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Abstract

This thesis examines metallurgythre late Viking Age and earlynedievalperiod
of Gotlard, Sweden. This is done through the chemical analysis of slag samples, waste
material from metal working operations, from threffedent sites from the island. The
three sites studied include two farmstead sites, Little Hultungs and Langume, and a
trading port, Frojel. Chemical analysis includes Inductively Coupled Plasma Mass
Spectrometry and Instrumental Neutron Activation Analysis for determining elemental
composition of slag, and Thermal lonization Mass Spectrometry to determine lead
isotope ratios.The lead isotope data was inconclusive for determining sources for
copper. The elemental composition of slag samples was compared among the three sites
and it was determined that two of the sites, Frojel and LAngume, were smelting and
working iron, withmore successful smelting occurring at Fréjel, and that one of the sites,

Little Hultungs, was casting bronze.
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Chapter 1: Introduction

Gotland, Sweden is the largest island in the Baltic Sea.akbasa place with a
very richcultural history. Gotland is knowo historians and archaeologists today for its
prominenceduring the Viking period, around 750 to 1050 CE. Thognition comes
from the fact thavast amourgof Viking age silver hoards have been found on the
island. More than half of all the silvbpards found in Sweden have been found on this
island, which is very small compared to the rest of Sweden. A great deal oEhelsasr
been directed toward tihenomeno of silver hoardsievealing that Gotland was an
idealtrade location. Itsentralgeographical location in the Baltic Sea madaiideal
stopping point for nearly all Baltic trade. Tlsisuationcontinued into the Middle Ages
wi t h Gongjoraty) dighy becoming a member of the Hanseatic League, a
powerful trade aganizationin the Baltic andsurrounding regions.

Most of the archaeologicat¢search on Gotland has, therefore, focused upon
investigating thessilver hoardsn particularandViking and nedieval period trade in
general Overall, here has been a great dealrebsure huntingn the island as well as
an understandable emphagsisthe exciting higlvalue hoardshat have beerecovered
all across the islandHowever,more recent worky archaeologisteasfocused upon
daily life on the islandhrough severagxcavations ol/iking and medieval period
farmsteads.While trade wasmportant forthe island, Gotland was mostly settkead
occupiedby single families As suchthe farmsteads that dot the island today thode
thatarchaeologisthave been exploringre more representative of the realities of daily
life on the islandhan the silver hoards that have attracted so much atteritioan

researchrendto focus m locd daily life is being led by Dr. Dan Carlsson from the



University of Gotand. Carlsson, o leads the Viking Discovery Rogramon Gotland

has excavated sevefatmseads from 2007 to 201Muring the summer of 2009, |
traveled to Gotland with my wife to participate in the Viking Discovery Program. That
summer we excavated partafarmstead known as Little Hultungs. Little Hultungs is a
farmstead located in Northern Gotland dating from 1150 to 1400 CE, a site that will be
discussed in greater dethter inthis thesis

Continuing the trend of examining daily life on Gotlatids thesis is focused
upon understanding the metallurglipractices taking place @otland during the late
Viking and medieval period$som about 900to 1400CBMYy st udy of Got | anc
metallurgical processes based on thanalysis of slag samplé®m three archaeological
sites Slag comes in two varieties. The first form is as a waste product produced from
extracting metal from ores, known as smelting slag. The second isfidagewhile
casting metal into mouldsgyhichis known as crucible slagrhis study is primarily based
upon smelting slag.

Although mundane sounding, the investigation of historical metallurgy is
potentiallyvery important to understanding pdasiman lifeways It is importantfor the
simple reason that the invention of meiedly wasan extremelyimportant technological
development in human hary. Metallurgy first developed arourk®00 BCEin Bulgaria
long beforethe time period | arworking in The history of metallurgy is characterized
by many technological changes over tiaewell as considerable variation in
implementatiorfrom region to region (Bork et al. 2005:Anthony 2007162).

Metallurgy has many uses but a key one for humankind is the fact tegt greatly

expanded the toohaking resources available to humans. Metal tools often have many



advantages over wood and stone tools, such as durasititynalleability During the
Viking and Medieval periodsmetal provided many necessary objects for their way of
life, such as nailsknives, horseshoes, and other everyday objects (Bork et al. 28)05:2
Manufacturing these metal objetiscamean integrapart of life during thesperiod.

As metal objects became parts of everyday life they also become objects (and
processes) thateof interest to archaeologist$opicsexaminedn this thesisare
metallurgical trade and metallurgical techniques. Slag samples from three different sites
on Gotlandhave beemompared to examir@milarities andlifferences irtechnologies
as well ago explore what metallurgy magvealabout trade practices. Thi&esused in
this studyareLittle Hultungs and Langumeayhich arefarmstead sites, and Frgjathich
wasa trading center. The slagmples weranalyzed taleteminethe elemental
compositionof the slag and to attempt to source copper defailed discussion of tke
techniques used cde found inchapter four

This thesigncorporatetechniques from chemistry to answer anthropological
guestions aboutumanbehavior in the past. Theoject also demonstrates some of what
can be done with international cooperation. A great aie@michaeomethlrgical studies
across the worlthave been assesséu;luding some parts of Scandinavia, but Gotland
hashad only peliminary work done in this field of researciihe research will provide a
starting wint for future archaeometakgy research in Gotlandndexpand the work
being donespecifically in ScandinaviaDevelopment of metallurgy marked a significant
transition in human technology and s®n many changes throughbigtory. The time

period this projecexamined800-1400 CE)wasone that waseliant upon metal



technology for many objectgcluding metatipped plows, nails andvets for building
housesmetal decorativgewelry, weapons, and other tools.

