite
deposits within the Alum Shale/concrete contact zone show highly variable isotopic signatures reflecting a composite origin,
probably significantly influenced by atmospheric CO,. The sulfur isotopes in thaumasite appear to be much lighter than the Alum
Shale constituents. This might possibly be explained by a contribution from atmospheric SO,, or alternatively by sulfide oxidation in
Alum Shale assisted by bacterial activity. A certain internal contribution from gypsum in cement clinker cannot be excluded.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of stable isotope geochemistry has recently
obtained extensive application within many environ-
mental fields, but up to now only in a restricted way
within concrete deterioration research. Basically, stable
isotopes have the potential of providing information of
reaction mechanisms due to fractionation during the
transformations, as well as to identify the sources of the
deterioration agents. Earlier work by Rafai et al. [1,2],
Letolle et al. [3] and Macleod et al. [4,5] have elucidated
the carbonation processes in concrete structures by using
carbon and oxygen isotopes. Torf and Van Grieken
[6] applied sulfur isotopes to identify the sources of
gypsum formation on the surfaces of limestone build-
ings. These workers analysed small bulk samples or
separates. However, laser assisted sample extraction is a
micro-analytical technique which allows for precise
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analysis of sub-milligram sample sizes. To our knowl-
edge no such data have been reported for concretes. We
here focus on the potential of using stable isotopes by
the laser method for investigations into the mechanisms
of concrete alterations by various processes, as well as a
monitoring tool.

Sulfate attack in concrete represents a multitude of
chemical reactions, and several paths of reaction may be
observed, as dependent on concrete mix and environ-
mental conditions. Recent work has shown that the
thaumasite form of sulfate attack (TSA) might cause
significant deterioration in concretes made with ordi-
nary Portland cement and sulfate resisting Portland
cement (SRPC) (Thaumasite Expert Group [7]; Cram-
mond [8]). In its non-deleterious early stage, thaumasite
formation (TF), the thaumasite is restricted to pre-
existing voids and micro cracks. In deleterious TSA,
however, the thaumasite forms by extensive replacement
of the calcium silicate hydrates (CSH), ultimately in-
volving total destruction of the cement paste. This
process is critically dependent on: (1) availability of
sulfate- and carbonate ions (from external or internal
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sources); (2) a wet and cool environment (most fre-
quently below 10-15 °C); (3) a pore fluid pH greater
than 10.5 and (4) that a significant portion of the cement
paste can be accessed by the carbonate- and sulfate en-
riched fluids and react with Ca and Si in CSH to form
thaumasite.

Works by Hagelia et al. [9] and Sibbick and Cram-
mond [10] suggests that, in certain environments, inter-
nal carbonation represents an important late stage in the
overall TF-TSA. Both decalcification of CSH resulting
in cement paste depletion with Popcorn calcite forma-
tion and associated thaumasite decomposition to calcite
with or without subordinate gypsum beneath ordinary
surface carbonation [9,10] have been observed to take
place. Although this late stage may be sustained in
several chemical environments, the unifying feature is a
reduction in the pore fluid pH from about 13 towards
neutral (cf. [11] and [9,10]).

The TF-TSA-carbonation process leads to strength
loss, enhanced concrete permeability and reduced ser-
vice life of concrete structures. It is hence of great in-
terest to the construction engineer to be able to identify
the sources of carbonate and sulfate ions. Usually
chemical analysis of water, aggregates and soils are
employed in conjunction with petrography. However,
only isotopic characterisation may be capable of dis-
criminating between sources with similar chemical
compositions.

