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exponentially over the past 100 years due to the development of the U-Pb system 

in zirconium-rich minerals zircon (ZrSiO4 2

radioactive isotopes, U and 

products to the stable isotopes of 206Pb and 
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sion and accuracy of U-Pb zircon ages has increased drastically over the last century, 

mostly due to advances in instrumentation and the development of clean laboratory 

th

zircon as an excellent mineral for chemical dating because of its inertness (Strutt, 
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18O 
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hydrothermal alteration or crustal contamination results in heavier isotopic composi-
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elemental geochemistry of the dykes indicates that they are not the products of melt-
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18O value for one of the 

retain U-Pb isotopic information even if the oxygen isotopic systematics have been 
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and since this mineral has many similar properties to zircon it is an ideal target for 

spectroscopy, trace-element analysis and oxygen isotopic analysis are used to deter-
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baddeleyite SIMS oxygen isotopes
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utilized to provide information on the origin and evolution of these rocks, such as 
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attention despite its potential for providing important information on the origin of 

composition could also be used to help understand complex U-Pb systematics, such 

composition of baddeleyite, and in both the oxygen isotopic information from 

18O 

18

18

oxygen isotopic analysis, as baddeleyite crystals are typically very small and their 

in SIMS analyses of other minerals that are related to both crystal chemistry and 
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referred to as matrix effects and could be potentially important processes affecting 

carbonatite complex South Africa and a baddeleyite megacryst from the Mogok 
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18O values in igneous calcite and dolomite 

18O compositions of metamorphic calcite, dolomite and zircon from 
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indistinguishable near concordant ages of 2181 ± 2 Ma ( Pb/206

2



18

18O, 16

+

16O- 18O-

16O- 



19

18O/16

of these grains over the course of the session provided the means to correct for 

18O  
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conducted on several pits throughout the analytical period to check reliability and 

-1, especially for metamict samples, a broad background feature at 
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t a a
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baddeleyite crystals
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18O results 

although there is slightly more dispersion in the SIMS data for certain analytical 

18

18
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18O and structural features observed during imaging, such as 

18

randomly oriented fragment of Mogok, corrected only for instrument drift produced 

18

18O compositions of individual baddeleyite grains, similar to 

18
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crystal orientation causes isotopic fractionation in other elements during sputtering 

process may also cause bias during baddeleyite analysis due to the high U content 

2 
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~1000 atomic displacements (this is the case for zircon, it may be slightly different 

Pb+

effect of metamictization in baddeleyite on SIMS oxygen isotope measurements, 

crystallographic system and is highly sensitive to the short-range order of the analyzed 

1 2h, standard group theory 

g g

g g

g

-1 because it is a strong band in all crystal orientations and therefore easy 
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at 1000

isotopic compositions of annealed and non-annealed grains are indistinguishable 

U-Pb dating of baddeleyite by ion microprobe has previously indicated that grain 

orientation has an affect on the yield of Pb and U ions leading to imprecise and 

inaccurate 206Pb/ U ratios by 

related matrix effects have also been discovered in isometric iron oxide minerals 

+

ion beam is parallel to the set of directions < uv0> from 110 to 100 in cubic minerals 
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that there is no obvious orientation effect at the precision of the analyses achieved 

orientation-related feature that needs to be evaluated is the common occurrence of 

discovery of the heterogeneous distribution of metamictization, providing insight into 
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fragments annealed at 1000 

 and placed back into mass spectrometer and the exact 

18

since each analysis before and after rotation ablate a small portion of the sample, 
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18OSIMS correction from the 
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18Ozircon
18Obaddeleyite zircon-baddeleyite(106 2

18Ozircon
18Obaddeleyite  

U-Pb ages prove that zircon and baddeleyite crystallized at the same time, a feature 

that is often assumed and not proven during stable isotopic studies on other mineral 
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Pb/206

there has been some alteration since there are thin alteration rims on some grains, 

has been very little oxygen isotopic exchange and the zircon oxygen isotope analyses 
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18O than average mantle 

18O continental crust during emplacement and the zircons 

crystallized after the magma had become enriched in 18
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18O value is correct, 
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18O isotopic exchange 

18O composition seen in the 

homogeneous in its oxygen isotope composition despite experiencing the exact same 
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baddeleyite dataset, the dominant feature is that most of the baddeleyite oxygen 

is that the same suite of baddeleyite crystals potentially record close to concordant 

U-Pb age information, the original oxygen isotopic composition of the magma, and 
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potential baddeleyite standard material that has a more homogeneous oxygen isotopic 

18

can record original oxygen isotopic compositions that are in high temperature 

hydrothermal alteration yet the same crystal suite can produce near concordant U-Pb 
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Figure 2.1. SIMS oxygen isotopes
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Figure 2.2. Metamictization
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Figure 2.3. Orientation
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Figure 2.4. Orientation 2
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Figure 2.5. Possible calibration bias
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Figure 2.6. Duck Lake sill concordia diagram
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Figure 2.7. Duck Lake sill oxygen isotopic data
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Figure 2.8 Oxygen isotopic fractionation between quartz and oxide minerals using the site po-
tential method
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Mogok (S0069) Phalaborwa (S0045) Zircon Standards

(wt.%) averagea averageb Heaman, 2009c Temorad Mudtanke

ZrO2f 97.68 (0.35) 97.89 (0.23) 97.92 64.94 (0.27) 64.83 (0.37)

HfO2g 1.83 (0.06) 1.92 (0.05) 1.79 1.19 (0.07) 1.35 (0.06)

SiO2h 0.00 (0.00) 0.01 (0.01) 0.05 32.91 (0.08) 32.99 (0.07)

TiO2i 0.5 (0.13) 0.42 (0.09) 0.01 (0.01) 0.01 (0.01)

UO2j 0.11 (0.08) 0.01 (0.02) 0.07 0.01 (0.01) 0.00 (0.00)

Nb2O5k 0.08 (0.06) 0.06 (0.06) 0.03 (0.04) 0.02 (0.04)

Total 100.32 (0.37) 100.43 (0.25) 99.83 99.21 (0.22) 99.28 (0.4)

(ppm) l m n NIST 612o % devation from recom-
mended value

Sc 283 (14) 417 (35) 243 41.0 0.1

Sr 0.1 (0.1) 2 (4) 76.2 2.7

Y 6 (2) 16 (3) 12 38.2 0.4

Nb 897 (187) 354 (129) 422 38.2 4.6

Ba 0.2 (0.4) 6 (10) 37.7 4.9

Ag 83 (19) 81 (11) 21.9 0.3

La 0.4 (0.7) 0.4 (0.5) 0.6 35.7 0.3

Ce 0.1 (0.1) 6 (2) 4.1 38.3 0.4

Pr 0.2 (0.3) 0.3 (0.5) 0.23 37.1 0.1

Nd 1.4 (3.4) 1.2 (1.9) 0.99 35.4 2.1

Sm 0.2 (0.3) 0.5 (0.8) 1.3 36.6 3.9

Eu 0.1 (0.1) 0.2 (0.2) 0.35 34.4 1.9

Gd 0.2 (0.3) 0.9 (0.6) 1.7 36.8 0.6

Tb 0.05 (0.1) 0.2 (0.1) 0.36 35.9 0.5

Dy 0.2 (0.3) 2 (0.6) 2.6 35.9 0.1

Ho 0.1 (0.1) 0.5 (0.1) 0.73 37.7 0.6

Er 0.1 (0.2) 1.9 (0.5) 2.2 37.3 2.0

Tm 0.04 (0.04) 0.4 (0.1) 0.4 37.4 1.4

Yb 0.2 (0.3) 2.9 (0.8) 3.7 39.8 1.6

Lu 0.04 (0.04) 0.5 (0.1) 0.53 37.6 1.8

Ta 500 (128) 148 (69) 139 39.6 0.9

Pb 0.9 (1.4) 1.7 (2.3) 39.0 1.6

Th 0.3 (0.4) 7.9 (13.1) 8 37.1 1.9

U 2030 (393) 417 (200) 702 37.2 1.4

average based on 29 laser ablation quadrupole ICP-MS anayses of a single crystal d, average based on 29 analyses e, average based on 30 analyses f, standard-
ized using ZrO2 h, standardized using hafnon i, standardized using rutile j, standardized using UO2 k, standardized using Nb metal l, average based on 23 
laser analyses m,  average based on 32 laser analyses n, trace-element values of Phalaborwa reported by Heaman, (2009) o, average of 7 analyses of NIST 612 
obtained during analytical session

Table 2.1. Baddeleyite chemistry
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Mogok (S0069)

Laser Fluorination Analytical session 5 Analytical session 6

aM0120 aM0175

bIP12037 bIP13092

δ18O 2σ (‰) δ18O 2σ (‰) δ18O 2σ (‰)

