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EXECUTIVE SUMMARY 

Standing in the graveyard of an estimated 5000+ severely distressed concrete masonry homes in County Donegal, 

Ireland, the present home represents an epitome of success in proper choice of ‘sound’ construction materials during 

manufacturing of concrete blocks so that the home can stand sound during 20 years of its existence and hence offer 

an opportunity to examine the blocks and investigate the secrets behind its sound performance.  

Background - As a background for large-scale cracking and crumbling of concrete masonry homes across County 

Donegal, two different mechanisms are offered (McCarthy et al. 2017, Leemann et al. 2023, Brough et al. 2023, 

Jana 2023 a, b, 2024 a). One mechanism, known as the ‘mica crisis’ is reported to be from the use of defective 

concrete blocks containing excessive “free mica” flakes in the mortar fractions (grains < 63-µm in size) derived from 

abrasion of micaceous aggregates (mostly phyllite with subordinate mica schist, etc., McCarthy et al. 2017) from 

the mixing process of aggregates and paste during manufacturing of blocks. Excess mica (e.g., > 5% of paste volume, 

Eden and Sandberg 2019) from abraded phyllite and/or mica schist aggregate in the paste has, reportedly, caused 

many known mica-related issues, e.g., increased water demand at a given workability, increased water absorption, 

increased microporosity, loss of compressive strength, reduced resistance to frost attack from high water demand, 

increased leaching, etc.  

Subsequent studies have established evidence of iron sulfides mostly in the form of pyrrhotite and/or framboidal 

pyrite in the aggregates, which have caused oxidation and related expansions in the presence of moisture and 

oxygen followed by internal sulfate attacks (ISA) from reactions between sulfates released from pyrrhotite oxidation 

and cement hydration products resulting in formation of gypsum, ettringite, and/or thaumasite causing expansions 

and cracking to softening and crumbling of paste e.g., from decomposition of calcium silicate hydrate (CSH) in 

paste from thaumasite attack and severe carbonation and leaching of paste (Leemann et al. 2023, Brough et al. 

2023, Jana 2024 a, b). Relatively open microstructures of blocks, use of dominant iron sulfide bearing phyllite 

aggregates, oxidation of pyrrhotite grains in phyllite, paste carbonation and leaching, and internal sulfate attacks 

from reactions between the sulfates released from iron sulfide oxidation and cement hydration/carbonation products 

are found responsible for the catastrophic distress (Jana 2024a).  

The key player amongst all potential factors is found to be the presence of reactive sulfide minerals mostly in phyllite 

aggregate in aggregates in the form of framboidal pyrite, fine-grained disseminated pyrite, and pyrrhotite that have 

demonstrated their destructive powers as in cases from adjacent County Mayo (McCarthy et al. 2017) as well as 

other parts of the world including the classic Mundic problems in Cornwell and Devon (Hawkins 2014), classic 

pyrite heave problems from Dublin, Ireland to Ottawa, Canada (Hawkins 2014, Eden 2014, Eden and Sandberg 

2019, Maher 2023) or pyrrhotite oxidation related cracking of concrete foundations in thousands of residential and 

commercial properties from Trois-Rivières Québec, Canada (Duchesne et al. 2021, 2023) to eastern Connecticut 

(Zhong and Wille 2018, Jana 2020, 2022, 2023a, 2024b) and Massachusetts in US. Studies of 1800 distressed 

properties from 1995 to 2010 in County Donegal found deleterious roles of pyrrhotite-bearing phyllite as the main 

cause of distress (Brough et al. 2023). Studies of some of the most severely distressed homes from County Donegal 

by Brough et al. 2023 and the author (Jana 2024 a, b) have seen the deleterious role of pyrrhotite in the dominant 

pyrrhotite-bearing phyllite aggregates to be the main culprit.     
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Samples & Methodologies - Two small, drilled cores of concrete masonry blocks (40 mm diameter, 30 mm long, 

identified as ‘RHG’ from right-hand gable inside garage from outer leaf, and ‘LHG’ from left-hand gable, outer leaf) 

were provided. Despite the inherent porous, typical popcorn-type texture of blocks (void contents calculated from 

sectioned surfaces by Image J to be less than 10%), both drilled cores were received in intact conditions. Both 

samples were examined and processed for various laboratory testing e.g., from total sulfur content analysis, optical 

microscopy, scanning electron microscopy and energy-dispersive X-ray microanalysis (SEM-EDS), X-ray 

fluorescence spectroscopy (XRF), and X-ray diffraction (XRD) by following various industry standards (e.g., ASTM C 

856, ASTM C 1723, ASTM D 4239, EN-12620, I.S. 465:2018+A1:2020, BS 1881, CSA A23.1, Eden 2010). 

Total Sulfur - According to most industry specifications, total sulfur content (ST) of aggregate should be less than 

0.1% for it to be considered innocuous; for ST >1% aggregate should be discarded, and for ST between 0.1 and 1% 

aggregate should be further tested by petrography for the presence of potentially deleterious iron sulfide minerals. 

Total sulfur contents of two samples measured by combustion-IR (Leco) method are 0.08% for LHG and 0.12% for 

RHG, average 0.1%, which, after conversion for ST for aggregates from aggregate contents in blocks are higher than 

the 0.1% threshold (within 0.1% and 0.2%) for it to be subjected to further examinations by petrography. ST values, 

however, are noticeably lower than the values found for severely distressed blocks from other houses in County 

Donegal tested in author’s laboratory, which has provided the firsthand indication for the time-tested sound 

condition of the house for 20 years. 

Petrography - Petrography has provided the most important information for the overall sound condition of house -  

a. First, pyrrhotite-bearing phyllite, the most common aggregate found in more than 80% of distressed homes 

across Donegal (Brough et al. 2023) is virtually absent in both samples; instead, aggregates in both samples are 

found to be compositionally similar and made using major amount of micaceous quartzite coarse aggregate 

and only minor amount of phyllite. Micaceous quartzite grains are dense, hard, angular, ½ in. (12.5 mm) in 

maximum size, equidimensional to a few elongated, well-graded, well-distributed, and show massive quartzitic 

(granoblastic) textured mass of major amount of variably strained quartz, subordinate feldspar (albite), and 

parallel bands of muscovite and chlorite. These are texturally somewhat different from typical mica schists 

where both quartzo-feldspathic and micaceous bands show elongated parallel arrangements from medium-

grade regional metamorphism, or phyllite, which are characteristically much finer-grained than schist and show 

foliated texture from parallel arrangements of mica, chlorite, quartz, and feldspar for lower grade regional 

metamorphism (i.e., below the biotite isograd).   

b. Second, despite potential alkali-silica reactivity of many strained quartz grains in micaceous quartzite, there is, 

however, no evidence of such a reaction found in the two samples.  

c. Third, reflected-light (ore) microscopy of polished epoxy-impregnated solid sections of blocks showed isolated 

finely disseminated grains of non-reactive pyrite (<0.1 mm size, at <0.1% level) in its typical blocky crystal 

habits and traces of chalcopyrite but no signs of reactive sulfide grains such as pyrrhotite or framboidal pyrite 

to warrant further investigations. The total sulfur (ST) results are contributed from these minor, disseminated 

non-reactive pyrite and chalcopyrite grains as opposed to any threat from a reactive sulfide phase, along with 

sulfate contribution from Portland cement.  

d. Fourth, consistent with the absence of any potentially deleterious iron sulfide grains, no deleterious sulfate 

deposits such as secondary ettringite or thaumasite are found in the paste, even though paste has shown 
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carbonated nature, consistent with the overall open microstructure of blocks to facilitate ready migration of 

atmospheric CO2 to the blocks during 20 years of service (no render layer was found in the samples).  

e. Fifth, degree of carbonation of paste is found to be less than that found in the blocks from many distressed 

homes in County Donegal. Carbonation varied from minor to moderate to no carbonation at all, where in the 

latter case, paste showed typical near-isotropic nature of calcium silicate hydrate in cross polarized light as 

opposed to golden yellow interference color of fine-grained calcite in a carbonate paste.  

f. Sixth, even though the house showed no visible cracks (well, except only one fine, hairline crack reported to 

have been noticed by the homeowner in the entire house after 20 years of service), optical microscopy of 

fluorescent-epoxy-impregnated thin section of blocks did found some fine, hairline microcracks in both samples 

mostly within the paste fractions or transecting the aggregates none of which are found associated with any 

potentially deleterious reactions but are rather simple manifestation of drying and/or carbonation shrinkage of 

carbonated paste fractions. Perhaps, one such microcrack was noticed by the homeowner that has extended to 

the exposed surface for his attention.     

It is interesting to note that the reported manufacturer of concrete blocks that has, allegedly, supplied blocks for 

most of the distressed homes across County Donegal has quarried the aggregates from Bancrana quarry in Donegal. 

In the specification of blocks, the manufacturer has indicated use of metaquartzite aggregate in the blocks, and not 

phyllite seen in most distressed homes. Metaquartzite, or micaceous quartzite as in the present case are 

characteristically denser, harder, and equigranular (granoblastic) textured monomineralic (or dominantly quartz and 

subordinate feldspar e.g., from metamorphic arkosic sandstone) rock of variably strained quartz and sometimes 

minor feldspar that do not provide pathways for migration of moisture into the rocks during service as the phyllite 

aggregate does for its characteristic foliated (phyllitic) texture of fine-grained parallelly arranged mica (muscovite) 

and chlorite flakes. Therefore, reactive iron sulfide grains present in phyllite will be exposed to moisture far more 

readily for oxidation and subsequent distress than in a denser metaquartzite or micaceous quartzite host.  Clearly, 

portions of pyrrhotite-bearing phyllite in the quarry has caused the distress, which should have been avoided and 

replaced by the metaquartzite portions of the quarry as demonstrated by the present house. Therefore, quarried 

stones should have been first examined by petrography (e.g., a la ASTM C 295) prior to the incorporation into the 

blocks. At a minimum, an ST test should have effectively differentiated a non-reactive iron sulfide bearing 

metaquartzite as seen here from a reactive iron sulfide-bearing phyllite seen in many distressed homes.      

To demonstrate the negligible presence of phyllite, only one or two phyllite aggregate particles are found in each 

of LHG and RHG (< 5% of aggregate), which (only in RHG) did show evidence of reddish-brown oxidation products 

of iron sulfate even though no reactive iron sulfide grains were detected.  

XRD - XRD analyses detected minor diffraction peaks for an iron sulfate hydroxide mineral parabutlerite [iron sulfate 

hydrate, Fe(SO4)(OH)(H2O)2] at <1% amount from the minor phyllite grain, but no direct evidence for any potentially 

deleterious iron sulfide grain was found in aggregate (including one phyllite grain in ‘RHG’). XRD analyses of both 

samples, however, failed to detect pyrite seen in reflected-light microscopy for its presence at below the detection 

limits of instrument. Rietveld analyses of both samples showed: (a) abundant quartz from metaquartzite, quartz plus 

feldspar from mica schist (quartz 59.8%/52.9%, albite 15.3%/15.4%), (b) subordinate muscovite and chlorite from 

mica schist and one phyllite in RHG (11.1%/16.3% muscovite, 7.6%/7.1% chlorite), and (c) calcite from carbonated 

paste at 5.3%/7.8% - all proportions are given for RHG/LHG, respectively.   
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Free Mica Contents from SEM-EDS - Cluster phase map analyses in SEM-EDS showed free muscovite contents in 

the mortar fractions to be 7.2% in RHG and 10.5% in LHG. These results, however, are highly variable depending 

on the scale and the area of examination. Area percentages of muscovite in the mortar fractions calculated from 

EDS image analyses in SEM-EDS, however, are not to be confused with ‘bulk’ muscovite contents in blocks (‘bound’ 

in aggregates plus ‘free’ in mortar fractions) determined from XRD. XRD result should be considered more 

meaningful for any mica-related durability concerns, if at all, than the free mica content in paste from EDS result 

collected from a small (<0.5 sq. mm) area. Close association of reactive iron sulfides with the ‘bound’ mica within 

the host aggregates are found to have boosted their reactivities from ready accessibility of moisture transported 

through the mica flakes (Oliveira et al. 2014, Schmidt et al. 2011), although free mica flakes in paste can also 

increase the potential for moisture absorption and related durability issues including a boost to oxidation of reactive 

iron sulfide grains in mortar. Bound mica in the schistose/foliated textured host phyllite/mica schist provide the 

necessary pathways for migration of oxygen and moisture for iron sulfide oxidation and resultant cracking and 

crumbling of aggregates than the similar effects from free (abraded) mica in the mortar fractions.  