2. Background and objectives

The chemical composition of thaumasite can be
written:

Ca6[SI(OH)6}2(CO;)2(SO4)2 . 24H20 (1)

The mineral is hexagonal, and its crystal structure con-
tains columns of (Cag[Si(OH)], - 24H,0)%* parallel to
the c-axis, with ((CO3),(S0,),)®~ occupying the channels
between them. Si in thaumasite may be substituted by
some Al, and CO%~ by sulfate ions [12]. The channel
carbonate-sulfate complex is loosely bound, involving
some hydrogen bonds between hydrogen in water and
oxygen in carbonate [13]. We therefore expected to
achieve laser ablation and extraction of channel com-
ponents sufficient to be analysed for stable isotopic
composition. However, CP/MAS NMR investigations
have shown that especially '*C occurs in close proximity
of 'H [13], which to the present authors may indicate
that the weak hydrogen bonds favour the heavy carbon
isotope. Thus, one cannot exclude the possibility that
laser ablation in thaumasite may involve a fractionation
towards erroneously high & '*C-values.

The present study focuses on two sprayed concretes
in Oslo from (a) the first reported occurrence of TSA in
Norway (e.g. [14]) in a road cut at Akebergveien (13

years old spray), and (b) the Svartdal high way tunnel (2
years old). These concretes have suffered TF and limited
TSA attack with contemporaneous and secondary for-
mation of several textural types of calcite within the
concrete interior. Ordinary surface carbonation was also
present (cf. [9]). At both sites steel fibre reinforced
concrete, made with SRPC (C;A =about 1%) and ~5-
10% silica fume, had been sprayed directly on Alum
Shale. This sulfide- and calcite bearing shale contains
minor monoclinic pyrrhotite, which leads to catalytic
oxidation of more abundant pyrite, and historically
caused extensive deterioration with formation of soft
mush of cement pastes [15]. We now believe that this in
fact was a severe case of TSA [9]. Although the sulfate
source in this case may be considered well constrained,
several possible carbonate sources, such as atmosphere,
calcite fines, complex ground water and anthropogenic
material can in general be expected. Thus the objectives
of this study were to

(a) characterise CSH, calcite, thaumasite as well as local
Alum Shale constituents in terms of O, C and S
isotopes;

(b) in view of these constraints, investigate the possibil-
ity that sources of carbonate and sulfate ions can be
identified.

3. Methods and samples

Samples were first investigated under the petro-
graphic microscope, and the mineralogical composition
of characteristic micro-domains were studied in more
detail by scanning electron microscopy (SEM). Sample
chips for laser microprobe analysis were then selected
from four concrete cores (some of which contain a bit of
Alum Shale behind), and one spalled outer layer (=2 cm
thick) immediately adjacent to a 1-2 cm wide soft
thaumasite + calcite mush zone. SEM was again per-
formed in order to confirm the phase composition in
each chip. Samples from Alum Shales and a few
thaumasite rich deposits within chips were also selected
for bulk S isotope analysis.

Laser microprobe analyses for carbon and oxygen
isotopes were performed with a high-power Nd-doped
YAI garnet (Nd:YAG) Quantronix laser, producing a
beam wavelength of 1064 nm. A He-Ne aiming laser
producing a visible red light is incorporated into the
system for focusing the beam and positioning of the
beam onto a target. The laser was operated at 30-32 A
DC in a pulsed mode. The diameter of the beam will
vary according to the material, but was commonly
about 15 um, and the analyses were followed through an
optical microscope. The laser-ablation technique can be
used for spot analyses if a sufficient amount of CO, gas
is released. Alternatively, as in the present case, the
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sample is moved slowly along an X-Y table. The con-
crete minerals are generally very fine grained and thus
individual mineral grains were too small to be analysed.
Analyses of carbon and oxygen isotopes were performed
along lines parallel to the sample surface and an inte-
grated value for a specific depth was obtained in each
case. Our sample chips widths were about 10x20 mm
and 2-3 mm thick. The gas released was carried by He to
a water absorbed MgClO, trap, and the CO, is sepa-
rated in a poropackQ column, followed by analysis in a
Optima IRMS (Micromass, England). A minimum of 2
umol CO; is required. A reproducibility of +0.29,, (one
sigma) for both O and C is based on repeated injections
of reference gas. However, the precision vary with the
quality of the sample, and the precision of thaumasite
and CSH analyses will generally be somewhat lower
(about +0.5%,). Isotope values (C and O) are given
relative to the PDB standard (cf. [16]).