The intellectual contributionsf this project are varied. Firghis research
expand our understanding of everyday Viking aged medievalife. This type of work
using multidisciplhary approaches to understangrocess such as metallurggsnot
yet been done in Gotlandrchaeometélirgy has seeanly limited applicationin
Scandinavia, and while this peat is limited in scope, provides abasis for future
research by other scholarsly work focusesupon three spead sites on Gotland, but it
provides datahat others will be able tbe usal for comparisorandas the basis for future
study both in Gotland and the regioff his research will provide examples of what types
of analysisare possibleisingdifferent analytical tools to undersich metallurgy in
Gotland over 1000 years ag®his thesisalso providsinsights into difficultiegpresented
by metalurgical analyss and offersuggestions for futuravenues of

archaeometalurgical scholarship



Chapter 2: History of Gotland

The island of Gotland is the largest island in the Baltic 8ezund 3,140 square

kilometers. Gotland is locatedbout90 kilometerdrom mainland Swederi,50

kilometersfrom Latvia, and220 kilometersrom Poland(Figure 2.1) Gotland is

primarily made up of limestoneEvidence suggests that the island was first inhabited

about8,000 to7,000 years ago (Spencer 1934:Saers1.d).
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Figure 2.1: Map of the Baltic

The Guta Sagabffers a traditional history of Gotland based on oral tradition and

written in the thirteenth centuffPeel 1999).Thetext states that the island was first

settled by a man named Tjelvar (Spencer 1974:39, Peel 1999:3). Tjelvar is said to have

come to the islanthatsank by day. When he brougfite to the islandt stopped

sinking Theeis some geological evidence to poptthis myth agshe water levels



fluctuated around the island of Gotlasidce the end of the last Ice Age until about 8,000
years agqSpencer 1974:191). TheGutaSagda hen tell s of Tj el var 0
and how the island was divided among the¢ with one given the northern part, one
given the middle part, anddhhird given the southern part; this three part division is
reflected in the modern political organization of the island.
Archaeological evidence shows that the early Gotlandersseatdunters and
strung together seal teetiamecklaces (Spencer 1938:40). During the early period
of settlementaround 5000 BCEmarinelife waslikely the primary esourceutilized, but
there is also some evidence of utiliziegrestrial faunaguch as pigs (Saensd). There
i's also archaeological evidence that even
trade. An excavatioat Vasterbjarén eastern Gotland durirthe 1938 showed that
earlypeople tradedor beautiful stone axeheaffem across the Baltic, primarily from
southern Scandinavia (Spencer 197438ers.d).
Trade continued to be an important feattor Gotland as it enterede Bronze
Age (1500 to 500 BE). Gotlanders served as middlemen between Denmark, Southern
Sweden and Indd@ermanic peoples to the south and east (Spencer 19744@).
primary trade goods during the Bronze Age in Gotland were Baltic amber and bronze.
Bronze Age Gotland is famous for the large sipipves constructed on the
island. Ship graves were a specific form of monumental burial. These graves could
extend for more than 40 meters and could be up to seven meters wide with stones
arranged inthelsape of a ship with Ahigh prows, r ak
1974:41). One of the most famous ship graves on the island has beenTijelnad s

Grave, although this would certainly not be the grave of the first person on the island as



peoplelived on the island
for roughly 3,000 years
before this grave was
constructed. Figure 2.2

shows an example of a ship

grave. The largest ship

A

igure 22 hotogrph of Ship Setting rv - graves contain multiple
individual cremations, possibly serving as family burial places (Carlsson Rérson
Communication, Sprague 2003:17).

During the Bronze Age, farming became more prominent in Swedish society. On
the mainland there is evidence of tise of domesticatdubrses and ber farm animals
(Sprague 2005:9). Evidence of horse domestication can be found on the island (Saers
n.d). This indicates thatomesticated animals were being introduced onto Gotland
during this time period (156800 BCE) To date there are no tracdgpermaneh
buildings from the Bronze Age.

The Guta Sagaalsodiscusses an overpopulation of the island that forced a mass
emigration an event thatnay have occurred during the Bronze Age or the early Iron Age
(Peel 1999:xxwxxvii). This episode is desired in detail beginning with casting lots to
determine who had to leave the island. Thga Sagaletails that the people first took
refuge at a fortress known as Torsburgen, the largedohifoundin modernSweden
(Peel 1999:3). Torsburgen is thought to have been large enough to shelter the entire

population of Gotlandvithin its defensi fortifications (Spencer 19748, Peel

1999:xxvikxxviii). This fort was situated on a high point on Gotland where natural



defensive cliffs served to provide about half of the total outer barrier. The story goes on
to state that the people were forced to leave Torsburgen and made their way to Faro, a
small island just north of Gotland, and from Far¢ to the island of Dago6 tféafoast of
Estonia (Peel 1999:8). The travelers could not support themselves in either Far6 or
Dago, so from there they moved south into the Byzantine Empire. AccordingGaithe
Sagathe settlers were able to trick the Emperor into agreeing tbdet settle there
permanently by getting hiwaxtiongagarnede waon ilnegto
19995). The emperor thought that this statement meant that they would be able to stay
for a month, one waxing and waning of the moon, but the Gistampointed out that the
moon continues to wax and wane forever.
The Iron Age, beginning about 500 B@nd continuing until the Viking Age
about 80QCE, saw not only a shift in new materials but also a dramatic shift of climate.
Northern Europe becameainatically cooler around the beginning of this period. There
is evidence that iron smelting was happening on Gotland as early as E)@&(@=r
than mainland SweddSpencer 19744). The evidence of early smelting may suggest
that, due to their tradeetworks, Gotland received new ideas before mainland Sweden.
The culture on Gotland started to see a dramatic shift during thisTthredron
Age saw the first evidence of permanent buildings on Go{l@pdncer 19747).
Evidence of these structurexiudes post holes and stone foundations. The structures
are typically rectangular in shape witbunded corners (Spencer 19¥4). Most often
these structureserelocatedin small numbersear cultivated fields, indicating a family
farmstead, but somietes larger clustensere identified Thesearger clusters may

indicate seasonal fishing villages or trading centesghey are found along the coast



One example of a larger cluster is at Vallhagar near Froyeéstern Gotland wher24
housesverefound (Spencer 19747). There is evidence of many houses being subject
to violent destruction, such ay fire from 450500 CE (Spencer 19747).

Direct evidence of farming apparent in the Little Hultungs excavatiovisere
archaeologists have identified the remains of ard ljReggire 2.3). Ard lines appear as
alternating dark and light areas of soll
where the soil was pressed down with
an ard, a tool similar to a plouwut
| that was used just to break the soil in
a single line fo planting. Carlsson
theorizes that most of the farmsteads

on Gotland were first established

B%. e Q during this period and were then

Figure3: Phtograph of Ard Lines ) . . .
consistently inhabited into the

historical period Carlsson 2000

Another trend during the later parttbe Iron Age beginningaround 40CCE, was
the construction fopicture stones (Spencer 197@; Ohrman 2001t). Picture stones are
similar to rune stones found in other parts of Scandinavia but are unique to Gotland.
Picture stones are large stones with carved surfaces depicting a variety of scenes often
erected as memorial$i E a r | y-stqnéshdvelsimple but elegant geometrical
patterns, and myst i-Wheeglmbodrs &\@pehecta so ft hlei foe
1974:46 while later stones often depict scenes from typical Norse mythology or normal

life (Carlsson 2009Spencer 1974:487). Rune stones found in other parts of
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Scandinavia typicalljnavesimple patterns and many are just decorated with runes. Text

in the form of runes on picture stones is

usually some sort of dedicatiorCarlsson
believes that most are memorials erected to
honor people who have digchile away from

the island Carlssor2009. Picture stones

while first appearing in the late Iron Age,
remained prominent throughout the Viking
Age (750-1100 CE)and started to disappear
during the arly Medieval Age (Ohrman
20011). Figure 2.4 shows arfaous example
of a picture stone thatan be found at the

Bunge Museum in northern Gotland.

