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Abstract Chemicals leached from concrete are an im-
portant way that urban stormwater can influence water
quality. In this study, we evaluated the weathering prop-
erties of sidewalk samples and tested how carbonation
(exposure to elevated levels of gaseous CO2) can be
used to simulate natural aging of concrete. The experi-
ments focused on acid neutralizing capacity (ANC),
which is known to be released by concrete in large
amounts, and Cr(VI), because of its established carcino-
genicity and prevalence in concrete. Chemical
weathering of crushed sidewalk samples was measured
with upflow recirculating columns carrying simulated
acid rain. The weathering rate of ANC from four differ-
ent samples was found to decrease after 1 week of
exposure to a 5% carbon dioxide atmosphere and to
remain constant thereafter through 8 weeks of carbon-
ation treatment. In contrast, weathering of chromium
(VI) increased after exposure to a 5% carbon dioxide
atmosphere for 1 week, though it also remained stable
from then through 8 weeks of carbonation. Almost all
ions approached steady state after 2.5 h in the recircula-
tion columns irrespective of carbonation time. The main
contributor of ANCwas Ca2+ ion, though this was partly
balanced by an unexpectedly high amount of SO4

2−. A
notable exception to the temporal leaching pattern was
largely un-ionized Si, which continued to increase in
concentration for at least 3 days of recirculation. Si

levels were also higher than is generally observed for
aluminosilicate weathering in small watersheds, a novel
finding.

Keywords Concrete . Leaching . Acid neutralizing
capacity . Chromium . Urbanwatersheds

1 Introduction

Concrete is a major construction material for the urban
built environment, comprising roadways, parking lots,
sidewalks, buildings, and water drainage pipes. Con-
crete building materials contain calcium hydroxide and
calcium carbonate, both of which weather to release acid
neutralizing capacity (ANC) into the environment.
ANC, also known as alkalinity, is a naturally occurring
property of water and reflects its capacity to resist pH
change on introduction of strong acids or bases. It can be
quantified in terms of either the excess of strong bases
over strong acids (as reflected by their counter ions,
Ca2+, Mg2+, Na+, K+ minus Cl−, SO4

2−, and NO3
−) or

the amount of weak acid anions (mainly carbonates) that
must be titrated to reach the CO2 equivalence point.

Weathering of concrete, and release of ANC, can be
viewed as beneficial insofar as it makes downstream
aquatic systems more resistant to stressors like acid rain.
On the other hand, it alters background chemistry, mak-
ing soft water systems harder, potentially changing nat-
ural species consortia. Furthermore, hexavalent chromi-
um (Cr[+VI]), a toxic carcinogen, is also weathered into
the environment from concrete if the raw materials used
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in its manufacture contained this metal, as is often the
case. This hazard led the European commission to re-
strict chromium in cement rawmaterials to below 2 ppm
soluble Cr[+VI] (Hills and Johansen 2007), although
chromium is not currently restricted in cement raw
materials in the USA.

1.1 ANC Leaching from Concrete

An original contribution of the current research is a set
of experiments detailing ANCweathering from concrete
in continuous flow columns. Studies of this kind have
been performed on concrete slabs under continuous
flow conditions (Schiopu et al. 2009) and on concrete
gravel by means of batch leaching tests (Engelsen et al.
2009), but not in columns, which are more easily
reproduced. Many relevant studies on the effects of
concrete impervious cover are observational studies,
which are summarized below.

ANC export from watersheds has been proposed as
an indicator of urban landcover, although its use in this
way is not common. Williams et al. (2005) investigated
river solutes in the Ipswich river basin in northeastern
Massachusetts by means of regression analysis. They
found ANC to be highly correlated with urban land
cover, with ANC exhibiting a similar temporal pattern
to Ca2+ concentration. They suggested that the solutes
are associated through weathering of CaCO3 in urban
concrete or agricultural lime. Baker et al. (2008) report-
ed a strong association of dissolved inorganic carbon
(DIC) with urban watersheds in northern and southern
England, with urbanized catchments yielding DIC
values generally higher even than catchments underlain
with carbonate bedrock. They suggested that riverine
DIC concentrations are influenced by urban land cover
above a critical areal threshold of approximately 5%.
Also, Herlihy et al. (1998) found that ANC, chloride,
nutrients, and base cations were strongly correlated with
urban and agricultural land cover of watersheds in the
mid-Atlantic region, though they did not draw a con-
nection between ANC and concrete.

