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Abstract 

Models for long-term glass alteration are required to satisfy performance predictions of vitrified 

nuclear waste in various disposal scenarios.  Durability parameters are usually extracted from short-

term laboratory tests, and sometimes checked with long-term natural experiments on glasses, 
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termed analogues.  In this paper, a unique potential ancient glass analogue from Sweden is 

discussed.  The hillfort glass found at Broborg represents a unique case study as a vitrified waste 

glass analogue to compare to Low Activity Waste glass to be emplaced in near surface conditions at 

Hanford (Washington State).  Glasses at Broborg have similar and dissimilar compositions to LAW 

glass, allowing the testing of long-term alteration of different glass chemistries.  Additionally, the 

environmental history of the site is reasonably well documented.  Initial investigations on previously 

collected samples established methodologies for handling and characterizing these artifacts by 

laboratory methods while preserving their alteration layers and cultural context.  Evidence of 

possible biologically influenced glass alteration, and differential alteration in the two types of glass 

found at the Broborg site is presented.   

 

1 Introduction 

An ongoing discussion in the field of glass durability is how best to validate the mechanisms 

developed through analysis of data collected from short-term laboratory executed experiments, to 

extrapolate and model long-term (tens of thousands to millions of years) glass alteration, particularly 

for the disposal of vitrified nuclear waste.1-3 One suggested path is to test the models against 

analogue glasses.4-7 An analogue glass, and the environment in which it has been altered, should be 

as similar as possible to a glass whose durability is being assessed.3, 8, 9 The analogue glasses should 

be similar in composition (glass structure and chemistry), altering conditions (altering solution 

temperature, pH, flow rate and chemistry), and geometric parameters (surface area to volume 

ratio).10  Also, the analogue glass should have been altered for an extended period of time, as the 

rate of glass alteration, and the mechanisms which dictate that rate, change with time.2, 11 A robust 

glass durability model should be able to describe the observed alteration behavior at long times for a 

variety of compositions and alteration environments.  This, however, is a challenge to existing 

models, and more glass analogues are needed to refine the models. 
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A number of analogue glasses have been identified over the last half-century including volcanic 

glasses,5, 8, 12 medieval glasses,6, 13 and Roman glasses.10, 14-16  In all cases, the analogue(s) under study 

were not compositionally identical to the glass being assessed, but they did contain most major 

elements (alkali, Si, Al, Fe, etc.), or elements that preform similar structural roles.  One element that 

has been notably lacking in analogue glasses is boron, which is a significant component of most 

nuclear waste glasses.  The absence of boron, however, is not surprising as it has low abundance in 

the earth’s crust, with soluble evaporitic borate minerals typically having been removed by 

weathering.  Additionally, borosilicate glass as an industrial product was not introduced until the late 

19th century.17  Boron plays an important role in the structure of silicate glass when present in an 

appreciable quantity.18 Target concentrations for Hanford’s Low Activity Waste (LAW) glasses is 4 

wt%  – 16 wt%, and it has been observed to effect glass durability.19 Boron therefore is an important 

element to account for when modeling the long-term durability of a glass.1 However, analyzing glass 

alteration processes over long periods of time as a function of other network formers, such as Al, is 

of value to understand the durability of LAW nuclear glasses, particularly when the concentrations of 

Si, and alkali elements are similar.1   

Broborg hillfort glasses, anthropogenic glasses produced in the Iron Age as a result of rock melting, 

have been identified as possible analogues for Low Activity Waste (LAW) glasses to be produced at 

the Hanford Nuclear Site, Washington State (USA).3, 20, 21 The LAW glasses will be disposed at the 

Hanford site in the near-surface Integrated Disposal Facility (IDF). Although the LAW waste package 

is glass surrounded by a stainless-steel container, the performance assessment for the IDF does not 

take this into account and assumes direct contact between the LAW glass and the near surface 

environment.22  The Broborg hillfort glasses have been identified as possibly analogues for LAW 

glass, as they have been altered under near-surface conditions.20  This article covers the initial 

analyses and assessment of utilizing the vitrified materials from the 1500-year-old Broborg hillfort as 

a long-term alteration analogue for Hanford LAW glasses.   
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In addition to being prospective analogue glasses, the Broborg hillfort glasses are examples of early 

Scandinavian glassmaking technologies, and are artifacts of interest to historical and archeological 

communities. In review of the literature for the analysis and assessment of analogue glasses it was 

found that there was no specific procedure for analysis of a historically important analogue glass.  To 

address this, a novel procedure has been designed for extraction of relevant alteration data while 

maintaining the physical stability of the artifact so that it could be preserved for future research.  

This method has been created by glass scientists working in concert with those specializing in 

humanistic studies (art history, history, and archeology) and conservation sciences, and is designed 

to produce data that could be used to validate current glass alteration models, and to provide 

historical insight into the production and purpose of the artifacts under study.   