The Viking Age, around 750 CE to

B Figure 2.4: Photograph of Picture Stone

1100 CE is perhapshe most famous pericaf Scandinavian history. During this age,
Gotland contiued its traditiorasa prime trading location (Montelius 1969:148; Spencer
1974:51, 6163). Gotland served as a point where eastern goods from Byzantium and the
Middle East met with western goods from Scandinavia and Britain (Spencer 1974:51, 61
63; Clarke 1985) Glass, silkand spices from the East were traded for honey, wax and
furs from the West Around 800CE Gotland agreed to come under Swedish rule in

return for protectiormnd exemption from tolléSpencer 1974:50Peel 1999:) TheGuta
Sagarelates the tale that Gatid had been under assault by various kings, and many

Gotlanders tried to negotiate some sort of peace accord (Peel 1999:7). Eventually Avair
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Strabain of Alva parish fAentered into a bi
marks of silverinrespct of each year is the Gotlander.
Sweden should have forty marks of silver out of the sixty, and the jarl twenty marks of
silvero (Peel 1999: 7). A jarl i's a noblem
the contnuaton of their trade networkand also exempted the Gotlanders from any,tolls
or other charges in Swedesnabling them to expand their operations in Sweden.

Gotlandic trading contacts ranged far and wigigure 2.5 shows a map of
various Viking trade routes. The routes in green, to the east of Syagdehe typical

routes of Swedish Vikings, such as the Gotlanders.
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Figure 2.5: Map of Viking Trade Routes
Viking traders were able to penetrate very far east and south throurgakitiey to move

F_N

their boats across land from river to rivenabling them to navigate to the Black and
Caspian Seas (Einents 20089-105). Moving the boats was accomplished by pulling

them completely out of the water and carrying them or rolling thetogs; this method
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was possible due to the boatsodé very shall o
with Constantinople, the capilitaf the Byzantine Empire, and Itil, a Muslim trade city
located where the Volga river rumgo the Caspian S€&€lement2005: 104, 106).
As a result of extensive tradiigotland saw an influx of Arabic silver during this
time period. More than half of all silver finds from Sweden are Gotlandic silver finds
including over 140,000 silver cointhese coins genally date to around 900 AD and can
be dentified as Islamic, German Bnglish(Sprague 2005:34). Silver coins are only one
example of the numerous goods that were o0b
narrownecked bronze bottles from eastlee Caspian, exotic purses from India, spices
and wines, all these found their way to No
weapons, honey and wax, and an odorous ple
Vikings were especially able to help mélat Arab demand for slaves, as the Christians
were prohibited from selling slaves to fhe
During the expansion of trade networks to the south and east, Gotlanders and
Swedes established lasting communitiesg theirtrade routes Evidence from
cemeteries in these communities suggests that the mainland Swedes were a strong
military presence, while Gotlanders were primarily civilians (Jones 1984:243). Many
Gotlanders even brought their wives to these settlementsevidence of a civilian
lifestyle suggests that the Gotlanders were less interested in piracy or iwastéad
wereinterestedn more peacefuirade (Jones 1984:243T.he two most important
communities were established in Novgorod and Kiev. Thesanedestinatiopoints
for trade and for stopping along the long route to Constantinople or Itil (Clements

2005:102103). These places also became permanent settlements of Gotlanders and
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Swedes whom the locals referred to as the Rus or Rootsi (Clemést9209).
Gotland was prominent in this arrangement as it provided an ideal place fofrships
these trading point® stop on their way across the Batticother parts of Scandinavia.
TheViking Age is certainly most famous for the raids that canteobthe
various northlands. Gotland almost certainly participated in some raiding, but likely
emphasized trade first. The fame of Viking raiding often comes from sources of those
who were raided, mainly Christian monks. While raiding certainly occualiedross
Europe and into the near East, many of the stories may havexXeggerated bguthors.
The Vikings often settled in lands that they had started out raiding. This increased trade
contacts throughout the Viking world. Some evidence of rgithat may be associated
with the Gotlanders includes the Viking attacks on Constantinople (Clements 2605:104

115).

While there was considerable movement of

peoplethrough raids and trade journepsthe Viking
Map of Gotland

era,Gotland continued to be dominated by single

parg. | family farmsteads with few larger settleme(pencer
) 1974:59, 62; Siltberg 1998:6&0). Two larger
Visby ‘i
Coogre settlemert during the Viking Age were Vishy,
currently the capital of Gotland, and Ridanés which
Ridans . was located neanodern Frojel, a trading port south of
<& '

Visby (Figure 2.6)(Spencer 1974:123, Carlsson
2004). Therevereother smaller towns and geron

T Gotland,but most of thasland was dominated by

Figure 2.6: Map of Gotland
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farming (Siltberg 1998, Carlsson 2004%ocially, Gotland was divided among a
dominant farmer class, a landless working class, and small groups of tenants (Stiltberg
1998:71). The members of the farming class weeeetfective leaders alie region.
They werepolitically active involved in administration of justicguardedharbors, and
performed other political tasks through their Gutensten (a council of representatives from
all across the island) (Stiltberg 1968). In comparison, the other two groups were
| argely unrepr esent e d Thedomindntland csvhirg facméhg a d mi
class was also engaged in the trade activity that was done on the island.