1.2 Cement Production and Chromium

Concrete is a combination of aggregate (sand and gravel
filler and the like) and ordinary Portland cement or
OPC. This material is a dry powder produced from
ground gypsum and clinker. Clinker is made by heating
a limestone and clay paste mixture to 1450 °C in a

rotating kiln and is composed of limestone and alumi-
nosilicate minerals, and sometimes, small amounts of
iron oxides can also be added (Bodaghpour et al. 2012;
Chen et al. 2009).

Hazardous wastes are commonly co-incinerated in
cement kilns as fuel or raw material. The high temper-
ature of the furnace creates an oxidizing environment,
which incorporates ash and slag into the clinker
(Espinosa and Tenório 2000). The high heat also oxi-
dizes Cr3+ in raw materials fed into cement kilns to Cr(+
IV), Cr(+4.6), Cr(+V), and Cr(+VI) forms (Sinyoung
et al. 2011a, b). In the solid phase, Cr(+VI) is found
primarily in the form of chromates, such as calcium
chromates and aluminum chromates, which are toxic,
soluble, and common in manufactured cement (Hills
and Johansen 2007; Leisinger et al. 2014; Sinyoung
et al. 2011b). Due to the ubiquity of Cr(VI) in cement,
and a European Union directive prohibiting sale of
cement containing more than 2 ppm soluble Cr(VI),
reducing materials are used in Europe to minimize the
level of leachable Cr(VI) formed in cement production,
maintaining it at lower, less hazardous, oxidation states
(Bodaghpour et al. 2012; Hills and Johansen 2007).

1.3 Chromium Solubility from Concrete

Chromate (Cr [VI]) is soluble in water above pH 8, a
level which is common in urban stormwater (McNeill
et al. 2011). Wang and Vipulanadan (2000) tested the
leaching of K2CrO4 encased in cement. XRD analysis
showed that Cr was in the form of CaCrO4 and was
found to account for most of the chromium detected in a
total chromium analysis, confirming that most of the
leached chromium was in the Cr(VI) form. Sinyoung
et al. (2011b) reported a linear relationship between
initial solid chromate concentration in cement and
leached concentrations of total chromium. Cr(VI) was
80–90% of total chromium in these experiments,
confirming its solubility relative to other chromium
oxidation states.

1.4 Concrete Aging

Concrete alters chemically as it ages after initial em-
placement. In particular, calcium hydroxide reacts with
atmospheric carbon dioxide and slowly converts to cal-
cium carbonate during the service life of concrete and
these two minerals weather dissimilarly. Predicting the
extent of ANC and Cr weathering from concrete and
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their subsequent impact on downstream ecosystems re-
quires a better understanding of how its properties
change over time. However, experiments that are long
enough to simulate the expected service life of concrete
structures are impractical. The alternative, to test a
chronosequence of concretes emplaced at various times,
fails because processing the naturally aged materials
exposes fresh surfaces unlike those found in the field.

Accelerated carbonation of cement, i.e. intentional
exposure to elevated levels of gaseous CO2, is used to
simulate the aging process that concrete undergoes in
the several years following its installation (Groves et al.
1990; Hyvert et al. 2010; Neves et al. 2013). ANC and
chromium are known to be leached from concrete in
relatively large amounts, yet little is known about their
chemical behavior in cement, particularly their release
following cement carbonation, which may alter their
leaching. Previous studies (Müllauer et al. 2012; Van
Gerven et al. 2006) used batch experiments with freshly
cured concrete blocks subjected to accelerated carbon-
ation to evaluate its influence on the leaching properties
of cement-bound waste, particularly fly ash. This differs
from the current study, which collected concrete from
representative outdoor sidewalks, granulized them for
lab analyses, and subjected them to accelerated carbon-
ation, followed by exposure to simulated acid rain in
recirculation experiments (Müllauer et al. 2012; Van
Gerven et al. 2006). Müllauer et al. (2012) found that
carbonation increased the chromium leaching rate of
cement by up to a factor of 8 during batch tests.

