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focusing the light onto the core region, but they 
were always accompanied by substantial light 
that filled the whole fiber. No indication of a 
far-field pattern like that in Fig. 4B was ob- 
served. A relatively sharp tmmitio-with 
wavelength-from a c o d k d  to a nonconfined 
mode is expected to be a feature of this type of 
waveguidGg. 

Some quahtative insight into the nature of 
the guided modes being described here can be 
gained by considering the honeycomb structure 
shown in Fig. 2 as a large number of indepen- 
dent silica strands that are strongly coupled 
together. Each isolated strand would support 
many distinct waveguide modes, each with a 
different value of $. When a large number of 
strands are placed in close proximity, they mu- 
ple together, and each mode of the single strand 
opens up into a passband of modes of the 

Fig. 4. Near- and far-field patterns obsewed 
with laser light (wavelength = 458 nm) to 
excite the guided mode in a 50-mm length of 
fiber. (A) A contour map of the obsewed near- 
field pattern (color) superimposed on a scan- 
ning electron micrograph showing the fiber 
morpholo (black). The interstitial holes in the 
structure &ich appear between the lobes of 
the guided mode) are clearly visible. The guid- 
ed-mode field intensity outside the first ring of 
air holes is at least two orders of magnitude 
Less than the peak intensity shown. (B) A pho- 
tograph of the obsewed far-field pattern. The 
pattern was recorded by allowing the diffract- 
ing light emerging from the end of the fiber to 
fall onto a paper screen, which was then im- 
aged onto photographic film from the back The 
orientation of the six main lobes in the far-field 
pattern is the same as those in the near field. 

composite sttucture, each passband now cover- 
ing a range of $ values. The passbands are 
separated by band gaps. The central silica 
strand (the "core"), which bas a large hole in the 
middle and six smaller interstitial holes dis- 
posed symmetrically around it, would, if isolat- 
ed, support a different set of waveguide modes 
because of its different morphology. If the @ 
value of one of these modes falls within one of 
the bands of modes of the periodic cladding, 
this mode of the core will be coupled to the 
extended modes of the periodic claddq. How- 
ever, if one of the modes of the core region falls 
in between the passbands of the llly periodic 
cladding region, then this mode is localized 
within the core and forms a PBG guided 
mode. Thus, at some wavelengths, there is 
a mode trapped within the core (the "guided 
mode"), whereas at other wavelengths the 
modes are extended and fill the fiber. A 
possible reason for the importance of the 
hard-to-model interstitial holes within the 
core is that they will affect the $ values of 
the core modes, drawing one of these into 
the band gap of the continuous material. 

Band gap guided modes are expected to 
have quite different properties to the modes of 
conventional optical waveguides. For example, 
we observe that the fiber being described here is 
strongly birewgent, with a beat length on the 
order of millimeters (that is, the different polar- 
izatiop modes have rather different propagation 
constants). We conclude that small inmedm 
tions in the structure can have a large effxt on 
the propagation constant of the trapped modes. 
The -ion of these fibers is likely to be far 

larger than that observed in any previous optical 
fiber waveguide for the comet3 choice of fiber 
design pammeters. Other Propemes of these 
fibers (for example, their susceptibility to bend 
loss) remain to be investigated, and even more 
counterintuitive designs (a silica-air waveguide 
where the light is trapped within an air hole, for 
example) are possible. This is only the first of a 
very broad class of fiber guided modes, which 
show great technological promise and are of 
substantial scientific inmest. 
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Direct Demonstration of Milk as 
an Element of Archaeological 

Economies 
Stephanie N. Dudd and Richard P. Evershed* 

The stable carbon isotope (613C) compositions of individual fatty acid com- 
ponents of remnant fats preserved in archaeological pottery vessels show that 
dairying was a component of archaeological economies. Characteristic 613C 
values arise from biases in the biosynthetic origins of the C,,:, fatty acids in 
milk and adipose fat. Milk and adipose fat from animals raised on similar 
pastures and fodders have distinct isotopic signatures. 

Although sheep are thought to have been records from the Sahara, Egypt, and Meso- 
domesticated in the Near East at -9000 B.C. potamia show that dairying had begun there 
and cattle and goats were domesticated at by 4000 to 2900 B.C. (1). Evidence of dair- 
-7000 B.C., there is no direct evidence that ying during the prehistoric period in Britain 
they were milked. Pictorial and written has been limited solely to secondary evidence 

associated with the procurement and use of 

Organic Geochemistry Unit, WIod of Chemistry. dairy products, such as putative ceramic 
University of Bristol C a n t d s  Close, Bristd BS8 ITS, ''cheese" s ~ e m ,  dating from 4500 B.C- (2, 
u K. 3). Faunal studies have suggested that a high 
70 whom should be ~-il: neonatal cull and a bias in the adult cull in 
r.p.-uk domestic ruminant animals may indicate dair- 
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ying (4, 5).  Here we provide direct evidence 
of dairying from preserved residues of dairy 
products themselves. 