The procedure for laser analysis of sulfur isotopes on
sulfates and sulfides is yet not fully developed at IFE, so
the few 63S data presented here represent small bulk
samples. Sulfur isotopic composition was analysed on
liberated SO; in sulfides and sulfates. Isotopic values are
given relative to standard Canyon Diablo triolite. The
precision in & S is £0.2%, for both sulfides and sulfates.

For the fundamentals of the stable isotope technique
is referred to the basic books of Faure [16] and Krouse
and Grinenko [19].

4. Results
4.1. Petrography of analysed micro-domains

4.1.1. Aakebergveien road cut

Core 2 (18 cm) with near by spalled outer layer. Two
sample chips were selected from this core: (a) inner parts
close to concrete/Alum Shale interface (Bet4) and (b)
outer surface exposed to air (Bet6), respectively). Bet5,
representing the spalled outer layer, comprised two
zones: (1) calcite dominated near the outer surface
(mostly ordinary carbonation) and (2) thaumasite
dominated in entrapment voids (Fig. 1: close to the
TSA + calcite mush zone). A small bulk sample from the
void material was analysed for S isotopes. Bet6 was
characterised by ordinary surface carbonation and in-
ternal carbonation, with only small amounts of et-
tringite/thaumasite present. Bet4 contains variable
amounts of thaumasite and ettringite.

Core 4 (12 cm) from the same locality was analysed
by tracks from surface to about 4 cm inwards. This core
displays a distinct porous internal reaction zone with a
soft mush of calcite + thaumasite 2-2.5 cm from the
surface, as seen in Betll. A bulk sample of this zone,
representing the thaumasite phase, was analysed for S
isotopes. Betl1 was influenced by ordinary surface car-

Fig. 1. Thaumasite within the thaumasite+ calcite domain, Bet5
(Akebergveien) BS image.

bonation (1-2 mm) and internal CSH with or without
calcite was also analysed about 4 cm farther inside the
core.

4.1.2. Svartdal tunnel

Core 370A (wet, 6 cm long) is represented by Bet7
and Bet10. In this core there was a porous reaction zone
with thaumasite + calcite 1-3 cm away from the inter-
face with the Alum Shale. A bulk sample of the reaction
zone was collected for S isotope analysis.

Bet10 represents surface carbonation; depth 1-3 mm.
Analyses of this sample also included internal CSH with
or without calcite about 1.5 cm beneath the surface.

Bet7 is located close to the interface with the Alum
Shale (0-3 cm). At the interface thaumasite was absent.
However, coarse calcite deposits (ccd) were abundant
within this fairly porous zone (Fig. 2). About 1 cm away
from the interface there was a complex mixed zone
consisting of very fine grained CSH, and thaumasite/
ettringite with or without calcite. Thaumasite was also
located in thin veins (Fig. 3). A bulk sample of such a
vein was sampled for S isotope analysis. The outer part

Fig. 2. Coarse calcite deposits (ccd) at the Alum Shale interface in
Bet7, Svartdal tunnel. BS image.
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Fig. 3. Thaumasite veins of different morphology in Bet7, Svartdal tunnel: Coarse-grained crystals to the left, very fine grained to the right. BS

images.

of the Bet7 sample chip was characterised by coarser
calcites (ccd) + thaumasite.

Core 320B (dry, 5 cm long). Bet9 from this core was
located at the Alum Shale interface. Thaumasite was
only detected close to the shale. Laser tracks up to 6 mm
from this interface represent CSH + some calcite.

4.1.3. Alum shale

The petrography of the Alum Shale was not investi-
gated in detail. At the Svartdal locality, numerous thin
calcite veins at the interface with concrete have inter-
sected the shale. The amount of carbon rich organic
material was high, and small sulfide grains were scat-

Table 1

tered all over. Two bulk sulfide separates from each
locality, determined by XRD to be predominated by
pyrite, were analysed for S isotopic composition. One
bulk analysis of shale organics from Svartdal was also
included.