Nevertheless, mortar fractions in both samples, in general, showed flakes of muscovite mica from mica schist just 

like abraded phyllite flakes of intimately mixed muscovite and chlorite found in the phyllite-bearing distressed 

blocks in other homes. Presence of these phyllosilicates in the mortar fraction are practically unavoidable for their 

easily splitable nature to be ended up in the mortar fraction during mixing of ingredients at the plastic state. 

Unfortunately, they are taken at special attention in many literatures of Ireland (e.g., Eden and Sandberg 2019) 

including calculation of risk factor based on their proportion in the I.S. 465:2018+A1:2020 specification for their 

alleged potential deleterious reactions to affect the durability of blocks (e.g., high risk factor at > 5% free mica). 

Both samples showed > 5% free mica contents in the mortar fractions yet perfectly sound conditions of house after 

20 years of service simply from the lack of any potentially reactive iron sulfide grains in the blocks.   

The author has found no evidence of any deleterious reactions of free mica in some of the most severely distressed 

blocks unless and until they are found to be contaminated with reactive iron sulfide grains either in the host rock 

and/or in the abraded fractions. The present house stands as an ideal case for their lack of any deleterious reactions 

after 20 years of service to not necessarily point fingers to these so-called ‘free mica’ fractions in the mortar fractions 

of blocks until and unless some sort of reactive form of iron sulfide grains are found, which are absent in the 

examined blocks to stand as testament for the sound condition of house.   

Paste in SEM-EDS - Similar to petrography or XRD, SEM-EDS studies of paste fractions of blocks also failed to detect 

any common deleterious reaction products, e.g., gypsum, ettringite, or thaumasite from iron sulfide reactions found 

in the other distressed homes. The entire cross-sectional areas of examination for both samples have failed to detect 

any noticeable sulfur signals in EDS analyses from the paste to warrant closure examination of any sulfate reaction 

products. 

Lack of Reactive Sulfides or ISA – Petrography, along with SEM-EDS studies have failed to detect any reactive sulfide 

grains or evidence of internal sulfate attack (ISA) in paste that are so commonly found in the distressed homes across 

County Donegal (Leemann et al. 2023, Jana 2024a). This lack of ISA is the bottom-line for the sound performance 

of this home for past 20 years.      
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Conclusions – The following conclusions are dawn from the present laboratory studies of two block samples from 

the home at 7 Carraig Bridge in Bridgend, Co. Donegal, Ireland:  

a. In-depth evaluation of two samples confirmed: (a) absence of any distress in the microstructural level, including 

(b) absence of any potentially deleterious reactive forms of iron sulfide constituents (e.g., pyrrhotite, framboidal 

pyrite, etc.) or (c) negligible amounts of aggregates that are known to cause distress in many homes across 

County Donegal (e.g., phyllite) – all of which are the reasons for the reported sound condition. Lack of distress 

are confirmed from (a) homeowner’s visual assessment, (b) evaluation of field photos, and (c) subsequent 

detailed laboratory testing of representative samples presented here encompassing optical microscopy, SEM-

EDS, chemical analyses (including total sulfur), and XRD.   

b. Based on all these testing, the house is judged to be categorized under Group 1 as “undamaged” at “low risk” 

under I I.S.465:2018+A1:2020 (Tables 1 and 3, respectively) at the time of this examination. Risk factor 

assessment should not be done based on free mica content let alone collected from < 0.5 sq. mm area of mortar 

in an SEM-EDS image.  

c. Mica content of aggregate, or free (abraded) mica content of interstitial mortar fraction has negligible role on 

the distress as the present house showed the normal expected free mica in the mortar fraction at amounts (~10%) 

higher than the 5% threshold limit referred by others (e.g., Eden and Sandberg 2019) for many distressed homes 

where it is actually not the free mica content but the presence of reactive sulfide grains that were found 

responsible for the distress. Mica can, at best, facilitate moisture migration to the reaction sites of reactive 

sulfides for oxidation, which could be the reason for dominance of phyllite aggregate in majority (> 80%) of 

the distressed homes across County Donegal that have produced a larger amount of free mica in the paste from 

abrasion during mixing than the free mica contents in homes having blocks made using e.g., metaquartzite 

aggregate (Brough et al. 2023).   

d. Sound condition of the present house after 20 years of service is found to be due to use of sound micaceous 

quartzite aggregates that are free of any reactive form of iron sulfide minerals (e.g., pyrrhotite, framboidal pyrite, 

etc.).  

e. Contrary to the reactive iron sulfide (e.g., pyrrhotite) bearing phyllite aggregate found in most of the distressed 

homes across County Donegal, present house showed the importance of use of proper aggregate selection that 

remain sound for the absence of any reactive sulfide grains.  

f. A total sulfur content slightly in excess of 0.1% doesn’t necessarily indicate an imminent danger if the sulfur is 

petrographically found to have contributed from the non-reactive forms of sulfide, as has been the case here. 

g. Risk factor assessment should be done based on petrographically determined reactive iron sulfide grains 

(pyrrhotite, framboidal pyrite, marcasite, etc.) in the quarried aggregates or blocks including types and 

proportions of reactive grains where total sulfur (at 0.1%<ST<1%) can only provide an initial clue for further 

exploration by petrography for exact speciation of iron sulfides.  

h. Assessment of risk factor based on free mica content in I.S. 465:2018+A1:2020 specification can be seriously 

misleading to the actual field performance of blocks, as in the present case where despite having a field-proven 

20-year performance record, the house can still be wrongfully categorized under ‘high risk’ based entirely on 

the free mica content calculated from a small area (~ < 0.5 sq. mm) in an SEM-EDS image. In fact, this house 

should stand as an example of potential pitfall of considering free mica as opposed to reactive sulfide as a basis 

for risk assessment.  
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i. Petrography must incorporate polished thin section and solid section examination in transmitted and reflected 

light microscopy in a petrographic microscope, which must be done first (following ST test) before doing SEM-

EDS studies.  

j. As a general rule for new constructions in County Donegal, despite being the geologically key locality for 

phyllite formed in the widespread Dalradian Supergroup from a 700 Ma old mountain-building event 

(Grenvillian Orogeny), phyllite-bearing aggregates should be avoided for their common association with 

reactive iron sulfide (pyrrhotite) grains in most of the distressed homes in County Donegal. Mica schist and 

micaceous quartzite aggregates should be examined first for reactive sulfides, particularly for stones having total 

sulfate contents between 0.1 and 1 percent. 

k. Therefore, a revised standard specification is needed for proper assessment of homes in Ireland and other parts 

of the world that have experienced iron sulfide related distress, as mentioned in Jana 2024b (Appendix 4).  

Laboratory testing protocols based on total sulfur, petrography, SEM-EDS, micro-XRF, and XRD are, for the most 

cases, highly effective in screening of quarried stones for future construction, or aggregates in existing concrete 

blocks for condition assessment. For aggregates having 0.1% < ST < 1% and petrographically observed iron 

sulfides grains, long-term expansion tests of mortar bars of quarried stones can be done under controlled 

laboratory conditions of relative humidity, temperature, mix design, and other parameters for performance 

assessment. Petrographic detection of aggregates having reactive sulfides such as pyrrhotite, marcasite, or 

framboidal pyrite should be avoided as they can cause serious damage even at < 0.1% level (Jana 2023a).   
 

✪ ✪ ✪    ✪ ✪ ✪ 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The above conclusions are based solely on the information and sample provided at the time of this investigation.  The conclusion may expand 
or modify upon receipt of further information, field evidence, or samples. All reports are the confidential property of clients, and information 
contained herein may not be published or reproduced pending our written approval. Neither CMC nor its employees assume any obligation or 
liability for damages, including, but not limited to, consequential damages arising out of, or, in conjunction with the use, or inability to use this 
resulting information. 
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THE HOUSE 

 
Figure 1: Field photos of the home from different sides showing the overall sound condition of walls and the absence 
of any visible cracking. 
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Figure 2: Field photos of the home from different sides showing the overall sound condition of walls and the absence 
of any visible cracking except one fine, hairline crack marked with arrows. 
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Figure 3: Locations from where two drilled core samples were provided from left gable (LHG) and right gable (RHG) 
– both from the outer leaf of house.  

  



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

Concrete Blocks from the Residence of Michael McClelland, County Donegal, Ireland 10 

 

BLOCK SAMPLES 

 
Figure 4: Cylindrical (top) and cross sectioned (bottom) surfaces of drilled core ‘LHG’ showing crushed micaceous 
quartzite aggregate, interstitial paste, and coarse voids where void contents are estimated from ImageJ to be 9.8% 
and 6.8% at sectioned surfaces from bottom left and right photo, respectively.  
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Figure 5: Cylindrical (top) and cross sectioned (bottom) surfaces of drilled core ‘RHG’ showing crushed micaceous 
quartzite aggregate, interstitial paste, and coarse voids.   
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METHODOLOGIES 

TOTAL SULFUR 

A portion of each block sample was pulverized for total sulfur content analyses by combustion IR (Leco) method 

according to the procedures described in EN 12620, I.S. 465:2018+A1:2020, CSA A23.1:19, and ASTM D 4239.  

OPTICAL MICROSCOPY 

Drilled cores of blocks were trimmed to multiple sections in a water-cooled diamond saw. Some sections were 

oven-dried, encapsulated with fluorescent dye-mixed epoxy then polished to mirror finish surfaces while others 

were selected for preparation of light-transparent fluorescent-epoxy-impregnated thin section by following multiple 

sample preparation steps described in Jana 

2006 (e.g., grinding of a sectioned surface 

on a lapping wheel with alumina and 

diamond abrasives of different grain sizes, 

bonding of the smooth ground surface to a 

frosted glass slide, precision sectioning, 

precision grinding, and final hand grinding 

to bring down the final thickness to 30 

microns (0.03 mm) or less so that polarized 

light can transmit through the thin slice).  

Petrographic examination was done 

according to the procedures described in 

various literatures, e.g., ASTM C 295, ASTM 

C 856, BS 1881-211:2016, BS 812, Part 104 

(2021), BS EN 12620, BS EN 932-3 (2022), 

Eden (2010, 2013, 2014), CSA A23.2-15 (2009), CS TR 71 (2010), Hawkins (2014), and Poole and Sims (2016).  

The steps of petrographic examinations include (Jana 2006: (a) visual examinations of samples, as received; (b) low-

power stereo microscopical examinations of as-received, saw-cut, and polished cross sections of samples for 

evaluation of textures, and compositions; and (c) examinations of polished solid section and polished large area (50 

mm ´ 75 mm) thin section in a petrographic microscope by reflected and transmitted polarized lights for detailed 

compositional and microstructural analyses. Figure 6 shows various microscopes in the optical microscopy lab 

some of which were used during petrographic examinations.  

Figure 6: The optical microscopy laboratory at CMC which houses 
many microscopes used for this project. 
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SCANNING ELECTRON MICROSCOPY AND X-RAY MICROANALYSES (SEM-EDS) 

 
Figure 7: JEOL Neoscope JCM-7000 benchtop and CamScan Series 2 floor model scanning electron microscopes 
in CMC used to examine samples at noticeably higher magnifications than optical microscopes along with detailed 
microstructural and microchemical analyses. 