20.03 0.20 20.89 0.24 21.40 0.25

20.69 0.20 20.92 0.20 21.52 0.23

20.74 0.20 20.95 0.20 21.64 0.23

21.15 0.20 20.99 0.17 21.67 0.24

21.18 0.20 21.01 0.19 21.71 0.21

21.18 0.20 21.02 0.20 21.76 0.24

21.41 0.20 21.02 0.22 21.81 0.24

21.50 0.20 21.08 0.15 21.82 0.21

21.08 0.21 21.93 0.24

Median for calib 21.17 21.09 0.21 21.97 0.23

21.10 0.18 21.98 0.22

21.10 0.17 22.02 0.22

21.10 0.23 22.06 0.25

21.16 0.24 22.08 0.22

21.16 0.20 22.08 0.24

21.18 0.19 22.11 0.23

21.19 0.22 22.31 0.21

21.23 0.20 22.31 0.26

δ18O
(‰)=((18O/16OSample)/(18O/16OVSMOW )−1)*1000 18O/16OVSMOW =0.0020052 (Baertschi, 1976).
2σ (‰) is the internal error
Phalaborwa and Mogok analyses were calibrated internally to the median values of the Laser Fluorination data
a = CCIM Mount number, b = CCIM Ion Probe number

Table 2.2. Oxygen isotope data
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Phalaborwa

S0045 S0045Da S0045b S0045c

Annealed at 1000°C 1st analysis Rotated 90°

δ18O 2σ (‰) δ18O 2σ (‰) δ18O 2σ (‰) δ18O 2σ (‰) 

3.55 0.30 3.56 0.28 3.28 0.11 3.61 0.22

3.85 0.28 3.94 0.29 3.81 0.17 4.48 0.22

3.87 0.30 3.97 0.31 3.89 0.14 3.79 0.24

3.90 0.30 4.09 0.29 4.05 0.13 4.04 0.23

3.93 0.30 4.15 0.31 4.06 0.13 4.13 0.26

3.98 0.28 4.19 0.29 4.12 0.13 4.16 0.22

4.02 0.28 4.22 0.30 4.23 0.10 4.45 0.23

4.18 0.27 4.28 0.29 4.27 0.14 4.11 0.23

4.19 0.28 4.36 0.30 4.34 0.17 4.56 0.25

4.20 0.29 4.37 0.30 4.37 0.15 4.39 0.23

4.28 0.28 4.39 0.29 4.37 0.14 4.46 0.22

4.34 0.28 4.43 0.28 4.39 0.10 4.27 0.23

4.38 0.27 4.45 0.30 4.41 0.14 4.55 0.25

4.42 0.28 4.49 0.31 4.42 0.11 4.42 0.23

4.42 0.29 4.50 0.27 4.43 0.15 4.74 0.23

4.45 0.29 4.52 0.29 4.44 0.12 4.57 0.23

4.59 0.29 4.58 0.27 4.44 0.12 4.78 0.24

4.65 0.28 4.58 0.29 4.45 0.15 4.46 0.24

4.74 0.29 4.59 0.30 4.46 0.14 4.39 0.22

4.75 0.28 4.59 0.28 4.47 0.11 4.50 0.22

4.79 0.29 4.61 0.29 4.49 0.13 4.45 0.23

4.79 0.28 4.62 0.30 4.49 0.15 4.57 0.24

4.79 0.28 4.66 0.30 4.56 0.14 4.29 0.24

4.81 0.29 4.67 0.27 4.57 0.15 4.39 0.22

4.83 0.27 4.69 0.30 4.59 0.13 4.50 0.25

4.83 0.31 4.71 0.28 4.71 0.14 4.79 0.22

4.84 0.29 4.72 0.27 4.79 0.13 4.81 0.23

4.74 0.27

δ18O (‰)=((18O/16OSample)/(18O/16OVSMOW )−1)*1000 18O/16OVSMOW =0.0020052
2σ (‰), is the internal error
a, Phalaborwa crystal annealed at 1000°C for 48 hours to reduce the effects of metamictization
b, first analysis of Phalaborwa crystals 
c, re-analysis of the same spots as (b) after a 90° rotation of the sample mount

Table 2.3. Rotation and annealing test data
Rotation and Annealing test
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Phalaborwa (S0045) Mogok (S0069)

α18O from S0069 α18O from S0045

δ18O* 2σ (‰) Difference from 
LF median

δ18O* 2σ (‰) Difference from 
LF median

3.00 0.18 -1.44 22.26 0.29 1.09

3.10 0.20 -1.34 22.43 0.29 1.26

3.42 0.24 -1.02 22.25 0.28 1.08

3.69 0.20 -0.75 21.93 0.30 0.76

2.19 0.20 -2.25 21.90 0.31 0.73

2.04 0.20 -2.40 22.16 0.28 0.99

1.95 0.25 -2.49 21.58 0.30 0.41

2.11 0.20 -2.33 21.73 0.28 0.56

2.00 0.19 -2.44 21.41 0.29 0.24

1.86 0.18 -2.58 21.85 0.28 0.68

2.37 0.21 -2.07 21.86 0.30 0.69

2.22 0.22 -2.22 21.81 0.30 0.64

2.31 0.21 -2.13 21.87 0.30 0.70

3.58 0.23 -0.86 21.90 0.29 0.73

formula for calculation of α18O and δ18O* are avaliable in the main article
2σ (‰), is the internal error
laser flourination median for phalaborwa is δ18O = 4.47‰ and δ18O = 21.17‰ for Mogok

Table 2.4. Calibration test data
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Duck Lake baddeleyite Duck Lake zircon

α18O from S0069

δ18O* 2σ (‰) δ18OSMOW 2σ (‰)

-1.07 0.19 5.55a 0.21

0.34 0.23 5.75 0.18

0.94 0.23 5.80 0.19

0.95 0.17 5.85 0.20

1.03 0.19 5.88 0.15

1.08 0.19 5.91 0.18

1.26 0.20 5.95 0.19

1.27 0.20 5.98 0.22

1.38 0.21 6.01 0.17

1.41 0.20 6.02 0.18

1.49 0.22 6.10 0.18

1.52 0.21 6.14 0.18

1.58 0.21 6.21 0.22

1.65 0.22

1.65 0.19

1.71 0.21

1.72 0.20

1.79 0.23

1.81 0.24

1.81 0.22

1.83 0.23

1.83 0.21

1.83 0.22

1.89 0.19

1.91 0.23

1.92 0.19

1.95 0.25

1.95 0.16

1.96 0.24

2.01 0.21

2.01 0.20

2.04 0.23

2.10 0.20

2.10 0.20

2.11 0.20

2.11 0.24

2.12 0.21

2.16 0.21

2.16 0.23

2.17 0.22

2.18 0.21
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2.19 0.17

2.20 0.20

2.22 0.23

2.27 0.25

2.34 0.19

a = altered zone
2σ (‰), is the internal error
formula for calculation of α18O and δ18O* are avaliable in the main article

Table 2.5. Duck Lake sill oxygen isotope data
Duck lake sill baddeleyite and zircon results
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dykes, dated previously using high precision U-Pb baddeleyite geochronology, 

southern, based on the presence of orthopyroxene-bearing gneiss in the central 

unit, and strongly deformed amphibole-biotite gneiss in the southern and northern 
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More recently and mainly due to of the application of in-situ ion microprobe U-Pb 



66

Despite the heterogeneous distribution of protolith and metamorphic ages throughout 



67

U-Pb zircon and monazite ages from the Assynt terrane indicate there is evidence 



68

and an Sr/86



69

updated 

the U-Pb baddeleyite age of 2,418 Ma obtained from a picritic dyke in the Assynt 

geochronology has focused on the picritic and olivine gabbroic compositions, due 



70



71

have been partially to completely pseudomorphed by magnesiohornblende that often 



72

Most of the zircon and baddeleyite separated during this study are extremely small 

Pb-



73

208Pb has been produced by the decay of 

U-Pb age determinations for baddeleyite and zircon extracted from the dykes during 

this study, using the U and 



74



75

Pb/206Pb ages that are younger than other analyses 

Pb/206

is slightly more precise but indistinguishable from the single analysis, yielding an 



76

length and another population containing tabular/sub-rounded grain fragments that 

Pb/206Pb ages 

Pb/206

Pb/206
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for analysis, yielded slightly discordant results and an upper intercept age of 2480 



78

prismatic grains processed for U-Pb geochronology produced analyses ranging from 

206Pb/204Pb 



79



80



81

Oxygen isotopic analysis of the dolerite and olivine gabbro dykes indicate that they 

In addition to the emplacement ages of the dykes, the U-Pb data also provide 



82

sampled the least deformed areas of the dykes, in an effort to avoid or at least 



83



84

and rounded morphologies that indicate  some crystals may have a xenocrystic or 



85

Pb/206



86

206Pb/204

206Pb/204

zircons and the mol % 206

Pb to either the blank or common Pb at the time of zircon formation can easily create 



87

the picritic and noritic dykes being more enriched than the gabbroic and doleritic 

are thought to originate from a metasomatically enriched mantle peridotite melting at 



88

the Assynt terrane suggesting that they could be from the same source (Mason and 

the degree of partial melting of the same source could explain the Zr/Y differences 

18



89

supracrustal units have been linked despite slight differences in lithology, to the 



90

are commonly attributed to mantle plume activity or lithospheric delamination 

to the Scourie dykes since they represent Silurian and Devonian extension related to 