In this study, we investigated the weathering re-
sponse of concrete samples exposed to an enriched
carbon dioxide atmosphere, which has been used to
accelerate and simulate natural aging in the environ-
ment. Specifically, the effect of conversion of calcium
hydroxide by CO2 to calcium carbonate on weathering
of ANC and Cr(VI) was examined.

2 Experimental Methods

2.1 Review of Previous Experimental Methods

Apparatuses used to test calcite and cement dissolution
rates have differed across research groups, whose de-
signs varied to address specific research questions. Ex-
periments conducted in the current study were designed
to attempt to predict and explain results from field
studies (reported elsewhere), whereas other

investigators addressed different applied questions,
which included nuclear waste solidification/
stabilization modeling (Dayal and Reardon 1994), chro-
mium leaching from un-aged cement (Kayhanian et al.
2009), evaluation of oil well casings to be used for CO2

sequestration sites (Duguid and Scherer 2010), SO2

removal efficiency from combustion exhaust via CaCO3

(Lancia et al. 1997), and studies of aquifer dynamics
(Rauch and White 1977). Also, most studies of concrete
leaching focused on the effects of aqueous solutions on
concrete, while this study focused on the effect of con-
crete on aqueous solutions.

Earlier experimental apparatuses included ambient
pressure flow-through columns (Dayal and Reardon
1994; Duguid and Scherer 2010; Kayhanian et al.
2009; Lancia et al. 1997; Rauch and White 1977),
recirculating apparatuses (Duguid and Scherer 2010;
Rauch and White 1977), high pressure flow-through
columns (Luquot et al. 2013; Noiriel et al. 2009), stirred
batch reactors (Arakaki andMucci 1995; Busenberg and
Plummer 1982; Dreybrodt et al. 1996; Eisenlohr et al.
1999; Pepe 2001; Plummer and Wigley 1976; Plummer
et al. 1978), bottle batch reactors (Eisenlohr et al. 1999;
Reardon and Fagan 2000), and pH stat reactors (Brogren
and Karlsson 1997; Suarez 1983; Ukawa et al. 1993). Of
the many experimental apparatus design types above,
ambient pressure recirculating column apparatuses are
most suitable for the experiments we performed to sim-
ulate concrete runoff in the built environment. The two
studies using this type of apparatus and their character-
istics are included in Table 1. Ambient pressure
recirculating columns are most suited to the experiments
we performed because they most closely match pres-
sure, flow, and contact conditions the runoff encounters
during exposure to concrete surfaces in the built envi-
ronment. Furthermore, compared to batch reactors, they
allowed us greater control in simulating the hydrody-
namic conditions that occur in the field. In particular, the
columns enabled us to more reliably control flow veloc-
ities and thereby diffusive boundary layer thicknesses.

2.2 Concrete Sources, Processing, Treatment,
and Composition

Four concrete samples were collected from the field and
designated C1–C4. Samples C1 and C2 were scrap
concrete from sidewalks in New Haven, Connecticut.
These were received from sidewalk sections in service
for at least a year and removed during tree planting by
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the Urban Resources Initiative (URI) of the Yale School
of Forestry and Environmental Studies. Samples C3 and
C4 were sidewalk concrete from removal and construc-
tion in New York City, NY, at 89 Bleecker Street. These
samples were photographed and weighed and their com-
position determined via ion microprobe analysis
(Table 2).

Concrete samples were processed to yield gravel-
sized fragments of 4.00–4.75 mm diameter. First, the
bulk concrete samples were cut to 30-cm lengths on a
water-cooled automatic diamond table saw. Then, these
lengths were broken into golf ball sized pieces with a
screw wedge apparatus, and these fragments were fed
into a chipmunk crusher to yield coarse concrete gravel
of heterogeneous size. The coarse concrete gravel was
fed into a mill to yield fine gravel with pebble sizes near
the target 4–5-mm-diameter range. The milled concrete
gravel was then sieved successively, with number 4
(4.76 mm) and 5 (4.00 mm) sieves. The concrete gravel
samples were rinsed three times with deionized water
and dried overnight at 60 °C. Each fragment of the
resulting concrete gravel is estimated to have a macro-
scopic surface area of 60 mm2 based on an assumed
spherical shape (John et al. 1998; Plummer et al. 1978).
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Table 2 Concrete sample composition measured by electron mi-
croprobe as percentages of total detected elements

