




















































































Chapter 2: Field Relations and Petrology 

FIGURE 2.15 (MD93-1) Poikilitic texture - plagioclase inside clinopyroxene (width of 
photo 1 em.). 
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The Messejana Dyke extends across the Iberian Peninsula, a distance of 530 km 

from Odemira in Portugal to Avila in Spain. The dyke cuts through the Volcanic­

Siliceous Complex and the Culm Group deposited during the Early Carboniferous 

Period. Intrusion of the dyke occurred during the Early to Middle Jurassic, also 

associated with the opening of the north Atlantic Ocean (Schermerhorn et al. 1978). An 

outcrop of the Messejana Dyke occurs in Cabezuela de Valle; however, the dyke is 

faulted and covered by fluvial and glacial sediments. The Messejana Dyke is a tholeiite 

and has a fine-grained margin and a coarse-grained center. Plagioclase and pyroxene are 

abundant and the dyke has a texture that ranges from subophitic to ophitic. The dyke 

intrudes a body of sillimanite-bearing two-mica granite. 

2.5 Comparison 

Although the Shelburne and the Messejana Dykes are now on different 

continents, separated by the Atlantic Ocean, striking similarities exist: 

( i) Both the Shelburne and Messejana Dykes are extensive vertical sheets of 

intrusive rock that average around 100m in thickness and extend northeast-southwest at 

a latitude of 44° N. 

(ii) The emplacement of the two dykes occurred roughly between the Late Triassic 

and the Middle Jurassic Periods, associated with the early phases of the formation of the 

North Atlantic Ocean. 

(iii) Petrologically, the Shelburne and Messejana Dykes are also similar. Both are 

tholeiites and contain an abundant plagioclase and pyroxene, with minor opaque 
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minerals, olivine and biotite. Both have subophitic to ophitic textures and the center of 

the Messejana dyke also has a poikilitic texture. 

Further comparisons follow in the chapters on geochemistry and geochronology. 
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3.1 Introduction 

This chapter presents the major, trace, and rare earth element geochemistry of the 

Shelburne and Messejana Dykes, including both previously published data (Papezik and 

Barr 1981, Alibert 1985) and new analyses. The chemical data permit four types of 

inferences: 

(i) classification of the rocks that comprise the dykes; 

(ii) interpretation of within-dyke variations; 

(iii) comparison of the Shelburne Dyke and the Messejana Dyke; and 

(iv) interpretation of tectonic setting of the dykes based on tectono-magmatic 

discriminators. 

Table 3.1 contains the major element data and CIPW normative mineralogy, and 

Table 3.2 contains the trace- and rare-earth element data that form the basis for the 

following descriptions and geochemical variation diagrams. 

3.2 Chemical Classification 

The alkali-silica plot (Irvine and Barager 1971) (Fig. 3.1a) shows that all data fall 

unequivocally in the subalkaline field. Similarly, the (Na20+ K20)-Mg0-Fe0 plot (Irvine 

and Barager 1971) (Fig. 3.1b) shows all compositions to be tholeiitic. Figure 3.2 is a 

projection from clinopyroxene onto the base of the CIPW normative tetrahedron. This 

plot shows that the majority of the samples lie in the quartz tholeiite field, with two of 

the published data points for the Messejana Dyke lying in the olivine tholeiite field. 
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3.3 Major Elements 

3.3.1 Within-Suite Variation 

Figure 3.3a shows total iron content (Fe20 3 *0.9+ FeO) plotted against MgO for 

the Shelburne Dyke. The data points cluster, suggesting no extensive differentiation, at 

least involving these elements. The clustering may indicate that the liquid composition is 

confined at, or close to, a eutectoid or invariant point, i.e. a point where the 

temperature, pressure, and composition of a phase assemblage cannot change without the 

loss of one or more phases (Hall 1987). The data points for the Messejana Dyke in Fig. 

3.3a also suggests no extensive variation of Fe or Mg. All the samples cluster together 

and show little evidence of a trend or correlation. 

Titanium (Ti4+, 0.68 A) and phosphorus (P5+, 0.34 A) are present in minor 

amounts and, as with the major elements, they cluster (Fig. 3.3b ). The single sample 

with high values of Ti02 and P20 5 is anomalous, but may indicate that these elements 

underwent extensive passive enrichment. Passive enrichment refers to the increased 

abundance of incompatible elements, such as Ti and P, resulting from the extraction of 

compatible elements during fractional crystallization. Titanium may eventually enter 

titaniferous-magnetite or ilmenite, and phosphorus enters apatite. Phosphorus values for 

the Messejana Dyke are very low (Fig. 3.3b ). 

Figure 3.3c shows titanium (Ti4
+, 0.68 A) plotted against another incompatible 

element, zirconium (Zr4+, 0.80 A). Like the Ti-P pair, these two elements may also 

undergo passive enrichment, but they compete for the same octahedral sites in suitable 

minerals. Although there are only five new data points, the general trend may also 
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indicate passive enrichment. The more primitive rocks contain lower concentrations of 

Ti02 and Zr than the evolved or late-forming rocks. These elements may eventually 

enter into ilmenite or zircon. 

The potassium (K1+, 1.33 A) versus rubidium (Rb1+, 1.48 A) plot (Fig. 3.4a) shows 

another example of passive enrichment of incompatible elements. The average K/Rb 

ratio for the Shelburne Dyke is 221 ( ± 27). The samples cluster, but appear to record a 

pattern of passive enrichment. The average K/Rb ratio for the Messejana Dyke is 179 

( ± 45); the lower K/Rb values may be the result of alteration. 

3.4 Trace Elements 

3.4.1 Within-Suite Variation 

Figure 3.4b plots nickel (NP+, 0.62 A) against chromium ( Cr3+, 0.69 A). Both the 

Shelburne and Messejana Dykes show a positive correlation between nickel and 

chromium. The early, primitive rocks contain higher concentrations of Ni and Cr than 

the late, evolved rocks. The positive trend is probably the result of the fractional 

crystallization of ferromagnesian minerals, particularly olivine and chrome spinel, which 

incorporate nickel and chromium respectively, replacing magnesium, iron, and aluminum 

in those minerals. The early, primitive rocks contain higher concentrations of Ni and Cr 

than the late, evolved rocks. 
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The plot of strontium (Sr2+, 1.13 A) versus barium (Ba2+, 1.35 A) (Fig. 3.4c) 

demonstrates that, as olivine and pyroxene crystallize, passive enrichment of incompatible 

Sr and Ba occur. The data for the Shelburne Dyke displays a positive correlation typical 

for incompatible elements, whereas the data for the Messejana Dyke are erratic, possibly 

due to other processes. 

Figure 3.5a, which is a plot of strontium (Sr2+, 1.13 A) and rubidium (Rb1+, 1.48 

A), also shows a correlation between two incompatible elements that is another example 

of passive enrichment. Both the dykes display positive correlations but with two different 

trends. 

The plot of (Ni+Cr)-(Sr+Ba) (Fig. 3.5b) also demonstrates a pattern of passive 

enrichment for the Shelburne Dyke. The diagram shows a weak antipathetic relationship 

between the compatible and incompatible parameters, respectively. The data points for 

the Messejana Dyke display the same trend; the passive enrichment of the incompatible 

Sr and Ba caused by the removal of Ni and Cr from the melt. 