91

break up, it may be possible to reconstruct the position of the continents using the 

dykes in different locations need to be the same age, their paleolatitude needs to be 

the same or close, the dyke geochemistry needs to indicate that they formed from 



92

based on geochronology and paleomagnetism information alone, the feeder dykes to 



93

dyking of similar age, geochemistry and paleolatitude might be expected in its 

beyond the scope of the present paper to provide an exhaustive comparison of global 

Paleoproterozoic
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of the Atlantic and their close association throughout the Proterozoic and Archean 

possible and could provide evidence for an origin linked to a common large igneous 



95

In summary, consideration of the dyke geochemistry, paleolatitudes, and regional 
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Figure 3.1. Geological Map
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Figure 3.2. Thin Sections
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Figure 3.3. Concordia Diagrams
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Figure 3.4. CL images
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Figure 3.5. Worldwide dyke ages
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Figure 3.6. Geochemistry

5

10

15

20

25

30

Z
r/

N
b

PM

N-MORB

E-MORB

Fractional crystallization

Depleted 
source

Enriched
source

0 50 100 150 200 250
Zr (ppm)

0

10

20

30

40

50

Y
 (p

pm
)

Zr/Y
 = 

3.2
 N

-M
ORB

Zr/Y = 8.5 E-MORB

increase
in degree of 

melting

1

10

100

2

3

4
5
6
7
8

20

30

40
50
60

80

 P
ri

m
at

iv
e 

M
an

tle
 N

or
m

al
iz

ed

Ba Rb Nb La Ce Pr Sr Nd Zr Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

Scourie dolerite
OH
Bangalore 
Grædefjord

A

B

C

2.4 Ga
? Ga

2.36 Ga
2.36-2.37 Ga



103

Table 3.1. Mineral abundances
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In magmatic systems, oxygen isotopes are used to probe the origin of magmas, de-

composition of a rock can be altered through geological processes, such as meta-

Zircon is one of the most robust recorders of the oxygen isotopic composition of 

a magmatic rock because it can retain its original isotopic signature through high-
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-

-

-

-

-

better evaluated through a combination of Raman spectroscopy and trace-element 
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both the diffusion reaction and dissolution re-precipitation models are end members 

Radiation damage and structural recovery is further complicated by the overall tem-

perature of the hydrothermal system since structural damage due to a radiation can 

During both methods of hydrous recovery from metamictization, zircon exchang-
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result in complete resetting of the oxygen isotopic composition and should create a 

In addition to the chemical differences described above, structural recovery through 

diffusion or dissolution re-precipitation produces very distinctive Raman spectro-
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to defect annealing and the recovery of short-range disordered crystalline domains 
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geochemical analysis of the grains, since thermal annealing is unlikely to reset any 

 (SiO4

experienced partial recovery of its radiation damage through a diffusional process, 
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tion damage accumulates both short-range and long-range disorder in the crystal and 
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lution reaction is thought to be controlled by a dissolution front possibly character-

inclusions but the crystalline sections of the grains should be perfectly crystalline 
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cipitation reactions should have a Raman response similar to crystalline zircon (A in 

zircon should accumulate radiation damage along the radiation damage trend (move 
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-
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bounding the fault zone contain metamorphic actinolite replacing hornblende and 
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Previous oxygen isotopic studies of the Scourie dykes have indicated that the dykes 
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18O fractionation, and the surrounding gneisses 
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-
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order is introduced to the crystal structure (though elemental substitutions, metam-
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phonon peaks, therefore only removing the background (and the amorphous compo-

1 (SiO4  (SiO4
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surement error is perfectly accounted for by the model, values greater than or less 
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18O isotopic compositions and SIMS spot locations are 
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18O compositions since the 
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composition of this common Pb, mean that producing an accurate crystallization age 
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formed around this time, and similar to other zircon populations from Scourie dykes, 

Eorna zircons being depleted in SiO2 and ZrO2 
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 (SiO4

x1018 18
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-1 and 
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It is possible that the zircon could have obtained its seemingly altered composition 

continental crust or the entrainment of xenocrystic zircon could create the apparent 

-

-

18O 

18

-
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2+ for Zr4+ or Si4+ 2+ 

4+ or Si4+ 4+

2+ + 4+
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-
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2+
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-

the Raman results from the Scourie zircons appear to indicate they have undergone 
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suggest that the mylonitization along the Moine thrust nappe reached temperatures 

-

-

recrystallization, if it is assumed that the recrystallization occurred at the time of 



149

-

. ( ) . ( ) ( )D M
cU N e M

cU N e M
cTh N e8 10

0 9928 1 7 10
0 0072 1 6 10 1A t A t A t

238
6

238

235
6

235

232
6

232$
$

$ $
$ $

$
$ $

$ $
$
$

$a -+-+-= mmm

A -

ber, M , M  and M  are the decay 

constants for each parent isotope and t is the amount of time radiation damage has 

 (SiO4



150

-

 (SiO4

x1018 -1

-

should accumulate radiation damage over time, since they are thought to have stored 

all of their radiation damage since crystallization and have not undergone any ther-
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rock?
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zircon is isotopically heavier than the fresh zircon and therefore indicates oxygen 

18

18

18

-

18

18

a relatively undisturbed area of the grain and records a value close to the magmatic 

18
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18 18O 

values recorded by the zircon are likely to be the least altered and therefore closest 

18

contain epidote group minerals, and highly saussuritized plagioclase, visible in thin 

18O than the 

18O and least altered zircon values can be used to 

18 -

18

18

18

18O compositions, although 

18O 

18O signature for Scourie magmas is variable, and 
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18O values indicate that rocks in the source region of the 

18O 

18O composition 

-
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altered zircon populations, and identify zircons, or areas of zircon grains, that retain 
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18O component must be more 
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Figure 4.1. Raman model
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Figure 4.2. Geological map
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Figure 4.3. Concordia diagram
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plotted for all of the samples using each model, the data are in order of increasing peak center produced 
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Figure 4.5. CL images
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Figure 4.6. Whole rock and zircon oxygen isotopes
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Figure 4.7. Zircon trace-elements 

2 vs ZrO2
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Figure 4.8. Linewidth vs frequency 

4

1008

1006

1004

1002

1000

998

996

Poll Eorna
Graveyard

Lochan Fearna
JD09-2

Loch na h
N. Assynt

NAPI
Loch a'Choin
Badcaul Bay

Low Ca <100 ppm

A3(S
iO

4) 
(c

m
-1
)

1010

Radiation Damage Trend

1008

1006

1004

1002

1000

998

996

994
0 5 10 15 20 25 30 35

3(SiO4) (cm-1)

High Ca >100 ppm

B

Radiation Damage Trend



163

Figure 4.9. Raman band vs Ca content
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Figure 4.10. Raman radiation damage accumulation age

4

0
0.

5
1

1.
5

2

0510152025 3(SiO4) (cm-1)

A
lp

ha
 d

os
e 

10
18

 
g

44
0 

M
a

48
0 

M
a

52
0 

M
a

58
0 

M
a

62
0 

M
a

Sa
xo

ni
an

 a
nd

 lu
na

r 
zi

rc
on

s



165

18 18

18O 

0

1

2

3

4

5

6
High Ca (>100 ppm)

W
ho

le
 R

oc
k 

18
O

 

-5 -3 -1 1 3 5 7 9

Zircon with > 1000 ppm Ca

1

2

3

4

5

6

7

W
ho

le
 R

oc
k 

18
O

 
Low Ca (<100 ppm)

Poll Eorna
Graveyard

Lochan Fearna
JD09-2

Loch na h
N. Assynt

NAPI
Loch a'Choin



166

Sa
m

pl
e 

N
am

e
20

6P
b 

(c
ps

)
20

4P
b 

(c
ps

)
20

6P
b(

cp
s)

/2
04

Pb
(c

ps
)

Ra
tio

sa
A

ge
 (M

a)
%

 d
isc

or
da

nc
e

20
7P

b/
20

6P
b

2 
σ

20
7P

b/
23

5U
2 

σ
20

6P
b/

23
8U

2 
σ

ρ
20

7P
b/

20
6P

b
2 

σ 
20

7P
b/

23
5U

2 
σ 

20
6P

b/
23

8U
2 

σ 

N
A

PI
-1

11
49

60
3

40
4

28
45

0.
12

7
0.

00
2

6.
72

7
0.

46
9

0.
38

5
0.

02
6

0.
98

4
20

55
21

20
76

60
20

98
12

2
-2

.5

N
A

PI
-2

19
55

47
7

99
19

67
4

0.
12

6
0.

00
1

6.
32

2
0.

50
1

0.
36

3
0.

02
8

0.
98

9
20

47
21

20
21

67
19

97
13

3
2.

8

N
A

PI
-3

93
01

19
10

2
91

21
0.

12
6

0.
00

1
6.

74
0

0.
45

2
0.

38
7

0.
02

6
0.

98
6

20
48

20
20

78
58

21
08

11
8

-3
.4

N
A

PI
-5

14
82

72
6

14
6

10
13

9
0.

12
3

0.
00

2
5.

00
6

0.
35

8
0.

29
6

0.
02

1
0.

98
5

19
94

22
18

20
59

16
72

10
3

18
.3

N
A

PI
-6

11
69

26
7

76
15

42
0

0.
12

6
0.