4.2. Stable isotopes

The stable isotope data for C and O are reported
for individual laser tracks in terms of the mineral as-
semblages established in Table 1, and are also plotted
in Figs. 4 and 5. Bulk S isotopes are referred to in
text.

Summary of investigated samples and the mineralogy of analysed domains

Locality

Sample

Sample no

Laser analysis

Description

Bulk analysis

Svartdalstunnelen

Akebergveien

Core 320B (dry)

Core 370A (wet)

Core 2

Spall near Core 2

Core 4

Bet9

Bet7

Bet10

Bet6
Bet4

Bet5

Betll

CSH + Th+cc
CSH + cc

ccd>CSH + cc
cc+CSH

complex CSH mix
Th veinlets

Th +ccd

cc>CSH( + Th)
CSH >cc

CSH >cc( + Th)

Th+cc+ CSH
cc>CSH + Th

cc+Th+ CSH
cc+CSH>Th

cc>CSH
cc+CSH
cc+Th+ CSH
CSH >cc

Interface Alum Shale

Interface/Internal

Interface Alum Shale
Interface Alum Shale

Internal
Internal

Internal/towards reaction zone
(1-3cm from interface Alum Shale)

Surface carbonation
Internal

Outer surface/internal

Interface Alum Shale
Interface Alum Shale

Inner surface near TSA mush

Outer surface

Surface carbonation
Surface/internal

Reaction zone, 19 mm from surface

Internal

S in Alum Shale sulfides
Organic S in Alum Shale

S in thaumasite

S in CSH

S in thaumasite

S in thaumasite

S in Alum Shale sulfides

S in CSH

Predominating phases: CSH =somewhat depleted calcium-silicate hydrate; Th = thaumasite; cc = calcite, ccd = coarser grained calcite deposits.
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Akebergveien, open air exposed, 13 years old concrete
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Fig. 4. Carbon and oxygen isotopic variation in calcite and thaumasite from sprayed concrete at Akebergveien in Oslo. All values are normalised to
PDB. Inserted horizontal lines indicate 6 *C of atmospheric CO, (lower) and equilibrium fractionation & '3C for calcite precipitated from CO,

dissolved in water (upper). See Table 1 and text for further details.

Svartdal tunnel, exposed to tunnel air, 2 years old concrete
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Fig. 5. Carbon and oxygen isotopic variation in calcite and thaumasite from sprayed concretes in the Svartdal tunnel in Oslo. All values are
normalised to PDB. Inserted horizontal lines indicate J '*C of atmospheric CO, (lower) and equilibrium fractionation § *C for calcite precipitated
from CO, dissolved in water (upper). See Table 1 and text for further details.

4.2.1. {fkebergveien

At Akebergveien § '3C values range from —13.2%, to
—-4.39,, yet with a significant difference between petro-
graphic types. Thaumasite + calcite assemblages in Bet5
(pH in pore fluid probably transient from >10.5 towards
8-9) have values lower than about —10%,. The surface
carbonated zone in Bet5 has somewhat elevated carbon,
with 6 3C values from —7.4%, to —4.3%,. Pore fluid pH
may be around 8-9 as judged from the assemblages.
Bet6, which represents analysis from outer surface to
internal carbonation is scattered between the domains
mentioned above.

Betl1, which represents Core 4 is different. Surface
carbonates are 3C depleted compared to Bet5, with

6 13C values from —10.9%, to —12.5%,. The values rise to
—-5.89, to —8.49,, inwards, but decrease again to —9.1%,
to —129%, towards the internal porous thaumasite + cal-
cite mush zone. Where CSH dominates over calcite
(Betl1 internal) values fall within —59,, to —89%,.

The oxygen isotope values are also different in the
two cores. The range in § '*O values in Bet5, Bet6 and
Bet4 is from —14.49 to —22.5%, (lowest values in Bet4).
The outer part of Betl1 has been enriched in O, with
530 values from —9.6%, to —11.3%,. However, the in-
ternal part of this sample chip has values similar to the
samples from the first core (Fig. 4). The thaumasite/
calcite internal reaction zone has distinctly different
oxygen values, varying from —2.49, to +12.3%,.
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The small bulk sample of the thaumasite + calcite
reaction zone in Bet5 was analysed for sulfur stable
isotopes. The S values range from 3.9%, to 6.9%,. A
void filled with thaumasite has a value of 4.0%,. CSH-gel
was analysed in a small bulk sample, giving a 6 **S value
of 10.6%,. This probably represents the composition of
sulfur in gypsum added to the cement clinker.