Figure 3.5c, (Ni+Cr)-(Sr+ Rb), displays a patterns of passive enrichment for both 

the Shelburne and Messejana Dykes similar to the patterns seen in Fig. 3.5b. A decrease 

in nickel and chromium leads to a general increase in strontium and rubidium. 

3.5 Rare-Earth Elements 

3.5.1 Within-Suite Variation 

Figure 3.6 shows the chondrite normalized rare-earth patterns for the Shelburne 

and Messejana Dykes. The light-REB concentrations range between 30 to 40 x 



FIGURE 3.5 Trace element variation diagrams a. Rb-Sr plot b. (Ni+Cr)-(Sr+Ba) plot 
c. (Ni + Cr )-(Sr + Rb) plot 
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chondrite and the heavy-REE concentrations cluster around 10 x chondrite. The slight 

enrichment of LREEs (La!YbN- 3.5-3.7) could indicate that the Shelburne Dyke formed 

from small degrees of partial melting or from a LREE-enriched source (Wilson 1989). 

The weak negative Eu anomalies (Eu/Eu * = 0.89-0.99) in the Shelburne Dyke suggest 

that it may have undergone some fractional crystallization of plagioclase, or was in 

equilibrium with a plagioclase-bearing mantle source (Wilson 1989). 

The Messejana Dyke is also slightly enriched in light-REEs, with the LREE 

concentrations ranging from 18 to 30 x chondrite and the heavy-REE concentrations 

ranging from 5 to 10 x chondrite (Fig. 3.6). The Messejana Dyke also shows slight 

LREE enrichment (La!YbN- 2.9-3.3). The depletion of the HREEs suggests that garnet 

was absent from the source melt. The previously published REE patterns display weak 

negative and positive Eu anomalies (Eu/Eu * = 0.95-1.02), but the new REE pattern 

shows a slightly greater positive Eu anomaly (Eu/Eu * = 1.08). This range of Eu/Eu * 

values suggests both the removal and accumulation of plagioclase in various parts of the 

Messejana Dyke. 

3.6 Comparison of Shelburne Dyke with the Messejana Dyke 

The Shelburne and Messejana Dykes only differ considerably in three respects: 

(i) The P20 5 concentrations for the Messejana Dyke do not overlap those for the 

Shelburne Dyke. The difference may reflect influences of sources, or of processes other 

than high-level fractionation (Clarke 1970, Clarke et al. 1988). 

(ii) The Shelburne Dyke exhibits a positive correlation, whereas the data points 
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for the Messejana Dyke are erratic. 

(iii) The REE patterns for the Messejana Dyke are generally lower than for the 

Shelburne Dyke, and have more variable Eu;Eu * anomalies. The restricted range of 

Eu/Eu * in the Shelburne Dyke simply reflects the single sampling locality. 

3.7 Tectonic Setting 

In this section, ten different tectono-magmatic discriminator diagrams provide 

some insight into the tectonic setting for the Shelburne and Messejana Dykes. 

49 

Figure 3.7a is the Ti/100-Zr-Y*3 (Pearce and Cann 1973) tectono-magmatic 

discriminator diagram. The data points for the Shelburne dyke all cluster in the C (calc­

alkali basalt) field very close to the boundary of the B (ocean-floor basalt, low-potassium 

tholeiite, and calc-alkali basalt) field. The single data point for the Messejana Dyke lies 

in the B field. 

The Ti/100-Zr-Sr/2 plot (Pearce and Cann 1973) (Fig. 3.7b) shows all the data for 

the Shelburne Dyke in the calc-alkali basalt field. The previously published data for the 

Messejana Dyke fall into the ocean-floor basalt field, whereas the single new sample lies 

on the boundary between the calc-alkali and island-arc basalt region. The published data 

(Alibert 1985) have higher Ti and Zr values and lower Sr values than the new sample 

from Cabezuela de Valle. The differences may be a result of analytical methods, or real 

differences in the samples. 

Figure 3.7c is the Ti02-(Mn0*10)-(P20 5 *10) discriminator diagram (Mullen 1983). 

All the data points for both the Shelburne and Messejana Dykes fall in the island-arc 
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FIGURE 3.7 Tectono-magmatic discriminator diagrams a. Ti/100-Zr-Y*3 plot (Pearce & Conn 1973) b. Ti/100·-Zr-Sr/2 
(Pearce & Conn 1973) c. Ti02- Mn0*10-P20 5 (Mullen 1983) 
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tholeiite (IAT) field of the plot, or close to the boundary of the mid-ocean ridge basalt 

field (MORB). This diagram may not be appropriate for the present study because it 

contains no fields for within-plate basalt or ocean-floor basalt fields. 
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Figure 3.8a is the Hf/3-Th-Nb/16 diagram (Wood 1980). Only the new data points 

plot on the graph, because no published Hf, Th, and Nb are available for the Shelburne 

and Messejana Dykes. All samples fall in the destructive plate margin basalt field, a 

result not expected from what is known from field relations and other geochemical 

indicators. 

No single tectonic environment for the Shelburne and Messejana Dykes is evident 

from the Fe0-Mg0-Al20 3 plot (Pearce et al. 1977) (Fig. 3.8b). The data points cluster 

on the boundaries of three of the five fields. According to this discriminator diagram, 

the Shelburne and Messejana Dykes were not formed in an oceanic island or in an 

orogenic setting, but any of the other three fields (ocean ridge and floor, ocean island, 

and continental) are possible. 

Figure 3.8c shows the Nb*2-Zr/4-Y discriminator diagram (Meschede 1986). The 

samples from the Shelburne Dyke fall in the volcanic-arc basalt and passive-type mid­

ocean ridge basalt fields. The single Messejana Dyke sample falls in the normal-type 

mid-ocean ridge basalt and volcanic basalt field. 

Figure 3.9a is the Ti/1000-V plot (Shervais 1982). All the data points for both the 

Shelburne and Messejana Dykes fall in the ocean-floor basalt region of the graph. 

Figure 3.9b shows the Ti-Zr diagram (Pearce and Cann 1973). All but one of the 

samples from the Shelburne Dyke fall in the calc-alkali basalt region of the plot. The 
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o Shelbume -published 
• Messejana- this study 
c Messejana- published 

FIGURE 3.9 Tectono-magmatic discriminator diagrams a. Ti/1000-V plot (Shervais 
1982) b. Ti-Zr plot (Pearce and Cann 1973) c. Log Zr-Log (Zr/Y) (Pearce and Norry 1979) 
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remaining sample falls in the ocean-floor basalt field. Three of the data points from the 

Messejana Dyke also fall in the ocean-floor basalt field, whereas the remaining two 

samples lie in the calc-alkali basalt region. 

In the log Zr-log (Zr/Y) discriminator diagram (Pearce and Norry 1979) (Fig. 

3.9c ), the Shelburne Dyke samples plot in the within-plate basalt field, whereas the single 

Messejana Dyke sample falls in the mid-ocean ridge basalt field. 

Figure 3.10a shows the log (Ta/Yb )-log (Th/Yb) plot (Pearce 1983). The four 

data points fall in the subduction area of the continental-arc field, again contrary to the 

general belief that these dykes formed in a non-subduction setting. Because both Ta and 

Th are difficult to measure accurately by ICP-MS, the values may be erroneous, yielding 

inaccurate information about the tectonic setting. The "pseudo-Ta" values are Nb/17. 