 

In summary, the goals of the presented research are to (i) evaluate the use of Broborg glasses as 

analogues for the long-term alteration of Hanford nuclear waste glass, (ii) to develop artifact 

sampling and analysis techniques that allow for the preservation of the main body of the artifacts for 

future study, (iii) gain insight into ancient Scandinavian hillfort building methods. The research 

presented in this text is the first stage in the hillfort analogue project, primarily focused on goals (i) 

and (ii), and is one in a series of papers on this project.  A full overview of the project has been 

detailed by Sjoblom et al.21   

 

2 Background 

2.1 Vitrified Hillforts  

 A hillfort is a structure used as a fortified refuge, lookout, trading post or defended settlement.23  

Early papers on Swedish hillforts have connected the construction of a fort to war and military 

defense.24, 25 Olausson suggested that the primary function of these hillforts may not have been 

strictly related to fortification, but  rather they served as a connection between towns and aided in 
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the centralization and production of political power in pre-Viking Scandinavia.26  Alternatively, Wall 

has proposed that the walls were built as a cultic exercise to provide visual separation between the 

living world and the inaccessible world. 

 

Hillforts are typically found in Western Europe, and often follow the contours of a hill.27  They consist 

of one or more lines of earthworks, stockades or defensive walls, and are sometimes surrounded by 

external ditches.  Most are constructed with dry stone wall technology, although more than 100 

European hillforts have been found which are partially vitrified. There is still much controversy over 

why and how this vitrification occurred,28 but several studies have suggested that sections of the 

forts were intentionally vitrified to reinforce the stone walls; similar to how mortar is applied to brick 

walls to add structural strength.29  In his study of glasses from Broborg Kresten asserted that the 

temperature required for vitrification would have been too high to be achieved by chance.30  Kresten 

had determined that the required temperature to vitrify the stones is around 1200 °C.30 

 

The walls of Broborg are not of a water-tight construction, and include voids between stones. These 

voids could have been part of the design; developed due to the fire-cracking of the stone during 

heating, or the result of settling of the structure overtime. These voids have either been 

intentionally or naturally backfilled with soil, and inorganic and organic debris.  Some of the vitrified 

material is also porous, and the pores has been observed to be open, and sometimes interconnected 

(example in Figure 1c). The open nature of the wall has allowed water to flow through its structure 

and into the underlying hill.   
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2.2 Environmental History of Broborg 

For glass analogues to be useful for validating modeling, the influencing environmental conditions of 

degradation must be known, in addition to the nature and properties of the glass. Given the 

archeological importance of the Husby-Långhundra Parish (where Broborg is located) and 

surrounding area with respect to iron working, information on paleogeography, vegetation changes, 

and human impact is available.31 From historical records it is know that Broborg was probably in use 

for at least some time during the Swedish Migration period (375 - 550 C.E.), but was abandoned at 

least a millennium ago.30 The land has been rising as part of a geological rebound that has taken 

place since the end of the Ice Age, resulting in drying of the water-way at the bottom of the Broborg 

hill.31 The development of the surrounding countryside is known from pollen analyses of cores from 

sediments nearby.32, 33 This includes the disappearance of certain near-by lakes together with 

increased use of land for agricultural purposes and some deforestation.  Paper meteorological 

records for the region date back to the 17th century.  These documents include detailed information 

on the past climate of the area with a temporal resolution of daily values and, more commonly, 

monthly averages.  The longest running recorded metrological data for this area was started in 1722 

and continues to be recorded to today. In general, the near field chemistry affecting the glass in the 

wall has been governed by the initial conditions after the firing, with most of the influencing 

parameters (such as temperature, water volume) external to the glass following global climate 

trends over the last 1500 years.  These have been described by Moberg et al.,34 and can be 

corroborated by the metrological records  that are held within the Swedish achieves.35  

 

2.3 Broborg Hillfort Glasses 

The hillfort sample analyzed in this study was collected with other specimens from the Broborg site 

near Uppsala Sweden (Husby-Långhundra Parish, Uppland; 662818N, 162066E) by Kresten and co-

workers in the early 1990’s, and have been previously described in detail.28, 30, 36    The archeological 
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samples are ≈ 5 cm3 to ≈ 30 cm3 in size, and date from between 650 C.E. to 1050 C.E.36  Lithologically, 

they are made up of local granitic gneiss boulders, bound together by glassy regions. These glassy 

volumes are reported to represent the residue of partly melted amphibolite rock.30, 36 An 

amphibolite is a metamorphic rock composed mainly of amphibole minerals and plagioclase feldspar 

in addition to quartz.37  An amphibole mineral is a double chain silicate in which the chains are 

variably arranged, for example actinolite.37   

 

The specimen selected for analysis in this study contained two types of glasses, one dark and one 

clear, as originally identified and characterized by Kresten et al.28, 36  The darker glass has been 

proposed to have formed due to incongruent melting of amphibolite,30 and has a reported 

composition similar to basaltic glasses: high in iron and low in alkali elements.  Kresten suggested 

that iron-containing crystals present in the dark glass could have formed upon cooling, or were 

present in the initial rocks which underwent incomplete melting during the firing of the wall.30  The 

second glass, referred herein as the clear glass, is a quartz-feldspathic glass, and could have formed 

by the melting and pooling of phases present in the granite gneiss boulders used to form the wall.30 