Degraded animal fats are the most common 
class of organic residue observed in archaeolog- 
ical ceramics (6-9), identified by characteristi- 
cally high abundances of saturated fatty acids, 
particularly palmitic (C,,:,) and stearic (C,,:,) 
acids. We have searched for these residues in 
more than 1000 potsherds Erom sites throughout 
Europe dating from the Neolithic through Bronze 
and Iron Age, Roman, Saxon, and medieval pe- 
riods, using gas chromatography (GC) and GC- 
mass spectrometry (GCMS) techniques. Most of 
the vessels correspond to those generally associ- 
ated with food processing or storage (that is, jars 
and bolvls): recovered from domestic areas of 
settlements. More than 40% of all sherds studied 
yielded appreciable lipid residues (10-13). Al- 
though there is no problem in detecting degraded 
animal fats, identifying the origin of the fats or 
specifjing whether they are mixtures of fats from 
different species is much more problematic. A 
number of chemical criteria can be used to dis- 
tinguish between the residues of animal fats pre- 
served in archaeological pottery (13), including 
(i) the positional isomers of monounsaturated 
fatty acids; (ii) the abundances of odd-carbon- 
number (C ,,:, and C ,,:,) iso- and anteise 
branched-chain fatty acids; (iii) fatty acid and 
triacylglycerol distributions; and (iv) the S13C 
values of the major saturated fatty acids C,,:, 
and C,,:,, determined by GC-combustion-iso- 
tope ratio MS [GC-C-IRMS (13, 14)]. Bulk sta- 
ble isotope studies allow the detection of remnant 
fats in carbonized food residues from archaeo- 
logical sites (15, 16), but compound-specific 
S13C measurements can allow the fats from m- 

Number of acyl carbon atoms 

Fig. 1. Triacylglycerol distributions in (A) fresh 
milk, (B) milk absorbed in an unglazed potsherd 
and degraded in the laboratory under oxic condi- 
tions for 90 days, and (C) fresh ruminant (ovine) 
adipose fat. The distributions were determined by 
high-temperature GC of total lipid extracts (23). 
Clean replica potsherds (approximately 2 g) were 
soaked in solutions of White goat milk, with 
absorption facilitated by ultrasonication (2 by 20 
min). Potsherds were dried to constant weight at 
room temperature before burial in flasks of mush- 
room compost. The flasks were plugged with 
extracted cotton wool to allow diffusion of air 
and then incubated at 30°C. 

minant and nonruminant animals to be distin- 
guished (13). 

One major category of fat that we should be 
able to detect in pottery vessels is that derived 
from milk (for example, butterfat). Just as with 
the adipose fats, the processing of milk by 
pasteunizing or cooking, involving milk or but- 
ter, would result in the absorption of apprecia- 
ble quantities of fat into the walls of unglazed 
pottery vessels. Fresh milk fats differ from ad- 
ipose fats in their fatty acid composition be- 
cause of the presence of short-chain (C4 to C14) 
saturated fatty acids (17). However, even 
though it is known that dairying was widely 
practiced in the Roman and later periods, we 
have consistently failed to detect fatty residues 
containing these characteristic shorter-chain fat- 
ty acids in lipid extracts from pottery vessels. 

Because dairy products must have been pro- 
cessed in pottery vessels (18, 19), our apparent 
inability to detect dairy fats must stem Erom 
compositional alteration through decay during 
burial. As a test, we examined the triacylglycerol 
distributions of milk fat from Eresh milk and of 

ruminant adipose fat after decay in the laboratory 
when absorbed into unglazed replica ceramic 
sherds (Fig. 1). Over a short time, the distribution 
of lipid components in milk transformed into a 
distribution more closely resembling that of the 
adipose fat through preferential hydrolysis of the 
short-chain acyl moieties as a result of reduced 
steric effects at ester linkages in triacylglycerols 
as compared with their long-chain counterparts 
(20). Once released Erom triacylglycerols by hy- 
drolysis, the short-chain fatty acids are apprecia- 
bly more water soluble (and volatile) than their 
long-chain counterparts (21). This experiment 
confms that selective decay of milk lipids leads 
to a distribution of fatty acids resembling that of 
adipose fats. Hence, although the fats preserved 
in archaeological pottery in principle offer an 
excellent source of information concerning the 
exploitation of dairy products by early farmers, 
our ability to recognize them through chemical 
analysis has been thwarted because of diagenetic 
alteration during burial. 