The final discriminator diagram is Figure 3.10b, the log Cr-log Ti plot (Pearce 

1975). All the data points fall in the ocean-floor basalt field of the graph. 

3.8 Summary and Conclusions 

The alkali-silica, AFM and CIPW normative mineralogy plots establish the 

tholeiitic nature of the Shelburne and Messejana Dykes. The clustering of the data in 

FeO*-MgO plot shows little or no fractionation of the major elements. The trends of the 

Ti02-P20 5, Ti02-Zr, Rb-K, Sr-Ba, and Sr-Rb plots show passive enrichment of 

incompatible elements as compatible elements like Ni and Cr are fractionated into 

olivine and spinel. 
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c Messejana - published 
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FIGURE 3.10 Tectono-magmatic discriminator diagrams a. Log (Ta/Y)-Log(Th/Y) 
(Pearce 1983) b. Log Cr-Log Ti (Pearce 1975) 
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The REE patterns for the Shelburne and Messejana Dykes, excluding the new 

pattern for the Messejana Dyke, are almost identical. This similarity suggests that both 

dykes were created from a similar source and underwent similar processes prior to 

solidification. 

The compositional overlap in many cases, and degree of similarity in others, 

suggests that the Shelburne and Messejana Dykes may have shared a common source and 

petrogenetic history. 

Table 3.2 summarizes the results of all the tectono-magmatic discriminator 

diagrams. The results from the Ti/100-Zr-Y*3, Ti/100-Zr-Sr/2, Fe0-Mg0-Al20 5, Nb*2-

Zr/4-Y, Ti/1000-V, Zr-Ti, log Zr-log(Zr/Y), and log Cr-log Ti all generally fit the 

previous field and tectonic deductions that the Shelburne and Messejana Dykes are 

within-plate transitional to ocean-floor basalts. The Ti02-Mn0*10-P20 5 *10, Hf/3-Th­

Nb/16, and log (Ta/Y)-(Th/Y) discriminators yield unexpected results, a discussion of 

which will follow in Chapter 5. 
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Discriminator Shelburne Messejana Reference Figure 
Dyke Dyke Number 

Ti/100-Zr-Y*3 CAB CAB,OFB Pearce and 3.7a 
Cann 1973 

Ti/100-Zr-Sr/2 CAB OFB,IAB Pearce and 3.7b 
Cann 1973 

Ti02-Mn0*10- IAT IAT Mullen 1983 3.7c 
P20 5 *10 

Hf/3-Th-Nb/16 DPMB DPMB Wood 1980 3.8a 

Fe0-Mg0-Al20 3 ORF,OI,C ORF,OI,C Pearce et al. 3.8b 
1977 

Nb*2-Zr/4-Y VAB,P- VAB,N- Meschede 3.8c 
MORB MORB 1986 

Ti/1000-V OFB OFB Shervais 1982 3.9a 

Zr-Ti CAB,OFB CAB,OFB Pearce and 3.9b 
Cann 1973 

Log Zr-Log (Zr/Y) WPB MORB Pearce and 3.9c 
Norry 1979 

Log (Ta/Yb )-Log CA-S CA-S Pearce 1983 3.10a 
(Th!Yb) 

Log Cr-Log Ti OFB OFB Pearce 1975 3.10b 

Key: C-continental; CAB-calc-alkali-basalt; CA-S-continental arc-subduction zone; 
DPMB-destructive plate margin basalt; lAB-island-arc basalt; !AT-island-arc tholeiite; N­
MORB-normal type mid-ocean ridge basalt; OFB-ocean-floor basalt; 01-ocean island; 
ORF-ocean-ridge and floor; P-MORB-primitive type mid-ocean ridge basalt; V AB­
volcanic-arc basalt; WPB-within-plate basalt 

TABLE 3.3 Summary of tectono-magmatic discriminator diagrams 
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CHAPTER4:GEOCHRONOLOGY 

4.1 Introduction 

Following a brief description of the theory behind 40 Ar/9 Ar dating and the argon 

lab procedure, this chapter presents four new age determinations for the Shelburne and 

Messejana Dykes. Also included is a new date for a pelitic band in the Goldenville 

Formation adjacent to the Shelburne Dyke. The chapter concludes with an 

interpretation and comparison of the new data. 

4.2 Theory 

The ages of rocks can be determined through the use of radioactive parent 

isotopes and their stable daughters, including such systems as U-Pb, Th-Pb, Rb-Sr, and 

Sm-Nd. The system of interest in this document is potassium (K) and argon (Ar). 

Radioactive decay of parent 4<x produces daughter 40Ar. The decay rate of 40K to 40Ar is 

constant, so by measuring the ratio between the two isotopes, an age can be determined 

for the time at which the system became closed to isotope diffusion (Dallmeyer 1979). 

The equation that describes the half-life of a radioactive element is: 

t112 = logjl (4.1) 

Where A. = decay constant of the parent isotope. 

The decay constant for 4°K is 5.54x10-10/year and the half-life of 4°K is 1.3x109 years. 

However, because two different elements are involved, separate techniques are required 

to analyze forK and Ar. 
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To avoid the problem of using two such different analytical procedures, the 

40Arf9Ar method has replaced the conventional K/Ar technique. In the 40Arf9Ar 

technique, 39 Ar is a proxy for 40K, because irradiation of a sample with fast neutrons in a 

nuclear reactor converts a portion of the 39K to 39 Ar (Dallmeyer 1979). The production 

of 39 Ar by irradiation is given by the following equation: 

39 ArK = 39K a T I q> (e) (J (e)d£ 

Where 39 ArK = 39 Ar produced from 39K 

39K = 39K present in sample 

a T = duration of irradiation 

q> (e) = flux of neutrons of energy e 

a (e) = capture cross-section for neutrons of energy e 

(4.2) 

Also, in the 40 Arf9 Ar method, the sample is heated during the analysis so that an age 

spectrum is produced in addition to a total gas age (York 1984). 

The age of a sample is determined by the following formula: 

t = 1/'A lo~ e0Ar*f9Ar J + 1) 

where 'A = decay constant 

40Ar* = radiogenic 40Ar produced in sample 

39 Ar = 39 Ar present in sample 

(4.3) 

J = an irradiation parameter that can be evaluated experimentally as long 

as a sample of known age is irradiated along with unknowns (Faure 1977). 

Ages determined by the 40 Arf9 Ar technique may be influenced by geological 

events which affected the rock over time. The ages are a measure of the decay of parent 
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to daughter isotopes; therefore, they represent times at which the daughter isotope 

becomes immobile and accumulates in the mineral or rock (Dodson 1973). The 

temperature at which an isotope begins to accumulate in a system is its "closure" 

temperature (Dodson 1973). The closure temperature of a mineral can vary as a 

function of compositional differences of the minerals and the type of minerals, e.g., the 

closure temperatures for biotite and K-feldspar are 280-300°C and 200°C, respectively 

(Harrison 1981; McDougall and Harrison 1988). 
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An age spectrum represents the complete stepwise heating procedure of a 

mineral(s) sample (Section 4.3). These age spectra often yield important information on 

the history of cooling and gas retention of a sample (Fleck et al 1977). To assign an age 

to these spectra, two methods are used. The most common is to use the total gas age 

which represents the weighted average of ages from all heating steps (Fleck et al 1977). 