Evidence of charcoal at the Broborg site, along with charcoal imprints on the molten surfaces, 

suggest that wood fire could have been used as heat source for the melting of these glasses. Some 

Broborg glass samples have been previously found to have inclusions of Fe metal, suggesting that 

the melts were produced under reducing conditions.36 

 

3 Experimental Procedures 

3.1 Criteria for assessment of a glass as an analogue 

In general, and as previously stated by others,1, 3, 6, 8, 9 for glasses to be suitable analogues for vitrified 

nuclear waste glasses they need to meet the following criteria: (i) be of similar chemical 
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composition, or contain elements that played similar structural roles as those present in the glass of 

interest, (ii) show physical and chemical indications of alteration (hydrated alteration layer(s), 

secondary alteration products), (iii) have been altered under similar conditions to those expected for 

the glasses of interest, and (iv) have known provenance to ensure the alteration layers were not 

disturbed nor removed during or after sample excavation.  This study assesses the validity of the two 

types of Broborg glasses as analogues for LAW glasses following these criteria. 

 

3.2 Handling, Documentation, and Order of Analyses 

A new sample preparation and handling method was designed with the aid of Museum Conservation 

Institute (Smithsonian Institution, United States), and Geoarkeologiskt laboratorium, Arkeologerna, 

Statens historiska museer, (Geoarchaeological Laboratory, The Archaeologists, National Historical 

Museums, Uppsala, Sweden), to allow for the extraction of relevant alteration data while 

maintaining the historical integrity of the Broborg hillfort glass artifacts.  All samples acquired were 

visually inspected and their physical appearance documented, both in written and digital 

photographic formats, before any sectioning occurred.  The artifact selected for sectioning and 

detailed analysis contained both clear and dark glass on its surface, and was physically robust 

enough to undergo: (i) X-ray computed tomography (XCT) to assess internal structure and define key 

regions of interest for sectioning; (ii) dry cutting with a band saw; and (iii) subsequent analysis by 

micro X-ray diffraction (µ-XRD), micro X-ray fluorescence (µ-XRF), scanning electron microscopy 

(SEM), focused ion beam (FIB) sectioning, and scanning transmission electron microscopy (STEM). A 

top-down approach was implemented regarding these analyses, beginning with non-destructive 

characterization techniques followed by semi-destructive and lastly destructive analyses.  In some 

cases, it was necessary due to analysis instrument size limitations to remove smaller samples from 

the sectioned material. 
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3.3 X-Ray Computed Tomography (XCT, non-destructive) 

The internal microstructure of the sample prior to sectioning was analyzed by XCT. The sample was 

scanned with a Nikon XTH 320/225 kV high-resolution microfocus tomography scanner (Nikon 

Metrology, Brighton, MI) at 95 kV and 165 µA X-ray power for optimum image quality and contrast.  

The sample was rotated continuously during the scans with momentary stops to collect each 

projection (shuttling mode) to minimize ring artifacts.  A total of 3142 projections were collected 

over 360 degrees with 708 ms exposure time and 4 frames per projection.  Image voxel size was 38 

μm3.  The images were reconstructed to obtain a three-dimensional dataset with CT Pro 3D (Metris 

XT 2.2, Nikon Metrology).  The representative slice tomography image shown in Figure 1 (a-d) 

compared to the photograph was created using the visualization program VG Studio Max 2.1 

(Volume Graphics GmbH, Germany). 

 

3.4 Sectioning (semi-destructive) 

Sectioning was necessary to produce samples suitable for subsequent analyses, given the large size 

of the excavated specimen.  The specimen was sectioned only after it had been determined that it 

would not fracture or crumble during cutting.  A key consideration for the sectioning process was to 

prevent contamination of the artifact, both the part to be analyzed and the part of be preserved, 

with carbon-rich material such as an oil or graphite based lubricant.  Such contamination would have 

made it difficult to analyze the organic material on the sample surface.  In addition, water-based 

lubricants were avoided since they might negatively impact the delicate alteration structures, and 

might also remove any soil/organic deposits. Therefore, no solid or liquid lubricants were used 

during sectioning.  A dry cutting procedure was used, with a Metal Mizer Model 2018 band saw, a 

pressure driven blade, and air cooling directed onto the blade. A new Ni-coated, 410 stainless steel 

blade with an electroplated diamond abrasive of grit size 35/40 (Greenlee Diamond Tool Company) 

was used for sectioning. All materials were held in place by Teflon-lined clamps during the cutting. 
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Prior to cutting the Broborg sample, the dry cutting procedure was evaluated by conducting a test 

cut on a similar-sized granite sample.  This test allowed for the determination of cutting 

temperature, quality of the cut, and potential for contamination by the blade. During the test cut, 

the granite remained cool and the cut surface was visually smooth.  The XRF analysis of the cut 

surface showed no evidence of transfer of Ni-rich blade material to the test sample.  The cutting 

blade was cleaned with ethanol and fully dried between cutting the test sample and the Broborg 

sample to avoid cross-contamination between the materials. 