Everyday life h Viking Age Gotland sharesome similarities with everyday life
of mainland Sweden during this era. While many Vikings were primarily traders, they
also raised cattle and farmbdtween voyages (Sprague 2@15: However,Gotland
and the mainlantiad some significant differencesthedistribution of wealth during
this timep e r i [Mainland StvedishBociety consisted of an upper class of rich and
free farmers who owned ships and large areas of land, a middle class of regular farmers
who owned smaller pieces of land and cattle, dades who owned nothing and worked
long hours for othersinreturnforoom and boar d3. Skvwrginague 200F¢
Sweden during the Viking era was usually more like indentured servitude, but in some
casest was the result of people captured whilairag who weretruly treated as slaves
and not given the opportunity of eventual freedoiii male members of both the upper
and middle class farmers were able to speak during political councils and participated in
electing leaders, including the Swedishg in Uppsala (Sprague 20@5:26,41).

Rune stones and archaeological evidence suggests that women were considered to

have similar status to men dugithe Viking age (Sprague 20@3). While men and
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women had different duties, these couldlerlapped, and were equally valued.
Women were in charge of a familyds finance
carried the keys to the home and strongbox. There have also been indications that
women were engaged in trade as can be seeniwithd i ng mer chant 6s scal
graves (Sprague 2005:44). Women often had to take on extra responsibilities when men
were off on voyages of trade or warfare. Archaeological evidence in the form of grave
goods suggests that with age women tended toggaius, while men tended to lose
status (Sprague 2005:44) . This may be due
in physical strength, while a womands stat
The transition into the Middle Ages in Gotlanaincbe marked around 108XE.
The single most influential change between the Viking Age and the medieval period is
the adoption of Christianity. On Gotlatiiis can be seen by the construction of churches
and a transition toward using Christian iconography on picture stones. Like many major
cultural changes this occurred gradually across the island GliteeSagaliscusses that
some Gotlandic merchants ded to become baptized and brought priests back to the
island (Peel 1999:9). Not all of the Gotlanders welcomed these new idea&utBhe
Sagaprovides the account of the first church built on Gotland:
Botair of Akeback was the name of the one wholjuidt a church, in that
place which is now called Kulstéade. The islanders were not prepared to
tolerate that, but burned ité Then | ate

There Botair built a second church. The people of the island also wanted
to burn ths particular church. Then Botair went up on top of the church

hi mself and said, o0lf you want to burn
with this church. 6 He was himself iinflu
daughter of the most powerful man, called Liki&in i e | | i € Likkair é
supported Botair é As a result, that <ch

(Peel 1999:9).
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The Guta Sagagoes on to relate that after a few churches were built in various parts of
the island and the Gotlanders saw Christian ways, Gimistiwas adopted by the
Gotlanders of their own free will without duress (Peel 1999:11). After Christianity
became acceptl many churches were bualtross the island (Figure 2.7). Of the 94

churches in use on Gotland in 1974, 93 were finished beferenth of the fourteenth

century Spencer 197423). There were
other churches built during the Middle
Ages that are not still in use, including
15 churches in the city of Visby.

The transition into the medieval

period was more timgjust religious.

—— e s 8 There wasalso a marked change in the

Figure 2.7: Photograph of Bro Church, Gotlan structure of society. There was an
increased centralization of power, including a hierarchal class structure and regulated
trade. With Christianitgame amore rigiddivision of classes that includégreditary
nobility that further separated the rich farmers from the poorer farmers on mainland
Sweden(Sprague 20065-66). Gotland still maintained their traditional social classes
and relative independence during the early path@imedieval eréSpencer 19744).

Although trade prospered during the early part of this period, there was growing
competition from Ganany. In 1161, th&otlandersvere forced into a trade agreement
with Henry the Lion, Duke of Saxony, and the city of Libé8gencer 19744). The

rise of cities, such as Vishy, also brought the rise of a merchant class, usually at the

expense ofhe fee farmers (Sprague 2066). Visby became an influential international
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city during this time period. During thearly medieval period Visby was comparable
with London and Paris as one of the great cities of Europe in terms of wealth and
importancgSpencer 197461).

While Visby was flourishing, the rest of the island was also doing very well.
Several medieval farmhouses still standimnisland indicate a welb-do farming class
(Spencer 19782). With the trade agreement in place between Visby ébdck, there
wereincreasing numbersf foreign merchants working in Visby. The foreign merchants
operated with efficient organizations in contrast to the faitmaeters of Gotland (Spencer
196465). Visby began to monopolize trade on the island duhisgperiod, leading to
the abandonment of oth#ading centersn the islanduch as Ridanéas (Spencer
197465). This created a great deal of tension between Visby and the other inhabitants of
the island. In 128&E, Visby built an outer wall around ¢hcity enabling it to charge a
toll on anyone entering the city with trade goods from the countrysideirsgpar civil
war (Spencer 19785). Therural residents werdefeated, but civil war brought Gotland
back to the attention of the Swedish &iklagnis Ladulas (Spencer 19B%). The King
was reminded of his rights on Gotland and began asserting them through raising taxes.
This marked the begi nninatignalaffairs(penderandds dec
197465). While Visby remained prosperous, ichee more of a secondary trade center
rather than the center of Northern Europieaitl once bee(Spencer 19745). The
countryside however saw the start of a maahtic decline in wealth ascreased taxes
and reduced trade had a noticeable impacdherisiand.

Nearly one hundred years later, the final decline for Gotland struck. In 1361, the

Danish King, Vlademar Atterdag,viaded the island (Spencer 1968@}. This was part of
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alargerstruggle between Denmark and Sweden. During the conquest of the island the
farmers raised two forces that engaged the Danes. Both of these engagements led to
horrific defeatdor the farmersresulting in the loss of about half of the male population
outside Visby(Spencer 19746-67, Carlssor2009. The city of Visby surrendered to

the Danes without fighting theat all(Spencer 19747).

Site Histories

Data wasused from three excavated sifes

Faro

f : thisthesis (Figure 2.8) The habitation period of all
_ \ldt““Z‘b three sites overlap with time ranges from the Viking
age into the late medieval period. Two of the sites
R (Little Hultungs, and Langumayeresingle family
Frojole)

farmsteds, while the third site (Frojelyasa trading
port. These sites were chosen to examine possible
differences in manufacturing techniques and

N
T materials Btween different types of sites, as well as

Figure 2.8: Map of Gotland, showin S , ,
J excg’vaﬂon sties 9 availability to materials from these sites.