The second method is to determine a "plateau age" (the age from the flat, concordant 

part of the age spectrum) (Fleck et al. 1977). A plateau must represent at least 50% of 

the gas released in contiguous steps. In addition, no two of the age steps used can have 

age differences greater than the "critical value" ( C V). The C V can be calculated with 

the following formula: 

c v = 1.960 (a/ + a/)1
12 (4.4) 

Where a1 and a2 = Standard deviation of the two steps used. 

Each step represents a temperature increase of 50°C at which the sample is heated to 

release the argon gas. 

Interpretation of an age spectrum can be straightforward (if it is concordant or 
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flat), or can be complex (if it is discordant or not flat). The plateau age generally 

represents the cooling age of a mineral through its closure temperature (Fleck et al. 

1977). Occasionally concordant spectra, such as those for some biotite, yield 

anomalously old ages. The cause of this discordance may be the presence of excess 

argon; argon which was not present in a sample initially but subsequently incorporated 

(Foland 1983). Discordant ages for some minerals may also indicate partial resetting of 

argon caused by a metamorphic event or slow cooling. 

4.3 Argon Lab Procedure 

The following description of the dating procedure is paraphrased from Check 

(1989). 

Argon gas is extracted from the samples by placing them into an evacuated 

tantalum resistance furnace. Gas released from the sample is admitted to a VG 3600 

mass spectrometer after: (i) the sample is outgassed for approximately fifty minutes at 

each temperature increment of 50°C; and (ii) the impurities in the gas are separated by 

cleaning the gas with the titanium "getter". The sample moves through the system by a 

system of valves. Gas in the mass spectrometer is analyzed for 40Ar, 39Ar, 37Ar, and 36Ar. 

Measurements of 37 Ar and 36 Ar are used for elemental and atmospheric contamination 

corrections. The computer attached to the mass spectrometer prints out the isotope 

ratios, correction factors, and age for the step. All the gas release steps for a sample are 

plotted together on a diagram showing apparent age versus % 39 Ar released, yielding an 

age spectrum (Fig. 4.1). 
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4.4 Sample Description 

Five samples were analyzed for this thesis: two from the Shelburne Dyke (Little 

Harbour), two from the Messejana Dyke (Cabezuela de Valle), and one from the 

Meguma Group adjacent to the Shelburne Dyke. 

62 

The two samples from the Shelburne Dyke are SD93-1 and SD93-6. Sample 

SD93-1 (whole-rock) was taken from the margin of the dyke. A whole-rock sample is 

used for this analysis because no K-rich phase, such as biotite, could be separated from 

the rock. Sample SD93-6 contains 5-10% modal biotite that was separated from the rest 

of the rock. 

The single hand specimen of the Messejana Dyke (MD93-1) yielded two mineral 

separates (biotite and felsics) for age determination. These mineral separates present 

two opportunities to determine the age of the dyke and potentially its thermal history. 

Sample SD93-4 (biotite) was taken from the country rock (Meguma) less than 2 

metres from the Shelburne dyke. Intrusion of the adjacent dyke should have reset the 

argon in the biotites to yield the age of dyke emplacement. 

Table 4.1lists selected mineral compositions for the Shelburne Dyke, the Meguma 

Group, and the Messejana Dyke. 

4.5 Sample Preparation 

To obtain the mineral separates, the hand samples were first crushed, sieved and 

washed to produce a 60-120 mesh fraction. From this fraction the biotite and feldspar 

separates were obtained by the following methods. 



Region NS (rim) NS(rlm) NS (core) NS (core) NS (core) NS(Meguma) Spain (core) Spain (core) !Spain (core 
Sample SD93-1 SD93-7 SD93-6 SD93-6 SD93-6 SD93-4 MD93-1 MD93-2 MD93-3 
Mineral PlaQioclase PlaQioclase PlaQioclase Blotlte Ilmenite Biotite Plagioclase Biotite MaQnetite 
Structural Formula CaAI2Si208 CaAI2Si208 CaAI2SI208 K2(MQ.Fe)3AISI30 10(0H)2 FeTI02 K2(Mg.Fe)3AISI30 10(0H)2 CaAI2Si208 K2(MQ.Fe)3AISI30 1 0(0H)2 FeFe204 
Sio2 50.92 51.89 53.35 36.1 5.62 35.05 53.71 35.33 30.98 
TI02 0 0 0 4.3 17.45 1.64 0 1.81 0 
Al203 29.64 29.46 28.36 11.96 1.12 17.4 28.32 17.7 0 
FeO 0.57 0.59 0.76 27.52 64.89 22.62 0.77 21.55 46.91 
MnO 0 0 0 0 1.49 0 0 0 0.49 
MgO 0 0.23 0 6.87 0.25 7.92 0 7.96 1.88 
CoO 14.02 13.87 12.13 0 1.31 0 11.86 0 12.62 
Na20 3.57 3.81 4.74 0.57 0.46 0 4.69 0 0.31 
1<20 0.16 0 0.23 8.69 0.41 9.42 0.36 9.57 0 
CIO 0 0 0 0.33 0 0 0 0 0 
Total 98.89 99.86 99.57 96.33 93.01 94.05 99.72 93.92 93.19 

TABLE 4.1 Select mineral compositions for the Shelburne Dyke, Meguma Group; and the Messejana Dyke 
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The samples were run through the Frantz magnetic separator which separates the 

mafic from the felsic fractions by their magnetic susceptibilities; quartz and feldspar are 

less magnetic than biotite and other ferromagnesian minerals. To obtain the biotite 

samples, the mafic fraction was further separated by the paper-panning technique. The 

sample was placed on a sheet of paper that was then inclined. The platy biotites adhered 

to the sheet while the other minerals rolled off. 

The biotite, felsic, and whole-rock samples were then sent to McMaster University 

where they were irradiated, returned to Dalhousie and analyzed in the mass 

spectrometer. 

4.6 Results 

4.6.1 Shelburne Dyke 

The biotite from sample SD93-6 shows a discordant age spectrum (Fig. 4.1a). The 

discordant nature of the spectrum could be caused by the low percentages of 39 Ar 

released from the biotite which, in turn, could be caused by the alteration of biotite (K­

rich) to chlorite (K-poor). A true plateau age cannot be determined from this spectrum, 

but a pseudo-plateau age of 207 ± 2 Ma can be determined from the eighth and ninth 

heating steps. These two steps are the most reliable and form the only concordant 

section of the age spectrum. The total gas age for this sample is 206 Ma. 

The age spectrum for the whole-rock sample SD93-1 is very discordant, probably 

because a variety of minerals (plagioclase, pyroxene, and cryptocrystalline groundmass 

phases) released argon gas (Fig. 4.1b ). Because the spectrum is so discordant, a plateau 
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age cannot be determined; however, the total gas age for this sample is approximately 

213 ± 5 Ma. The second curve on the graph is the 37 Arf9 Ar plot. The ratio of these 

two isotopes of argon is related to the ratio of calcium to potassium (CalK) in the rock. 