00
1

6.
79

2
0.

46
3

0.
39

2
0.

02
6

0.
98

6
20

39
20

20
85

59
21

32
12

1
-5

.4

N
A

PI
-7

13
50

37
3

51
26

28
9

0.
12

6
0.

00
1

6.
72

1
0.

46
3

0.
38

6
0.

02
6

0.
98

6
20

47
20

20
75

59
21

04
12

1
-3

.3

N
A

PI
-8

11
22

24
0

46
24

19
8

0.
12

5
0.

00
1

6.
48

7
0.

46
7

0.
37

5
0.

02
7

0.
98

7
20

35
20

20
44

61
20

53
12

4
-1

.1

N
A

PI
-9

23
82

00
3

26
90

21
1

0.
12

6
0.

00
1

6.
14

4
0.

43
2

0.
35

5
0.

02
5

0.
98

7
20

37
20

19
96

60
19

57
11

6
4.

5

N
A

PI
-1

0
12

19
20

3
35

35
26

7
0.

12
6

0.
00

1
6.

26
7

0.
44

8
0.

36
1

0.
02

5
0.

98
7

20
42

20
20

14
61

19
87

12
0

3.
1

N
A

PI
-1

1
98

84
10

37
26

57
0

0.
12

2
0.

00
1

4.
80

2
0.

37
6

0.
28

5
0.

02
2

0.
98

9
19

87
21

17
85

64
16

18
11

0
20

.9

N
A

PI
-1

2
11

84
47

7
35

34
12

5
0.

12
5

0.
00

1
5.

82
6

0.
46

5
0.

33
9

0.
02

7
0.

99
0

20
24

20
19

50
67

18
82

12
8

8.
1

JD
09

-2
-1

13
47

04
2

11
31

11
91

0.
12

7
0.

00
3

3.
53

1
0.

26
0

0.
20

1
0.

01
4

0.
94

8
20

61
41

15
34

57
11

82
75

46
.6

JD
09

-2
-4

11
74

60
7

24
4

48
22

0.
14

2
0.

00
2

6.
46

8
0.

45
2

0.
33

1
0.

02
3

0.
98

0
22

48
24

20
42

60
18

43
10

9
20

.7

JD
09

-2
-5

24
59

25
8

26
6

92
33

0.
14

7
0.

00
2

6.
14

9
0.

55
0

0.
30

4
0.

02
7

0.
98

6
23

07
26

19
97

75
17

12
13

1
29

.3

JD
09

-2
-6

25
57

67
0

25
33

10
10

0.
14

2
0.

00
3

4.
09

9
0.

34
0

0.
21

0
0.

01
7

0.
97

1
22

46
34

16
54

66
12

29
90

49
.6

JD
09

-2
-7

18
72

97
4

14
5

12
94

4
0.

14
3

0.
00

2
6.

94
2

0.
49

2
0.

35
3

0.
02

5
0.

98
4

22
58

22
21

04
61

19
50

11
6

15
.8

JD
09

-2
-8

11
42

18
1

58
5

19
51

0.
12

2
0.

00
2

3.
15

8
0.

25
8

0.
18

8
0.

01
5

0.
97

0
19

80
35

14
47

61
11

12
80

47
.6

SS
O

G
1-

1
12

69
76

9
45

28
15

5
0.

29
8

0.
00

3
31

.0
19

2.
08

5
0.

75
4

0.
05

0
0.

98
6

34
62

18
35

20
64

36
22

18
1

-6
.1

SS
O

G
1-

2
13

24
02

3
50

26
64

7
0.

29
8

0.
00

3
30

.7
69

2.
08

3
0.

74
9

0.
05

0
0.

98
6

34
59

17
35

12
64

36
05

18
2

-5
.5

SS
O

G
1-

3
87

83
46

25
35

48
9

0.
29

8
0.

00
3

31
.1

99
2.

11
2

0.
75

9
0.

05
1

0.
98

6
34

60
17

35
25

64
36

42
18

3
-6

.9

SS
O

G
1-

4
12

66
58

0
0

0.
29

8
0.

00
3

29
.1

23
1.

98
0

0.
71

0
0.

04
8

0.
98

6
34

58
17

34
58

65
34

58
17

7
0.

0

SS
O

G
1-

5
13

66
97

5
0

0.
29

7
0.

00
3

29
.5

99
1.

98
1

0.
72

3
0.

04
8

0.
98

6
34

54
17

34
74

64
35

07
17

6
-2

.0

SS
O

G
1-

6
12

91
63

2
0

0.
29

7
0.

00
3

29
.6

66
1.

96
0

0.
72

4
0.

04
7

0.
98

5
34

55
17

34
76

63
35

11
17

4
-2

.1

a =
 ra

tio
s n

ot
 co

m
m

on
 P

b 
co

rr
ec

te
d

SS
 =

 S
ec

on
da

ry
 st

an
da

rd

Ta
bl

e 
4.

1.
 U

-P
b 

da
ta



167

D
yke nam

e

Spot 
ID

U-Pb 
age

Oxygen isotopes (‰) Chemistry ν3 SiO4 parameters (cm-1) Alpha 
dose 
1018g-1

δ18O 
whole 
rock

2σa δ18O 
zir-
con

2σ SiO2b ZrO2b Uc Thc Cac  Fre-
quency

Line-
width

χ2/ν 
(reduced 
χ2)

Dyke age

Badcall Bay

3-1 2396.6 
±4.8 
Mad

4.18 0.20 32.07 66.34 555 - 314 999.83 26.80 2.80 5.93

4-1 4.96 0.19 32.09 65.58 537 - 1042 997.58 30.83 4.54 5.54

4-2 4.56 0.19 32.13 65.30 396 - 64 999.09 17.18 1.77 4.09

3-2 4.36 0.19 31.52 64.84 1022 - 2172 1001.50 27.50 5.94 10.54

G
raveyard

10-1 2391.7 
±1.6 
Mad

0.43 0.12 0.32 0.21 31.79 65.64 449 123 28 998.83 12.35 3.44 4.87

10-2 0.42 0.23 31.72 65.92 431 175 71 998.22 14.94 4.48 4.8

3-1 0.35 0.17 31.65 66.56 308 - 35 1000.39 10.00 1.45 3.18

3-2 0.38 0.18 31.99 66.42 317 - - 999.96 12.24 0.89 3.27

5-1 0.38 0.2 32.02 66.95 484 219 21 999.30 11.32 5.27 5.43

6-1 0.51 0.21 32.04 66.35 326 140 35 1000.19 9.70 1.07 3.64

7-1 0.24 0.21 31.81 65.58 423 131 50 998.90 12.99 3.33 4.62

7-2 0.27 0.18 32.00 66.32 431 140 35 1000.34 8.97 1.27 4.73

8-1 0.37 0.18 31.98 66.25 625 263 21 1000.99 9.52 1.40 6.97

9-1 0.33 0.19 32.00 66.23 405 - 128 1000.88 11.30 3.54 4.18

9-2 0.17 0.2 31.87 65.71 334 - 42 1000.17 9.10 0.82 3.45

1-1 0.4 0.22 31.42 65.93 396 184 28 1001.79 7.14 1.85 4.45

5-2 0.48 0.22 32.09 66.72 326 123 28 999.79 10.94 3.26 3.6

JD
09-2

10-1 2344 ± 
80 Ma

3.10 0.12 0.76 0.23 30.78 62.75 543 729 1322 1000.09 12.96 1.13 7.04

11-1 0.27 0.18 31.36 64.58 299 105 50 1001.48 7.24 2.14 3.3

11-2 -0.31 0.19 31.32 64.54 299 105 50 1001.00 8.43 2.61 3.3

2-1 1.01 0.18 31.31 63.55 473 363 1771 1003.79 29.57 28.77 5.59

3-1 1.56 0.16 31.11 62.37 176 131 135 1000.66 15.97 2.64 2.08

5-1 -1.34 0.17 31.64 64.07 - 131 1450 1000.89 16.57 12.24

6-1 1.13 0.18 31.79 63.59 828 210 943 1003.44 12.46 2.86 8.95

8-1 1.84 0.16 31.74 64.50 617 834 764 999.83 11.49 4.99 8

9-1 -0.18 0.20 31.66 62.47 176 - 200 1002.42 9.07 5.31 1.82

Loch a’Choin

1-1 2480 ± 
17 Mad

6.80 0.12 6.18 0.16 31.11 63.35 167 - - 1005.72 3.11 26.14 1.73

1-2 6.13 0.16 32.17 65.37 96 - 21 1005.77 3.12 22.49 1

2-1 6.15 0.16 31.29 66.29 141 - 64 1004.61 4.30 1.66 1.45

3-1 6.06 0.16 32.07 66.30 158 - 21 1004.60 4.36 9.76 1.64

4-1 6.02 0.17 31.09 64.71 141 - 57 1006.62 2.03 24.48 1.45

5-1 6.1 0.18 31.18 62.73 167 - 21 1005.78 3.77 3.45 1.73

5-2 6.16 0.16 32.27 66.40 132 - 64 1004.87 5.13 5.70 1.36

6-1 6.1 0.16 32.28 66.50 114 - 57 1005.94 3.14 7.34 1.18

7-1 5.96 0.16 32.14 66.22 176 - 35 1005.18 3.91 7.30 1.82

7-2 6.03 0.17 31.89 66.23 255 - 92 1005.53 3.87 5.47 2.63
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Loch na-h