The S13C values are diagnostic, however. We 
analyzed by GC-C-IRMS fats extracted Erom 
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Fig. 2. Plot of the 613C values of the major n-alkanoic acid components (C,,., and C,,:,) of the lipid 
extracts from potsherds from (A) West Cotton (late Saxon to early medieval) and (B) Stanwick (Iron 
Age-Romano-British). The archaeological fats (solid circles) cluster near the reference adipose and milk 
fats (bovine and ovine). In the case of West Cotton, nonruminant (porcine) adipose fats have also been 
identified. The mixing curves (dashed lines) have been calculated (25) to illustrate the S13C values that 
would result from the mixing of ovinelbovine and porcine fats in the vessels. The encircled fields 
encompass the ranges for reference animal fats, with the ranges crossing at the arithmetic mean. The 
numbers of different reference fats analyzed were as follows: pig adipose fat, 4; ruminant adipose fat, 
9 (3 cow and 6 sheep); chicken adipose fat, 8; milk fat, 7 (6 cow and 1 sheep). All the animals were raised 
on C, diets. The more depleted S13C values for the C,, fatty acid in the milk fats arises through routing 
of a large proportion of fatty acids directly from the diet (after biohydrogenation) to milk production. 
The S13C values for the fatty acids in the reference fats have been corrected for the post-Industrial 
Revolution effects of fossil fuel burning, which has decreased the 613C value of atmospheric CO, by 
1.2%0 since the middle of the 19th century (26). The letters adjacent to the points in (B) correlate w ~ t h  
the triacylglycerol distributions shown in Fig. 3 and correspond to the following types of domestic 
archaeological vessels: a, b, e, f, h through m, p, r, and s are jar-form vessels of various sizes; c is a 
mortaria; d is a ceramic lid; g and n are flanged and wide bowls, respectively; and i, o, and q are small 
dishes. There was no obvious correlation between vessel form and the type of fat they contained. 
Analytical precision is i0.3%0. 
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pottery vessels recovered from the late Saxon to 
early medieval site of West Cotton, Northamp­
tonshire, UK, and from the Iron Age-Romano-
British site of Stanwick, also in Northampton­
shire, and compared the results with those from 
ruminant and nonruminant modem reference fats 
(Fig. 2). At West Cotton (Fig. 2A), the archaeo­
logical fats cluster in the range of the ruminant 
and nonniminant reference fats, whereas the ex­
tracts from Stanwick (Fig. 2B) are biased toward 
ruminant fats, and several analyses indicate mix­
tures of ruminant and nonruminant adipose fats 
and appear to show that different fats were pro­
cessed in the same vessels. 

In several of the ancient fats, the C18:0 

fatty acid is depleted in 13C as compared with 
the other remnant fats obtained from the ar­
chaeological vessels. Consideration of the 
biochemistry and physiology of milk produc­
tion in ruminant animals (17, 22) and subse­
quent analysis of reference milk fats obtained 
from sheep and cattle reared on a C3 pasture 
indicate that these 13C-depleted fatty acids 
originate from milk fat. The 813C values for 
the reference milk fats plot close to the values 
obtained for the archaeological fats contain­
ing the more depleted C18 fatty acids. 