The first 70% of the argon release curve has low (CalK) values, suggesting a mineral 

containing a much higher abundance of K than Ca, such as biotite or sericite (an 

alteration product of plagioclase). At the high-temperature heating steps, the increase in 

the CalK curve indicates that a more calcic mineral, such as plagioclase, released gas. X­

ray maps from the electron microprobe showed that the K is primarily in the very fine­

grained matrix, and that the most likely mineral in the matrix that contained the 

potassium is K-feldspar (Fig. 4.2-4.3). 

4.6.2 Messejana Dyke 

Biotite provided an additional total gas age of 222.2 Ma for the sample from the 

Messejana Dyke. This high age could be the result of excess argon in the biotites. A 

plateau age of 208 ± 2 Ma can be calculated from the fifth and sixth steps of the age 

spectrum (Fig. 4.1c). The amount of biotite used to determine an age was considerably 

smaller than the other samples, so the heating increments were 100°C, rather than the 

usual 50°C, to accumulate the necessary amount of argon gas to measure. 

Feldspars were used to determine a date for sample MD93-1, yielding total gas 

age of 194.1 Ma. A plateau age of 177 ± 5 Ma can be calculated from the seventh to 

the tenth step of the age spectrum (Fig. 4.1d). Subsequent alteration could be the cause 

of this lower age, as suggested by 37 Arf9 Ar plot. The plateau corresponds to the section 
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FIGURE 4.2 Backscattered electron image (BEl) showing a plagioclase crystal (left), a 
pyroxene crystal (right), and the fine-grained matrix containing skeletal quench crystals of 
sample SD93-1. This area was analyzed to produce the X-ray element maps in Figure 
4.3. 
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FIGURE 4.3 X-ray maps showing where the elements Na, Ca, Mg, and K are located in 
Figure 4.2. The light areas indicate places where the element is most abundant. The 
potassium analyzed to determine the age of sample SD93-1 was probably released from 
K-feldspar in the fine-grained matrix. 



Chapter 4: Geochronology 69 

of argon release spectrum that shows a low CalK ratio. Sericite, an alteration product of 

plagioclase, contains more K than plagioclase, and is probably the mineral responsible for 

producing the lower plateau age. The total gas and plateau ages for this sample are 

considerably lower than the age determined from the biotite. 

4.6.3 Meguma Group 

Sample SD93-4 is biotite from the Meguma Group. The rationale for selecting 

this sample is that, should the dyke itself not contain any datable phases, intrusion of the 

Shelburne Dyke should have reset the ages of the biotites in the adjacent country rocks 

(Fig. 4.5). The total gas age, and also the plateau age (because the spectrum is so 

concordant), is 372 ± 2 Ma. This determination is neither the age of the Acadian 

metamorphism (ca. 400 Ma), nor is it the age of the Shelburne Dyke (ca. 208 Ma); 

however, it is identical to the age of granitic intrusion in the Meguma Zone (Clarke et al. 

1993). Complete resetting, or even formation of the biotite porphyroblasts in sample 

SD93-4 at the time of the granite intrusion is probably a better explanation for this age 

than either excess argon or partial resetting by the dyke. A question remains as to why 

the dyke did not reset the biotites. The country rock is less than 2 metres away from the 

dyke, whereas the nearest exposed body of granite is about 10 kilometres distant. This 

question could form the basis of future work in this area. 



Chapter 4: Geochronology 70 

500 
~ 450 
~ 

~ 400 
"-' 

~ 350 
~ 300 
~ 250 z 

200 ~ 
~ 
< 150 
~ 

100 ~ 
< so 

0 

372 + 2Ma 

SD93-4 BIOTITE 

0 10 20 30 40 50 60 70 80 90 100 

% 39 Ar RELEASED 

FIGURE 4.4 Age spectrum of the Meguma Group adjacent to the Shelburne Dyke. 



Chapter 4: Geochronology 71 

4.7 Comparisons 

The average total gas age for the two samples from the Shelburne Dyke is 209.3 

Ma, and the average total gas age for the two samples from the Messejana Dyke is 208.2 

Ma. These determinations place the intrusion of both the dykes on the boundary of the 

Triassic-Jurassic Periods (Harland et al. 1990). 

Table 4.1 summarizes all the ages determined for the Shelburne and Messejana 

Dykes. The total gas ages for the biotites from the Shelburne Dyke (SD93-6) and the 

Messejana Dyke (MD93-1) differ by 16.2 Ma. However, the plateau age for MD93-1 

(208 ± 2 Ma) is not statistically different from the plateau age for SD93-6 (207 ± 2 Ma ). 

The ages determined by the whole-rock sample (SD93-1) and the felsic sample 

(MD93-1) differ from the biotite ages and are not very reliable. Obtaining reliable ages 

from these types of samples is difficult because of the presence of so many minerals in 

each sample that release argon gas. Some of the minerals could contain more gas, and 

some may be alteration products or younger phases. Clear evidence of alteration or 

younger phases is evident in the 37 ArP9 Ar plot on the age spectra: the low flat areas were 

formed by K-rich minerals such as biotite or sericite, and the higher regions were formed 

by minerals with lower values of K and high values of Ca. 
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Sample Number Total Gas Age Plateau Age 

SD93-l (whole rock) 213 ± 5 Ma N/A 

SD93-6 (biotite) 206 Ma 207±2Ma 

MD93-1 ( felsics) 194.1 Ma 177 ± 2 Ma 

MD93-1 (biotite) 222.2 Ma 208±2Ma 

TABLE 4.2 Summary table for geochronological data from the Shelburne and 
Messejana dykes. 

72 
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4.8 Conclusions 

All previously published ages for the two dykes were determined from the analysis 

of whole-rock, plagioclase, and pyroxene samples. Why biotites were not used for 

geochronological analysis is unknown, unless the small modal proportions escaped notice 

or prohibited concentration. 

The 40Arf9 Ar plateau ages from the biotite show that the Shelburne and 

Messejana Dykes were emplaced on the boundary of the Triassic-Jurassic Periods 

(Harland et al. 1990). Because these ages were obtained from concordant plateaus, they 

are probably the most reliable of the new age determinations. The ages from the 

analysis of the whole-rock and felsic samples are not reliable because the argon gas was 

probably released from a variety of minerals, some of them secondary. 

The plateau age from the Shelburne Dyke (207 ± 2 Ma) is identical to the 

plateau age of the Messejana Dyke (208 ± 2 Ma). These ages are significantly older 

than any of the previously published ages. The implications of these older ages are 

examined in the following chapter. 
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5.1 Introduction 

This chapter synthesizes the data and information from the earlier parts of this 

paper. In particular, it discusses the important aspects of the petrology, geochemistry, 

and geochronology of the Shelburne and Messejana Dykes. The final section considers 

three tectonic hypotheses or models to explain the formation and setting of the 

Shelburne and Messejana Dykes. The chapter ends with an evaluation of the hypothesis 

which best fits the existing data. 

5.2 Field Relations and Petrology 

Table 5.1 summarizes the important points of Chapter 2. The Shelburne Dyke 

and the Messejana Dyke are very similar in their physical dimensions, attitude, and 

position with respect to the axis of the Atlantic Ocean. The dykes also share the 

common mineral assemblages of basaltic rocks, but significantly they both contain biotite, 

a rare mineral in tholeiites. That the dykes contain biotite is important because the 

analysis of the biotite to determine ages for the dykes provided the most reliable data. 