C1
composition
(%)

C2
composition
(%)

C3
composition
(%)

C4
composition
(%)

O 55 51 48 56

Ca 19 23 28 17

C 13 9.9 8.4 14

Si 8.3 9.0 8.6 6.0

Al 2.0 2.2 1.5 1.9

Mg 1.2 2.3 1.7 1.5

Fe 0.76 2.0 1.5 1.7

S 0.21 0.24 0.49 0.30

Cl 0.051 0.10 0.74 0.15

K 0.13 0.20 0.29 0.18

Na 0.078 0.072 0.35 0.081

F 0.30 0.072 0.12 n.d.

Ti 0.065 0.15 0.091 0.081

P 0.061 0.14 0.068 0.11

H n.d. n.d. 0.14 n.d.

Mn 0.021 0.032 0.021 0.081

Ni 0.010 0.016 0.018 n.d.
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Obtaining a more detailed analysis of surface area was
rejected because the surfaces are expected to change
morphology in the course of the experiments, generally
becoming smoother at a microscopic scale. As a conse-
quence, a detailed microscopic surface area determina-
tion (e.g., by BET analysis) seemed unwarranted.

Slides of the concrete samples were prepared and
polished for electronmicroprobe analysis of their elemen-
tal composition (Table 2). First, bulk concrete samples
were sliced into 4 mm thick plates on a water-cooled
enclosed automatic diamond table saw. The resulting
rectangular concrete chips were labeled and polished on
an 18-in.-diameter lap grinder using progressively finer
sandpaper. The polished chip was then heated and coated
with Petropoxy 154 to produce a smooth surface.

The exposed concrete surface on slides to be prepared
for electron microprobe analysis were made thinner on a
diamond grinder until the sample was about 2-mm thick.
The exposed concrete surface was then polished on an
18-in.-diameter lap grinder with progressively finer sand-
paper before the samples were analyzed on an electron
microprobe. Concrete samples mounted to slides for vi-
sual microscopy were made thinner on a diamond grinder
until the slide was translucent. The exposed concrete
surface was then polished on an 18-in.-diameter lap
grinder with progressively finer sandpaper.

Concrete slides were coated with conductive carbon
and analyzed semi-quantitatively via electron dispersive
spectroscopy on a JEOL JXA-8530 electron microprobe
analyzer. A beam size of 20 μm was used with a beam
intensity of 10 nA and voltage of 15 kV. Dwell times
were 20 ms for F, Na2O, MgO, Al2O3, SiO2, TiO2,
Cr2O3, FeO, P2O5, Cl, and NiO; 40 ms for MnO, SO3,
and K2O; and 140 ms for CO2. Chromium was also
measured by acid dissolution of concrete samples follow-
ed by ICP-AES analysis of the solution, because electron
microprobe detection limits were inadequate for analysis
of Cr in the concrete samples. Seven microprobe mea-
surements were taken for slides C1, C2, and C4 and 40
measurements for slide C3 in a lateral transect of cemen-
titious material, avoiding aggregate. Results were report-
ed as weight percent (Table 2). Backscattered electron
images were also taken of the concrete samples (Fig. 1).

2.3 Testing the Exposure of Concrete Materials to an
Enriched 5% Carbon Dioxide Atmosphere

Experiments were performed on the crushed sam-
ples to test the effect of exposure of concrete

materials to an enriched 5% carbon dioxide atmo-
sphere on the amount and nature of compounds
released from concrete materials after 1, 2, 3, and
8 weeks of contact. Samples of crushed, sorted
concrete were placed into a chamber with a 5%
carbon dioxide atmosphere and 50% relative hu-
midity to accelerate chemical aging. Atmospheric
composition was held constant during the tests via
an automated system that maintained conditions
within ± 3% of the target values (0.0015% abso-
lute). The accelerated aging of concrete proceeds
by absorption of carbon dioxide, which converts
calcium hydroxide to calcium carbonate (Hyvert
et al. 2010; Pu et al. 2012).