4.2.2. Svartdal tunnel

The isotopic scatter is more pronounced here (Fig. 5).
The 6 1*C values range in total from —4.1%, to —18.3%,.
The surface carbonation (Betl0 in Core 370) has a
narrow range in 6 *C from —12.7%, to —12.99%,, which is
only slightly lower than the range in internal CSH with
or without calcite of —10.5%, to —10.99%,.

The mineralogical complexity of Bet7, also Core 370,
extends to the isotope signatures. At the porous inter-
face with the Alum Shale, the 6 *C values of the coarse
calcite are fairly heavy, from —4.19, to -5.49,, de-
creasing to —9.29  towards the complex CSH matrix.
This matrix has lower §'3C values of —15.1%, to
-16.7%,. Two analyses of small areas assumed to rep-
resent pure CSH matrix have values —5.99%, to —7.19%,
(same symbol in Fig. 4).

Thaumasite veinlets show highly variable values of
3 3C from -5.8%, to —16.2%,. The outer part of Bet7
with thaumasite + coarse calcite (towards the reaction
zone) ranges in 6 *C values from —10.2%, to —18.3%,.

At the Alum Shale interface in Bet9 from the Core
320, the 6 *C value range is —10.9%, to —14.3%,.

580 values of the surface carbonates (Bet10) varies
from -16.5%, to —18.7%,. Internal 5'30 values are
within the same range (about —17%,).

The coarse calcites (ccd) at the The Alum Shale in-
terface in Bet7 have extremely variable oxygen isotope
values, 680 ranging from -8.9%, to —-22.8%, at the
contact. Coarse calcite (ccd) at the immediate vicinity
range from —14.8%, to +5.49, in total this gives a range
of —22.8%, to +5.4%,! The CSH mixed zone has 630
values from —12.2 9, to —14.49,, the “pure” CSH range
from —4.6%, to —5.4%,. Thaumasite veins vary in 6 '80
values from —8.8%, to —13.3%,, and the range in the
thaumasite + coarse calcite (towards the reaction zone)
is —20.3%, to —24.3%,.

The carbonate phase of the Bet9 core (Alum Shale
interface) has a 6 '80 value of about —249%,..

A bulk separate of sufides in Alum Shale, dominated
by pyrite, from right behind the concrete in samples.
Bet9 contains very **S-enriched sulfur, with a §3*S value
of +27.3%,. Shale organics has a S value of +21.2%,. A
similar sulfide separate from the shale behind Bet7 is less
enriched in **S. §%S values range from +15.8%, to
+22.19,,, averaging +18.7%,. The isotopic signature of
the reaction zone in Bet10 (thaumasite + calcite) is very
different, with a 6*S value of +1.8%, A small bulk
sample of CSH-gel has the value of 11.8%,, which prob-

ably represents gypsum added to clinker. It is also pos-
sible that there is an influence from Al-sulfate admixture
used as setting accelerator in this particular core [17].

5. Discussion

In a discussion of the isotopic signatures it is im-
portant to bear in mind the complexity of the systems
investigated, which were characterised by very limited
evidence of equilibrium reactions. Firstly, we assume
that the isotopic signatures in concrete phases are
reflecting the compositions of calcite, thaumasite and
variably depleted CSH. Influence from portlandite and
other subordinate phases should not be very great. Thus
isotopic characteristics along a laser probe trail in a
microscopic sub-domain are expected to represent the
average composition of an unequilibrated assemblage.
Schematically, the evidence suggests the following
chemical reactions (cf. [9,17]):