2-1 2395 
± 7.6 
Mad

5.43 0.12 -0.74 0.17 31.29 65.10 669 474 1686 996.68 21.44 1.16 7.84

3-1 -3.73 0.17 31.29 65.10 202 - - 1001.74 8.99 4.36 2.09

3-1 -3.83 0.16 31.89 66.46 167 - 57 1001.73 8.11 1.80 1.73

6-1 -3.05 0.16 31.66 65.86 705 562 457 997.28 15.47 4.98 8.37

6-2 -2.19 0.16 31.14 63.45 1410 1643 4938 997.10 16.65 3.10 17.76

7-1 -3.39 0.17 31.85 65.95 581 404 64 996.65 16.57 3.25 6.79

9-1 -1.14 0.17 30.64 62.81 934 1256 2708 996.80 18.06 4.10 12.1

1-1 0.06 0.16 31.08 64.80 819 746 1615 998.34 15.61 3.42 9.92

2-2 -1.79 0.17 31.56 64.01 978 817 2658 996.24 22.16 1.15 11.69

Lochan Fearna

1-1 2367.7 
± 8.6 
Mad

4.83 0.12 1.61 0.19 32.12 66.30 370 250 998.41 19.30 3.26 3.82

10-1 3.37 0.18 31.20 63.08 705 931 786 998.81 17.13 3.90 9.1

11-1 2.08 0.18 32.01 65.66 440 193 50 1000.55 10.36 0.85 4.92

12-1 3.6 0.16 30.68 63.64 855 1036 2451 99.06 20.33 1.72 10.85

13-1 2.39 0.18 30.77 60.89 1216 562 1415 997.11 15.73 1.96 13.64

3-1 2.84 0.17 31.12 62.87 1498 790 4481 999.17 15.53 2.12 17

5-1 2.33 0.17 31.21 64.32 987 808 1665 997.61 18.72 2.22 11.76

6-1 1.91 0.18 31.97 65.97 361 149 21 1001.29 9.10 2.00 4.02

7-1 5.3 0.18 31.26 63.77 1163 1107 3480 996.43 31.35 3.85 14.17

8-1 2.32 0.18 31.78 65.84 546 448 114 999.11 16.37 0.98 6.51

9-1 3.6 0.17 30.46 63.05 1013 1590 2058 997.96 24.57 1.62 13.57

N
orth A

ssynt

2-1 2540 ± 
10 Mad

6.00 0.12 6.62 0.16 32.15 66.90 264 114 50 998.84 13.91 8.68 2.95

2-2 7.34 0.18 31.55 65.58 793 342 407 1000.69 9.99 0.59 8.85

3-2 7.35 0.17 32.18 66.51 564 439 28 998.92 13.26 2.20 6.68

4-1 6.13 0.16 32.12 66.88 405 131 35 999.41 10.20 1.55 4.44

4-2 5.74 0.16 32.19 66.80 590 166 - 998.89 12.81 1.42 6.41

5-1 6.78 0.18 31.65 66.03 722 342 464 997.82 14.50 1.55 8.12

5-2 7.24 0.18 32.10 65.27 246 - 364 999.88 16.28 1.54 2.54

6-1 7.13 0.17 32.16 66.82 476 281 - 1000.56 8.55 2.16 5.46

6-2 7.19 0.17 32.11 66.49 290 254 21 1001.88 6.77 2.74 3.5

7-1 6.44 0.16 31.88 66.03 828 360 214 998.80 12.66 2.44 9.25
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N
A

PI

1-1 2043.8 
± 6.3 
Ma

5.63 0.12 4.95 0.18 31.73 64.72 731 430 278 997.66 15.71 3.96 6.63

10-1 4.76 0.17 31.72 65.30 528 369 57 999.70 11.34 0.74 4.88

11-1 4.66 0.17 31.52 65.45 379 131 42 999.06 14.42 0.59 3.29

11-2 4.82 0.18 31.67 64.79 423 - 42 997.59 13.49 0.71 3.43

12-1 4.88 0.16 31.95 65.43 484 210 - 998.87 11.35 0.62 4.27

13-1 4.79 0.16 31.89 65.48 343 114 28 1000.00 10.88 0.31 2.97

13-2 4.8 0.18 31.11 63.44 555 210 28 999.08 12.88 0.40 4.84

14-1 4.82 0.16 31.29 65.21 255 105 35 998.86 15.46 0.72 2.24

2-1 4.91 0.16 31.97 63.98 634 386 28 1000.72 9.52 0.82 5.77

2-2 4.84 0.17 32.05 65.49 246 114 28 1000.78 9.03 0.89 2.19

3-1 5.11 0.16 31.44 64.05 881 623 514 998.58 15.06 1.36 8.16

3-2 4.98 0.18 33.04 54.91 176 456 330 998.97 13.97 0.58 2.17

4-1 4.76 0.18 31.93 65.13 414 158 21 1001.12 9.05 0.58 3.61

4-2 4.85 0.18 31.32 64.85 317 149 28 1002.19 9.61 1.02 2.81

5-1 4.68 0.17 31.24 64.92 423 140 21 1002.03 8.28 0.81 3.66

5-2 4.66 0.18 31.53 64.94 308 - 35 999.60 9.76 0.76 2.5

6-1 5.12 0.16 31.79 64.85 317 - 28 998.09 15.76 3.17 2.74

7-1 4.73 0.17 31.46 65.07 572 307 42 998.80 13.41 1.84 5.14

8-1 4.71 0.17 31.88 65.24 440 158 28 998.55 13.74 0.50 3.83

8-2 4.8 0.16 32.07 66.20 423 202 21 997.49 15.53 0.69 3.76

9-1 4.66 0.19 31.93 66.26 414 166 998.95 12.61 0.54 3.63

Poll Eorna

1-1 2396.8 
± 4.3 
Mad

3.68 0.12 3.57 0.17 31.06 63.70 1348 1045 3988 996.89 21.53 1.43 15.95

10-1 3.92 0.17 30.97 62.89 1383 1660 4416 999.14 29.34 1.05 17.52

10-2 3.69 0.21 32.07 65.76 458 166 50 999.46 10.30 1.82 5.05

4-1 3.51 0.17 32.46 66.35 1084 623 2415 999.26 20.02 1.15 12.4

5-1 3.7 0.17 31.64 64.77 1463 1203 4238 999.52 16.32 2.04 17.44

5-2 3.71 0.19 31.37 63.65 1190 1124 4902 998.40 33.88 2.40 14.47

6-1 4.34 0.21 31.08 62.67 652 175 293 1001.78 20.00 1.63 7.07

7-2 3.65 0.19 32.16 66.23 722 360 914 997.83 29.81 0.60 8.16

9-1 3.41 0.2 31.11 63.96 546 298 1922 1001.25 32.87 0.69 6.22

9-2 3.78 0.22 31.94 65.93 1383 1660 4416 999.90 26.90 1.01 17.52

1-2 4.68 0.22 31.06 63.70 352 105 35 1001.92 5.65 1.99 3.84

2-1 3.67 0.22 32.32 65.95 308 166 92 1000.04 10.21 2.42 3.51

2-2 3.57 0.19 32.41 66.03 334 237 - 1000.12 9.61 1.50 3.92

3-1 3.58 0.19 32.17 66.52 440 123 1636 997.42 15.26 0.89 4.78

3-2 3.58 0.19 32.35 66.36 370 166 - 1000.40 8.27 0.53 4.14

7-1 4.93 0.24 32.23 65.84 528 193 1722 997.08 23.04 1.09 5.83

TEMORAe 32.18 66.35 262 - -

MUD TANKe 32.17 66.55 146 - -

a, 2σ uncertanty on the whole rock δ18O composition is based on the reproducibility of the standard garnets run during the same analytical session (UWG-2 δ18O 
5.70 ± 0.12 ‰ 2σ, n=6)
b, values in weight %
c, values in ppm
d, ages from Davies and Heaman, (2014)
e, seondary standards for microprobe analysis, values are an average of 9 spots run during analytical session
-, below detection limit

Table 4.2. Raman and trace element data
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Figure 5.1. Assessment of degree of alteration
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Figure 5.2. TAS diagram
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Figure 5.3. Multi element variation diagram
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Figure 5.4. Element variation diagram
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Table 5.1. Dyke geochemistry
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-

amphibolite-grade metamorphic event, interpreted to be related to the collision of 

-

ment of the Scourie dykes indicates that they could have formed during a period of 

-

-
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-

Zircon oxygen isotopes from the Scourie dykes
 18

 18  

18

composition and cathodoluminescence response of the analyzed parts of the zircon 

-

 18  18O values 
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are therefore closest to the original magmatic composition of the grains and indicate 

 18

Using in-situ and non-destructive Raman and electron microprobe analysis on com-

plex zircon populations provides important information on the areas of zircon grains 

-

of the dykes have suggested that they are not products of the same mantle source that 

has undergone different degrees of fractional crystallization or crustal contamination 