 

The location for sectioning of the Broborg sample was determined by visual inspection of the 

surface, coupled with contrast patterns in XCT (Figure 1c).  The area to be cut: (i) had regions of 

different density (clear and dark regions in the XCT image, suggesting differences in elemental 

chemistry); (ii) contained regions that had melted (based on the presence of observable bubble 

structure); and (iii) had visible dark and clear glassy materials on the surface.  The cut sites were 

assessed for robustness by first completing a small test cut at the edge of the sample, and 

throughout the cutting process the sample was carefully visually monitored to ensure that the 

artifact was not exposed to extreme torsion.  The Broborg sample was cut in a single pass, and any 

materials loosened from the surface of the sample were collected, labeled, and stored for future 

analysis.  Sub-sectioning, of the removed section was completed on a dry and unlubricated Isomet 

slow speed saw (Buehler), with a 22.86 cm blade that was identical in chemistry and grit to the blade 

utilized for the bandsaw cut (Greenlee Diamond Tool Company). 
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3.5 Micro X-Ray Diffraction (μXRD, non-destructive) 

Samples taken from the original specimen were characterized with a Rigaku D/Max Rapid II µXRD 

instrument with an image plate detector.  X-rays were produced with a MicroMax 007HF generator 

fitted with a rotating Cr anode (λ = 0.22897 nm) and focused on the specimen through a 300 μm 

diameter collimator.  The 2DP, Rigaku 2D Data Processing Software (Ver. 1.0, Rigaku, 2007) was used 

to integrate the diffraction rings captured by the detector.  The analysis of diffraction data was 

carried out with JADE 8.5 from Materials Data Inc., and the PDF4+ database from the Inorganic 

Crystal Structure Database (ICSD). 

 

3.6 Micro X-Ray Fluorescence (μXRF, non-destructive) 

The µXRF analyses were performed with an EDAX Orbis Micro-XRF Analyzer with a Mo X-ray source 

and a silicon drift detector.  Elemental data were collected under vacuum with a 45 kVp 

polychromatic beam focused to 30 µm using a polycapillary optic.  The full samples were mapped 

with a 1 mm spot size, and the partial view was mapped using the polycapillary optic, and raw 

images are shown in Figure 2. A fluorescence spectrum from 0 keV to 40 keV was collected at each 

location, and this allowed for the reliable detection of Na and heavier elements (Z > 11). 

Quantification of spectra at specific locations was performed with peak to peak ratios, in lieu of 

elemental standards, following the procedure described by Shen et al.38  

 

3.7 Focused Ion Beam-Scanning Electron Microscopy (FIB-SEM, semi-destructive) 

Samples were analyzed with a FEI Helios NanoLab 660 (Hillsboro, OR) FIB-SEM with an Energy 

Dispersive Spectrometer (EDS) (EDAX Newark, NJ).  An accelerating voltage of 5 kV to 10 kV and a 

working distance of 4 mm were used in the analyses.  Imaging was performed with an Everhart-

Thornley secondary electron (SE) detector in field-free conditions, and through-the-lens detectors 
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(TLD) for SE and back-scatter electron (BSE) imaging in immersion mode. FIB-TEM samples were 

prepared with standard techniques for TEM liftouts. A voltage of 30 kV and currents of 21 nA and 2.5 

nA were used to cut a trench in the material, and the removed sample was then attached to a 

copper OmniProbe grid. The final thinning procedures included with a voltage of 30 kV at a current 

of 400 pA with a final cleaning step with 5 kV and 2 kV at a current of 100 pA. 

 

3.8 Scanning Transmission Electron Microscopy (STEM, non-destructive) 

The FIB samples were analyzed with a JEOL ARM200F (JEOL, Peabody, MA) in scanning transmission 

electron microscope (STEM) mode operated at 200 keV and equipped with a Noran™ (Thermo 

Scientific, Waltham, MA) EDS system. Elemental mapping was performed with a 7 µA emission 

current, spot size 8C, and a 40 µm aperture.  

 

4 Results 

4.1 Visual and chemical description of sample 

Dust and visible dirt covered most of the exteriors of the sample, and chisel marks, most likely 

incurred during the excavation process, were noted on some edges.  The specimen selected for 

analysis in this study (Figure 1a, b) is from a region of the Broborg hillfort wall relatively close to the 

fort’s historical entrance. Previous analyses of samples from the same area of Broborg as the sample 

analyzed in this study (near, but not directly at the entrance of the fort) found that samples from this 

region are predominately composed of both the local granitic gneiss (cream or white colored, with 

black speckling) and the partly melted amphibolite (darker, amorphous grey or dark grey regions).30, 

36 The exterior surfaces of the samples, both the one analyzed in this study and in Kresten’s previous 

work, had clear glass and dark glass regions (Figure 1b). 
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The freshly cut face (Figure 1d) of the sample analyzed in this study shows that the interior is 

heterogeneous.  The cream-colored matrix is interspersed with a vesiculated, grey matrix.  X-ray 

diffraction of the grey areas show that they are amorphous (Figure 3a).  μXRF maps and higher 

resolution μXRF images show that there are regions of high Si associated with cream colored areas 

(Table 2, area 2), and that the dark areas have less Si and higher relative concentrations of Fe, Mn, 