(1) CSH + water with quite low pH — calcite + depleted
CSH

(2) CSH +CO3™ +S0;~ — thaumasite

(3) Thaumasite + water with quite low pH — calcite +
gypsum + Ca-Si-water complex (approximately)

(4) CO3~ +H,0 + Ca’" — Calcite deposits

(5) Thaumasite + calcite + acidic water — dissolution

In addition to their age difference, the two localities
have been exposed to somewhat different environments.
The Akebergveien sprayed concrete has been exposed to
open air along a busy road, whereas the younger con-
crete at Svartdal has been influenced by tunnel air. In
order to trace the sources and paths of deterioration
using natural isotope systems, the sources need to be
well characterised. In the case of the oxygen isotopes,
the investigated systems are very complex, with many
unknown participating phases (atmosphere, anthropo-
genic sources, meteoric water, groundwater, and oxygen
bearing soluble minerals). In the following we therefore
focus on the carbon and sulfur isotopes with only brief
comments to oxygen.

5.1. Carbon isotopes

The ultimate carbon source for surface carbonation
in concretes is atmospheric CO,, which is dissolved into
infiltrating water as meteoric rainwater or groundwater,
or both. Precipitation of calcite in isotopic and chemical
equilibrium with CO, gas should result in enrichment of
BC of about 10-11%, at 10 °C [16]. For atmospheric
CO, the 63C value is about —7%,, thus the expected
6 13C value for precipitated calcite should be +3-4%,,
which is certainly not the case in our samples. If the CO,
gas transfer is diffusion dominated, a certain depletion
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of BC will occur in the reaction product. However, in-
teractions between water molecules and dissolved sub-
stances will reduce this effect [18]. Kinetic fractionation
will also result in product *C depletion, but values in
the literature are highly variable. For example for the
reaction CO, +OH~ —HCO~, which is dominant at
high pH values (pH > 10), 6 *C values for kinetic frac-
tionation varies from 119, to 399%,. Dissolution and
reprecipitation of calcites should not include large
fractionation effects [18].

Other carbon sources that can be present are added
carbonate fillers, and also calcites within the Alum Shale.
Calcite fillers are generally of marine origin, with 6 '3C
values about 0%,. We estimate the contribution to the
carbon isotope signatures from such fillers to be very
small in our samples. Unfortunately, we do not have data
from carbonate phases within the Alum Shale, but rather
low 6 3C values are presumed due to biogenic origin.
Black shales usually have é '3C values about —25%, [16].

Little work has been published on isotopic charac-
terisation of concrete phases, but cement pastes with
normal initial pH are reported with 6 '*C values gener-
ally below about —18%, [1-3,5]. Modern concretes have
613C values ranging from about —10%, to —30%, [1].
Dietzel [20] describes two major ways of calcite sinter
formation in concretes; by absorption of CO, in alkaline
calcium hydroxide solutions within the concrete, or by
deposition from ground water with dissolved CaCOs;.
The first reaction will result in 6'3C values of about
-25%,, and the second in values about —139,. Inter-
mediate values indicate overlap of the two processes.

Although highly variable, our §*C values are gen-
erally more elevated than literature data, and range
from —-4.3%, to —13.29, in Akebergveien, and from
-4.19, to —18.3%, in the younger Svartdal samples. The
lowest values are seen in some thaumasite domains, al-
though the scatter is obvious (Fig. 4). Analytical en-
richment in *C cannot be excluded for the thaumasites,
as mentioned earlier. )

Surface carbonation at Akebergveien differ in the two
cores, with 6 *C values averaging —6.3%, and —10.8%,
respectively. At the Svartdal tunnel values at the surface
are slightly lower, about —12.5%,. This is possibly due to
higher concentration of exhaust within the tunnel. The
6 13C value in petroleum range from -18%, to —34%,,
and values for CO, from exhaust should be slightly
lower, probably about —-259%,. A certain contribution
from this source might be expected.