Portions of approximately 25 g of each concrete sam-
ple, C1–C4, were added to the 5% carbon dioxide cham-
ber. One lot of each concrete sample type was removed
from the chamber after 1, 2, 3, and 8 weeks in addition to
one measured at time 0. Samples collected from the
carbon dioxide chamber and a non-carbonated control
were loaded into 2-cm-diameter LDPE columns which
were inserted into an up flow recirculating apparatus
(Fig. 2). As described earlier, recirculation simulates ex-
posure of concrete to acid rain, which generally occurs
over a period of a few hours as it contacts buildings, flows
across impervious surfaces, and travels through pipes.
The apparatus contained a lab-prepared solution designed
to simulate local acid rain, and consisting of 0.013 mM
nitric acid and 0.010 mM sulfuric acid, based on the
average concentrations of NO3

− and SO4
2− in rainfall

recorded near New Haven, CT in 2009 (National
Atmospheric Deposition Program 2010).

2.4 Upflow Reactor Conditions

The reactor (Fig. 2) contained 1300 mL of simulated
acid rain, and a blank was taken and its volume was
replaced before starting the experiment and adjusting
the column flow rate to 210 mL/min. For each carbon-
ation exposure time interval, 7.5-mL samples were col-
lected after 0.0, 0.25, 0.5, 1.0, 1.5, 2.0, and 2.5 h of
recirculation. Major ions were determined on collected
samples. A 125-mL sample was also collected at the
2.5-h interval for titrated ANC analysis to compare to
values calculated from strong base cations (Na+, K+,
Ca2+, and Mg2+) via ICP-AES minus strong acid anions
(Cl−, NO3

−, and SO4
2−) via ion chromatography for

quality control. Cr(VI) was measured by ICP-AES. On
select samples, the Cr(VI) species was measured by the
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diphenylcarbazide colorimetric method (Standard
Method 3500-Cr D.), which showed that Cr(III), by
difference, was a negligible fraction in our samples.

Exchange of substances between solution and the
solid concrete can be either reaction limited or transport
limited. The former is a function of the rate of the

C1 C2

C3 C4

Fig. 1 Electron micrographs of concrete samples shown clockwise as C1, C2, C3, and C4. Concrete samples display similar aggregate
mineral size and distribution. They also have similar pore size distribution and aggregate-to-cement ratios

Fig. 2 Recirculating column
experimental apparatus diagram.
The stirring reactor allows
equilibration with atmospheric
CO2, as is expected in the field

159 Page 6 of 13 Water Air Soil Pollut (2019) 230: 159



specific chemical reaction, and the latter is determined
by physical factors, especially (1) the diffusive bound-
ary layer (DBL) thickness, and (2) the difference be-
tween the concentrations immediately at the interface
and in bulk solution. If the system is transport limited,
then leaching will vary with flow rate, which changes
the DBL thickness (DBL ∝ Velocity−1/2). Judging from
first principle calculations based on Fick’s first law of
diffusion, we believe that leaching is reaction limited in
the field, and we wanted our experiments to match this
condition. Our selected volumetric flow rate, combined
with column and fragment geometry, yields a flow
velocity (2.2 cm/s) in our tests, similar to what occurs
in the field as sheet or shallow open channel flow across
concrete surfaces. For comparison, ordinary concrete
with a slope of 1% would have flow velocity near
5 cm/s for a water depth of 1 mm based on Manning’s
formula. Clearly, the Manning formula is only approx-
imate under these conditions, but it matches simple dye
tracer experiments we conducted at field sites. Perhaps

more importantly, we investigated variations in flow
rate in our apparatus and found that changes in leaching
did not have the inverse square root dependence on
velocity that would indicate transport limitation,
supporting our belief that the systems were reaction
limited.

To contextualize our measurements, water spent ap-
proximately 3 s in contact with concrete granules during
each pass through the apparatus. Recirculation took
approximately 6 min, so contact time amounted to 30 s
for each hour of operation. Thus, steady-state concen-
trations, which took about 3 h to achieve, occurred after
about 90 s of total contact time.