Mg, Ca, Na, K and Ti (Table 2, area 1).  The μXRD of the high Si areas show peaks indexed as 

crystalline quartz (SiO2), and a large amorphous background (Figure 3b). The μXRD of the dark 

regions show peak patterns consistent with quartz, oxides belonging to the spinel group (e.g., 

magnetite (Fe2+Fe2
3+O4), hausmannite (Mn2+Mn2

3+O4) and magnesioferrite (MgFe2
3+O4)), calcium rich 

plagioclase feldspar (e.g., anorthite (CaAl2Si2O8)), and members of the pyroxene group (e.g., diopside 

(CaMgSi2O6)), as well as a significant amorphous component (Figure 3 a). Many of these phases are 

consistent with those identified and discussed by Kresten et al.36  

 

Small regions of clear and dark glasses were identified on the exterior surface of the sample (Figure 

3c and d).  Optical microscopy of the clear glass reveals trapped bubbles (Figure 3c).  SEM images of 

the area on and around both glasses show an intermittent surface layer of organic material (Figure 

4a and b). Some of the organic material was preliminarily identified as spores, lichens, and fungal 

hyphae.  Additional analyses of the biological material are currently underway.   

 

The μXRD of the glassy regions show they are indeed predominantly amorphous, with a very minor 

crystalline component (Figure 3c, d). The μXRF results, detailed in Table 1, show that the bulk of the 

clear glass is rich in Si, Al, and K, with small concentrations of Mg and Ca, and contains much less Fe 

than the grey areas of the sample and the dark glass.  In addition to significantly higher amounts of 

Fe, the dark glass was also significantly lower in alkali and Si, had more Ca, and contained a similar 
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amount of Al to the clear glass. The elemental composition of the glasses estimated with μXRF are 

within a few wt% of that previously obtained by Kresten for all oxides except SiO2 and Al2O3.30 The 

clear glass area analyzed in this study had a lower Al2O3 and a higher SiO2 content compared with 

the sample analyzed previously by Kresten.36 

 

4.2 Glass Alteration 

The FIB cross-sections removed from the clear glass (Figure 4c) were analyzed with STEM- EDS to 

determine whether an alteration layer was present on the surface of the clear glass (Figure 5).  From 

the FIB sections, it was found that the surface of the glass consistently contained concentric half-ring 

alteration patterns that were ≈ 0.25 μm to ≈ 5 μm deep into the glass surface (Figure 5a, b).  The EDS 

showed these rings to be significantly depleted in Na and K (Figure 5c).  For many of the samples, the 

rings coincided with the presence of organics on the glass surface.  No chemical link has yet been 

made between these two observations.   

 

The dark glass, which is in close spatial proximity to the clear glass on the sectioned sample, and 

therefore was likely exposed to the same or similar external alteration conditions, contained some 

crystalline phases, including magnetite and quartz, and an amorphous phase (Figure 3d).  The SEM 

images of the surface of the glass showed some pitting, which was not present on the clear glass.  

Like the clear glass, the surface of the dark glass had intermittent coverage by organic material.  
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5 Discussion 

5.1 Chemical Composition of Clear Glass 

The major elemental constituents of the clear glass are Na, K, Al, and Si.  The high concentration of K 

in the glass could be attributed to the use of a wood charcoal melt method, a theory in accordance 

with previous work.30  Wood ash and charcoals tend to have high concentrations of K (a few to 10’s 

of wt %s), and can produce alkali and alkaline earth carbonates at the temperatures reported for the 

firing of Broborg.39  These carbonates could have been an available source of K during the 

vitrification of the wall. The large concentrations of Si and Al in the clear glass can be ascribed to 

their source material(s), which may have been the mixed quartz and feldspar portions of the granite 

gneiss.  If amphibolite, or some iron-rich constituent of the granite gneiss, had been the main 

sources of the Si or Al, then the Fe concentration in the clear glass would have been elevated.  It is 

also unlikely that the clear glass was produced from a singular melt of the pure quartz phases in the 

gneiss as the predicted melting temperature of the hillfort glass, ≈ 1130 ˚C,30 is too low to soften 

pure, crystalline quartz – which has a melting point of ≈ 1670 °C for β tridymite, and ≈ 1713 °C for β 

cristobalite.40  It is probable that the clear glass formed when the quartz mixed with potassium flux 

from the organic fuel, or with potassium feldspar.  Research into the co-melting of potassium 

feldspar with quartz has shown that a eutectic point can be reached at 1150 ˚C, which is the 

predicted glass melting temperature for the glasses found at the Broborg Site.28, 30, 41 This 

temperature is significantly lower than that for melting pure potassium silicate glasses, reported by 

Scherer and Uhlmann as greater than 1400 ˚C.42  However, the role of water and fugitive volatile 

elements (e.g., F, Cl), in lowering the melting temperature or melt viscosity cannot be discounted.  