Little Hultungs

Little Hultungs is located on the northern end of GotJandunge parish. The
site was excavated in the summer of 2009. The excavation was led by Dr. Dan Carlsson
of Gotland University. This site was located by examining a map from the late

seventeenth century that had an old name in the area, which translates into Little
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Hultungs or Hultung®own Under. There was rabvious physicatraceof this placeon
the contemporary landscapeve when thamap was first made; the label appears to
have been given just from traditiomnitial archaeological testingt the sitencluded
phosphate mapping and metal detecting to detersii@doundaries as well asere to
excavate. Rosphate mapping indicated hunsattlement in the area, antetal

detecting turned up a number of Af@nrous artifacts (ferrous objects were ignored
during the survey, due to the abundance of possible modern objects), includeng som
Viking age objects. Figure 2ghows the phosphate mapping done at Little Hukung
The large boxes with color bands show phosphate concentratidhslark red

indicating the highegthosphate concentrations.

Figure 29 Phosphate Map from Little Hultungs

The site atLittle Hultungs is situated in fields thatvebeemrimarily usedfor

grazing sheep, but have been plowed for crops on a few occasions. The presence of a



20

plow zone in the area does mean that objects rmag been moved about within the
area.

The habitation at the site was dated through two methods. The first was based
upon the six silver coins that were found at the site. The identifiable coins were minted
on Gotland, something that started in theryiEE60CE. The second method was based
upon the ceramic types and stytesovered during excavatian3 hese were matched to
existing time lines to givereapproximate date of occupation from arodri®0CE to
sometime earlier than 14@E.

The first magr feature found at the site was a house foundation somewhat broken
up by modern plowing. The most intact portion of the foundation was where the
fireplace had been located. The foundation being disturbed led to a few questions about
its structure. Medival houses on Gotland were two room structures consisting of a
smaller entry \ety and a larger living space. In general in medieval houses on Gotland,
and specifically at Little Hultungshe fireplace is found inside the larger living space.

Figure 2.Dis a diagram of the excavation at Little Hultungse proposed house
outlines are marked in red lines. Various features from the site are also shown, including
ard traces, modern plow marks, and the firepldidee outline of the house was
determinedased upon the part of the foundation that stélsntact as well aghe
identificationof a post hole in theouth easteroorner of the structure. With only a
limited amount of the foundatiadentified, other options wereonsidered tanore
accurategl determine the location of the interior walt.was determined that the interior
wall wason the easside of the hearth feature, placing the entrance oadberrend of

the structure. This determination was made due to artifact distributions at the site.
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Distributions of bone fragments and cerangbsw much higher concentrations in the

western portion of the house.
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Figure 2.10: Excavation Map of Little Hultungs

Figure 2.11 is a photograph of a different medieval house foundation excavated at
Fjale on Gotland by Dr. Carlsson. This photograph is incladesi example of a@ypical

medieval hose inGotland.
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Entry Area

* Living Area

Figure 2.11: Photograph from Fjale of a Medieval House

The second majdeature identified at Little Hultungs wasaces of an Iron Age
ard. The ard traces welazatedmostlyunder the house foundation and extended south
of the house These types of traces have been found at sites throughout Scandinavia. The
traces were likely preserved under the house due fartihection it offered from modern
plowing. The ard lines indicate that the area was used as a cultivated field sometime

from 100 to 50CCE.

Frojel

Frojel is located on the west coast of Gotland, south of Visthg.also the
former locatiorof theViking trade settlement of Ridasa During the Viking Ae,
Ridanas was one of the largest and most important ports on G(flaridson 2004).
Excavations revealed that the port was in use around the"laenéury and was

abandoned around 118E, aperiod wherthe site was a port, trading center, and
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manufacturing centgiCailsson 20043). The site was likely abandoned due to a drop in
the sea level making the strait too shallow for ships, and from increased ¢@mgdsim
Visby (Carlsson 20046). There was very little development or exploitation of the area
following its abandonmentesulting in excellenthe preservation of the Viking era
settlement.

The discovery of Frojel by archaeologists is attributable to a combination of
events. First, the presence of a stdtanding parish churdms well as the remains of a
defensive tower was an immediate indicator of {bergn occupation of the area. Second,
local residents had reported numerous isolated finds in the region over many years.
Third, its physical location was fairly well protected from the winds and storm swells,
making it a logical place for people to have settled over sstraliyears ago. (Carlsson
20047). These factors led tarchaeologisttestingthe area by phosphate mappinghe
results indicated a large area of very high phosphate corganthe modershore
suggesting sustained human activi(i€arlsson 200%).

The site at Frojel occupies around 10ha, with several cemeteries and traces of
many buildings. There & regular pattern to the settlement with rows of houses
identified by postholes and occasionally the remains of wood fences (Carlsson 2004:7).
By 2004 1,200 square meters of the site had been excavated in a series of trenches
covering most of the harbarea and 35,000 objects had been collected (Carlsson
2004:9). In addition to the artifacts recovered there was clear evidence of manufacturing
including large quantities of animal bones, burnt clay, slag, flint and charcoal (Carlsson

2004-:9).
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The large number and varied qualities of the artifacts recovered here shed light on
the various activities that occurred here. Evidence of trade can be seen through walrus
ivory from the north Atlantic, semi
precious stones from the Arabian
peninsula anthe area around the Black
Sea, imported raw glass material from
Italy and coins from the Caliphate,
Germany, Englash and Denmark

(Carlsson 2004:4.0).

Langume
Langume is located in the

northern parof Othem parish in

northeastern Gotland. This farmstead is

a rare example of one that has @ev

been divided into parcels or

Figure 2.12: Map of Langume

reconfigured. The aremas first documented 696 (Carlsson 2002). Figure 2.12

shows the farmstead (marked N:5) of Languineacl696, along with the farmstead of
Gisslause (marked N:34) in the southern end of Larbro parish, also shown are three iron
age farmsteads marked in red and an iron age fort (marketddogh. Some bone,

charcoal, a slate whetstone, and an unfinidi@dnce weight were uncovered at

Langume in 1949. These finds indicated the possibility of a dwelling from the Viking

period (Carlsson 2003).
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In the spring of 200 phosphate mapping was done on the fields north of the
modern farmstead, focusing on Klareas of soil andhdications from the 1696 map. As
expected, igh phosphate valuesgere identified within anghear the aras of dark soil
(Carlsson 200B). Metal detecting was then done with the goal of examining the
hypothesis that a Viking age dwieg was located here. Finds included parts of bronze
pots (probably from the | ater middle ages)
belt (probably from the latériking period) (Carlsson 2008-7). The findings suggest
that the dwelling arem the fields north of the modern Langume farmstead dates from

the lte Viking period to the early Middlegks (Carlsso20077).
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Chapter 3: Smelting and Metallurgy

Introduction to Metallurgy

Metals are very abundant in nature as more than three fourths of all elements are
metals. Mostoftheser e not f ound i ncombinddptootherdo st at e a
elements and do not have métadjualities that we are familiar with. Metal containing
minerals including iron oxide and copper or@gere first utilized as pigments. The
primarymetals that occur naturally in a relatively pure state include: gold, silver, copper,
andiron (from meteorites) Platinum is also naturally occurring, but was memognized
as a unique metal until the sixteenth century. Silven,iand mercury are fairly rare,
thus the firsimetals widely usely humansvere gold and copper. Both gold and copper
were found in the form of nuggetsat could be worked into otheshapes and objects.