In addition to optical microscopy, polished sections of blocks were further examined in JEOL Neoscope JCM-7000 

and Camscan scanning electron microscopes (Figure 7) to determine their chemical compositions and 

microstructures. Both JEOL and Camscan SEMs are equipped with a high-resolution column 40Å tungsten, 15 to 

40 kV electron optics zoom condenser 75° focusing lens (for Camscan) operating at 5kV to 20 kV, equipped with 

a variable geometry secondary electron detector, backscatter electron detectors, and Ametek EDAX EDS detectors 

for observations of microstructures at high-resolution, compositional analyses, and quantitative determinations of 

major element oxides from various areas of interest, respectively. Revolution 4Pi software in Camscan and 

Smileview software in JEOL Neoscope are used for digital storage of secondary electron and backscatter electron 

images, elemental mapping, and analysis along with point/raster mode, elemental map and cluster phase map 

analyses of an area of interest. Polished sections were coated with a gold-palladium alloy and used with a custom-

made aluminum sample holder in the large multiported chamber with the eucentric 50 ´ 100 mm motorized stage 

in Camscan or 40 ´ 40 mm motorized stage in JEOL. SEM-EDS studies were done by using the methods of ASTM 

C 1723.   
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X-RAY FLUORESCENCE SPECTROSCOPY (XRF) 

An X-ray fluorescence (XRF) instrument was used for determination of chemical (major element oxide) compositions 

of pressed pellets of pulverized portions of blocks including total sulfur contents, expressed as SO3.  

A series of standards from Portland cements, lime, 

slag, gypsum to various rocks, and masonry mortars 

of certified compositions (e.g., from USGS, GSA, 

NIST, CCRL, Brammer, or measured by ICP) were 

used to calibrate the instruments for various oxides, 

and empirical calculations were done from such 

calibrations to determine the oxide compositions of 

blocks.    

One of the three energy-dispersive bench-top X-ray 

fluorescence units in CMC shown in Figure 8 was 

used. All units deliver rapid qualitative and 

quantitative determination of major and minor 

atomic elements in a wide variety of sample types 

with minimal standards. The instruments were 

calibrated by using various certified (CCRL, NIST, 

GSA, and Brammer) reference standards of cements 

and rocks and major element oxidation composition 

of unknown sample was determined from empirical 

calibrations of well-documented standards.  

Approximately 8 grams of representative sample was 

pulverized for 3 minutes with alcohol in a 

pulverizing mill (Spex floor model pulverizer) with 

three wax tablets for preparation of pressed pellets. A 

25-ton Spex automated hydraulic press was used for 

preparation of pressed pellets.  

 

Figure 8: Rigaku NEX-CG (top), Spectro Xepos HE 
(middle), and Oxford X-Supreme 8000 (bottom) 
benchtop XRF units in CMC, all of which can 
perform analyses of multiple pressed pellets or fused 
beads of samples.  
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X-RAY DIFFRACTION (XRD) 

A portion of pulverized block samples used for XRF was used to determine mineralogical composition by X-ray 

diffraction.  

XRD was carried out in a floor 

model Siemens D 5000 or a 

benchtop Bruker D2 Phaser 

(2nd Generation, shown in 

Figure 9) Powder 

diffractometer (Bragg-

Brentano geometry) 

employing a Cu X-ray tube 

(Cu k-alpha radiation of 1.54 

angstroms), a primary slit of 1 

mm, a receiving slit of 3 mm, 

a position sensitive 1D 

Lynxeye XE-T detector (in 

Bruker unit). Generator 

settings used are 10 to 30 kV 

and 10mA (100 to 300 watt).  

The resulting diffraction 

patterns were collected by 

MDI Jade’s Datascan (for 

Siemens) or Bruker’s 

Diffrac.Measurement software 

(for D2 Phaser).  

Phase identification was done 

with Bruker’s Diffrac.EVA. 

Match! or MDI Jade software 

with the search-match 

database from Crystallographic 

Open Database (COD) or ICDD’s PDF4+ Minerals. Additional phase identification, and Rietveld quantitative 

analyses were carried out with MDI’s Jade software. 

  

Figure 9: Bruker’s D2 Phaser (2nd generation) benchtop X-ray powder 
diffractometer with Lynxeye 1D position sensitive detector used in X-ray 
diffraction studies of block samples. 
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OPTICAL MICROSCOPY 

POLISHED SOLID SECTIONS OF BLOCKS 

 
Figure 10: Polished section of sample RGH showing only one potentially deleterious phyllite coarse aggregate with 
reddish-brown oxidation products of iron and associated microcracks, which are also filled with the oxidation 
products (marked by arrows). Rest of the coarse aggregate particles are crushed micaceous quartzite, which are 
dense, hard, equigranular to elongated, massive quartzitic (granoblastic) textured mass of equigranular grains of 
major amount of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite, having a 
nominal maximum size of 10 mm. Interstitial paste in the mortar fraction shows beige color tone. Coarse irregular-
shaped interstitial voids are calculated (from ImageJ) to be less than 10 percent. 
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Figure 11: Polished section of sample LGH showing crushed micaceous quartzite coarse aggregate particles, which 
are dense, hard, equigranular to elongated, massive quartzitic (granoblastic) textured mass of equigranular grains of 
major amount of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite, having a 
nominal maximum size of 10 mm. Interstitial paste in the mortar fraction shows beige color tone. Coarse irregular-
shaped interstitial voids are calculated (from ImageJ) to be less than 10 percent. 

 



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

Concrete Blocks from the Residence of Michael McClelland, County Donegal, Ireland 18 

 

REFLECTED-LIGHT (ORE) MICROSCOPY 

 
Figure 12: Reflected-light micrographs of a gold-coated polished section (top row) and polished thin section (middle 
and bottom rows) of fragments in RHG showing typical golden yellow color tone and blocky habit of a few scattered 
very fine (< 0.1 mm) non-reactive pyrite grains. Photos were taken from a petrographic microscope with incident-
light illumination. Scale bars are 0.1 mm. 
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Figure 13: Reflected-light micrographs of a gold-coated polished section (top row) and polished thin section (middle 
and bottom rows) of fragments in LHG showing typical golden yellow color tone and blocky habit of a few scattered 
very fine (< 0.1 mm) non-reactive pyrite grains. Photos were taken from a petrographic microscope with incident-
light illumination. Scale bars are 0.1 mm. 
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THIN SECTIONS OF BLOCKS 

 
Figure 14: Fluorescent dye-mixed epoxy-impregnated polished thin section of block fragments prepared for reflected, 
transmitted, and fluorescent (UV) light microscopy in a high-power stereozoom and a petrographic microscope 
followed by SEM-EDS studies. Bottom row shows the thin section viewed in UV light where no cracking was 
highlighted from fluorescent epoxy. Thin section was scanned on a flatbed office scanner with LED and UV light 
for top and bottom images, respectively.  
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Figure 15: Fluorescent dye-mixed epoxy-impregnated polished thin section of blocks fragments shown at plane and 
cross polarized-light modes at top and bottom photos, respectively that are scanned on a flatbed office scanner with 
one or two perpendicular polarizing filters, respectively. Both samples show crushed micaceous quartzite coarse 
aggregate particles, which are dense, hard, equigranular to elongated, massive quartzitic (granoblastic) textured 
mass of major amount of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite, having 
a nominal maximum size of 12.5 mm. Interstitial paste in the mortar fraction shows carbonated nature. Coarse 
irregular-shaped interstitial voids are calculated (from ImageJ) to be less than 10 percent. 
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Figure 16: Enlarged view of the plane polarized light image from Figure 15 of RHG showing one potentially 
deleterious phyllite (P) coarse aggregate with reddish-brown oxidation products of iron and associated microcracks, 
which are also filled with the oxidation products (marked by arrows). Rest of the coarse aggregate particles are 
crushed micaceous quartzite, which are dense, hard, equigranular to elongated, massive quartzitic (granoblastic) 
textured mass of major amount of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite, 
having a nominal maximum size of 12.5 mm. Interstitial paste in the mortar fraction shows carbonated nature. 
Coarse irregular-shaped interstitial voids are calculated (from ImageJ) to be less than 10 percent. 
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Figure 17: Enlarged view of the cross polarized light image from Figure 15 of RHG showing one potentially 
deleterious phyllite (P) coarse aggregate with reddish-brown oxidation products of iron and associated microcracks, 
which are also filled with the oxidation products (marked by arrows). Rest of the coarse aggregate particles are 
crushed micaceous quartzite, which are dense, hard, equigranular to elongated, massive quartzitic (granoblastic) 
textured mass of major amount of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite, 
having a nominal maximum size of 12.5 mm.  
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Figure 18: Enlarged view of the plane (top) 
and cross (bottom) polarized light images 
from Figure 15 of LHG showing one 
potentially deleterious fine-grained phyllite 
(P) coarse aggregate depicting foliated 
texture, and major amount of crushed 
micaceous quartzite coarse aggregate 
particles, which are dense, hard, 
equigranular to elongated, massive 
quartzitic (granoblastic) textured mass of 
major amount of quartz, subordinate 
feldspar (albite), and parallel bands of 
muscovite and chlorite, having a nominal 
maximum size of 12.5 mm. Interstitial paste 
in the mortar fraction shows beige color tone. 
Coarse irregular-shaped interstitial voids are 
calculated (from ImageJ) to be less than 10 
percent. 
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TRANSMITTED-LIGHT OPTICAL MICROSCOPY 

 
Figure 19: Thin section micrographs of block fragment RHG in PPL (top) and corresponding XPL (bottom) modes 
showing minor amount of phyllite (P) and major amount of micaceous quartzite grains in coarse aggregate. Phyllite 
shows characteristic fine-grained foliated texture, whereas dominant micaceous quartzite grains show massive 
quartzitic (granoblastic) textured mass of major amount of quartz, subordinate feldspar (albite), and parallel bands 
of muscovite and chlorite. Interstitial paste in the mortar fraction shows carbonated nature. 
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Figure 20: Thin section micrographs of block fragment RHG in PPL (top) and corresponding XPL (bottom) modes 
showing minor amount of phyllite (P) and major amount of micaceous quartzite grains in coarse aggregate. Phyllite 
shows characteristic fine-grained foliated texture, whereas dominant micaceous quartzite grains show massive 
quartzitic (granoblastic) textured mass of major amount of quartz, subordinate feldspar (albite), and parallel bands 
of muscovite and chlorite. Interstitial paste in the mortar fraction shows carbonated nature. 
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Figure 21: Thin section micrographs of block fragment RHG showing dominant micaceous quartzite grains in coarse 
aggregate depicting massive quartzitic (granoblastic) textured mass of major amount of quartz, subordinate feldspar 
(albite), and parallel bands of muscovite and chlorite. Interstitial paste in the mortar fraction shows carbonated 
nature.  
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Figure 22: Thin section micrographs of block fragment RHG showing minor amount of phyllite (P) and major amount 
of micaceous quartzite grains in coarse aggregate. Phyllite shows characteristic fine-grained foliated texture, 
whereas dominant micaceous quartzite grains show massive quartzitic (granoblastic) textured mass of major amount 
of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite. Interstitial paste in the mortar 
fraction shows variably carbonated to non-carbonated nature. 
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Figure 23: Thin section micrographs in PPL mode in RHG showing microcracks (marked by arrows) in mortar 
fraction and along the interface between a phyllite coarse aggregate and mortar fraction highlighted by fluorescent 
epoxy. 
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Figure 24: Thin section micrographs in PPL mode in RHG showing reddish-brown oxidation band in phyllite and 
microcrack (marked by arrows) at the interface to the mortar fraction. 
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Figure 25: Thin section micrographs in PPL mode in RHG showing reddish-brown oxidation band in phyllite and 
microcrack (marked by arrows) at the interface to the mortar fraction. 
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Figure 26: Micrographs of thin section of block fragment RHG showing the mortar fraction consisting of fine angular 
grains of quartz and feldspar, flakes of muscovite mica (free mica, a few are marked with arrows) and chlorite, and 
interstitial variably carbonated paste. 
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Figure 27: Micrographs of thin section of block fragment RHG showing the mortar fraction consisting of fine angular 
grains of quartz and feldspar, flakes of muscovite mica (free mica, a few are marked with arrows) and chlorite, and 
interstitial non-carbonated paste (depicting typical near-isotropic nature of paste as opposed a carbonated paste of 
golden yellow interference color). 
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Figure 28: Thin section micrographs of block fragment LHG in PPL (top) and corresponding XPL (bottom) modes 
showing micaceous quartzite grains in coarse aggregate having massive quartzitic (granoblastic) textured mass of 
major amount of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite. Interstitial paste 
in the mortar fraction shows carbonated nature. 
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Figure 29: Thin section micrographs of block fragment LHG in PPL (top) and corresponding XPL (bottom) modes 
showing minor amount of phyllite (P) and major amount of micaceous quartzite grains in coarse aggregate. Phyllite 
shows characteristic fine-grained foliated texture, whereas dominant micaceous quartzite grains show massive 
quartzitic (granoblastic) textured mass of major amount of quartz, subordinate feldspar (albite), and parallel bands 
of muscovite and chlorite. Interstitial paste in the mortar fraction shows carbonated nature. 
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Figure 30: Thin section micrographs of block fragment LHG in PPL (top) and corresponding XPL (bottom) modes 
showing micaceous quartzite grains in coarse aggregate having massive quartzitic (granoblastic) textured mass of 
major amount of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite. Interstitial paste 
in the mortar fraction shows carbonated nature. 
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Figure 31: Thin section micrographs of block fragment LHG showing minor amount of phyllite (P) and major amount 
of micaceous quartzite grains in coarse aggregate. Phyllite shows characteristic fine-grained foliated texture, 
whereas dominant micaceous quartzite grains show massive quartzitic (granoblastic) textured mass of major amount 
of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite. Interstitial paste in the mortar 
fraction shows carbonated nature. 
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Figure 32: Thin section micrographs of block fragment LHG showing minor amount of phyllite (P) and major amount 
of micaceous quartzite grains in coarse aggregate. Phyllite shows characteristic fine-grained foliated texture, 
whereas dominant micaceous quartzite grains show massive quartzitic (granoblastic) textured mass of major amount 
of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite. Interstitial paste in the mortar 
fraction shows variably carbonated to non-carbonated nature. 
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Figure 33: Micrographs of thin section of block fragment LHG showing the mortar fraction consisting of fine angular 
grains of quartz and feldspar, flakes of muscovite mica (free mica, a few are marked with arrows) and chlorite, and 
interstitial variably carbonated paste. 
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Figure 34: Micrographs of thin section of block fragment LHG showing the mortar fraction consisting of fine angular 
grains of quartz and feldspar, flakes of muscovite mica (free mica, a few are marked with arrows) and chlorite, and 
interstitial variably carbonated to non-carbonated paste (depicting typical near-isotropic nature of non-carbonated 
paste as opposed a carbonated paste of golden yellow interference color). 
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Figure 35: Thin section micrographs of block fragment LHG in PPL (top) and corresponding XPL (bottom) modes 
showing micaceous quartzite grains in coarse aggregate having massive quartzitic (granoblastic) textured mass of 
major amount of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite. Interstitial paste 
in the mortar fraction shows variably carbonated nature. 
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Figure 36: Thin section micrographs of block fragment LHG in PPL (top) and corresponding XPL (bottom) modes 
showing micaceous quartzite grains in coarse aggregate having massive quartzitic (granoblastic) textured mass of 
major amount of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite. Interstitial paste 
in the mortar fraction shows variably carbonated nature. 
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Figure 37: Thin section micrographs of block fragment LHG in PPL (top) and corresponding XPL (bottom) modes 
showing micaceous quartzite grains in coarse aggregate having massive quartzitic (granoblastic) textured mass of 
major amount of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite. Interstitial paste 
in the mortar fraction shows variably carbonated nature. 
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Figure 38: Thin section micrographs of block fragment LHG in PPL (top) and corresponding XPL (bottom) modes 
showing micaceous quartzite grains in coarse aggregate having massive quartzitic (granoblastic) textured mass of 
major amount of quartz, subordinate feldspar (albite), and parallel bands of muscovite and chlorite. Interstitial paste 
in the mortar fraction shows non-carbonated nature. 
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SUMMARY OF PETROGRAPHIC DATA 