Based on a count of the number of fragments used for
each concrete, and the macroscopic area calculated as
described earlier, we estimate that each experiment in-
volved approximately 0.014 m2 of exposed surface area.
For an urban locale with 50% imperviousness of which
10% is concrete materials, the ratio of surface area to
water volume of a 2 cm storm would be 10:1. This can

C2

C3 C4

C1

Fig. 3 Cation and ANC concentrations as a function of time
during recirculating column experiments on concrete samples
C1, C2, C3, and C4 treated with 8 weeks of exposure to a 5%

CO2-enriched atmosphere. Concentrations have been multiplied
by 70 to reflect the volume:surface ratio used in our experiment
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be compared to a ratio of about 70:1 ([0.014 m2]−1) in
our laboratory experiments, indicating that they were a
reasonable order-of-magnitude approximation of field
conditions.

Note that we use this same multiplier (70) to express
concentrations in Figs. 3, 4, and 5 to normalize results to
surface area used in our experiments. Raw concentra-
tions can be obtained by dividing results by that same
number.

2.5 QA/QC Data for ANC and Cr(VI) Analyses

The average difference between ANC values measured
via titration to the CO2 equivalence point and charge
balance was − 7.0%, and average closure of charge
balance was − 1.75%. This supports the validity of our
charge balance ANC data. The average instrumental
uncertainty between measured ANC check standards
and their certified values was − 0.28%, with a relative

standard deviation of 0.34% for the check standard
measurements. This confirms the precision of our in-
strumental methods for ANC. The average instrumental
uncertainty of measured Cr(VI) check standards com-
pared to their certified values was 9.0%, with a relative
standard deviation of 6.5% for the check standard mea-
surements. This confirms the precision of our instru-
mental methods for Cr(VI).

3 Results and Discussion

3.1 ANC and Major Ions

In most cases, weathering of ions approached maximal
levels within the first hour of exposure to simulated acid
rain in our recirculating reactors (Figs. 3 and 4). For all
four concretes, Ca2+ and SO4

2− were the main strong
base cation and strong acid anion released, though

C1 C2

C3 C4

Fig. 4 Anion concentrations as a function of time during
recirculating column experiments on concrete samples C1, C2,
C3, and C4 treated with 8 weeks of exposure to a 5% CO2-
enriched atmosphere. Concentrations have been multiplied by 70

to reflect the volume:surface ratio used in our experiment. HCO3
−

values were obtained from difference by electroneutrality, so they
are negative at time 0. It reflects initially elevated H+, and this
anomaly disappears at later time intervals
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HCO3
− was released more rapidly and eventually be-

came the principal anion. Both calcium and sulfate
continued to increase beyond the first hour, but were
beginning to plateau by 2.5 h. The difference between
these two is close to the increase in ANC, as the other
strong acid and base cations were much lower, except
for Cl− in some cases. These results suggest that
weathering of ANC from concrete is relatively insensi-
tive to the length of time that water is exposed to the
surfaces beyond the first few hours, a condition which
could facilitate scaling from lab to plot scale measure-
ments (manuscript in preparation).

The relatively high amount of sulfate as a counterion
is somewhat surprising and has not been noted previ-
ously. Attack on concrete by sulfate-rich solutions is
well known and widely studied (e.g., Wang 1994), but
its importance as a component of concrete leachate is a
novel observation. Among other things, a high sulfate
level means ANC leaching is not as great compared to

calcium as it would be if bicarbonate were the
counterion.

Final ANC (defined here as values after 2.5 h of
recirculation) differed across the four concretes for
freshly ground (uncarbonated) samples (Fig. 5), varying
from 500 to 1500 μeq/L. These values are high com-
pared to unpolluted surface waters in the New Haven
region, which are typically less than 100 μeq/L in head-
water streams and close to 200 μeq/L in undeveloped
watersheds. They are comparable to local surface waters
in heavily urbanized watersheds, which can have values
approaching 700 μeq/L.