Gold is quite soft and easy to shape, while copper required more effort and possibly
heating to make it more pliable. Gold is too soft to form useful tools and was therefore
used primarily for ornamental purposes. Copper, while msoftler than iron or steel, is
strong enough to make futanal tools, but was generally used é&corativeobjects.

Small copper objects, such as beads, pins, and awls, are seen as early7@90EOE

in Anatolia(Tylecote 1976€L).

Smelting ores t@xtract metals and create alloys dramatically increased the uses
of metals. Ores are mineraldth a high metal content thdb not exhibit metal traits and
tend to be brittle.While there ara variety of contemporanyethodgor extracting
metals fronores, the earliest common method of metal extraction was smefimgis

done by using heat and some sort of chemical reducing agent (often charcoal during the
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early development of smelting) along with the fFglecote 1976:5) The proceseesults
in the metaknda waste product known as slag, made up ofbstly non-metallic parts
of the ore.Humans have been smelting metal since about 5000 BCE, r@mdains a
common method of metal extractighnthony 2007:163)

Addingdifferent materials i@ metals oneanmake stronger and harder metals.
These are cadd alloys. Alloys are formed bgcluding a second metal or element in
small amounts with the primary metal. The first alloys used were brofibesearliest
bronzes were created by 378800 BCE. These were arsenical bronzégh were
created by including arsenic with copper during the smelting prodesisany 2007124
125). Smelted coppers usually contain around one percent arsenic, but arsenic ores occur
naturally with copper oredncludinganincreased amount of arsenic produced a metal
that is lighter in color, harder when cool and less viscous when molten, makinghit muc
easier to cast (Anthony 20024). Eventually it wasisicoveredhat using tin in similar
amounts instead @frsenic produced an even better bronze that was harder and more
easily worked. Tin ores, however, do not occur near copper ores and until reliable
sources of tin were discovered tin bronzes remained less common. Other alloys
discovered and used later limde: brass made from copper with zinc added, and steel
made from iron with carbon added. Alloys tend to have much higher tensile strength and

shear strength.

Brief History of Metallurgy
Metals andmetal workingarevery important icontemporargociety,andthey

havebeen increasinglgignificantto humans over the past several thousand y€egne
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development of metallurgy has had a dramatic impact on human technology. Metallurgy
is the branch of science concerned with the properties of meédtal workingis the

process of utilizing metals for creating various objects. This process has greatly expanded
the tool making resources availablep@ople. Metal tools often haeglvantages over

wood and stone tools, such as durability and mallgabil

Some of the earliest uses of meiatdudediron oxide for pigments and copper
minerals for coloring ceramics. Other early uses of metals began with the discovery of
native coppeandmeteoric iron. These metals occur naturally in a nearly pure thizt
can be worked without the need for smeltfiiglecote 1976:44). Early metal work was
done generally using relatively pure metal nuggets and pounding them into the desired
shape. To make the metal easier to shape it may be heated or annealedpakieis it
more malleable. Naturally occurring metals often have crystalline impurities making
such metals brittle (Tylecote 19762). Most early metal objects are decorative such as
beads, but some tools mealso produced including avdsd knives.An example of a
knife from North Greenland has small flakes of meteoric iron setvatais ivory
(Tylecote 1976:2).

Humans began smelting cop@eound 52005000 BCE in Bulgariand expanded
into the PontieCaspian steppe societies arodtd0 BCE (Antlony 2007162). Pontic
Caspian steppe societiead developed pottery kilns that reached temperatures ranging
from 800to 1,000 degrees Celsius. Tkilns were already lovoxygen, reducing
environments used to produce black ceramics, but lent themselves to smelting copper
from azurite and malachite, two diféant copper ores (Anthony 20Q563). Around

48004600 BCE Balkan smithearned to make moldkat would withstand the heat of
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molten copper enabling them to cast copper to create tools (An20&71.63). This
requires heating the copper to 1,083 degrees Celsius to liquefy the metal. Copper
smeltingtechniques eventually relaed Scandinaviaround 1500 BCE (Lossin 200%).

The first improvement to copper smelting technology was the inclusiarsehic
and tinwith the coppe(Tylecote 1976t4). Arsenic frequently occurs with copper
deposits and this innovation was likely discovered by actidéa retain the arsenic
during smeltingoxidationmustbe avoided. Oxidation is the chemical process where
atoms lose electrons. As tin became more available, the arsenic no longer needed to be
preserved in the copper for added strength. Bronzepgecatioyed with tinwere
regularly usd in Mesopotamia around 3000 BCE to 2800 B@&d spread rapidly,
reaching centig&Europe by 1800 BCE to 1500 BCE (Tylecote 1976249 Tin bronze
was more popular than arsenical bronze due to dangers of smedtmical bronze.
Smelting arsenical bronze produces highly toxic fumes and people were able to identify
metal waking as a dangerous profession, as metal workers consistently had poor health.

The use of bronze also dramatically impacted the way metalware made.
Copper had to be heated and hammered into obfeatause furnaces were not hot
enough to melt copper for castirgyt bronze has a much lower melting ppnainging
from 850 to 1,000 degrees Celsius depending on the amount of tin, addeaast
much more easily than coppe€astingobjects became much more comnii@tause it
was much easier to do with bronze. Molds for castinjgcts have been found made of
stone, clay, bronze and copper from this pe(ibdecote 1976:32) A great \ariety of
objects were made lasting, including: small articles of jewelry, axes, knives,

arrowheads, and a multitude of wood working tools.
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The next advance imetallurgical processes was the use of iron. Iron was
smelted from ores much like coppédtvidence suggests that iron was also first smelted
in the Anatoliarlranian region around 1500000 BCE (Tylecote 1976:40)The practice
spread rather rapidly reaching Greaceund 900 BCE, Spain by 800 B@Rd Northern
Europe, including Sandinavia ad Britain by 500 BCETylecote 1976:40).