-

-

-

taminants used to model the geochemistry are tonalites and amphibolites from the 

tested for their suitability for use as ion microprobe oxygen isotope reference materi-
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 18O and are 

 18O values to be 

a highly consistent oxygen isotopic composition the baddeleyite are more variable 

 18O compositions suggesting that baddeley-

Overall conclusions

emplacement in the Scourie dykes using baddeleyite and zircon U-Pb geochronolo-

18

-

Progress has been made to completing all four goals, although none of them have 

dykes dated so far have produced different ages, it is likely that the geochronological 
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of the dykes record different oxygen isotopic compositions, most likely in response 

to different degrees of crustal contamination and hydrothermal alteration during the 

18

18O values have been discov-

-

enced post crystallization hydrothermal alteration is an unforeseen positive outcome 

Although much progress has been made, oxygen isotope analysis of baddeleyite by 

-

-
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Raman analysis
Download data
Obtain the data from its specific location on the hard drive

In[1]:= ClearAll@"Global`*"D
DirectoryNAME = "êUsersêJoshêDropboxêRojas file share H1LêJoshêRaman-data";
InputFILE = "badcall bay 3-1.txt";

SetDirectory@DirectoryNAMED;
data = Import@InputFILE, "CSV"D;
Select the frequencies of

interest around the 1000 cm - 1 band
Select the line numbers of the file which contatain the frequencies between 850 cm and 1150 - 
we only use the data in this range

In[7]:= l1 = Position@data@@All, 1DD, 850.D@@1, 1DD;
l2 = Position@data@@All, 1DD, 1150.D@@1, 1DD;
x1 = data@@l1DD@@1DD;
x2 = data@@l2DD@@1DD;
Plot the data
We plot the data to make sure we have the correct range
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In[236]:= lmin = Position@data@@All, 2DD, Min@data@@l1 ;; l2, 2DDDD@@1, 1DD;
lmax = Position@data@@All, 2DD, Max@data@@l1 ;; l2, 2DDDD@@1, 1DD;
ymin = data@@lminDD@@2DD;
ymax = data@@lmaxDD@@2DD;
ListPlotAdata, PlotRange Ø 88x1, x2<, 8ymin, 1.05 * ymax<<,
AxesOrigin Ø 8x1, ymin<, LabelStyle Ø 8FontSize Ø 14<, Frame Ø True,

FrameLabel Ø 9"Wave number Hcm-1L", "Intensity Ha.u.L"=,
FrameStyle -> Directive@Black, FontSize Ø 16D, LabelStyle Ø Directive@BlackD,
PlotStyle Ø 88Black, Thick<, 8Blue, Thick<<, PlotRangePadding Ø 0E

Out[240]=
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Backgroundmodel
We fit a 3rd order polynomial function to the data between 850-965 and 1035-1150cm-1 and show 
the plot
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In[250]:= xBKG1 = Position@data@@All, 1DD, 850.D@@1, 1DD;
xBKG2 = Position@data@@All, 1DD, 965.D@@1, 1DD;
xBKG3 = Position@data@@All, 1DD, 1035.D@@1, 1DD;
xBKG4 = Position@data@@All, 1DD, 1150.D@@1, 1DD;
UnionBKG = Join@data@@xBKG1 ;; xBKG2, AllDD, data@@xBKG3 ;; xBKG4, AllDDD;
BKGFunc@A0_, A1_, A2_, A3_, x_D = A0 + A1 * x + A2 * x^2 + A3 * x^3;
BKGModel = BKGFunc@A0, A1, A2, A3, xD;
fit = FindFit@UnionBKG, BKGModel, 88A0, ymin<, 8A1, 1<, 8A2, 1<, 8A3, 1<<,

x, MaxIterations Ø 10000, Gradient Ø "FiniteDifference"D;
ShowA9ListPlotAdata, PlotRange Ø 88x1, x2<, 8ymin, 1.05 * ymax<<,

AxesOrigin Ø 8x1, ymin<, LabelStyle Ø 8FontSize Ø 14<, Frame Ø True,

FrameLabel Ø 9"Wave number Hcm-1L", "Intensity Ha.u.L"=,
FrameStyle -> Directive@Black, FontSize Ø 16D, LabelStyle Ø Directive@BlackD,
PlotStyle Ø 88Black, Thick<, 8Blue, Thick<<, PlotRangePadding Ø 0E,

Plot@Evaluate@BKGModel ê. fitD, 8x, x1, x2<D=E

Out[258]=
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Background subtraction
we subtract the polynomial function from the data to remove the background and any low fre-
quency modes associated with an amorphous component
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In[281]:= f@x_D = Evaluate@BKGModel ê. fitD;
data2 = data;
data2@@All, 2DD = data2@@All, 2DD - f@data2@@All, 1DDD;
lmax = Position@data2@@All, 2DD, Max@data2@@l1 ;; l2, 2DDDD@@1, 1DD;
lmin = Position@data2@@All, 2DD, Min@data2@@l1 ;; l2, 2DDDD@@1, 1DD;
xmax = data2@@lmaxDD@@1DD;
ymax = data2@@lmaxDD@@2DD;
xmin = data2@@lminDD@@1DD;
ymin = data2@@lminDD@@2DD;
ListPlotAdata2, PlotRange Ø 88x1, x2<, 8-400, 1.1 * ymax<<,
LabelStyle Ø 8FontSize Ø 14<, Frame Ø True,

FrameLabel Ø 9"Wave number Hcm-1L", "Intensity Ha.u.L"=,
FrameStyle -> Directive@Black, FontSize Ø 16D, LabelStyle Ø Directive@BlackD,
PlotStyle Ø 88Black, Thick<, 8Blue, Thick<<, PlotRangePadding Ø 0E

Out[290]=
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Definition of the fittingmodels for the peaks
We define the Voigt, Lorentzian and Gauss fitting function. First we define a 1-peak function and 
then a  2-peak function. We call them “voigtmodel”, “lorentzianmodel” and “gaussianmodel” for 
simplicity in the rest of the code.
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In[291]:= VoigtFunc@d_, s_, A_, x0_, x_D = A * PDF@VoigtDistribution@d, sD, Hx - x0LD;
Voigt2Func@A1_, d1_, s1_, x01_, A2_, d2_, s2_, x02_, x_D =

A1 * PDF@VoigtDistribution@d1, s1D, Hx - x01LD +
A2 * PDF@VoigtDistribution@d2, s2D, Hx - x02LD;

LorentzianFunc@Y0_, A_, g_, x0_, x_D = Y0 + HA ê PiL * Hg ê HHx - x0L^2 + g^2LL;
Lorentzian2Func@A1_, A2_, g1_, g2_, x01_, x02_, x_D =HA1 ê PiL * Hg1 ê HHx - x01L^2 + g1^2LL + HA2 ê PiL * Hg2 ê HHx - x02L^2 + g2^2LL;
GaussianFunc@A_, s_, x0_, x_D = A ê Hs * Sqrt@2 * PiDL * Exp@-Hx - x0L^2 ê H2 * s^2LD;
Gaussian2Func@Y0_, A1_, s1_, x01_, A2_, s2_, x02_, x_D =

Y0 + A1 ê Hs1 * Sqrt@2 * PiDL * Exp@-Hx - x01L^2 ê H2 * s1^2LD +
A2 ê Hs2 * Sqrt@2 * PiDL * Exp@-Hx - x02L^2 ê H2 * s2^2LD;

VoigtModel = VoigtFunc@d, s, A, x0, xD;
Voigt2Model = Voigt2Func@A1, d1, s1, x01, A2, d2, s2, x02, xD;
LorentzianModel = LorentzianFunc@Y0, A, g, x0, xD;
Lorentzian2Model = Lorentzian2Func@A1, A2, g1, g2, x01, x02, xD;
GaussianModel = GaussianFunc@A, s, x0, xD;
Gaussian2Model = Gaussian2Func@Y0, A1, s1, x01, A2, s2, x02, xD;
Fit the datawith the 2 - peakGaussianmodel
we specified the guess parameters iteratively offline.