The effect of water on glass melting has been previously documented for silicate glasses,43, 44 and is 

well known to play a factor in amphibolite melting temperatures.45 
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The presence of other elements in the clear glass, those which are not accounted for by the melting 

of quartz and potassium feldspar, could be attributed to the presence of mica with a relatively low 

Fe content (e.g., muscovite), which has been identified in the granite gneiss used to build the 

fortified wall.30 It has been proposed in studies of Scottish hillforts that low temperature melting 

(800 °C to 950 °C) occurred due to decomposition of mica (such as biotite) and reaction with quartz 

to produce potassium feldspars, orthopyroxenes, and liquid.46-48 Alternatively, these lower quantity 

elements could have been sourced from molten amphibolite following a scenario previous discussed 

by Sjöblom et al.21 

 

5.2 Chemical Composition of Dark Glass 

In contrast to the clear glass, chemistry of the dark glass is higher in Fe (as Fe2O3; 0.91 wt%, clear 

glass vs. 11.75 wt%, dark glass), alkaline earths (CaO; 0.22 wt%, clear glass vs. 11.33 wt%, dark glass), 

transition metals (TiO2, 0.15 wt%, clear glass vs. 1.63 wt%, dark glass), and lower in alkali earths 

(K2O; 8.94 wt%, clear glass vs. 2.39 wt%, dark glass) and Si (SiO2; 67.37 wt%, clear glass vs. 48.95 

wt%, dark glass).  This chemistry of the dark glass similar to that found in some basaltic glasses.49  

The glass was found to contain crystalline phases related to those found in amphibolite. To confirm 

this observation, chemical and mineralogical analyses of metamorphic mafic-intermediate rocks 

from outcrops near Broborg samples were conducted.50 These samples contained varying 

proportions of hornblende (amphibole), chlorites (possibly altered mica), oligoclase, plagioclase 

(albite and anorthite) and quartz. It has been suggested that the dark glass is the result of an 

amphibolite melt, and formed when the amphibolite was exposed to the same melt temperature as 

the granite.30, 36  It is likely that the amphiboles decomposed to anhydrous minerals, mainly 

pyroxenes, e.g. diopside, at the elevated temperatures of the melt, and the feldspar phases melted 

(liquidus temperature of albite is 1118 ˚C51) into the dark glass.  Assuming the presence of water, the 

temperature of melting for these phases may have been even lower. Research is ongoing to 
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understand the melting behavior of amphibolite in hydrated and dehydrated states to determine the 

original melting conditions utilized.  

 

5.3 Factors Affecting Alteration of Glass Surfaces 

Both glasses show evidence of surface alteration.  However, the extent and character of alteration is 

not the same for the two glasses, and appear to be related to differences in their glass compositions. 

The formation of semi-circular alteration patterns on a micron scale at the clear glass surface, shown 

in Figure 5, may be an indication of microbially-induced alteration.  Semi-circle alteration patterns as 

the result of microbe-induced alteration have been observed previously in volcanic glass.52  

However, the textural and chemical evidence for bio-alteration of glass at Broborg must be carefully 

evaluated with other abiotic processes that can affect silicate glasses alteration. It is most likely that 

multiple mechanisms, abiotically and biotically driven, are responsible for alteration of the glasses.  

Such mechanisms could be related to the metabolic processes of biological species on the glass 

surface, water recharge rate, aqueous chemistry at the hillfort, and chemistry of the soil matter in 

contact with the glass.   

 

The influence of microbes on glass alteration rates and mechanisms is of particular interest as 

microbes have been known to play a role in glass corrosion in natural environments,52-56 but have 

been relatively understudied in the context of the durability of nuclear waste glasses being designed 

for disposal at the Hanford Site.53, 55  This sentiment has been previously stated by Donald, who 

noted that complexing organic acids, as produced by some micro-organisms, can have a significant 

(positive and/or negative) corroding effect on waste glasses.57  Given the lack of published data on 

this matter, more research is needed to understand the overall influence of microbes on long-term 

waste performance.57 To date, only a limited number of short-term laboratory tests have been 
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conducted on a low level waste glass (LAWA44) with microbial strains native to the Hanford Site, and 

the results of these experiments were inconclusive.22  

 

Identification of microbes in near-surface/surface environments at Broborg is necessary to 

determine the metabolic processes that may be active on the glass surfaces and their by-products. 

Comparisons can then be made with microbes present in the near surface at the Hanford Site.  

Classification of biologically mediated by-products is important as some are crystalline and may be 

similar to those formed when glass is altered under abiotic conditions, presenting a challenge for 

identification of the dominant and/or competing alteration mechanism.58-60 Knowing which species 

are present on the glass provides information on the approximate pH of the altering solution(s).  