Carbon isotope signatures from “internal” domains
are highly variable, in agreement with the presence of
mixed stages of mineral reactions with various pore
waters (reactions (1),(2),(3),(4),(5)). The range in C
values is more pronounced in the younger Svartdal
concrete. However, it appears that domains where CSH
dominates over calcite have 6 *C values as elevated as
-5%, to —8%,, in contrast to domains with CSH + cal-

cite + thaumasite/ettringite. If surface carbonation re-
sults in  1*C values down to about —129%,, as indicated
above, the lower values seen in internal domains may be
ascribed to a certain supply from additional carbon
sources, such as the Alum Shale. However the biogenic
signatures in this shale is as yet unknown.

The porous domain of Bet7 (Svartdal) near the in-
terface with Alum Shale has somewhat elevated 6'3C
values comparable to atmospheric CO,. This may indi-
cate an influx of different waters. The largest variation
however is seen in the & 'O values, also indicating at-
mospheric influence (6 'O in CO, is about 10%, PDB).

Highly variable 6 '*O values are also specific for the
porous reaction zone of Betll at Akebergveien, ex-
tending to above atmospheric values. It is obvious that
these porous zones have been available for influxes of
diverse origins.

5.2. Sulfur isotopes

Isotopic geochemistry of sulfur compounds in water
depends strongly on existing redox regimes. When oxi-
dising conditions prevail the oxygen and sulfur isotopic
composition of sulfate in waters are diagnostic of the
origin of the sulfate [19]. Two possible external sulfur
sources are actual in our samples: (1) antropogenic SO,
from ambient atmosphere, oxidised to sulfates in mete-
oric water in contact with the surface of the concrete, or
(2) circulating internal waters supplied with sulfate ions
from oxidised sulfides and/or organics in the Alum Shale
(or both). In addition one has to consider internal
sources, such as gypsum additives.

The 634S values from the reaction zone closer to the
surface in the Akebergveien core (BetS) vary from 3.99,
to 6.99%,, while the values from the similar zone closer to
the Alum Shale interface in the Svartdal core (Betl0)
vary from 29, to 1.79,,. These values are rather different
from 6*S values of the Alum Shale phases (15.8—
27.7%,). If the Alum Shale is providing the sulfate ions
to the TS/TSA formation, a rather large fractionation of
—129, to —25%, has occurred during the sulfide/organics
oxidation process. S isotope fractionation is expected to
be very small during oxidation of sulfides. However,
aerobic bacterial oxidation may result in significant
fractionation effects [19].

SO, of urban air oil-gas varies in §**S from —89%, to
+309%,, but the majority lies in the range of 0-10%, [19].
Fractionation during oxidation of antropogenic SO, to
sulfate is assumed to be relative low [19]. Large varia-
tions in §34S over short distances are observed at other
urban localities [6], thus lack of data of local ambient
atmosphere makes conclusions at this stage somewhat
speculative. From the above data it is not obvious
however, that the Alum Shale is the only source of the
TF in these concretes. Atmospheric SO, is a probable
additional source. Furthermore, the 6 S values of the
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CSH-gel of about 10-129%, are considered to represent
internal primary sulfur sources. Thus a certain contri-
bution from primary source cannot be excluded either.

6. Conclusions

Our data are indicative of various stages of reaction,
precipitation and dissolution processes with supply from
different sources in an open system. We feel that this
preliminary work has demonstrated the potential of
applying isotopic methods in delineating the complex
concrete deterioration reactions, although we are not
able to pinpoint the sources of the carbonate and sulfate
ions of the various calcites and thaumasites with cer-
tainty at this stage. The idea of using laser ablation for
micro-scale sampling was based on the fine-grained na-
ture of the mineral phases. In future work, however, it is
recommended to supplement this micro-analytic tech-
nique by isotope analysis of small bulk samples, in order
to avoid some of the very fine-scale variability. Laser
analysis is suitable for local, specific problems in a pe-
trographically well-documented sample. More system-
atic work is needed to trace the sources of deterioration,
and all relevant sources have to be characterised in
terms of their isotopic composition. In doing this,
however, our understanding of the mechanisms involved
in concrete deterioration will increase, and allow for the
appropriate remediation actions to be taken.
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