Properties and Compositions  
of Aggregates 

Cores LHG and RHG 

Coarse Aggregates 

Types Crushed micaceous quartzite and minor phyllite (Figures 15-18) 

Nominal maximum size (in.) ½ in. (12.5 mm, Figures 10-11, 15-18) 

Rock Types Major amount (> 95%) of micaceous quartzite grains having massive quartzitic 
(granoblastic) textured mass of major amount of quartz, subordinate feldspar 
(albite), and parallel bands of muscovite and chlorite; and minor (<5%, e.g., 
only 1 or 2 grains of phyllite in each sample) phyllite having fine-grained 
foliated textured parallel arrangement of muscovite, chlorite, quartz, and 
feldspar (Figures 15-18, 21-22, 31-32) 

Angularity, Density, Hardness, 
Color, Texture, Sphericity 

Angular, dense and hard for quartzite and soft and fragile for phyllite, medium 
gray, and equidimensional to elongated (Figures 10-11) 

Cracking, Alteration, Coating Unaltered to a few weathered, uncoated, and mostly uncracked (except some 
microcracks found in minor phyllite grains) (Figures 10-11, 15-18) 

Grading & Distribution Well-graded and well-distributed (Figures 10-11) 

Soundness Sound for dominant micaceous quartzite grains but unsound (cracking in some 
phyllite grains, Figures 19-20, 23, 25) 

Alkali-Aggregate Reactivity Despite the presence of many strained quartz particles in the aggregate that are 
known to be potentially alkali-silica reactive, there is, however, no evidence of 
such a reaction found in the aggregates 

Sulfide Minerals in Coarse 
Aggregates 

Isolated finely disseminated blocky habit pyrite (<0.1 mm grain size) and 
associated minor chalcopyrite mostly in the mortar fraction and preferentially 
concentrated in the minor phyllite grain compared to quartzite (Figures 24, 25, 
32) 

Fine Aggregates 

Types Natural siliceous sand mixed with abraded micaceous quartzite (Figures 21-22, 
31-34) 

Nominal maximum size (in.) 1/4 in. (6.5 mm) 

Rock Types Major amount of siliceous component (quartz, quartzite, strained quartzite, 
feldspar, and chert) and subordinate amount of abraded component of coarse 
aggregate that has also contributed to ‘free mica’ in the mortar fraction (Figures 
21-22, 31-34) 

Cracking, Alteration, Coating Clear, off-white, light to medium to dark-gray, dense, hard, subrounded to 
rounded, equidimensional to elongated, mostly unaltered, uncoated, and 
mostly uncracked 

Grading & Distribution Well-graded and well-distributed (Figures 10-11, 21-22, 31-34) 

Soundness Sound 

Alkali-Aggregate Reactivity None  

Sulfide Minerals in Fine 
Aggregates 

Isolated finely disseminated blocky habit pyrite (<0.1 mm grain size) and 
associated minor chalcopyrite mostly in the mortar fraction and preferentially 
concentrated in the minor phyllite grain compared to quartzite (Figures 12, 13) 
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Properties and Compositions  
of Paste 

Cores LHG and RHG 

Color, Hardness, Porosity, 
Luster 

Compositionally similar Portland cement-based paste that is moderately hard to 
moderately soft, porous, and depict subtranslucent and subvitreous luster 

Residual Portland Cement 
Particles 

Normal, 6 to 8 percent (mostly dark brown ferrite remains) by paste volumes in 
the non-carbonated portions 

Calcium hydroxide from 
cement hydration 

Normal, 8 to 10 percent by paste volume in the non-carbonated portions 

Pozzolans, Slag, etc. None  
Water-cement ratios (w/c), 
estimated 

0.50 to 0.55 (estimated in the non-carbonated portions) 

Cement Contents (%) Approximately 10 % by volume in both samples 

Secondary Deposits 
Other than occasional secondary calcite deposits in some voids most voids are 
found empty without any potentially deleterious ettringite, gypsum, or 
thaumasite deposits found in the other distressed homes 

Paste Carbonation 
Variable carbonation from severe carbonation at the exposed ends of core to 
moderate to no carbonation (Figures 17 to 20, 24 to 38) 

Microcracking 
Occasional shrinkage microcracks are seen in the mortar fractions of both cores 
particular in association with one or two phyllite grains in each sample (Figures 
23 and 25 for RHG) 

Aggregate-paste Bonds Moderately Tight to Tight (around quartzite) to Weak (around Phyllite) 
Chemical deteriorations No evidence of any potentially deleterious reactions (e.g., ISA or ASR) is found  
Sulfide Minerals in Mortar 
Fractions 

Isolated finely disseminated block habit pyrite and minor chalcopyrite (Figures 
12, 13) 

Free Mica in Mortar 
Fractions 

Approximately 10% (SEM-EDS images produced 7.2% in RGH and 10.5% in 
LHG 

 

Air Voids LHG RHG 
Air Entrainment Marginally air-entrained Marginally air Entrained 
Total Void Contents (%, Estimated) 8 – 10 % 6 – 8 % 
Void Distribution Well-distributed Well-distributed 
Secondary Deposits in Air Voids None, small spherical entrained 

voids are mostly free  
(Figures 36, 38) 

None, small spherical entrained 
voids are mostly free  

(Figures 20, 23) 
 

  



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

Concrete Blocks from the Residence of Michael McClelland, County Donegal, Ireland 47 

 

SEM-EDS 

 
Figure 39: Backscatter electron image (top left), cluster phase map of phyllite aggregate and adjacent mortar fraction 
(top middle), phase proportions calculated from phase map (top right), and segmented phase maps, corresponding 
EDS spectrum and oxide composition of various phases of block fragment RHG in a polished solid section. Phase 
colors: blue – phyllite, yellow – stained interface, and purple - sand.   
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Figure 40: Backscatter electron image (top left), cluster phase map of phyllite aggregate and adjacent mortar fraction 
(top middle), phase proportions calculated from phase map (top right), and segmented phase maps, corresponding 
EDS spectrum and oxide composition of various phases of block fragment RHG in a polished solid section. Phase 
colors: red – Fe oxide, cyan - paste, blue – quartz, and white – voids.   
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Figure 41: Free mica flakes in the mortar fractions of RGH (top) and LGH (bottom) highlighted in red in the cluster 
phase maps calculated from elemental maps of mica (K, Al, Si). Phase colors: cyan and yellow - paste, blue – quartz, 
white – voids, red – free mica, purple – chlorite, and green – feldspar (albite).   
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Figure 42: Backscatter electron image (top left), cluster phase map of phyllite aggregate and adjacent mortar fraction 
(top middle), phase proportions calculated from phase map (top right), and segmented phase maps, corresponding 
EDS spectrum and oxide composition of various phases of block fragment RHG in a polished solid section. Phase 
colors: cyan – paste, blue – quartz, and red – free mica.   
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Figure 43: Backscatter electron image (top left), cluster phase map of phyllite aggregate and adjacent mortar fraction 
(top middle), phase proportions calculated from phase map (top right), and segmented phase maps, corresponding 
EDS spectrum and oxide composition of various phases of block fragment RHG in a polished solid section. Phase 
colors: white – voids, and green – feldspar (albite).   
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Figure 44: Backscatter electron image (top left), cluster phase map of phyllite aggregate and adjacent mortar fraction 
(top middle), phase proportions calculated from phase map (top right), and segmented phase maps, corresponding 
EDS spectrum and oxide composition of various phases of block fragment LHG in a polished solid section. Phase 
colors: paste – cyan and yellow for Ca/Si <1 and > 1, respectively, and red – free mica.   
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Figure 45: Backscatter electron image (top left), cluster phase map of phyllite aggregate and adjacent mortar fraction 
(top middle), phase proportions calculated from phase map (top right), and segmented phase maps, corresponding 
EDS spectrum and oxide composition of various phases of block fragment LHG in a polished solid section. Phase 
colors: blue – quartz and purple - chlorite.   
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X-RAY DIFFRACTION 

 
Figure 46: XRD pattern of block sample RGH. Rietveld analysis detected 59.8% quartz, 15.3% albite, 11.1% 
muscovite mica, 7.6% chlorite, 5.3% calcite, and <1% parabutlerite. Notice the absence of pyrite (for its presence 
at below the detection limit of XRD that was detected in reflect-light microscopy), and potentially deleterious 
reaction products (gypsum, ettringite, thaumasite) of internal sulfate attacks.  
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Figure 47: XRD pattern of block sample LGH. Rietveld analysis detected 52.9% quartz, 15.4% albite, 16.3% 
muscovite mica, 7.1% chlorite, 7.8% calcite, and <0.5% parabutlerite. Notice the absence of pyrite (for its presence 
at below the detection limit of XRD that was detected in reflect-light microscopy), and potentially deleterious 
reaction products (gypsum, ettringite, thaumasite) of internal sulfate attacks.  
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Figure 48: Overall mineralogical similartities of two block samples in XRD patterns showing muscovite, chlorite, 
quartz, albite, and calcite as the five main detectable peaks.  
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X-RAY FLUORESCENCE SPECTROSCOPY 

 
Figure 49: Chemical comnpositions of two block samples determined from energy-dispersive X-ray fluorescence 
spectroscopy. Total sulfate (expressed as SO3) is determined to be < 0.1% in LHG and 0.2% in RHG.  