5.3 Geochemistry 

5.3.1 Comparison of the Shelburne and Messejana Dykes 

Based on their whole-rock geochemistry, the Shelburne and Messejana Dykes are 

also similar. Both are tholeiites with similar major element, trace element, and rare­

earth element compositions. 
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Field Relations and Shelburne Dyke Messejana Dyke 
Petrology 

Location of Outcrop Little Harbour 44°10' N, Cabezuela de Valle 44°12' 
64°29' w N, 5°48' W 

Length/width 140 km/100 m 530 km/300 m (max.) 20m 
at outcrop 

Host rock metawacke and metapelite sillimanite-bearing two-
from the Goldenville mica granite 
Formation 

Mineralogy of margins microphenocryts of microphenocryts of 
plagioclase, orthopyroxene plagioclase, orthopyroxene 
and minor olivine and minor olivine 

Texture of margins fine-grained, fine-grained, subophitic to 
inequigranular, ophitic 
glomeroporphyritic, 
subophitic 

Mineralogy of interior plagioclase, clinopyroxene, plagioclase, clinopyroxene, 
biotite, opaque minerals biotite, opaque minerals 
and minor olivine and minor olivine and 

chlorite 

Texture of interior coarse-grained, medium to coarse-grained, 
equigranular, sub-ophitic to ophitic and 
holocrystalline and poikiolitic 
subophitic to ophitic 

FIGURE 5.1 Summary table of the field relations and petrology of the Shelburne and 
Messejana Dykes 
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Based on this high degree of chemical similarity, the Shelburne and Messejana Dykes are 

possibly related and may have formed from comparable magma sources. 

5.3.2 Tectonic Setting 

The results from the tectono-magmatic discriminator diagrams fall into three 

different groups: 

(i) both the analytical data and the discriminator appear reliable, 

(ii) both the analytical data and the discriminator appear unreliable; and 

(iii) the analytical data are reliable but the discriminator yields unexpected results. 

The first group of diagrams (Ti/100-Zr-Y*3, Ti/100-Zr-Sr/2, Fe0-Mg0-Al20 3, 

Nb*2-Zr/4-Y, Ti/1000-V, Zr-Ti, log Zr-log (Zr/Y), and log Cr-log Ti) suggests that the 

Shelburne and Messejana Dykes are ocean-floor basalts, within-plate basalts, and mid­

ocean ridge basalts. All these environments are consistent with other dykes that have the 

same chemistry as the Shelburne and Messejana Dykes. Some of these diagrams (the 

Ti/100-Zr-Y*3, Ti/100-Zr-Sr/2, and Zr-Ti plots) however, describe the Shelburne Dyke as 

being a calc-alkali basalt; normally considered a product of a subduction. The reason for 

subduction signature may be subduction components in the mantle underneath the 

Meguma Group residual from the Devonian Period (Tate and Clarke 1994 in 

preparation). The source of the subduction-enriched mantle may be the destruction of 

Iapetus lithosphere during the Early Devonian, or Theic crust during the Middle 

Devonian. The initial rifting that preceded the formation of the Shelburne Dyke allowed 

some of the enriched mantle to contribute to the formation of the first igneous products 

of the formation of the Atlantic Ocean. More primitive mantle material quickly 
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followed, to form the ocean floor. 

Two discriminators are not reliable; the Hf/3-Th-Nb/16 and log (Ta!Yb)-log 

(Th/Yb) plots. The two diagrams suggest that the dykes were formed in a destructive 

plate margin and continental arc-subduction zone respectively. The results from these 

plots are odd, probably because of analytical problems with the Th and Ta 

determinations by ICP-MS. Inaccurate values for these two elements may result in 

erratic deductions about the tectonic environment; however, these results are similar to 

those above that yield subduction signatures. 

The analytical data for the Ti02-Mn0*10-P20 5 *10 plot are reliable, but the 

deduced tectonic environment is not. This diagram suggests the Shelburne and 

Messejana Dykes were formed in island arcs; however, the Ti02-Mn0*10-P20 5 *10 plot 

does not contain a within-plate basalt or ocean-floor basalt field. The WPT and OFB 

fields could possibly occupy the same area as the IAT field. 

5.4 Geochronology 

The biotite plateau ages from the Shelburne and Messejana Dykes (207 ± 2 Ma 

and 208 ± 2 Ma, respectively) are identical, and they straddle the Triassic and Jurassic 

boundary (Harland et al. 1990). This age is significantly older than any of the previously 

published ages. Figure 5.1 is a histogram showing the published and new ages for the 

Messejana Dyke. The plateau age for the felsic sample falls in the region of the plot 

with the highest frequency data points (median of the histogram). The average 
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published age for the Messejana Dyke is 178.8 Ma; and the plateau age for the new felsic 

sample is 177 ± 5 Ma. This coincidence suggests that many previously published ages 

for the Messejana Dyke recorded the alteration event, not the intrusive age of the dyke. 

5.5 Tectonic Models for the Shelburne and Messejana Dykes 

Although the Shelburne and Messejana Dykes are contemporaneous, the question 

that still remains is, how the two dykes are related to each other with respect to tectonic 

setting and position. Three simple, but plausible, models are: 

(i) one dyke- the Messejana Dyke is an extension of the Shelburne Dyke; 

(ii) two parallel dykes- the Shelburne and Messejana Dykes are rift-parallel on opposite 

sides of the Atlantic Ocean; and 

(iii) two perpendicular dykes- the Shelburne Dyke is rift-parallel whereas the Messejana 

Dyke is rift-perpendicular, emplaced instead in a transform fracture zone. 

Figure 5.2 illustrates these three models schematically. 

5.5.1 One-Dyke Model 

This model considers that the Messejana Dyke is equivalent to, i.e. an extension 

of, the Shelburne Dyke. Figure 5.3 (Ziegler 1988) is a paleotectonic and 

paleogeographical map showing the North Atlantic Ocean in the Early Jurassic Period. 

According to this reconstruction, the Messejana Dyke could be an extension of the 

Shelburne Dyke. 
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FIGURE 5.2 Three models for the relationship between the Shelburne and Messejana 
Dykes: (i) the Messejana Dyke is an extension of the Shelburne Dyke; (ii) the Shelburne 
and Messejana Dykes are rift-parallel; and (iii) the Shelburne Dyke is rift-parallel and 
the Messejana Dyke is rift-perpendicular, emplaced in a transform fracture zone. 
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Compositional, geochronological, and spatial constraints permit this hypothesis, however 

no further support exists. In particular, a strong aeromagnetic signature for an extension 

of the Shelburne Dyke across the Scotian Shelf is needed to substantiate this particular 

hypothesis. The Shelburne Dyke does have such a signature offshore (Papezik et al. 

1975), but it only extends for a few kilometres. This result could mean that the 

areomagmatic signature is lost underneath younger offshore sediments. To test the one­

dyke model, drilling and core analysis could be done along the Continental Shelf. 

5.5.2 Two Parallel Dykes Model 

The second hypothesis states that the Shelburne and Messejana Dykes are parallel 

to each other and to the present-day Mid-Atlantic Ridge. Again, geochemical and 

geochronological data indicate that the two dykes are similar and related, but says 

nothing about their positions. According to Schermerhorn et al. (1978), the Messejana 

Dyke is parallel to the Mid-Atlantic rift between Northwest Africa and North America. 