Early iron smelting was done by a process called bloomery smelting. The iron
ore along with the reducing agent, charcoal, would be heated30degrees Celsius
(Tylecote 197641-42). This pr oduchwab asolidipibck of somwith w h i
bits of slag and unburnt pieces of charcoal. The bloom could then be hammered to
remove the slag and charcoal impurities. The temperature needed to melt pure iron,
1,540 degrees Celsius, was ®atsilyachievable untilie 19" century(Tylecote
1976:41) However, casting iron wgsossible through the use of cast iron. Cast iron is
an alloy of iron and carbon that is produced by using a large fuel to ore ratio with an
efficient bellows the incorporated carbon comesrrohe combustion of wood or coal
Cast iron has a melting point albout 1200degrees Celsius and can then be cast with
molds much like bronz€Tylecote 19785). This wagarelydonein the West, but was
common in China.

Other metals were also beingedsin new ways durintheearlylron Age Silver
and gold were being used for coinage, especially in Gidgtecote 197618). Bronze
materials were still in usas a fairly strong metal that was resistant to oxidation and for
decorative purposesCopger was mixed with electrum, an alloy of silver and gold, to
bring out the natural gold color. Lead was also being used for sealing cramps, which are

bars that held stone together, for joining
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(Tylecote 197618-49). Silver was generally extracted from lead deposits, so a great deal
of lead was also produced, lprior to Roman timethat leachad only limited uses.

During the Roman perigdb00 BCE to 500 CEhe biggest change in metallurgy
was the scale giroduction. Slag waste could easily be measured in tons rather than
kilograms at major production sites. Bragss also introduceduring this period, around
50 BCE (Tylecote 197@8). Brass is an alloy of zinc and copper. This metal was
primarily usedn coinage until about 160E, when it was replaced by gunmetal.
Gunmetal is an alloy of copper, tin and z(iglecote 197&8). This metal was named
for its much latempopular use in making guns, before iron could be cast regularly.
Gunmetal and brae remained the primary nonferrous metals in usebcts during
the Roman period from about 50 BCE to 40Q @&ughleadstill had a great deal of
prominence for the multitude of plumbing projects in which the Romans engaged. These
plumbing projectsof course had long term health effectéead remained primarily a
by-product of silver production, but was much more widely used.

During the middle ages there were few innovations in metallurgy. One of them
was the recognition of the value of steete€dwas sometimes producedring iron
smeltingas it is a high carbon alloy of irditylecote 197@8). It hasincreasedensile
strength andholds a sharp edge with greater durability than.ir8teel was highly valued
and fairly rare, as it was proded from smeltingnly particular iron ores. The iron most
commonly produced at this time was high in phosphorus, which made it unstotrable
steel production (Tylecote 197®8B). This made steel a valuable trade item iameas
imported from areas thaid iron ores more suitable to producing the steels. Because

steel was a valued commodity, it was often welded onto wrough(indecote
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197668). This means a wrought iron knife might have steel welded onto the cutting
surface to improve its function.

The metallurgytechnologiesnitially developedduringthe Roman period
remained fairly static until the introduction of water power for metallurgy during the
early 18" century. In 1408 the Bishop of Durham established the first water powered
bloomery in Britain(Tylecote 197@5). Evidence suggests thaater power was
employed to run the bellows. The development of water power, contact with the East
where cast iromvas commonly used, and the need for cast iron to create efficient guns all
contributed to the development of the blast furnace. The blast furditeeshe
melting point of iron bycarburizing it in astronglyredueng environment and introduces
a fluxto enable slag teeparaterbm of the iron (Tylecote 19765).

Bloomery smelting was the ntetd used throughout the Viking Age and the
Medieval period (Senet al.2010:132133; Blakelocket al.2009:17451746; Paynter
2006:271). During this processtiron remains solid while the slag becomes molten,
leaving a spongy metal bloom (Seginal.2010:132133). The bloom produced is mostly
iron but with slagand charcoal impurities. Smeltitige ore produces the majority of the
slag, but the next step tife processing also produces some slag. The second step is to
hammerthe bloom into a billet or bathis hammering removes adhering slag and
charcoal and helps remove additional impurities from the(iBtetkelocket al.

2009:1746).

Another possible source of slag from this period is from metals being melted

down for reuse or from casting. Slag from this process is known as crucible slag, while

slag from smelting is called smelting slaglag is inRbetween metal objects and stone
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objects in terms of preservation. Some of the metallic content of the slag can oxidize and
corrode, but most of the material preserves very well, due to being mostly silicate in
nature.

Iron production in the Viking Agein Scandinaviawas primarily done ¥
farmers not specialist blacksmiti{€hristiansen 200803). This helped farmers
supplement their income and be more-salfficient Most of Scandinavia is marginal
arable land. While no detailed accounts exist about iron working during the Medieval
period, iron working continued to be a household ingusto the nineteenth centuny
parts ofScandinavia (Christiansen 20263).

The process of this household iron working is quite estiablished. The first
step wado locate bogs or shallow lak where small lumps of iron ore could be obtained.
This is known as bog ore and isemewable resource. The ore videntified based upon
color, size, context and taste. It widiendriedand stored. Next the site for smelting is
prepared, includinguilding furnaces and creating charco@henthe orewas smelted in
the furnaces and a bloom was obtained. The blwasthen processed as described
above (hammered into a billet or bar). This could then be sold or processedhanto ot
objects (Chrisinsen 200@03-204).

There are two likely sources of slag from Frojel, Langume, and Little Hultungs.
The first type of slag expected would be smelting slag, especially from iron through the
bloomery smelting process. The second type of slag that islpeobkacrucible slag from
melting finished products and using the metal to cast new objects. This second process

would be expected with bronze, gold, or silver rather than iron. Melting iron requires
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very high temperatures that would have been nearlp$siple to achieve at these sites

during their periods of occupation.