 CONSTRUCTION MATERIALS CONSULTANTS, INC.  

Concrete Blocks from the Residence of Michael McClelland, County Donegal, Ireland 58 

 

TOTAL SULFUR  

 
Figure 50: Total sulfur contents determined from XRF and combustion-IR (Leco) method.  
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The above conclusions are based solely on the information and sample provided at the time of this investigation.  The conclusion may expand 
or modify upon receipt of further information, field evidence, or samples. Sample will be discarded after submission of the report.  All reports 
are the confidential property of clients, and information contained herein may not be published or reproduced pending our written approval. 
Neither CMC nor its employees assume any obligation or liability for damages, including, but not limited to, consequential damages arising out 
of, or, in conjunction with the use, or inability to use this resulting information. 
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IQYRice
Invoice Date

7/15/2024

Invoice No.

3974

Bill To
IUHODQG ISA PURMHFWV
MLFKDHO MFCOHOODQG
7 CDUUDLJ BULGJH
BULGJHQG, CR DRQHJDO
IUHODQGF93E516

Client
IUHODQG ISA PURMHFWV
MLFKDHO MFCOHOODQG
7 CDUUDLJ BULGJH
BULGJHQG, CO
IUHODQGF93E516

Construction Materials Consultants, Inc.
222 HarYe\ AYenue
GREENSBURG, PA 15601 USA

Due

PM Report Date

7/15/2024

Project

7 CDUUDLJ BULGJH, BULGJHQG, CR

Client No. CMC No.

0724158

Phone

724-834-3551

Fa[

724-834-3556

Web

Total

OQ RHFHLSW

Ta[ ID

NRWe:  BaOaQceV aUe dXe RQ UeceLSW.  UQSaLd baOaQceV RYeU 30 da\V aUe VXbMecW WR a 1.5% SeU PRQWK VeUYLce cKaUJe.

57-1153928 ZZZ.FPF-FRQFUHWH.FRP

DJ

Item DescriptionQt\ Rate Amount
PROFESSIONAL SER9ICES
P\UUKRWLWH - CRUH CRPSUHKH... CRPSUHKHQVLYH CRUH WHVWLQJ IRU P\UUKRWLWH DQG UHODWHG GLVWUHVV -

PHWURJUDSK\, SEM, ;RD, ;RF, TRWDO SXOIXU, HWF.
2 2,500.00 5,000.00

DISCO8NT EQWLUH ODE H[SHQVH LV ZDLYHG IRU WKH KRPHRZQHUV RI GLVWUHVVHG KRPHV
LQ IUHODQG

1 -5,000.00 -5,000.00

$0.00
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Cracking and crumbling of concrete blocks in County Donegal, 
Ireland: A holistic approach from case studies on deleterious 
effects of open microstructure of blocks, phyllite aggregate, 

pyrrhotite Oxidation, paste carbonation, lime leaching, and internal 
sulfate attacks  

Dipayan Jana1 
��� &RQVWUXFWLRQ�0DWHULDOV�&RQVXOWDQWV��,QF��DQG�$SSOLHG�3HWURJUDSKLF�6HUYLFHV��,QF���*UHHQVEXUJ�

86$��LQIR#FPF-concrete.com 

Abstract 
7ZR� GLIIHUHQW� PHFKDQLVPV� DUH� RIIHUHG� IRU� H[WHQVLYH� FUDFNLQJ� DQG� FUXPEOLQJ� RI� DQ� HVWLPDWHG� �����
SURSHUWLHV�LQ�&RXQW\�'RQHJDO�LQ�,UHODQG��2QH�PHFKDQLVP��NQRZQ�DV�WKH�µPLFD�FULVLV¶�LV�UHSRUWHG�WR�EH�
IURP�WKH�XVH�RI�GHIHFWLYH�FRQFUHWH�EORFNV�FRQWDLQLQJ�H[FHVVLYH��IUHH��PLFD�LQ�WKH�PRUWDU�IUDFWLRQV�GHULYHG�
from PLFDFHRXV�DJJUHJDWHV��PRVWO\�SK\OOLWH�ZLWK�VXERUGLQDWH�PLFD�VFKLVW��TXDUW]LWH��HWF����([FHVV�PLFD�
IURP�DEUDGHG�SK\OOLWH�LQ�SDVWH�KDV�UHSRUWHGO\�FDXVHG�PDQ\�NQRZQ�PLFD-related issues, e.g., increased 
water demand at a given workability, increased water absRUSWLRQ�� LQFUHDVHG� PLFURSRURVLW\�� ORVV� RI�
FRPSUHVVLYH�VWUHQJWK��UHGXFHG�UHVLVWDQFH�WR�IURVW�DWWDFN�IURP�KLJK�ZDWHU�GHPDQG��LQFUHDVHG�OHDFKLQJ��
HWF��6XEVHTXHQW�VWXGLHV�KDYH�HVWDEOLVKHG�HYLGHQFH�RI�LURQ�VXOILGHV�PRVWO\�LQ�WKH�IRUP�RI�S\UUKRWLWH�LQ�WKH�
aggregDWHV��ZKLFK� KDYH� FDXVHG� R[LGDWLRQ� DQG� UHODWHG� H[SDQVLRQV� LQ� WKH� SUHVHQFH� RI�PRLVWXUH� DQG�
R[\JHQ� IROORZHG� E\� LQWHUQDO� VXOIDWH� DWWDFNV �,6$�� IURP� UHDFWLRQV� EHWZHHQ� VXOIDWHV� UHOHDVHG� IURP�
S\UUKRWLWH� R[LGDWLRQ� DQG� FHPHQW� K\GUDWLRQ� SURGXFWV� UHVXOWLQJ� LQ� IRUPDWLRQ� RI� J\SVXP�� HWWULQJLWH�� DQG�
WKDXPDVLWH�FDXVLQJ�H[SDQVLRQV�DQG�FUDFNLQJ�WR�VRIWHQLQJ�DQG�FUXPEOLQJ�RI�SDVWH�IURP�GHFRPSRVLWLRQ�
RI�FDOFLXP�VLOLFDWH�K\GUDWH��&6+��IURP�WKDXPDVLWH�DWWDFN�DQG�VHYHUH�FDUERQDWLRQ�DQG�OHDFKLQJ�RI�SDVWH��
7KH�SUHVHQW�UHSRUW�KDV�WDNHQ�D�KROLVWLF�DSSURDFK�IURP�FDVH�VWXGLHV�RI�PRGHUDWHO\�WR�VHYHUHO\�FUXPEOHG�
blocks to sound cast-in-SODFH�IRXQGDWLRQ�RI�KRPHV�LQ�&RXQW\�'RQHJDO�WR�HYDOXDWH�GHOHWHULRXV�UROHV�RI�
RSHQ�PLFURVWUXFWXUH�RI�EORFNV��SK\OOLWH�DJJUHJDWHV��S\UUKRWLWH�R[LGDWLRQ��SDVWe carbonation and leaching, 
DQG�LQWHUQDO�VXOIDWH�DWWDFNV�IRU�WKH�FDWDVWURSKLF�GLVWUHVV����� 

Keywords��FUDFNLQJ��'RQHJDO��,6$��SK\OOLWH��S\UUKRWLWH 

1. INTRODUCTION
The so-called ’mica crisis’ in Ireland [1, 2, 3] is rightfully confirmed to be the case of internal sulfate 
attacks (ISA) from oxidation of iron sulfide minerals (mostly pyrrhotite, sometimes along with pyrite) in 
aggregates used in the defective concrete blocks [4, 5]. Studies of 1800 distressed properties from 1995 
to 2010 in County Donegal found deleterious roles of pyrrhotite-bearing phyllite as the main cause of 
distress [5]. From the independent case studies of author on the severely crumbled down to ‘powder’ to 
moderately crumbled ‘fragments’ of blocks from some of the most distressed homes (Fig. 1.1 Photos 1-
20), along with ‘sound’ cast-in-place concrete foundation of a house (Fig. 1.1 Photos 21-25) all 
containing same crushed pyrrhotite-bearing phyllite aggregate reportedly sourced from the same 
Buncrana quarry as the aggregate source for the other defective blocks, a preliminary holistic approach 
is taken to evaluate relative roles of: (1) open microstructure of blocks as opposed to denser 
microstructure of cast-in-place foundation for deeper penetration of moisture, oxygen, and CO2 in blocks 
during service than in foundation, (2) easy abrasion of phyllite to expose more pyrrhotite grains to 
oxidation than other hosts during block manufacturing, (3) advanced pyrrhotite oxidation in blocks 
starting from steam curing process to easy access to moisture/oxygen during service through open 
microstructure of blocks, (4) deeper, pervasive carbonation through open-structured block than limited 
(max. 15 mm) carbonation in denser foundation, (5) preferential internal sulfate attacks (ISA) in the paste 
of distressed blocks but not in the sound foundation from sulfate release from pyrrhotite oxidation to 
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cause (5a) deleterious ettringite formation (E-ISA) in the denser confined spaces of less/non-carbonated 
regions to cause expansions and cracking to (5b) deleterious thaumasite formation (T-ISA) in the 
porous, moderately carbonated regions to cause decomposition of calcium silicate hydrate (CSH) with 
softening and disintegration to (5c) gypsum form of ISA (G-ISA) in severely carbonated paste by 
replacing calcium carbonate, and (6) leaching of lime and products of ISA from continued moisture 
circulation throughout the open-structured block during service to re-precipitate lime and ISA products 
in voids and turn the paste into a silica-alumina-magnesia-based gelatinous mass with little or no 
cementitious property, which was already started with T-ISA to cause catastrophic crumbling of blocks 
across County Donegal.  

 
Figure 1.1: A microstructural collage of defective concrete blocks (Photos 1 to 20) and sound cast-in-
place foundation (Photos 21 to 25) from County Donegal, Ireland.  

2. METHODOLOGIES 
All samples were examined by: (1) polarized-light microscopy (reflected-light microscopy of polished 
thin and solid sections, transmitted-light microscopy of polished thin sections) for iron sulfide minerals, 
oxidation products, aggregates’ mineralogies/textures, paste compositions/microstructures/alterations, 
and secondary deposits, (2) SEM-EDS studies of polished thin/solid sections for further characterization 
of phases detected in optical microscopy, (3) XRD studies of bulk samples and extracted aggregates 
for detection and quantifications of iron sulfide minerals, aggregate mineralogies, and ISA products, (4) 
XRF and combustion IR for major element oxide compositions and total sulfur content (ST), (5) thermal 
analysis for sulfate/carbonate phases, and (6) ion chromatography of filtrates of deionized water-
digested samples for water-soluble sulfate contents. Details can be found in Jana [6].   

3. RESULTS  
Crumbling in one of the most distressed homes in County Donegal (Fig. 1.1 Photo 1) examined by 
author was the result of multiple episodes that started with the use of defective concrete blocks having: 
(1) abundant easily splitable phyllite aggregates (as high as 80% by volume of coarse aggregate, Fig. 
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1.1 Photos 2, 6), along with (2) overall porous, high water-cement ratio (w/c), and low cement content 
(4% [3]) nature of blocks leaving a lot of interstitial spaces for migration of moisture, oxygen and CO2 
through the renders to the blocks especially at the outer leaf to cause pyrrhotite oxidation, paste 
carbonation, ISA, and leaching/re-precipitation.  