The distinctive trends seen in the 813C val­
ues of the dairy product C16.0 and C18.0 fatty 
acids reflect their different biosynthetic origins. 
The C16:0 component in milk is synthesized 
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largely in the mammary gland de novo from 
acetate (derived mainly from dietary carbohy­
drate). The C18.0 component derives in part 
directly from the dietary fatty acids, mainly 
C18:2 and C18:3, by biohydrogenation (bacterial 
reduction) in the rumen and in part from other 
sources, such as mobilization of adipose fatty 
acids (Fig. 3). During lactation, it has been 
found that —40% of milk fat is derived directly 
from absorbed dietary fatty acids, correspond­
ing mainly to C18 components (17, 22). In 
ruminant adipose fats, the C16:0 and C18:0 fatty 
acids are also derived from a combination of 
dietary lipids and de novo synthesis; however, 
the enhanced routing of dietary fatty acids di­
rectly to milk during lactation gives rise to the 
more negative 813C values for the C18:0 fatty 
acid of milk fat as compared with the adipose 
fat of animals feeding on the same diets. The 
more negative 813C values [~-32.5 to -35 per 
mil (%o)] seen for C18:0 in milk is similar to the 
depleted values recorded for the major unsatur­
ated C18 fatty acids in pastures and fodders: 
-35%o (the weighted mean for C18 fatty acids in 
grass). Thus, our data show that milk and adi­
pose fats from animals raised on similar diets 
are separable on the basis of the comparison of 
the 813C values of C16:0 and C18:0 fatty acids 
and that this provides the basis for determining 
the presence of milk fat in archaeological pot­
tery. The trend is seen for both cows and sheep 
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Fig. 3. Histograms showing the distributions of triacylglycerols of equal carbon number in total 
lipid extracts from potsherds from the Iron Age-Romano-British vessels recovered from excava­
tions at Stanwick. Distributions a through m correspond to those displaying S13C values charac­
teristic of ruminant adipose fats, whereas n through s correspond to those displaying S13C values 
characteristic of milk fat. The identification of the origins of these fats is supported by comparison 
with the triacylglycerol distributions, notably the higher abundance of C40 to C46 components 
(solid bars), which characterize degraded milk fat (compare with Fig. 1B). 

because the mean value obtained for the refer­
ence cows' milk C18.0 fatty acid was -34%o and 
that of the sheep's milk was -33.8%o. 

The triacylglycerol distributions (Fig. 3), 
derived by high-temperature GC (23), for the 
extracts in Fig. 2B provide further informa­
tion. Those displaying the heavier 813C val­
ues for their C18 fatty acids more closely 
resemble the distribution characteristic of 
fresh adipose fat (Fig. 1C) than that of either 
fresh (Fig. 1A) or degraded (Fig. IB) milk 
fat. The distributions for the vessels yielding 
the lighter 813C values show a remarkably 
close correspondence to the laboratory-de­
graded milk fat (Fig. IB). Although the tri­
acylglycerol distributions support the isotopic 
differences between the various animal fats, 
the 813C values offer a more robust criterion 
because intact triacylglycerols are frequently 
not preserved in ancient pottery as they are 
completely hydrolyzed to their component 
free fatty acids. 

Because the trends seen in the 813C 
values of the individual fatty acid compo­
nents of animal fats reflect the fundamental 
difference in the 813C values of the fatty 
acids and carbohydrate components (~5%o) 
of typical forage and fodder materials (24), 
this method can be applied at any archae­
ological site. 
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Pb Isotopic Variability in Melt 
Inclusions from Oceanic Island 

contents and are associated with Ca- or Mg-rich 
volatile-bearing silicate glasses or cryptocrys- 
talline ground mass (up to 15% volatiles) and 
phonolitic glasses (Table Wl). The major ele- 
ment com~ositions of the carbonates and sili- 
cate glasses from Mangaia are similar to those 

Basalts, Polynesia reported for metasomatised mantle xenoliths 
(for example, Spitsbergen) (10) and are incon- 

A. E. Saal, S. R. Hart, N. Shimizu, E. H. Hauri, G. D. Layne sistent with the experimental data for liquid 
immiscibility (11) (Fig. 1). The phase relations 

Previous studies have suggested that melting processes are responsible for the shown in Fig. 1 indicate that none of the Man- 
trace element variability observed in olivine-hosted basaltic melt inclusions. gaia silicate glass and carbonate globule com- 
Melt inclusions from three individual lava samples (two from Mangaia, Cook 
Islands, and one from Tahaa, Society Islands) have heterogeneous Pb isotopic 
compositions, even though the erupted lavas are isotopically homogeneous. The 
range of Pb isotopic compositions from individual melt inclusions spans 50 
percent of the worldwide range observed for ocean island basalts. The melt 
inclusion data can be explained by two-component mixing for each island. Our 
data imply that magmas with different isotopic compositions existed in the 
volcanic plumbing system before or during melt aggregation. 

positions from the melt inclusions represent 
equilibrium immiscible liquids; they are too far 
removed from the miscibility gap, well inside 
the forbidden volumes of the primary silicate 
and carbonate liquidus, respectively (11). Pre- 
vious work on carbonate-bearing mantle xeno- 
liths suggested that dolomite and magnesian 
calcite represent primary melts, calcite is a solid 
phase crystallizing from a carbonated silicate 