Raman-Josh_withcomments.nb     5



218

In[303]:= fitgaussian2 = FindFit@data2@@l1 ;; l2DD, Gaussian2Model,88Y0, 10<, 8A1, 25000<, 8s1, 5<, 8x01, 965<, 8A2, 25000<, 8s2, 5<, 8x02, 1000<<,
x, MaxIterations Ø 1000, Gradient Ø "FiniteDifference"D;

ShowA9PlotAEvaluate@Gaussian2Model ê. fitgaussian2D,8x, x1, x2<, PlotRange Ø 8-400, 1.1 * ymax<, GridLines Ø 88<, 80<<,
GridLinesStyle Ø Directive@Black, BoldD, LabelStyle Ø 8FontSize Ø 14<,
Frame Ø True, FrameLabel Ø 9"Wave number Hcm-1L", "Intensity Ha.u.L"=,
FrameStyle -> Directive@Black, FontSize Ø 16D, LabelStyle Ø Directive@BlackD,
PlotStyle Ø 88Black, Thick<, 8Blue, Thick<<, PlotRangePadding Ø 0E,

Graphics@8Red, PointSize@.005D, Map@Point, data2D<D=E
fitgaussian2

Out[304]=
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Out[305]= 8Y0 Ø -10.792, A1 Ø 4119.57, s1 Ø 17.2922,
x01 Ø 972.764, A2 Ø 11975.3, s2 Ø 7.25799, x02 Ø 999.414<
Fit the datawith the 2 - peakVoigtmodel
We define a new range of frequencies: smaller because the otherwise the 2-peak Voigt model 
takes too long. We specified the guess parameters iteratively offline.
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In[127]:= ll1 = Position@data2@@All, 1DD, 950.D@@1, 1DD;
ll2 = Position@data2@@All, 1DD, 1050.D@@1, 1DD;
fitVoigt2 = FindFit@data2@@ll1 ;; ll2DD, Voigt2Model,88A1, 100000<, 8d1, 3<, 8s1, 0.5<, 8x01, 965<, 8A2, 130000<, 8d2, 3<, 8s2, 0.5<,8x02, 1004<<, x, MaxIterations Ø 1000, Gradient Ø "FiniteDifference"D;
ShowA9PlotAEvaluate@Voigt2Model ê. fitVoigt2D,8x, x1, x2<, PlotRange Ø 8-400, 1.1 * ymax<, GridLines Ø 88<, 80<<,

GridLinesStyle Ø Directive@Black, BoldD, LabelStyle Ø 8FontSize Ø 14<,
Frame Ø True, FrameLabel Ø 9"Wave number Hcm-1L", "Intensity Ha.u.L"=,
FrameStyle -> Directive@Black, FontSize Ø 16D, LabelStyle Ø Directive@BlackD,
PlotStyle Ø 88Black, Thick<, 8Blue, Thick<<, PlotRangePadding Ø 0E,

Graphics@8Red, PointSize@.005D, Map@Point, data2D<D=E
fitVoigt2

FindFit::sszero :
The step size in the search has become less than the tolerance prescribed by the PrecisionGoal option,

but the gradient is larger than the tolerance specified by the AccuracyGoal option. There
is a possibility that the method has stalled at a point that is not a local minimum. à

Out[130]=
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Out[131]= 8A1 Ø 4027.85, d1 Ø 14.8464, s1 Ø 1.20149, x01 Ø 973.857,
A2 Ø 16100.7, d2 Ø 7.32168, s2 Ø 0.431775, x02 Ø 999.711<
Fit the datawith the 2 - peak Lorentzian
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In[135]:= fitLorentzian2 = FindFit@data2@@l1 ;; l2DD, Lorentzian2Model,88A1, 8559<, 8A2, 48653<, 8g1, 3.15<, 8g2, 3.837<, 8x01, 971.1<, 8x02, 1003.4<<,
x, MaxIterations Ø 10000, Gradient Ø "FiniteDifference"D;

ShowA9PlotAEvaluate@Lorentzian2Model ê. fitLorentzian2D,8x, x1, x2<, PlotRange Ø 8-400, 1.1 * ymax<, GridLines Ø 88<, 80<<,
GridLinesStyle Ø Directive@Black, BoldD, LabelStyle Ø 8FontSize Ø 14<,
Frame Ø True, FrameLabel Ø 9"Wave number Hcm-1L", "Intensity Ha.u.L"=,
FrameStyle -> Directive@Black, FontSize Ø 16D, LabelStyle Ø Directive@BlackD,
PlotStyle Ø 88Black, Thick<, 8Blue, Thick<<, PlotRangePadding Ø 0E,

Graphics@8Red, PointSize@.005D, Map@Point, data2D<D=E
fitLorentzian2

Out[136]=

850 900 950 1000 1050 1100 1150
-400

-200

0

200

400

600

800

Wave number Hcm-1L

In
te
ns
ity

Ha.u.L

Out[137]= 8A1 Ø 7732.23, A2 Ø 7418.91, g1 Ø 6.00158, g2 Ø 3.46521, x01 Ø 993.195, x02 Ø 1001.79<
Final figure and statistics
We define the function “G” which is the result of the fitting procedure - in this case we used the 
Lorentzian model.  We calculate the residual which = Model - data, and also a Chi squared value 
for the fit.  The error bar on the data points is defined as s which in this case is 50.  Freep is the 
number of free parameters in the model, and needs to be changed depending on the model 
used, for the Lorentzian it is 6, Gaussian it is 7 and the Voigt is is 8. 
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In[172]:= G@x_D = Evaluate@Lorentzian2Model ê. fitLorentzian2D;
m1 = Position@data2@@All, 1DD, 960.D@@1, 1DD;
m2 = Position@data2@@All, 1DD, 1040.D@@1, 1DD;
s = 50;
freep = 6;

Nlines = Dimensions@data2@@m1 ;; m2DDD@@1DD;
Res = Table@1, 8k, 1, Nlines<D;
Res = data2@@m1 ;; m2, 2DD - G@data2@@m1 ;; m2, 1DDD;
c2 = Sum@HRes@@iDD ê sL^2, 8i, 1, Nlines<D ê HNlines - freep - 1L;
Res2 = Table@8data2@@m1 ;; m2, 1DD@@iDD, Res@@iDD<, 8i, 1, Nlines<D;
G2 =

Table@8data2@@m1 ;; m2, 1DD@@iDD, G@data2@@m1 ;; m2, 1DDD@@iDD<, 8i, 1, Nlines<D;
ploter =

ShowA9ListLinePlotA8Res2, G2<, PlotRange Ø 8-400, 1.1 * ymax<, GridLines Ø 88<, 80<<,
GridLinesStyle Ø Directive@Black, BoldD, LabelStyle Ø 8FontSize Ø 14<,
Frame Ø True, FrameLabel Ø 9"Wave number Hcm-1L", "Intensity Ha.u.L"=,
FrameStyle -> Directive@Black, FontSize Ø 16D, LabelStyle Ø Directive@BlackD,
PlotStyle Ø 88Black, Thick<, 8Blue, Thick<<, PlotRangePadding Ø 0E,

Graphics@8Red, PointSize@.008D, Map@Point, data2@@m1 ;; m2DDD<D=E
Print@"c square = ", c2D

Out[183]=
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c square = 2.79627

Extract the parameters of the peaks
we calculate the FWHM of the two peaks for each of the models.  Some of the parameters have 
the same name for all the models e.g. A1 and so to extract the Lorenztian parameters, only the 
Lorentzian model can be run, if the Gaussian model is run, the parameter A1 will be Gaussian 
rather than Lorentzian.  The peak parameters need to be turned on (uncommented) for the model 
that is being run. In this case the Lorentzian parameters will be printed.  
Lorentzian parameters
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In[206]:= A1value = A1 ê. fitLorentzian2;
A2value = A2 ê. fitLorentzian2;
g1value = g1 ê. fitLorentzian2;
g2value = g2 ê. fitLorentzian2;
x01value = x01 ê. fitLorentzian2;
x02value = x02 ê. fitLorentzian2;
FWHM1 = 2 * g1value;
FWHM2 = 2 * g2value;
RESULTparamL = List@x01value, FWHM1, x02value, FWHM2, s, Re@c2DD;
Gaussian parametersH*A1value=A1ê.fitGaussian2;
A2value=A2ê.fitGaussian2;
s1value=s1ê.fitGaussian2;
s2value=s2ê.fitGaussian2;
x01value=x01ê.fitGaussian2;
x02value=x02ê.fitGaussian2;
FWHM1=2*Sqrt@2*Log@2DD*s1value;
FWHM2=2*Sqrt@2*Log@2DD*s2value;
RESULTparamG=List@x01value,FWHM1,x02value,FWHM2,s,Re@c2DD;*L
Voigt parametersH*A1value=A1ê.fitVoigt2;
A2value=A2ê.fitVoigt2;
d1value=d1ê.fitVoigt2;
d2value=d2ê.fitVoigt2;
s1value=s1ê.fitVoigt2;
s2value=s2ê.fitVoigt2;
x01value=x01ê.fitVoigt2;
x02value=x02ê.fitVoigt2;
FWHM1VG=2*Sqrt@2*Log@2DD*s1value;
FWHM2VG=2*Sqrt@2*Log@2DD*s2value;
FWHM1VL=2*d1value;
FWHM2VL=2*d2value;
FWHM1=0.5346*FWHM1VL+Sqrt@0.2166*FWHM1VL^2+FWHM1VG^2D;
FWHM2=0.5346*FWHM2VL+Sqrt@0.2166*FWHM2VL^2+FWHM2VG^2D;
RESULTparamV=List@x01value,FWHM1,x02value,FWHM2,s,Re@c2DD;*L
Export results
We export the plot as a .pdf file and the peak parameters as a .txt file.  The output directory 
needs to be specified, the result list - in this case “RESULTparamL” for Lorentzian needs to be 
changed if a Gauss/Voigt model is run, e.g. in the case of Gauss, the results list would be 
“RESULTparamG”.  The file name also needs to be changed to reflect the model run, in this case 
_paramL.txt, it should be changed to paramG.txt if a Gaussian model is run.  The same thing 
applies to the plot.  
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OutputDIRECTORY = "êUsersêJoshêDropboxêRojas file share H1LêJosh";
SetDirectory@OutputDIRECTORYD;
Export@StringDrop@InputFILE, -4D <> "_paramL.txt", RESULTparamL, "CSV"D
Export@StringDrop@InputFILE, -4D <> "_plotL.pdf", ploter,