Investigations into the Shelburne Dyke by Papezik and Barr (1981) and Pe-Piper et al. 

(1992) demonstrate that it is also parallel to the Mid-Atlantic Ridge. Modern and paleo­

reconstruction geological maps, such as the ones published by Ziegler (1988) (Fig. 5.3), 

provide support for this model. 

5.5 .3 Two Perpendicular Dykes Model 

This model considers that the Shelburne Dyke is rift -parallel, as the previous 

hypothesis does, but that the Messejana Dyke is rift-perpendicular, meaning it was 

intruded into a transform fracture zone caused by faulting along the Mid-Atlantic Ridge. 

The opening of the Bay of Biscay caused Iberia to be rotated during the Cretaceous 
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Period (Sibuet 1989). This rotation may have moved a formerly perpendicular Messejana 

Dyke to become parallel with the Shelburne Dyke. In support of this hypothesis, the 

Messejana Dyke has also experienced a high degree of deformation in the Messejana 

fault zone unlike the Shelburne Dyke. The Mid-Atlantic Ridge shows many transform 

faults, however, none of these occurs close to the Messejana Dyke. 

5.6 Conclusions 

The geochemical and geochronological data presented in this paper show that the 

Shelburne and Messejana Dykes were comparable and probably related, thus allowing the 

formation of three hypotheses to explain their relationship to each other and the Mid­

Atlantic Ridge. 

The simplest model, which suggests the Shelburne and Messejana Dykes are 

parallel to each other and to the Mid-Atlantic Ridge, bests explains the relationship 

between the two dykes. Figure 5.4, a cross-section of one of the initial phases of the 

rifting in the Mid-Atlantic, shows the parallel association between the Shelburne and 

Messejana Dykes. 

The sequence of events that led to the formation of the Shelburne and Messejana 

Dykes and the proto-Atlantic Ocean is interpreted to be the following. 

The creation of the North Atlantic Ocean started with a phase of continental 

stretching and rifting, and as North America split from Africa and later Europe, new 

oceanic crust formed between the continents by seafloor spreading (Schermerhorn et al. 

1978). 
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The initial fracturing and rifting that led to the breakup of the continents occurred 

around the Triassic-Jurassic boundary (Schermerhorn et al. 1978). In the axial parts of 

the Central Atlantic Rift, rapid crustal extension induced regional stresses that caused 

the intrusion of tholeiitic dykes and other magmatic rocks around the North Atlantic 

Ocean (Ziegler 1988). The Shelburne and Messejana Dykes are examples of these 

tholeiitic dykes. 

Around 180 Ma, the Early Jurassic, seafloor spreading, lithosphere separation, and 

generation of oceanic crust began (Schermerhorn et al. 1978). 
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CHAPTER 6: CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

6.1 Conclusions 

Following are the most significant findings and conclusions from this study of the 

Shelburne and Messejana Dykes. 

(i) The Shelburne and Messejana Dykes are extensive vertical sheets of 

intrusive rock that are over 100 kilometres in length, average around 100 

metres in thickness, and extend in the northeast-southwest direction at a 

latitude of 44 oN. 

(ii) The Shelburne and Messejana Dykes contain an abundance of plagioclase 

and pyroxene, with minor opaque minerals, olivine, and biotite. Both have 

subophitic to ophitic textures. 

(iii) The alkali-silica and Na20+ K20-Mg0-Fe0 plot show that the two dykes 

are tholeiites. The projection from clinopyroxene out of the base of the 

CIPW normative tetrahedron shows the majority of the samples lie in the 

quartz tholeiite field with two of the published data points for the 

Messejana Dyke lying in the olivine tholeiite. 

(iv) There is little or no fractionation of the major elements in the Shelburne 

and Messejana Dykes. 

(v) Fractional crystallization of compatible elements such as Ni and Cr causes 

elements such as Sr, Ba, and Rb to become passively enriched. 

(vi) The rare-earth element patterns for the Shelburne and Messejana Dykes 
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are similar, suggesting that they originated from a similar mantle source. 

(vii) According to the tectono-magmatic discriminator diagrams, the Shelburne 

and Messejana Dykes are within-plate basalts, ocean-floor basalts, or mid­

ocean ridge basalts. 

(viii) The most reliable ages for the Shelburne and Messejana Dykes were 

obtained from the plateaus of the biotite samples: 207 ± 2 Ma and 208 ± 

2 Ma, respectively. These dates place the intrusion of the two dykes on the 

boundary of the Triassic and Jurassic Periods. 

(ix) The Shelburne and Messejana Dykes are parallel to each other and the 

Mid-Atlantic Ridge. 

(x) The Shelburne and Messejana Dykes are related to the opening of the 

North Atlantic Ocean. 

6.2 Suggestions for Further Work 

Although this paper on the geochemistry and geochronology of the Shelburne and 

Messejana Dykes has answered many questions, it has also posed some new ones that 

could be the basis for future projects. The most intriguing question is, why the intrusion 

of the Shelburne Dyke did not reset the argon in the biotites from the Meguma Group. 

Another interesting problem is why some of the tectono-discriminator diagrams 

suggest the Shelburne Dyke was formed by subduction processes. Further geochemical 

work might resolve the origin of the subduction component. 
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Appendix A A1 

The following petrological description is based on the analysis of five thin sections. 
The label 'SD' denotes a sample from the Shelburne Dyke and 'MD' denotes a sample 
from the Messejana Dyke. 

SD93-1 

Minerals- Plagioclase- An47- 15-20% of minerals 
-Pyroxene- Orthopyroxene- 10-15% 

-Augite - 5% 
- Olivine- Altered to iddingsite- < 5% 

Texture- Subophitic 
- Glomeroporphyritic (groups of minerals) 

Groundmass- Cryptocrystalline texture 

Comments- Fine-grained (from chilled margin) 
- Minerals are microphenocrysts 

- Minerals are inequigranular 
-Minerals comprise 30-40% of rock 
- Subhedral to euhedral crystals 

- Oscillatory zoning and twinning seen 

SD93-4 

Minerals- Biotite- 20-30% of minerals 
- Chlorite- 5-10% 
- Opaques- 5-10% 
- Muscovite- < 5% 

Texture- Foliated metapelite 

Groundmass- Micro-cryptocrystalline texture 

Comments- Meguma sample 
- Biotites are ovoid porphyroblasts 
-Minerals comprise 40-50% of rock 
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-Anhedral to subhedral crystals 

SD93-6 

Minerals- Plagioclase- An55_59- 35-40% of minerals 
- Pyroxene- Clinopyroxene- 40-45% 
-Biotite- 5-10% 
-Opaques- 5-10% 
- Olivine- < 5% 

- Micrographic intergrowth of quartz and feldspar < 1% 

Texture- Subophitic to ophitic 

Groundmass- None 

Comments- Coarse-grained (from center of the dyke) 
- Minerals are equigranular 
- Subhedral to euhedral crystals 
- Oscillatory zoning and twinning seen 

SD93-7 

Minerals- Plagioclase- An47- 15-20% of minerals 
-Pyroxene- Orthopyroxene- 10-15% 