Different classes of organisms will regulate the pH of their environments to develop a more 

habitable surface upon which to live.58, 61  For example, phototrophs, organisms that biologically 

respond to light, can increase the pH of a contact solution to above 10, a pH level that can led to a 

significant increase in the rate of glass alteration.58 Other organisms have been recorded to drive the 

pH > 5,62 which can also increase the glass alteration rate if oxalic acid, a common bio-acid found in 

natural environments, is present in solution.63  Additionally, recent work by Jantzen and co-workers 

has shown that leachent pH plays an important role in the formation of secondary (i.e., crystalline) 

alteration phases from alumino-silicate hydrogels.64  When excess hydroxide anions and alkali are 

present in the leachent the hydrogel will mineralize to zeolites.  This formation of zeolites has been 

linked to the resumption of glass dissolution, and an increase in the extent to which a glass may be 

altered, a theory that was first proposed by Iseghem and Grambow in 1987.65, 66   
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Fresh samples from the Broborg site are needed to accurately characterize the biosphere 

surrounding the hillfort glasses.  An excavation of Broborg is planned to obtain vitrified material, 

along with groundwater samples and soil cores for chemical and microbial characterization. DNA 

extraction from the samples followed by quantitative polymerase chain reaction (qPCR) will allow 

the comparison of fungal biomass relative to bacteria biomass, both associated with the glass and in 

the surrounding soil, then DNA sequencing can be used to analyze the composition and diversity of 

the bacterial and fungal communities present.  This information will be used in context of weather 

cycle34 and vegetative growth31 data collected for or near to the site.  

 

5.4 Use of clear glass as a long-term analogue for Hanford LAW glass 

A case can be made for using the Broborg clear glass as a possible analogue for Hanford LAW glasses. 

The clear glass is of a chemical composition similar to the LAW glasses (Table 1),49, 67  it shows 

physical and chemical indications of alteration (Figure 5), it has been altered under conditions similar 

to those expected for the disposal of the LAW glasses (i.e., near-surface, in contact with soil, and 

with seasonal exposure to natural waters), and, with the excavation of fresh samples from Broborg, 

will come from known provenance.  Additionally, information about the altering environment over 

the course of the glass’s exposure time can be found in the literature. One oxide not identified in the 

Broborg glasses, but present in LAW glasses at levels between ≈ 4 wt% to ≈ 15 wt%, is B2O3.1  There is 

no published evidence that the Broborg glasses contain consequential amounts of B, nor is it to be 

expected, as the minerals involved in the vitrification do not contain significant B concentrations.  

However, and as already stated, a glass does not need to contain B to be considered as an analogue 

for nuclear waste glasses.   Therefore, the clear glass from Broborg meets the criteria for an 

analogue, and therefore could possibly be used with other analogue glasses to test the predictive 

capability of geochemical models to simulate long-term alteration (over 1500 years) of LAW glass in 

a near surface disposal facility.  Other analogue glasses, with different compositions, should be used 
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in conjunction with the Broborg clear glass to provide additional confidence in any glass alteration 

model’s ability to predict the long-term durability of nuclear waste glasses.   Such additional 

analogue glasses could be those that contain higher levels of B, such as Pyrex artifacts buried in 

near-surface conditions, though these would be of significantly younger ages.  

 

The dark glass is not sufficiently chemically similar to the LAW glasses, and therefore, does not meet 

the criteria for a LAW glass analogue.  It should be pointed out that the dark glass is very similar to 

basaltic glass, long considered by the community as a nuclear waste glass analogue.68 However, the 

dark glass and clear glass were altered in the same environment.  Comparison of how the two 

glasses altered at Broborg can provide invaluable information on how glass chemistry affects glass 

alteration in natural environments.  

 

5.5  Insight into Ancient Vitrification Methods 

Data collected from the specimen also provided some understanding into the sophisticated melting 

techniques used by the ancient builders in the construction of Broborg.  Most of the minerals that 

were vitrified at Broborg, as identified by this and previous studies,30, 36 have higher melting points 

than could have been easily achieved by the ancient people.  Therefore, special techniques to lower 

the melting point of the minerals or achieve higher temperatures were most likely implemented. 

Previous studies have suggested that the use of forced air heating, either by natural draught or 

bellows, could have been used to achieve the high temperatures.69, 70  The hydrated state of the 

minerals in the amphibolite, and the presence of water in the fuel source, may also have lowered 

the melting temperature.30  Further experimental work on rock melting is underway to clarify these 

conditions.  
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6 Conclusion 

Glasses found on artifacts recovered from the Broborg site in Sweden are currently under study.  The 

presence of two glasses – clear and dark – has been reconfirmed in the samples, and a careful 

sampling methodology for the analysis of the glasses has been detailed. Based on data collected with 

μXRD and μXRF, and preliminary knowledge of the melting conditions at the site, it has been 

proposed that the clear, purely amorphous glass was possibly formed due the melting of quartz with 

potassium flux, originating most likely from potassium feldspar in the granitic gneiss.  Low-Fe micas, 

e.g., muscovite, may have been incorporated into the melt, resulting in the low concentrations of Fe 

identified in the clear glass by μXRF. These results are consistent with previous findings of Kresten et 

al.30 

 

Due to similarities in chemical composition, presence of chemical and physical features consistent 

with an alteration layer, and exposure to near-surface weather cycles, the Broborg clear glass meets 

the criteria for study as a long-term alteration analogue for Hanford Low Activity Waste glasses.  The 

dark glass, similar to basaltic glass, although different enough chemically from LAW glasses, can 

provide important contextual information on how glasses with dissimilar compositional chemistries 

alter when exposed to the same environment.  Further research is needed to understand how the 

diverse alteration textures and chemistries detected on the two glasses were formed. Ultimately, 

knowledge of alteration mechanisms, obtained through characterization of the Broborg hillfort 

glasses, will inform models for predicting glass durability that are used in performance assessments 

and environmental impact statements for radioactive waste disposal facilities.  
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Figures and Tables Caption List 