"AllowRasterization" Ø True, ImageSize Ø 380, ImageResolution Ø 600D
Out[221]= badcall bay 3-1_param.txt

Out[222]= badcall bay 3-1_plot.pdf
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Dyke Lithology Decimal 
lat

Decimal 
long

Orientation 
and width

Sample 
amount Crush Dyke Name General location Geochem

Tracer 
isotopes 
(Sr-Nd)

WR 
oxygen

U-Pb 
age

Zirc 
oxygen Comments

JD10-27 altered 
dolerite 58.2252 -5.3027 15m width 7 Pieces (A-

E) Yes N Clachnessy 
Dyke

Clachnessy Dyke, just 
outside hamlet yes Yes

A = sample of gneiss far away from contact with 
dyke, B = gneiss at dyke contact, C = relatively 
coarse grained sample from dyke centre, D = 
fragments from all over dyke (3 pieces), E = vein 
fragments from dyke

JD10-28 Amphibolite 58.2348 -5.1637 3 Pieces 
taken (A-C) Yes E Nedd Dyke Nedd dyke, just outside 

hamlet A Yes
A = fine grained for geochem, B = gneiss sample 
with dyke contact, C = gneiss sample far from 
contact

JD10-29 norite? 58.253 -5.1153 1 piece Yes Ardvar Dyke Fisheries road dyke 
(not marked on map) yes amphibolatized sample possibly previously a norite

JD10-30 Gneiss 58.2495 -5.1153 1 piece Yes gneiss over looking 
Unapool road

 try to date rutile/titanite to see if metamorphic 
events other than the laxfordian can be ID'd - other 
metamorphic events appear to be affecting the 
Clachtoll area

JD10-31 Gabbro 58.2639 -5.0406 30m wide 6 Pieces 
taken (A-C) Kylestrome Dyke Kylestrome dyke

A = fresh gabbro (4 pieces) B =gniess sample from 
~1m from contact, C = S contact chilled dyke w 
contact exposed

JD10-32 Picrite 58.165 -5.2086 40m wide 3 Pieces 
taken (A-C)

Loch a' 
Chiorrachain Brockloch dyke

large fresh dyke - v different to those around 
Clachtoll area, A = sample around dyke, B = section 
close to margin - finer grain size, C = sample with 
large biotite rich nodule

JD10-33 Gabbro 58.1651 -5.1651 2 Pieces located at loch just 
abover Brockloch dyke

older than brochloch dyke - the picrite cross cuts 
this gabbro, samples are relatively fresh 
hetrogenious in terms of plag content

JD10-34 Dolerite 58.1645 -5.2074 15m width 1 piece next to road close to 
JD10 -34 and 33

fresh dolerite, possibly cross cuts 34 and 33 may be 
part of 1990 group?  Appears coarse grained and 
fresh

JD10-35 Picrite 58.1624 -5.215 30m wide 2 Pieces Loch nan Eun Down road W of JD10-
34

well preserved fresh picrite, samples for geochron 
and geochem

JD10-36 Olivine 
Gabbro 57.9964 -6.7603 40m wide 5 Pieces (A-

E) On Lewis N of Tarbert

Presence of biotite may indicate lower metamorphic 
grade, A = coarse grained section lots of biotite, B = 
dyke containing cross cutting veins, C = biotite rich 
section in centre of dyke, D = close to contact, finer 
grained, E = fresh part from centre of dyke - no 
biotite

JD10-37 Norite 57.9868 -6.747 100m wide 6 Pieces (3 
A+3 B)

Folded dyke N of 
Tarbert

Coarse grained Norite comp thoughout, A = coarse 
grained norite from around dyke, B = poss second 
dyke N of pullout on side of road - metagabbro, look 
for zircon..

JD10-38 Gabbro 58.2412 -6.7615 3 Pieces 
taken (A-C)

W side of Lewis close 
to

amphibolatized dyke with biotite and garnet, A = 
pieces of coarse grained dyke throughout outcrop, 
B = pegmatite vein crosscutting dyke, C = gneiss 
sample close to dyke

JD10-39 Gabbro 58.2937 -5.0945 25m wide 3 Pieces 
taken (A-B)

Loch a'Mhinidh 
Dyke

halfway between 
Karlstrom and 
Badnaban

metamorphosed outcrop, A = 2 pieces from across 
dyke, B = dyke centre more felsic

JD10-40 Gabbro 58.2996 -5.115 30m wide 4 Pieces North of Karlstrom
Medium grained samples, numerous fractures are 
present, chlorite mineralized on fracture surfaces, 
appears competant away from fractures

JD10-41 Gabbro 58.3528 -5.1689 184/56W 5 Pieces (A-
E)

Next to graveyard dyke 
but with a different 
strike

highly deformed area just S along coast from 
Graveyard dyke, lots of folding, may be layer in 
gneiss?  A = dyke contact with gneiss, B = coarse 
grained sections from around dyke, C = Coarse 
grained sample with abundant mica, D = sample 
from other side of dyke, E = possible heavy mineral 
layer - garnet and amph rich

JD10-42 Amphibolite 58.3111 -5.1246 2 Pieces Just south of Badcaul 
bay

coarse grained amphibolite with v large garnets 
maybe layer in gneiss?

JD10-43 Gabbro 58.144 -5.2493 30m wide 2 Pieces 
(A+B) Yes

Loch Culag dyke on 
Anna's path in culag 
woods

Metagabbro in wooded area - unusual  appears 
relatively fresh with plag a little white.  A = coarse 
grained section from close to centre, B = fine 
grained sample from close to S contact for 
geochem

JD10-44 Olivine 
Gabbro 58.0971 -5.2545 2 Pieces Yes

Right next to JD10-09 
on other side of the 
road

very fresh Ol gabbro - not seen dykes like this 
before, Fresh Ol visible, maybe same as 1990 
dyke, 2 large samples taken

JD10-45 Gabbro 58.243 -5.2484 15m width 2 Pieces 
(A+B) Yes next to road far south 

of Inverkerkaig

Fresh dyke with unaltered plag present. A = coarse 
grained sample from dyke centre, B = Dyke margin 
sample for geochem

JD10-46 Gabbro 58.1833 -5.1511 20m wide 2 Pieces Yes on way towards Loch 
Beanoch

fresh and unmetamorphosed samples, centre of 
dyke appears to be very coarse and pegmatite like - 
v good for dating!

JD10-47 Gabbro 58.1883 -5.1511 2 Pieces 
(A+B) Yes

closer towards Loch 
Beanoch may be same 
dyke ars JD10-46?

Fresh gabbro samples, no pegmatitic section 
though, A = coarse grained material for geochron, B 
= close to contact for geochem

JD10-48 Picrite 58.1894 -5.1657 30m wide 9 Pieces (A-
G) Yes Loch Beanoch dyke samples thoughout dyke to show variation, very 

large pyroxene crystals present in some samples.

JD10-49 Gabbro 57.859 -5.4469 30m wide 3 Pieces 
taken (A-C) Yes 500m S of Inchina

highly metamorphosed dyke cross cut by granite 
intrusions, A = metagabbro/ampibolite dyke, B = 
cross cutting granite, C = sample containing both 
dyke and granite.

JD10-50 Amphibolite 57.6931 -5.7182 2 Pieces Yes 500m E of Badachro highly altered mafic body poss layer in gneiss?  
Lots of veins.  2 samples taken for geochem

JD10-51 Amphibolite 57.6924 -5.7103 20m wide 2 Pieces Yes close to W edge of loch 
W of Badachro

foliated mafic body with lots of garnet present 
samples for geochem

JD10-52 Amphibolite 57.6931 -5.701 10m wide 1 piece Yes Mikissok house dyke
strong fabric highly metamorphosed, suprising dyke 
is not marked as foliated on map - in similar 
condition to dykes around laxford bridge

JD10-53 Amphibolite 58.6249 -5.0052 2 Pieces 
(A+B) Yes Cape wrath lighthouse 

dyke

highly amphibolatized 'dyke' also highly deformed. 
Lots of granitic pegmatites cross cutting, A = coarse 
sample of mafic body. B = sample of gneiss for 
rutile/titanite U-Pb, prob overprinted by pegmatite 
but worth a go.

JD10-54 Amphibolite 58.549 -4.68 3m wide 2 Pieces 
(A+B) Yes 3km E of Durness

Highly altered, amphibolite dyke, same foliation 
direction as gneiss, dyke is cut by granite 
pegmatite, A = amphibolite dyke close to centre, B = 
gneiss close to amphibolite contact.

JD10-55 Amphibolite 58.4564 -4.4353 6 pieces (A-
C) Ribigill Dyke

large mafic unit exposed in hillside, amphibolite 
grade with numerous epidote veins.  A = 4 coarser 
pieces from aroung outcrop, B = Fine grained dyke 
with epidote vein present, C = tonalite gneiss from 
close to contact.  