Phyllite occurred as low-grade, fine-grained metamorphic rock of Precambrian Dalradian Supergroup 
consisting of major amounts of interlayered muscovite, chlorite and subordinate amounts of very fine-
grained silty quartz and alkali feldspar all in parallel layered arrangements to form the typical foliation or 
sheet-like flakes and characteristic crenulation cleavages of deformed flakes (Fig. 1.1 Photos 10-12). 
Weak zones along foliation planes and crenulation cleavages provided crisscross intersecting pathways 
for migration of moisture and oxygen to pyrrhotite (Fig. 1.1 Photo 7). Muscovite and chloride are non-
swellable sheet silicates but their presence as easily breakable foliated sheets in phyllite along with their 
inherent finer grain size than schist have contaminated the mortar fractions of blocks with abraded 
phyllite flakes (>10% to as high as 50%, by paste volume) to increase the water demand at a given 
workability and reduce the compressive strength. After phyllite, coarser-grained mica schist is detected 
at subordinate (15-20%) amount consisting of parallel alignments of muscovite mica, biotite, chlorite, 
deformed quartz, and alkali feldspar grains (Fig. 1.1 Photo 13). Only a minor (1-5%) amount of 
noticeably denser and non-foliated coarse-grained metaquartzite aggregate is found, which, if were 
used as the primary aggregate would have drastically reduced the observed disintegration of blocks let 
alone to expose pyrrhotite grains to oxidize.  

Abundant pyrrhotite grains in phyllite (sizes from < 1 mm at long to <0.5 mm at short directions, Fig. 1.1 
Photos 6-9) have acted as the effective sites for expansion from oxidation during service especially at 
the moist and alkaline (pH >10, less to non-carbonated) conditions of blocks. Some prior oxidations, 
however, may have occurred in geologic formation and during storage in the aggregate stockpile. 
Pyrrhotite grains are detected mostly in phyllite as opposed to mica schist or metaquartzite as (a) fine-
grained isolated disseminated irregular-shaped to subhedral equant grains (Fig. 1.1 Photo 7) to (b) 
mostly elongated grains aligned along the dominant foliation planes (Fig. 1.1 Photo 12), which shows 
extensive reddish-brown oxidation products (e.g., goethite, ferrihydrite, Fig. 1.1 Photo 5) causing further 
cracking, splitting, and disintegration of phyllite. In situ oxidation of pyrrhotite has caused further splitting 
and crumbling of phyllite (Fig. 1.1 Photos 8,9) especially since most pyrrhotite grains have crystallized 
along the prevailing foliation planes where the inherent phyllitic texture of foliation and deformed 
(crenulation) cleavage planes provided pathways for ready migration of moisture to facilitate oxidation. 
Additionally, spectacular radial cracks are often seen from oxidized pyrrhotite grains in phyllite (Fig. 1.1 
Photos 8, 9) as a testament of in situ expansion from pyrrhotite oxidation. Reddish-brown oxidized 
pyrrhotite products are preferentially noticed between the greenish sheened (from chlorite) foliated 
sheets where expansive oxidation reactions have further disintegrated the phyllite. Pyrrhotite contents 
in phyllite aggregates varied from 0.75 to 1.5 percent, by volume. Pyrrhotite is associated with pyrite 
though no evidence of oxidation of pyrite, or its subsequent sulfate attack (as found in the neighboring 
County Mayo from framboidal pyrite) was found in the present study. 

ST varied from 0.5 to 1% by mass in distressed blocks and sound foundation depending on the pyrrhotite 
and pyrite contents, which after converting to aggregate sulfide contents for appropriate aggregate 
contents are a factor of 5 to 10 times higher than the maximum allowable sulfur content of 0.1% as per 
EN 12620 specification. At least for the foundation, a high ST did not necessarily transform to high risk, 
which amongst various reasons is due to the abundance of non-reactive (blocky) form of pyrite, which 
has contributed to the lion’s share of ST, and non-reactive finely disseminated form of pyrrhotite. 

Fig. 1.1 Photos 19 and 20 show SEM-EDS analysis of compositional variations of pyrrhotite with 
oxidation products, and paste with secondary deposits, respectively. XRD studies showed both pyrite 
and pyrrhotite in blocks and foundation but higher amounts of pyrrhotite in blocks leading to higher risk 
along with indication of potential variations in pyrrhotite contents across the quarry.    

Along with aggregate disintegration, mortar fractions of blocks (Fig. 1.1 Photos 10, 11, 14) became the 
junkyard of (1) abundant abraded fractions of phyllite, (2) oxidized pyrrhotite grains, (3) products of 
carbonation, (4) lime-poor silica-alumina-magnesia gel from carbonation to decalcification (magnesia 
was from chlorite decomposition), (5) scattered products of E/T/G-forms of ISA either in least 
leached/carbonated paste, or as (6) innocuous secondary deposits lining air voids and pores from 
dissolution and reprecipitation in the decalcified regions of paste. All these products are initially 
characterized from optical microscopy but best diagnosed during subsequent SEM-EDS studies.  
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Since pyrrhotite-bearing phyllite occupied much larger volumes (80%) of blocks than the mortar fractions 
(<10%), distress from aggregate disintegration by pyrrhotite oxidation contributed to the larger part of 
distress at the initial stage to cause initial cracking, which was followed by subsequent disintegration of 
the lower volume mortar fraction mostly from carbonation, ISA, and leaching to cause eventual softening 
and crumbling of blocks.  

For the sample from cast-in-place foundation, nonreactive pyrite is more abundant than pyrrhotite, where 
the former contributed to the lion’s share of ST and the latter mostly occurred as nonreactive fine 
disseminated grains in phyllite (Fig. 1.1 Photo 22) instead of along foliations, and lesser in the mortar 
fractions where it shows some oxidation (Fig. 1.1 Photo 24), which is consistent with lesser amount of 
abraded phyllite in the mortar fraction (Fig. 1.1 Photo 25) than found in defective blocks. Characteristic 
‘striated’ appearance of oxidized pyrrhotite grains having iron oxide bands in iron sulfide body so 
common in the blocks (Fig. 1.1 Photos 9, 17) are virtually absent in the foundation (Fig. 1.1 Photo 23). 
Carbonation was restricted to the top 15 mm mostly in a porous cementitious coating on concrete, where 
secondary ettringite is found in voids. Evidence of E-ISA, T-ISA, or G-ISA are not found in the interior 
concrete, nor any cracking, which are due to the inherent denser microstructure of concrete along with 
the absence of moisture during service. Cases from Canada and US, however, showed that denser 
microstructure alone cannot prevent the distress if foundation were exposed to moisture during service. 

4. DISCUSSIONS 
Sulfates released from pyrrhotite oxidation as sulfuric acid create an ideal scenario for ISA from 
deleterious formation ettringite (E-ISA) in the confined spaces in paste from reactions with monosulfates 
and associated expansions and cracking. E-ISA, however, is more common in the denser and less 
carbonated concrete, e.g., as seen in numerous residential concrete foundations in the eastern 
Connecticut [6,7] than in the defective concrete blocks that are inherently porous with a high void content 
(for use of a low cement content mix), and a porous, high w/c paste (for the high-water demand of 
abraded phyllite). Extent of distress from pyrrhotite oxidation and subsequent forms of ISA are 
essentially controlled by the host rock for pyrrhotite and whether the distress is occurring in a dense 
concrete microstructure (e.g., cases in eastern Connecticut or Canada [6,7,9]), or in an inherently porous 
microstructure of concrete block as in the present case.  

In the distressed blocks, sulfates released from pyrrhotite oxidation did cause E-ISA but mostly in the 
moist condition in initial non-carbonated low-volume porous paste, and in intergranular void spaces and 
air voids as the first form of ISA, whose remains became limited as the porous paste became dried and 
carbonated when thaumasite-form of ISA (T-ISA) became evident especially during the cold weather 
conditions (at 5 to 15°C). Localized occurrence of gypsum is reported in the severely carbonated paste 
by reaction with calcite as the final form of ISA (G-ISA) at the high sulfate areas [4]. Though not detected 
in the presently examined block fragments probably for advanced dissolution, but G-ISA is found in the 
study of other distressed blocks by Leemann et al. [4] and is, indeed, very common in many other cases 
in Ireland, e.g., causing cracking of defective blocks in County Mayo containing framboidal pyrite in 
limestone aggregates [1] or devastating building heaves in Dublin constructed on carbonate mudstone 
fill containing framboidal pyrite where reactions between sulfates released from pyrite oxidation and 
calcite in the host rock have caused expansive formation of gypsum [8].   

High intergranular void contents and low volume, porous, high w/c paste of blocks have caused effective 
carbonation of paste especially when relative humidity was in the range of 60-80% to convert original 
calcium hydroxide and CSH components to fine-grained calcite and hydrated silica-alumina gel thereby 
providing the seeds for T-ISA. Carbonation occurred more effectively in the relatively drier inner leaf and 
during intermittent dry periods in the outer leaf, which itself at the advanced stage can cause severe 
loss of strength from decomposition of CSH. Deleterious effects of carbonation-induced T-ISA, however, 
are more pronounced at the early stages of carbonation and in the least decalcified regions. Severe 
carbonation (pH <10) and lime leaching to the point of silica-alumina-gel formation from original CSH 
either prevent T-ISA or restrict secondary thaumasite formation mostly in the porous regions and as 
linings in air voids and cracks simply from dissolution, redistribution, and reprecipitation of available 
dissolved sulfate and carbonate ions – as seen in the severely disintegrated blocks. Such three-stage 
alterations of CSH, i.e., first by carbonation, then by subsequent T-ISA, and finally by severe 
leaching/decalcification has caused severe disintegration and crumbling of blocks. T-ISA, however, is 
more pronounced in the distressed blocks than in the foundation sample (as also not seen in distressed 
foundations in eastern Connecticut, USA [6,7]), which is directly related to much denser microstructure 
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of foundation concrete to prevent severe carbonation (or any other source of carbonates). Carbonates 
released from paste carbonation during drier periods (at 60-80% relative humidity) along with sulfates 
released from pyrrhotite oxidation during wet periods have caused T-ISA preferentially in the outer leaf 
to cause its higher extent of damage than the inner leaf. 

Distresses from E/T-ISA, however, are less evident in the severely carbonated, porous, silica-alumina-
rich gelatinous regions of paste where products of ISA are mostly found as secondary deposits in coarse 
voids (as interlayered secondary ettringite and thaumasite fibers, Fig. 1.1 Photo 16) from dissolution 
and re-participation, whereas in the least de-calcified regions E/T-ISA products are often found mixed 
within the paste to implant seeds for potential expansions. Distresses from E/T-ISA, however, are 
inherently restricted for the low (<10%) paste volumes of blocks and even more so only in the moderately 
carbonated and less decalcified paste regions. The outcome, however, is severe crumbling of blocks.  

Abundant pyrrhotite provided the starting ingredients for ISA, foliated nature of phyllite provided ideal 
pathways for entry of moisture and oxygen to release sulfates for E/T-ISA, porous microstructure of 
blocks provided pervasive carbonation and released carbonates and silica gel for T- ISA, but the extent 
of distress from E/T-ISA are controlled by the abundance of pyrrhotite (for sulfates) in the phyllite host, 
paste volume, and the degree of leaching and carbonation (for carbonate and silica source for 
thaumasite). Moist conditions in the outer leaf promoted pyrrhotite oxidation and sulfate release to cause 
E-ISA distress from expansive ettringite formation in the noncarbonated paste leading to initial cracking, 
whereas subsequent T-ISA at moderately carbonated paste at colder and relatively drier conditions 
mostly contributed to crumbling. Relatively drier conditions in the inner leaf promoted advanced 
carbonation but intermittent drier conditions between moist seasons in the outer left promoted cyclic 
formation of E-ISA during moist conditions to T-ISA during intermitted carbonation at drier and colder 
conditions. The end results of carbonation and T-ISA are a paste of little or no cementitious property 
eventually causing mass-scale crumbling of blocks. Effects of pyrrhotite oxidation are more towards 
initial cracking and crumbling of blocks, whereas that of carbonation and T-ISA are towards eventual 
decomposition of paste to cause large-scale crumbling of blocks. Not one single factor alone has had 
the lion’s share for catastrophic failure of houses – as many as six different factors are discussed here, 
which have worked together to cause the progressive damage. 3\UUKRWLWH�ZDV�WKH�XQGRXEWHG�µFDQFHU�
FHOO¶� LQ� WKH� EORFNV� ZKRVH� GHOHWHULRXV� HIIHFW� ZDV� LQLWLDWHG� ZLWK� PRLVWXUH� DQG� VSUHDG� UDSLGO\� WKURXJK�
interactions of other five factors mentioned in the title and discussed here. It is time to take a holistic 
DSSURDFK�LQ�,UHODQG�LQVWHDG�RI�SRODUL]HG�YLHZV�RI�ZURQJIXOO\�DGYHUWLVHG�PLFD-only to rightfully determined 
ISA-only theories.   
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Preventing Pyrrhotite 
Damage in Concrete 
Proposal for a performance-based testing protocol 

by Dipayan Jana

Pyrrhotite has been associated with the destruction of 
thousands of concrete structures in the United States, 
Canada, and Ireland.1-6 Even at a level of less than 

0.5% by mass of aggregate, this iron sulfide mineral can cause 
extensive cracking to crumbling of concrete from two forces 
of expansion—first from oxidation and formation of iron 
sulfates and iron oxyhydroxides (goethite, ferrihydrite) in 
aggregates, and second, from internal sulfate attacks in paste 
from released sulfuric acid resulting in expansive formation of 
gypsum and ettringite to the decomposition of calcium silicate 
hydrate (C-S-H) in the formation of thaumasite. The crystal 
structure, along with grain size, electrochemical reactions 
with pyrite or other sulfides, alkaline environment of paste, 
availability of oxygen, qualities of host aggregates and 
concrete, and, above all, the direct hit by moisture, can make 
pyrrhotite 100 times more reactive than pyrite.