Table 1 – Elemental concentration, expressed as oxides, of Hillfort clear glass determined by μXRF, 

with measured values are reported in wt% and normalized to 100.  Comparison data from by Kresten 

et al.36 as measured by Electron Probe Microanalysis (EPMA); others determined by simple 

difference.  For comparison purposes, all Fe data has been converted to Fe2O3 and implies 

composition only and not redox state.  Also shown are typical low activity waste (LAW) glass and 

natural basaltic glass compositions, to compare with the Hillfort clear and dark glasses, respectively. 

 

Table 2 - Elemental concentration of Broborg sample section determined by μXRF and reported in wt 

%. Images of locations where measurements were made are shown below (red circles).  

Figure 1 - Back (A) and front (B) image of the sample from Broborg (inset in B shows higher 

magnification image of the clear glass), X-ray computed tomography image of plane selected for 

sectioning (C) and image of cut surface after sectioning (D).  Green box represents area selected for 

high resolution µXRF mapping. 

 

Figure 2 - μXRF raw intensity elemental maps of the Broborg sample.  Full view (low resolution) and 

partial view (high resolution). The intensity of the color is linear and indicates the relative number of 

counts at the energy corresponding to a specific element.  Color scale is normalized such that yellow 

and blue represents the highest and lowest x-ray intensities, respectively. 

 

Figure 3 - µXRD patterns from four areas of the Broborg sample. A is a mixed grey area of crystalline 

material with manganese oxide Mn3O4 (dark blue), anorthite CaAl2Si2O8 (pink), quartz SiO2 (light 

blue), diopside CaMgSi2O6 (yellow) and magnesioferrite MgFe2O4 (dark red); B is an area of 
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crystalline quartz SiO2 (light blue) with amorphous material indicated by the high background and 

broad peaks; C shows an amorphous area of clear glass (with minor peaks corresponding to quartz 

SiO2 (light blue)); and D shows an amorphous area of dark glass (with minor peaks corresponding to 

quartz SiO2 (light blue) and magnetite Fe3O4 (black)). 

 

Figure 4 - Secondary electron images of the clear glass surface on the Broborg sample (A and B) 

showing variety of organic material. C shows the clear glass surface and the area from which the FIB 

section was taken (inset showing FIB section)  

 

Figure 5 - Bright-field STEM images (A-B) of FIB cross-section removed from clear glass surface (as 

shown in Figure 4 C). Hemispherical structures in 3D appear semi-circular in cross section, and 

indicate alteration occurred in multiple locations and extend up to 5 μm into the glass.  EDS analysis 

of these sections (C) shows evidence of alkali depletion within these semi-circle regions.  
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Tables 

Table 1 

Oxide 

(wt%) 

Clear Glass – 

μXRF (this 

work) 

Clear 

Glass (30) 

LAW-A-44 

glass (62) 

Dark Glass – 

μXRF 

(this work) 

Dark Glass 

(30) 

Typical Basaltic 

glass (63) 

Na2O 4.71 5.8 20.00 4.76 2.8 4.5 

MgO 1.18 0.26 1.99 2.69 6.2 6.7 

Al2O3 15.12 22.1 6.20 14.19 16.5 11.7 

SiO2 67.37 61.7 44.55 48.95 51.1 50.7 

P2O5 1.41 0.24 0.03 1.98 0.27 0 

K2O 8.94 5.9 0.50 2.39 1.3 0.7 

CaO 0.22 1.40 1.99 11.33 9.8 10.6 

TiO2 0.15 0.12 1.99 1.63 0.85 1.9 

MnO 0.02 0.0 0 0.34 0.25 0.4 

Fe2O3 0.91 1.11 6.98 11.75 10.44 13.1 

B2O3 0 0 8.90 0 0 0 

Others 0 1.37 6.87 0 0.49 0 

Total   100     100    100        100    100      100 
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Table 2 -  

Location 1 2 3 4 5 

Description of 

material 

Mid Grey, not-

mixed 

Light, 

mixed 

Mid Grey, 

mixed 

Light, not-

mixed 

Dark Grey, 

possibly mixed 

Na2O 4.52 2.78 2.76 1.13 2.86 

MgO 2.55 0.42 0.5 0.37 1.17 

Al2O3 13.44 6.19 13.13 1.49 12.65 

SiO2 47.44 78.71 61.01 91.9 55.32 

P2O5 1.87 0.16 0.13 0.8 0.56 

SO3 4.19 3.95 6.58 2.37 5.53 

K2O 2.26 7.12 13.35 0.56 9.4 

CaO 10.73 0.21 0.69 0.95 5.56 

TiO2 1.54 0.15 0.34 0.05 1.07 

MnO 0.32 0.02 0.03 0.01 0.12 

Fe2O3 11.13 0.29 1.5 0.37 5.75 

Total 100 100 100 100 100 
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