Following just a single week of carbonation, ANC
concentrations after 2.5 h in the weathering experiment
apparatuses were lower than for trials with freshly
ground, uncarbonated concrete (Fig. 5). Levels declined
by roughly a factor of two, though results varied among
the concretes. Following the first week of concrete
carbonation treatment, final ANC levels were stable

a b

c d

Fig. 5 Area-normalized concentrations for ANC (a), Si (b), and
Cr (c, d) on concrete samples C1, C2, C3, and C4 treated with
increasing exposure time to a 5% CO2 atmosphere. Results are for
2.5 h recirculating experiments, selected to match typical exposure

times of water to concrete in the field. Concentrations have been
multiplied by 70 to reflect the volume:surface ratio used in our
experiment
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for concrete gravel exposed to elevated CO2 for 1
through 8 weeks. Samples C1, C2, C3, and C4 had
relative standard deviations of 9.7, 5.0, 10.1, and
7.2%, respectively, across 1 through 8 weeks of carbon-
ation treatment, compared to initial drops of 64 to 83%
between weeks 0 and 1, indicating stable conditions had
been achieved after 1 week. After carbonation, the sam-
ples were also more similar to each other in final ANC
levels than before. These results suggest that a standard
value of 18mEq/m2 L can be used for any aged concrete
when evaluating its potential influence on ANC. This
value would then need to take into account the
water:concrete ratio of the system under evaluation.
For the urban locale described earlier, 1 m2 of concrete
would interact with 100 L of water and thus receive an
increment of roughly 180 μeq/L.

The quick drop in ANC weathering rate after a
single week of carbonation treatment was unexpect-
ed but means that lab experiments to evaluate ANC
weathering rates can be conducted after a relatively
short period of sample pretreatment to compensate
for exposure of fresh surfaces during initial sample
processing.

3.2 Cr(VI)

Cr levels on freshly ground (and uncarbonated) con-
cretes also differed among samples. The range was more
marked than for ANC, varying from 0.58 to 31 μmol/
m2 L (corrected for area) for week 0. In contrast to ANC,
final Cr(VI) concentrations in the weathering experi-
ments increased following concrete carbonation and
recirculation treatment, though only for two of the four
samples. For these two (C3 and C4), leached Cr doubled
at least, whereas for C1 and C2, Cr remained low. This
meant that the total range of Cr also increased dramat-
ically, with a range of almost a factor of 100 between the
lowest and highest samples. Curiously, this cannot be
explained simply by the composition of the concretes.
As the highest chromiummeasured by microprobe anal-
ysis was below the detection limit, we reanalyzed by
leaching the samples with strong acid and measuring by
ICP-AES. The results indicate that sample C3 had the
highest Cr content, whereas C1 and C4 had intermediate
levels, and C2 was the lowest. All values were consid-
erably higher than the European limit of 2 ppm (e.g.,
16 ppm in C1, 6 ppm in C2, 43 ppm in C3, and 13 ppm
in C4). It may be that leachable Cr depends in part on the

oxidation state of the Cr, with Cr(+VI) known to be
more leachable than Cr(+III).

Cr levels were slightly less stable than ANC over the
period of carbonation. Samples C1, C2, C3, and C4 had
relative standard deviations of 10.1, 15.6, 6.0, and
10.2%, respectively, for 1 through 8 weeks of carbon-
ation treatment. These small differences are among sep-
arate physical samples, not the same samples measured
at different points in time. Thus, the changing values
include differences due to sample heterogeneity as well
as experimental variations from week to week.

The quick change in weathering rates after a week of
carbonation treatment was as unexpected for Cr(VI) as
for ANC, although Cr(VI) weathering from cement
cured for 28 days was observed to increase after 8 weeks
of carbonation in an enriched CO2 atmosphere. The
increase after exposure to carbon dioxide is troubling,
as it indicates that leaching of toxic Cr(VI) from
installed concrete materials is likely to increase over
time.

Table 3 Silica weathering rates for each experiment derived from
slopes of Si concentration vs. time. Concentrations have been
multiplied by 70 to reflect the volume:surface ratio used in our
experiment

Weeks of
carbonation

Sample Si weathering
rate (mEq/L m2 h)

R2

0 C1 1.47 1.00

1 C1 0.61 0.99

2 C1 0.63 1.00

3 C1 0.61 1.00

8 C1 0.94 0.99

0 C2 2.16 0.98

1 C2 0.52 0.98

2 C2 0.48 0.89

3 C2 0.38 0.89

8 C2 0.96 1.00

0 C3 1.31 1.00

1 C3 0.98 1.00

2 C3 0.91 1.00

3 C3 0.90 1.00

8 C3 1.24 0.99

0 C4 1.85 0.96

1 C4 1.12 0.92

2 C4 1.13 0.94

3 C4 1.05 0.96

8 C4 1.14 0.99
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3.3 Silica

Though present at low levels, silica was well above detec-
tion limits and notable in increasing continuously over the
course of our recirculation experiments and showing no
sign of stabilizing even after 2.5 h (Fig. 4). In separate
experiments, we found that Si levels continued to increase
for as long as 3 days of recirculation (data not shown).