From North America to Ireland
Fortunately, it is not difficult to locate the potential sources 

of the problem in the United States. Sulfide-bearing igneous 
and metamorphic rocks, the potential hosts for pyrrhotite, are 
located along a narrow belt of the Appalachian Mountain 
range, in different sporadic locations in the western United 
States,7 and they are not present in the central United States. 
Timing of the occurrence of distress, however, has varied 
widely—from 3 to 5 years in Canada to 10 to 15 years in the 
United States and Ireland—indicating the complexity of 
forecasting future distress. Experiences from North America 
and Ireland have shown that damage has been associated with 
schist/gneiss aggregate in cast-in-place concrete foundation 
walls in the United States,1,2 anorthositic aggregate in cast-in-
place concrete foundation walls and slabs-on-ground in 
Canada,5,6 and abradable foliated rock phyllite and mica schist 
in porous, absorptive concrete blocks in Ireland5,6 (shown in 
Fig. 1; Fig. 2 is included in the online appendix to this article). 

Lack of a Performance-Based Testing Protocol 
Because such damage and property loss are rather new, 

only becoming serious in the past 10 to 15 years, and regional 

in scale, most national standards, codes, and specifications for 
construction aggregates did not pay attention to it until after 
the damage had occurred. Even then, case-based regional 
(Connecticut8 and Massachusetts9) legislative actions in the 
United States or national codes (European10 along with Irish 
and Norwegian adaptations) are either insufficient or 
unnecessarily restrictive to suggest premature rejection 
without a proper testing protocol to forecast potential damage 
in concrete. 

First-Stage Screening from Pyrrhotite 
Distribution Map and Quarry

To take a performance-based approach for a meaningful 
test protocol, the first step is to locate the quarries that would 
potentially have iron sulfide minerals to search deeper for 
pyrrhotite and examine any potential sign of unsoundness in 
its moist exposure, as it is the durability of quarry rocks in a 
moist environment that determines the future performance of 
its aggregate in concrete. As mentioned, the United States 
Geological Survey has done just that with their map7 of the 
distribution of “potentially” pyrrhotite-bearing rocks (not 
necessarily having pyrrhotite), with a lot of work still left to 
nail down detection of pyrrhotite, along with more common 
pyrite and rare marcasite, the two other “reactive” iron 
sulfides in the quarried aggregates. From a traditional 
geological map to tools such as a simple, handheld X-ray 
fluorescence spectrometer (XRF), a portable laser-induced 
breakdown spectroscopy (LIBS) unit, or a high-end core 
logger, we already have the necessary means in our arsenal to 
detect iron sulfide-bearing rocks in a quarry before subsequent 
in-depth examination in a laboratory.

Second-Stage Screening from Total Sulfur
Total sulfur content (ST) is the most convenient and 

commonly used parameter to evaluate combined sulfide/
sulfate/elemental/organic forms of sulfur without necessarily 
separating them. Various techniques, from classical wet 
chemistry to XRF or more traditional infrared combustion 
furnace in an elemental analyzer, can successfully measure ST 
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for screening—depending on ST < 0.1%, between 0.1% and 
1.0%, and > 1.0% by mass of aggregate traditionally used in 
most European,10 Canadian,11 Irish, Norwegian, and U.S. 
codes8,9 as parameters for accepting, further testing, or 
rejecting aggregate, respectively, for potential pyrrhotite 
distress in a moist exposure condition. Stringent reliance on  
ST alone, usually tested on less than a gram of sample, can 
unnecessarily reject aggregates that do not contain pyrrhotite, 
marcasite, or reactive forms of pyrite (for example, 
framboidal clusters of pyrite microcrystals) or accept ones that 
do have those perhaps at low amounts to be registered in a 
small mass, or missed for known heterogeneous distribution 
of pyrrhotite in a quarry. 

Third-Stage Screening from Petrography, 
SEM-EDS, XRD, WDXRF, and XPS

This stage is most crucial because it nails down detecting 
pyrrhotite along with all other potentially unsound iron 
sulfides. Petrography is the most convenient method12 
because, after all, the issue with pyrrhotite is, first and 
foremost, an issue with rocks, and petrography can detect 
pyrrhotite, pyrite, their oxidation products, and resultant 
sulfate attacks in concrete (Fig. 2 to 4, shown in the online 
appendix to this article), and thus offer an assessment of the 
extent of damage in a structure, or in a laboratory sample 
undergoing performance-based testing. 

To enhance petrography, X-ray diffraction (XRD) can 

Fig. 1: Pyrrhotite distress (top row) in Canada (left), United States (center), and Ireland (right), host aggregates (middle row) 
and pyrrhotite (bottom row): (a) major cracks in a residential foundation wall are mostly at the corner next to rain 
downspouts, indicating role of water in distress; (b) extensive cracking and crumbling of a residential foundation wall in 
Connecticut; (c) an extreme case of crumbling of a house in Ireland; (d) anorthosite host for pyrrhotite, where an iron 
carbonate (siderite) rim (arrows) around sulfide promoted thaumasite attack in concrete; (e) rust stain from oxidized 
pyrrhotite and cracking of host garnetiferous quartzo-feldspathic schist and gneiss from Brimfield Schist formation in 
Connecticut; (f) similar rust stains and cracking/crumbling of foliated muscovite-chlorite-quartz-based phyllite aggregate in 
distressed concrete block in Ireland; (g) main pyrrhotite (Po) and other minor pentlandite (Pn) phases in Canada; and (h)  
and (i) characteristic bands of oxidized iron in pyrrhotite in Connecticut and Ireland. Left-column photos are reproduced 
with permission from Nova Science Publishers from Duchesne at al.4
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quantify pyrrhotite content down to 0.05% by mass level with 
the latest silicon drift detectors and high-resolution XRD units 
with synchrotron radiation. Wavelength dispersive XRF 
technique (WDXRF) can separate and quantify sulfide and 
sulfate phases, though it still cannot separate pyrrhotite per se 
from other sulfides. Micro-XRF technique can quickly detect 
iron sulfide phases in a cross section of a quarried core or 
epoxy-encapsulated slab of aggregates from iron and sulfur 
elemental maps. Due to pyrrhotite’s weak magnetism (unlike 
pyrite), a thermomagnetic test can measure the drop in 
magnetic susceptibility during heating across its Curie 
WHPSHUDWXUH��DW����ႏ�>���႔@��ZKHUH�LW�ORVHV�LWV�PDJQHWLVP��
and quantify that drop at different pyrrhotite (or ST) contents 
in a calibrated set of standards to detect and quantify 
pyrrhotite in an unknown aggregate or concrete down to 0.1% 
by mass level simply from ST and the susceptibility drop. 
X-ray photoelectron spectroscopy (XPS) not only detects 
sulfide and sulfate but actually separates pyrite and pyrrhotite 
contents. Raman spectroscopy, LIBS, Auger electron 
spectroscopy, thermal analysis, and nuclear magnetic 
resonance spectroscopy are now being tested at various 
research laboratories for pyrrhotite detection. We have more 
than enough tools to detect and quantify pyrrhotite, though not 
all are equally accessible or extensively researched to include 
in a standardized testing protocol.1  

Assessing Oxidation and Sulfate Attack
Petrography12 provides the first-hand detailed anatomy of 

an aggregate (mineralogy/texture) for concrete or of concrete 
in a distressed structure, including where the pyrrhotite grains 
are, in which forms and other sulfide associations, their 
products of oxidation, sulfate attacks, and the extent of 
damage. To evaluate performance of a pyrrhotite-bearing 
aggregate in field concrete, laboratory tests must be 
conducted. We have tests that measure oxygen consumption 
of aggregates from pyrrhotite oxidation either by directly 
measuring loss of O2 in air above pulverized aggregates in a 
sealed container with an O2 probe4 or by indirectly detecting 
the water-soluble sulfate level in a filtrate by ion 
chromatography from a pulverized aggregate digested in a 
highly oxidizing solution like hydrogen peroxide.2 

Expansion Tests
The last step is to measure potential expansion of some 

laboratory-made mortar bars or concrete prisms containing 
aggregates that are confirmed to have pyrrhotite, before 
rejecting them entirely from use in a moist environment. We 
have at least four different tests, all of which were originally 
devised for (or derived from) tests proposed for assessing 
expansion potential of alkali-silica reactive aggregates, which 
are not necessarily reactive to pyrrhotite. In the absence of a 
standardized expansion test for pyrrhotite, these are the best 
options available, at least to start with. Ranging from as fast 
as 16 days for the ASTM accelerated mortar bar test 
(AMBT),13 to 180 days for the Canadian mortar bar test 

(CMBT),14 to 8 to 12 weeks for the AASHTO miniature 
concrete prism test (MCPT),15 to as long as 2 years for the 
ASTM concrete prism test (CPT),16 potential expansion of 
pyrrhotite-bearing aggregates can be tested without 
necessarily paying attention to their imposed threshold 
expansion limits for acceptance, for example, < 0.10% for 
AMBT and CMBT and < 0.04% for MCPT and CPT, which 
were (except CMBT) proposed strictly for two-stage 
expansions from alkali-silica reaction (ASR) gel formation 
and moisture absorption of gel during ASR, and not for 
two-stage expansions from pyrrhotite oxidation and 
subsequent internal sulfate attack. 

Field Lessons to Develop a Performance-
Based Protocol 

To assess expansion potential of pyrrhotite-bearing 
aggregates from oxidation and sulfate attack, we must first 
incorporate the lessons learned from North America and 
Ireland. There are too many variables and seemingly 
complex and rather confusing scenarios in field cases that 
need to be evaluated and implemented in a performance-based 
expansion test. 

Aggregate: Whether the host aggregate is as dense as an 
igneous rock (anorthosite) in Canada, a deformed 
metamorphic rock (schist and gneiss) in the eastern United 
States, or a highly foliated and easily abradable phyllite and 
mica schist in Ireland, none provided the necessary protection 
to its pyrrhotite from oxidation. The texture of aggregate, 
however, did play a role, at least for metamorphic aggregates, 
such as phyllite in Ireland, in breaking down easily during 
mixing and preparation of concrete blocks to not only expose 
more pyrrhotite grains to O2 and moisture but also enrich 
pyrrhotite in the mortar fraction for rapid oxidation in an 
alkaline medium. Foliations or weak planes in phyllite, schist, 
or gneiss provided easy access of moisture to pyrrhotite, not 
just in the United States or Ireland but also in Spain, where 
pyrrhotite preferentially aligned along schistosity planes 
defined by parallel arrangements of deformed minerals were 
preferentially oxidized. These aggregates and others similar to 
them, therefore, require special attention to the role of 
aggregate texture in a performance-based test. 