Studies of oceanic basalts have shown that the some recycled oceanic crust (6). melt, and amorphous magnesite-ankerite phas- 
mantle is isotopically heterogeneous (I). How- We recovered olivine (Fosterite content es are formed as a result of the breakdown of 
ever, the nature, distribution, and scale of these ranging from 84 to 89%) and clinopyroxene- primary carbonate minerals (10, 11). Mangaia 
heterogeneities remain problematic. The aggre- hosted melt inclusions from two primitive ba- silicate glasses record a complex history of 
gation of melts on their way to the surface, and salts from Mangaia (olivines and clinopy- crystal fractionation and probably in some cases 
mixing in magma chambers before eruption, roxenes from sample MGA-B-25, ankaramite; (Mg-rich volatile-bearing glasses) decompres- 
can obscure the chemical and isotopic signa- 
tures of preaggregated melts. Trace and major 
element studies of olivine-hosted melt inclu- 
sions have been successful in defining the 
chemical composition of preaggregated melts. 
However, the lack of isotopic information in 
melt inclusions has made it difficult to distin- 
guish whether these melt compositions repre- 
sent different extents of melting from a single 
source (2) or originate from different source 
compositions. Here we present a study of Pb 
isotopes of melt inclusions from three geo- 
chemically well-characterized basalt samples 
(3, 4) (two from Mangaia, Cook Islands, and 
one from Tahaa, Society Islands chain) that 
reveal a large range in Pb isotopic values. The 
isotopic compositions of bulk samples from the 
Mangaia and Tahaa islands are very similar to 
two separate mantle compositions known as the 
HIMU mgh-UPb mantle) and EM11 (enriched 
mantle 2) end members, respectively (5). The 
major and trace element compositions of these 
lavas have been explained as resulting from 
melting from a single mantle source containing 

A. E. Saal, 5. R. Hart, N. Shimizu, C. D. Layne, Depart- 
ment of Geology and Geophysics, Woods Hole 
Oceanographic Institution, Woods Hole, MA 02543, 
USA. E. H. Hauri, Department of Terrestrial Magne- 
tism, Carnegie Institution of Washington, 5241 Broad 
Branch Road, N.W., Washington, DC 20015, USA. 

and olivines from sample MGA-B-47, picrite). 
Many of the inclusions now contain Ti-augite, 
Cr-spinel, ilrnenite, kaersutite, sphene, apatite, 
and phlogopite that crystallized after entrap- 
ment of the melt (7) (see supplementary data in 
Table W 1 at www.sciencemag.org/feature/data/ 
984333.shl). Some melt inclusions (=7%) from 
both samples contain coexisting silicate glasses, 

sion-induced dissolution or reaction of previ- 
ously crystallized phases in volatile-rich melt 
inclusions (8, 10, 11). The carbonate observed 
in Mangaia melt inclusions crystallized from a 
primitive C0,-rich magma in the lithosphere at 
pressures lower than 2.5 GPa (11). 

The silicate glasses and carbonate globules 
from the Mangaia melt inclusions have a range 

Fig. 1. (50, + AI,O, + TiO,) - (MgO + FeO*) MgO + FeO' 
- (CaO) - (Na20 + K20) in a percent-by- 
weight-generalized pseudoquaternary phase 
diagram at 1.0 CPa (TO),  showing the major 
element composition of silicate glasses and 
carbonate globules from Mangaia melt inclu- 
sions and from Spitsbergen mantle xenoliths 
(9). The figure shows the three major liquidus ~ ~ ~ ~ $ t y g a  
volumes (the miscibility gap and the silicate 
and carbonate liquidus fields) and the liquidus Silicat 
surfaces between them. Contours and values liquid 
for (MgO + FeO*) of the surfaces are also 
shown as boxed numbers. Solid triangles, glass 
1; solid diamonds, glass 2; dotted circle, glass 3; 
solid square, solid circle, and open triangle, 
carbonate globules; open diamonds, silicate Si 

glasses and carbonate globules from Spitsber- + Ti02 Silicate-Carbonate liquidus 
surface boundary 

gen xenoliths (9); open circle and open square, 
whole-rock lavas from Mangaia (MAC-B-47 and MAC-B-25, respectively) (4). The small circles are 
the projections of each point from the (MgO + FeO*) vertex onto the basal plane of the 
tetrahedron. The composition of the Mangaia silicate glasses and carbonate globules is very similar 
to the composition of those found in Spitsbergen xenoliths. The phase relationships at 1.0 CPa (also 
at 2.5 CPa, not shown in figure) indicate that none of these carbonate compositions represent 
equilibrium-immiscible liquids. See Table W1 for supplementary data. 
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