Slopes of the linear equations fitted to the silica data across
experiments (Table 3) were normally distributed around a
mean of 1.02 mEq/L m2 h, with a standard deviation of
0.45mEq/Lm2 h, a range of 0.38 to 2.16mEq/Lm2 h, and
outliers at 2.2 and 1.9mEq/Lm2 h (corrected for area). The
dissimilar behavior of Si compared to cations and anions
(Si is almost completely un-ionized at our experimental
pH) suggests it may come from different reactions or even

of New Haven's West River
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Fig. 6 a Dissolved substances in
tributaries of New Haven’s West
River for baseflow conditions,
and b the same for a major storm.
For a, each point represents the
average of 12 monthly baseflow
measurements for one tributary.
Error bars indicate one standard
deviation around the means and
reflect sample heterogeneity. Data
in b are for one storm on
Wintergreen Brook
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different minerals comprising the aggregate. The reactions
might include hydration and rearrangement of one of the
amorphous aluminosilicate minerals in the cement matrix.
For example, reaction of C-S-H gel with Al and sulfate or
chloride to form Friedel’s salt or Ettringite could release Si.
Alternatively, exposed feldspars or other aluminosilicates
in the concrete’s aggregate might weather to release Si.

It appears that silica weathers at a constant rate from
each concrete material. The low Si levels and continuing
release may indicate that Si weathering has not reached
equilibrium. To the extent that Si release is time invari-
ant over periods similar to contact of runoff with con-
crete, it seems that silica might be used as an indicator of
stormwater contact with concrete surfaces. Clearly, such
a use would need to take into account other Si derived
from abundant aluminosilicate rocks.

It is interesting and surprising that concrete, generally
thought of as mainly calcareous, might be providing sig-
nificant amounts of Si as well as Ca. In separate research,
we measured a broad suite of substances in tributaries of
New Haven’s West River. In these watersheds, land use
varied from completely undeveloped to fully urbanized.
Results showed that both ANC (dominated by Ca) and Si
levels increased with the extent of land development and
presumably the amount of concrete surfaces (Fig. 6). The
two data points in the lower left hand corner of Fig. 6b
represent locations with little or no development or con-
crete surfaces, and they may reflect the local natural
background. Points farther to the right may exhibit Si
and Ca added through weathering of concrete. The typical
levels of Si observed in Fig. 6 could be produced in
several hours of weathering under conditions like those
in our experiments.

4 Conclusions

When testing the leachability of concrete in lab studies, it
is generally necessary to grind samples to increase surface
area and reduce water contact times. This practice leads to
exposure of fresh surfaces that may not behave like weath-
ered concrete does in the field. Our tests indicate that
exposure of concrete to a 5% CO2 atmosphere for as little
as 1 week produces a stable material that can be used to
study the behavior of concrete similar to that which has
been in place for several years. This is themain conclusion
of the current research.

Following carbonation, leaching of ANC occurs at a
reduced rate and approaches steady state within a few

hours. By contrast, Cr leaching not only increases after
carbonation to simulate aging (compared to pre-
carbonation rates) but also stabilizes within a few hours
of contact with water. Calcium and bicarbonate are the
main cation and anion released by the carbonated con-
crete, but sulfate is unexpectedly high. Silica differs from
all the other substances we studied by increasing for
several hours or even days of contact between water and
concrete. Our results support the idea that concrete in the
built environment may be an important contributor of
ANC to rivers and streams (Connor et al. 2014), rivalling
limestone when taking into account area and contact time.
These measurements also raise the possibility that con-
crete weathering may be a significant contributor of Si,
comparable to aluminosilicate rocks for common field
conditions in urban areas.
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