Concrete mixture: Perhaps one reason for the relatively 
faster appearance of distress in Canada, despite having a 
dense anorthosite host for pyrrhotite, is the 0.7 water-cement 
ratio (w/c) of concrete, which is far higher than any industry 
specification for durability of concrete in a moist outdoor 
environment. Without bringing other variables for pyrrhotite 
oxidation, and just comparing cases between the United States 
and Canada, a w/c of 0.7 in Canada versus a w/c of 0.45 to 
0.50 in the eastern United States can theoretically accelerate 
pyrrhotite oxidation in Canada. The real situation, however, is 
not that simple, as can be seen from very different host 
aggregates. Incorporation of supplementary cementitious 
materials (SCMs) should restrict moisture/O2 ingress from 
pore size and grain size refinements and cement type. For 
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example, ASTM C150 Type IV (low C3A content and low heat 
of hydration) or Type V (high sulfate resistance) portland 
cement should provide additional protection from sulfate 
attacks. This has already been confirmed from laboratory tests 
by the Canadian group, where a 50 to 85% reduction in 
expansion was noted from these beneficial effects of SCMs 
and sulfate-resistant cement, a necessary preventive measure 
to be taken when pyrrhotite-bearing aggregate is detected. 

Iron sulfide: Pyrrhotite is far more reactive than pyrite, 
but its reactivity increases when pyrite is also present to 
engage in electrochemical reactions. Cracked foundations 
from Canada showed a close association of pyrrhotite with 
pyrite, pentlandite, and chalcopyrite, which can potentially 
increase the rate of oxidation of pyrrhotite. Even without other 
sulfides, oxidation rate of pyrrhotite can vary considerably 
from crystal structures (% Fe vacancies and % Fe3+), moisture 
conditions, pH, and oxygen contents. Pyrrhotite’s distribution 
is also quite heterogeneous in a quarry. A thin rim of iron 
carbonate (siderite) around iron sulfide was enough to cause 
thaumasite attack in Canada, which is also seen at a larger 
scale in Ireland, though not from a separate carbonate source 
but from pervasive carbonation through an open structure of 
blocks to cause severe crumbling. Therefore, a carbonate 
source can potentially be detrimental to aggravating the 
damage from expansive gypsum/ettringite-based to corrosive 
thaumasite-based sulfate attacks by decomposing C-S-H. 
Similar to faster oxidation of clustered pyrite microcrystals in 
framboids than the cubic/blocky ones, pyrrhotites in elongated 
forms preferentially aligned along weak planes in the host or 
coarser grains in the mortar fraction are more susceptible to 
oxidation than scattered finely disseminated ones in 
aggregates.  

Cast-in-place concrete versus manufactured blocks: 
Cases of cracked foundation walls and slabs in North America 
and crumbled walls of defective concrete blocks in Ireland are 
two end scenarios of pyrrhotite distress irrespective of how 
dense or porous the concrete or the host aggregate is. The 
inherent porous microstructure of defective blocks in Ireland 
(with high interstitial void contents along with a low-volume, 
high w/c paste) has undoubtedly caused deeper penetration of 
moisture, O2, and CO2 during service, leading to pervasive 
oxidation of pyrrhotite grains, gypsum/ettringite-based 
internal sulfate attack, carbonation of paste with subsequent 
thaumasite attack, and eventual leaching of lime—where the 
blocks worsened to the point of crumbling to fine powder and 
falling from the walls. The inherent denser microstructure of 
concrete foundations in Connecticut, however, could not 
combat the damage even though a denser microstructure with 
SCMs does have a positive influence. The author recently 
examined a foundation slab from a house located in County 
Donegal, where crumbled blocks in the walls were to be 
removed, and the slab was found sound despite finding the 
same pyrrhotite (plus pyrite)-bearing phyllite aggregate as in 
the block, reportedly supplied by the same contractor and 
installed at the same time. Only a few pyrrhotite grains, 

mostly in the mortar fraction, showed oxidation for exposure 
to a highly alkaline environment of paste during mixing and 
service, but pyrrhotite grains within phyllite were mostly 
unaffected. The mortar fraction of the slab was rich in abraded 
phyllite flakes from mixing and placement, as also seen, quite 
ubiquitously, in the defective blocks. The paste, however, was 
considerably denser in the well-consolidated slab, and it had a 
higher volume and lower w/c than the altered paste in the 
blocks. Hence, no carbonation of the interior slab was noticed, 
except at the top exposed 15 to 20 mm (0.6 to 0.8 in.) depth 
compared to severely carbonated and leached paste in the 
porous blocks. Clearly, the reported lack of a moist exposure 
condition of the slab has helped it survive the damage from 
pyrrhotite. Steam curing of blocks may have accelerated 
pyrrhotite oxidation at the early stage compared to oxidation 
in an alkaline medium in the slab.  

Conclusions
The following factors are important to incorporate in a 

performance-based test protocol: 
 • Evaluation of a quarry for its geology, structure, and field 

durability of potentially sulfide-bearing rock formations 
after initial screening of drilled cores or quarry beds with 
handheld XRF/LIBS units for collecting samples for 
laboratory testing of aggregates;

 • Total sulfur contents (ST) of field-screened sulfur-bearing 
aggregates can then be tested only for a rough screening of 
aggregates of low, intermediate, and high ST, for example, 
at the conventional < 0.1%, 0.1 to 1.0%, and > 1.0% ST by 
mass, respectively, but without necessarily imposing those 
limits as criteria for acceptance/rejection/further testing, 
only for the sole purpose of prioritizing the members to test 
for pyrrhotite;
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Workflow of Test Protocols
This chart describes the assessment of aggregate from 

field evaluation of a quarry (Phase 1) through short-term 
(within a month) laboratory tests (Phases 2 to 4) to detect 
pyrrhotite/pyrite to, finally, a long-term (from 2 weeks to 2 
years) expansion test (Phase 5) guided by lessons from 
field distress to mitigate pyrrhotite distress in concrete 
(modified from Jana1). Relevant standardized methods are 
mentioned. Threshold limits are subjected to validation 
from long-term tests and field performance. Total sulfur 
(ST) is universally suggested by British, Irish, Canadian, 
and United States agencies to be followed by petrography12 
for aggregates having ST values between 0.1 and 1.0% to 
evaluate the presence of reactive pyrite and pyrrhotite 
(which is best done by a combination of reflected-light 
optical microscopy of polished sections, often with 

ancillary XRD and scanning electron microscopy and 
HQHUJ\�GLVSHUVLYH�;�UD\�VSHFWURVFRS\�>6(0�('6@���
Suggestions from United States and Canadian agencies 
varied when reactive sulfide was found, where the 
Canadian standard suggested an intermediate oxygen 
consumption test before the final long-term expansion 
tests of mortar bars or concrete prisms. Two long-term 
expansion tests suggested are CSA A23.1:19 for Canadian 
aggregates11 and ASTM C1293/C1293M-20a 17 for U.S. 
aggregates. Based on field evidence, however, a 
performance-based expansion test should incorporate 
variables from aggregate types, individual sulfide types, 
mixture proportions, porous block versus dense concrete 
preparation, various pre-conditioning, and storage 
temperatures and relative humidity.
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 • Determine the presence of pyrrhotite, along with the 
detection of pyrite, marcasite, and other sulfide minerals, 
mostly by petrography, with the option to exercise other 
lab-specific tests,1 such as thermomagnetic studies, 
WDXRF, or oxygen consumption; 

 • Irrespective of any testing route followed for detection of 
pyrrhotite, especially along with pyrite at any level, it is 
enough for a decision of whether to restrict aggregate use 
only in moderate/mild/dry exposure regimes with adequate 
moisture protection, entirely reject the aggregate for moist 
outdoor exposures, or engage in a long-term performance-
based expansion test, with appropriate modifications after 
incorporating all the variables of pyrrhotite distress that are 
known to affect rate of oxidation of pyrrhotite and resultant 
distress. Instead of paying attention to the threshold limits 
for acceptance/rejection originally implemented for 
ASR-related expansions, emphasis should be given to the 
time of occurrences of the products of oxidation and 
internal sulfate attacks in relation to cracking of the tested 
bars/prisms by regular checks with petrography; 

 • Such a protocol, which was built upon the conventional 
scheme along with the incorporation of factors that have 
effects on pyrrhotite distress in concrete, is shown in the 
sidebar “Workflow of Test Protocols”; and

 • Modification of the concrete mixture to densify the 
microstructure and make it sulfate resistant and adequate 
moisture protection of structural elements are two 
mandatory requirements to mention before the use of 
aggregates having pyrrhotite at any level. 
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Fig. 2: At the top, extensive cracking through the entire foundation wall in a house in Connecticut shown on lapped cross 
section of a core, where the wall shows 15 to 20 mm carbonation from the interior surface in contact with basement air, 
whereas moisture entered from the outer surface from moist soil. In the middle, porous structure of low-volume paste and high 
interstitial void in defective concrete blocks of a wall in County Donegal, Ireland, that has facilitated migration of moisture and 
CO2 for carbonation, pyrrhotite oxidation, and resultant internal sulfate attack. At the bottom, preferential alignment of 
pyrrhotite along the weak planes of host gneiss in association with biotite flakes in Connecticut (left) and foliation planes of 
phyllite in Ireland (right)
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Fig. 3: Petrographic examination findings: (a) ettringite in dense, confined spaces in paste that has resulted in 
expansion and cracking in Connecticut,1 whereas secondary ettringite precipitation in an air void at right is the result of 
dissolution and reprecipitation of ettringite from paste; (b) cracks traversing through pyrrhotite-bearing gneiss coarse 
aggregate, sand, and paste are highlighted by blue epoxy in a thin section micrograph of distressed concrete in 
Connecticut2; (c) fluorescent epoxy-mixed thin section micrograph of defective block from Donegal, Ireland, showing 
extensive cracking in phyllite aggregate with many oxidized pyrrhotite grains in phyllite showing radial cracks from 
expansion associated with oxidation; (d) deformation of pyrrhotite grains aligned along pre-existing foliation planes in 
phyllite during crenulation cleavage formation that had further enhanced its oxidation rate; (e) microcracks along two 
sets of cleavage planes in phyllite that has facilitated splitting and enrichment of abraded phyllite flakes in the mortar 
fraction as well as enhanced oxidation of pyrrhotite both within phyllite and after incorporation in highly alkaline mortar 
fraction in Ireland; (f) extensive cracking in the mortar fraction of defective blocks in Ireland highlighted by fluorescent 
epoxy; (g) severe carbonation; (h) lime-leached (Si-Al-Mg rich) portions of paste; and (i) thaumasite formation in air void 
and paste in thin section micrographs (XPL) of defective concrete blocks from Ireland where mortar fractions in (g) to (i) 
are enriched in abraded phyllite flakes
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Fig. 4: In the top row, SEM-EDS studies showing cracking (arrows) from pyrrhotite oxidation in: (a) Canada, (b) United States; and 
(c) Ireland, forming characteristic darker gray iron oxide bands in brighter pyrrhotite in backscatter electron images Also in (c) 
crumbling of phyllite by pyrrhotite oxidation in Ireland. In the middle row, products of pyrrhotite oxidation: (d) iron oxy-hydroxide 
in secondary electron image; (e) atomic ratios of oxidized pyrrhotite from Connecticut plotting S/Fe versus O/Fe showing 
pyrrhotite grains at S/Fe around 1.0 and 1.5 whereas a range of oxidation products encompassing wustite to ferrihydrite; (f) X-ray 
elemental maps of an oxidized pyrrhotite from Connecticut showing O-rich oxidized bands in Fe,S-rich matrix. In the bottom row, 
products of internal sulfate attack: (g) euhedral, prismatic crystals of thaumasite from Canada; (h) ettringite formation in paste, 
along cracks, aggregate-paste interfaces, and within air void in Connecticut1; (i) atomic ratios S/Ca versus Al/Ca plots of altered 
paste from defective blocks in Ireland showing a linear trend of mixed secondary ettringite and thaumasite in the least decalcified 
but carbonated paste (solid orange squares), ettringite/thaumasite only in voids and cracks in decalcified paste (open orange 
squares), and Si-Al-Mg (from chlorite)-rich  gelatinous residue from lime-leached areas of paste that are free of ettringite or 
thaumasite (green diamonds). Left column photos are reproduced with permission from Nova Science Publishers from 
Duchesne at al.4
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1 The CMC logo is made using a lapped polished section of a 1930’s concrete from an underground tunnel in the 
U.S. Capitol. 