Analytical Techniques for Studying Metals

There are many different analytical techniques that can be used to study metal
artifacts and slag. For na$ containing lead, a principalethod is to examine lead
isotope ratios to determine the geographic origin of a lead containing object. Different
ore sourcesave distinctly different lead isotope ratios, enabpngvenanceing of lead
containing metal objeci®rill 1970:144). The difference in isotope ratios is due to the
difference in the geological time period of thaddeposits. Leadisotopes can be
measured by Inductively Coupled Plasma MasscBometry, usually referred to as ICP
MS. Another popular method for deteining lead isotope ratios is Thermal lonization
Mass Spectrometry (TIMS)Ln archaeologyhis technique is used with lead, silver,
copper, and bronze objects and slag. This method is reliable due to the fact that lead
isotope ratios are insensitive teetchemical history of the object, in other words,
chemical changes do not affect the lead isotope r@iols 1970:145 Meliksetianet al.
2007:%8). The only way that the ratios will not reflect the tareorigin is if lead from
different sources imixed

Examining sources of leatbntaining metal objects can be useful to
understanding possible trade connections. Analyssselftingslag can show where
people were getting raw materials rather than trading for finished goods. This can be

espeally revealingin areas that do not have native resources of the metal in question.
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Unfortunately this cannot be used with ferrous objects or slag, as lead does not occur
naturally in iron ore deposits.

Chemical analysis of copper artifacts can also leel i3 identify objects that are
made from smelted copper rather than native copper. Smelted copper objects have
substantial traces of arsenic and nickel. These trace elements can be identified using
severahnalytical chemical techoues, including ICRMS, X-ray Fluorescence (XRF)
Spectrometry, Atomic BsorptionSpectrometryand others.ICP-MS is commonly used
for copper sourcing and slag analysis (Senal.2010:135). Trace elemeanalysis is
useful toexamire very early copper artifactsis it enales one to determine if native
copper sources are being used or if copper ore is being smelted. These techniques can
also be applied to other aspects of metallurgy. They help identify possible alloys and
impurities. Examining the elemental compositidnmetals can help create a better
understanding of how and why these objects were produced. Elemental composition can
show intentional alloyed metals, can indicate provenamaevealtechnical processes
due to tte identification of impurities. Fagxample slag from efficiently smelted iron
will have much less iron remaining than slag from more poorly smelted iron.

One of the most popular methods for examining elemental compositions of metal
artifacts and slag X-Ray Fluorescenc€XRF) spectrometry In XRF the atoms of the
sample are irradiated with high enepgyay photons (Shackley 2009:1). This removes
electrons from the atoms, converting them into ions. To become more stable electrons
from the outer orbitalsedistributeto lower energy orlls, thereby releasing energy
(Shackley 2009:1). This released energy is measured ahneleacent (e.g. carbon,

copperetc.) produces a characteristic spectrum, so that the elemental composition of the
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sample can be determined. Differing intensitiethefpeak readings indicate the
proportion of constituent elements (Shackley 2009:2). XRF analysis is commonly used
to study slag compositns, because it is a cesffective method of analysis (Humphas
al. 2009:362; Senet al.2010:135). Ores fromifferent sources typically have different
elemental compositions. It is however necessary to analyze a number of samples because
slag, even from the same smelt are heterogeneous, meaning their composition is different
from one another (Paynter 2006:272).

Neutron Activation Aalysis isanother chemical methogometimes used to
determine impurities in silver coins. This method is preferable due tontestructive
nature. Neutron étivation analysis is done by bombarding the sample with neutrons to
create artificial radioisotopes that can then be meag@ertus 197@69). Neutron
Activation Analysishas been used primarily to determine how much various silver coins
were debased in specific times and plaeedto examine why people were debasing
cains in certain times and placéSordus 197@69). Debasing coins is the process of
mixing less valuable metals into the coins to reduce the production costs.

Metallography differs from chemical analysis, but is usefukfamining
different aspects of metal artifacts. Rather than examining the specific chemical makeup
of an object metallography exam@s the physical properties of thbject, usually at a
microscopic level. This approach is used to examine alloy content, impatigrns, and
inclusion analysigNorthover 1985:58) Metals, particularly smelted metal alloys, can
have slag inclusions, similém the way diamonds often have dark black carbon
inclusions. Metallography starts by acid etching a surface that isekamined undea

microscope.The type of microscopesed is determined by the specifieeds of the
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analysis. Metallographic processes examine the microstructure to understand how an
object was created, such as being cast or wrought. Other aspectntbhatexamined
include: inclusion types and morphology, hardness, measure of carburization in ferrous
metals, grain size andore. These aspects all help one understiaighed objects.
Metallography can explain specific manufacturing techniques, asiébrging, welding,

or casting, and can also explain possible function through examination of the physical
propertiegNorthover 198%58-59).

Forthis researciIMS was usedo determine lead isotope ratios in slag from
bronze smelting to determine theusce of the copper used. While much is known about
general trade connections on Gotland, little researchdes done regarding metals
trade. Gotland has very limited metal resources and no copper resources, being mostly a
limestone aitcrop in the Balt.

The second goal of this research is to examine smelting techniques. Using ICP
MS to determine the elemental composition of slag to examine inclusions and impurities
enables this examinatiaf smelting techniquesThis approach is being applied tothp
ferrous and cupreous slaés a prominent trade location the islamdy have been
introduced to new ideas more rapidly than places with less cofigaminng
techniques such as metal workingareas with a great deal of contact may help provide

insight on how ideas spread.
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Chapter 4: Methods Used for Slag Analysis

Introduction to Methods

The slag analysisas beemronducted using two techniques. The first technique
for the analysis of slag is Inductively Coupled Plasma Mass SpectrometAMETPIn
doing ICP, samples are ionized in a plasma and mass analyzed in a mass spectrometer
(PerkinElmer Instruments 2001)CP mass spectrometers are capable of resolving the
isotope distributions of each element in the sample. This produces very accurate results,
revealing even very minute differences in trace elements, as noted above, including
isotope compositions of mgrelements that vary with source (PerkinElmer Instruments
2001). This analysis was employed identify elemental make up of slag samples.

The second technique used Wad®ermal lonization Mass Spectrometry (TIMS) to
determine lead isotope ratios in cepus, or copper containing, slag samples. This
process is able to very accurately determine isotope ratios in a sample. The sample is
ionized thermally by passing electric current through a ribbon in a vacuum (Maeder
Vervootn.d.). The ions are thdocused into a beam that passes through a magnetic field
that separates the beam into different parts based upon electric charge and mass (Mueller
and Vervoomn.d.). Isotopes are examples of the same element with different amounts of
neutrons, which mads them have measurably different mass. This process separates
different isotopes from one another; the amounts of each can then be measured and the

isotope ratios determined.