-Augite - 5% 
- Olivine- Altered to iddingsite- < 5% 

Texture- Subophitic 
- Glomeroporphyritic (groups of minerals) 

Groundmass- Cryptocrystalline texture 

Comments- Same as slide SD93-1 
-Fine-grained (from chilled margin) 
- Minerals are microphenocrysts 

- Minerals are inequigranular 
- Minerals comprise 30-40% of rock 
- Subhedral to euhedral crystals 

- Oscillatory zoning and twinning seen 

A2 
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MD93-1 

Minerals- Plagioclase- An52- 60-70% of minerals 
- Pyroxene- Clinopyroxene- 20-30% 
- Opaques- 5% 
- Biotite- 5% 
- Chlorite- < 5% 

Texture- Subophitic to ophitic 
- Late poikilitic- small plagioclase enclosed by pyroxene 

Groundmass- None 

Comments- Medium to coarse-grained (from center region of dyke) 
- Minerals are inequigranular 
- Subhedral to euhedral crystals 
- Oscillatory zoning and Carlsbad twinning seen 

A3 
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Appendix B Bl 

SD93-6 BIOTITE SUMMARY 

oC mV 39 ~ 
0 39 AGE (Ma) % ATM 37/39 36/40 39/40 ~ 

0 IIC 

650 3.1 4.3 240.3 +/- 63.9 83.5 1.19 .002826 .002386 . 2 

700 5.6 8 230.4 +j- 22.3 71 .39 .002403 .004388 .07 

750 8.8 12.5 148 +/- 8.5 72.2 .47 .002446 .006685 .11 

800 5.4 7.7 232.8 +j- 6.3 29.8 .14 .00101 .010504 .02 

850 8.1 11.5 232.1 +/- 4.2 28.2 .16 .000955 .010782 .02 

900 5.1 7.2 163.7 +j- 18.2 40 .24 .601355 .013022 .05 

950 4.2 6 221.7 +j- 4.8 20.4 . 3 .000692 .012547 .05 

1000 15.8 22.3 208.5 +/- 2 7.3 .49 .000248 .015603 .09 

1100 13.3 18.8 204.1 +/- 2.9 11.1 .85 .000377 .015303 .16 

1200 . 9 1.3 237.3 +/- 23.9 75.4 12.66 .002552 .003608 2.23 

TOTAL GAS AGE 206 Ma 

J = .002064 

ERROR ESTIMATES AT ONE SIGMA LEVEL 

37/39,36/40 AND 39/40 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES 

% IIC - INTERFERING ISOTOPES CORRECTION 
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SD93-1 WHOLE ROCK SUMMARY 

oc mV 39 ~ 
0 39 AGE (Ma) % ATM 37/39 36/40 39/40 % IIC 

550 4.3 2.7 193.5 +/- 11.8 44.6 5.21 .00151 .010091 1.05 

600 7.8 4.9 230.4 +/- 7.2 37.4 7.21 ·' 001268 .009468 1.29 

650 9.5 6 245.5 +/- 2.5 29 8.33 .000984 .010037 1.43 

700 7.4 4.6 209.9 +j- 7.5 32.4 8.57 .001098 .011294 1.64 

750 7.3 4.6 258.5 +j- 9.1 37.8 10.19 .001281 .008319 1.69 

800 8.4 5.2 208.8 +/- 4.8 41.8 12.16 .001416 .009777 2.33 

850 12.8 8 211.3 +/- 2.9 29.9 11.81 .001014 .011625 2.25 

900 18.5 11.6 249.7 +/- 3.3 31.2 8.46 .001056 .009556 1.44 

950 14.7 9.2 196.3 +/- 3.1 31.6 7.77 .001071 .012261 1.56 

1000 13.1 8.2 191.2 +J- 2.6 24.7 8.61 .000836 .01389i 1.76 

1050 11.2 7.1 185.4 +j- 2.4 25.9 12.36 .000878 .014112 2.59 

1100 9.4 5.9 175.3 +/- 3.9 34.3 25.27 .001162 .013279 5.51 

1150 6.8 4.3 191 +j- 4.3 27.2 38.75 .000925 .013432 7.94 

1250 15.3 9.6 207.4 +J- 4.4 48.9 53.74 .001656 .008647 10.38 

1350 11.6 7.3 217 +j- 12.4 74.2 63.5 .002513 .004153 11.89 

TOTAL GAS AGE 212.6 Ma 

J = .002064 

ERROR ESTIMATES AT ONE SIGMA LEVEL 

37/39,36/40 AND 39/40 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES 

% IIC - INTERFERING ISOTOPES CORRECTION 
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MD-93-1 BIOTITE SUMMARY 

oc mv 39 ~ 0 39 AGE (Ma) ~ 0 ATM 37/39 36/40 39/40 % IIC 

600 . 7 . 8 10 +/- 138.9 98.1 .57 .003321 .006841 1.64 

700 3.7 4.4 412.5 +/- 23.5 26.6 .14 .'0009 .005893 .01 

800 12.4 14.6 241.4 +/- 3 13.9 .04 .000472 .012397 0 

900 20 23.4 217.9 +/- 2.2 10.2 .02 .000345 .014427 0 

1000 36.1 42.3 209.3 +/- 1.2 4.6 .04 .000157 .015986 0 

1100 11.4 13.4 203.6 +/- 3 12.9 .17 .000439 .015022 .03 

1200 . 5 . 6 76.8 +/- 74 92.2 6.37 .003123 .003656 2.7 

TOTAL GAS AGE 222.2 Ma 

J = .002064 

ERROR ESTIMATES AT ONE SIGMA LEVEL 

37/39,36/40 AND 39/40 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES 

% IIC - INTERFERING ISOTOPES CORRECTION 
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MD93-1 FELSICS SUMMARY 

oc mV 39 % 39 AGE (Ma) 

550 6.5 2.2 131.6 +/- 6.5 

600 8 2.7 164.6 +j- 4.7 

650 11.6 4 185.1 +/- 3.2 

700 7.9 2.7 186.4 +j- 5 

750 20.7 7.1 206.8 +/- 2.3 

800 22.6 7.7 195 +J- 1.9 

850 21.3 7.3 187.6 +/- 1.7 

900 41.6 14.3 175.2 +j- 1 

950 44.5 15.3 175.3 +/- 1 

1000 33.8 11.6 169.5 +J- 1.2 

1050 27.5 9.4 162.9 +j- 1.3 

1125 24.9 8.5 160.8 +/- 1.9 

1200 14 4.8 196.9 +/- 5.8 

1300 5.1 1.7 940.7 +j- 87.1 

TOTAL GAS AGE 

J = .002064 

194.1 Ma 

ERROR ESTIMATES AT ONE SIGMA LEVEL 

B4 

% ATM 37/39 36/40 39/40 % IIC 

56.3 5.53 .001908 .011885 1.5 

47.9 6.79 .'001621 .011248 1.55 

39.6 8.48 .001342 .011515 1.77 

34 7.86 .001152 .012501 1.64 

29.6 6.8 .001004 .011943 1. 31 

22 6.09 .000747 .014081 1.23 

14.8 4.09 .000501 .016036 .85 

10.5 2.23 .000357 .018086 .48 

10.1 2.19 .000344 .018158 .47 

11.4 1.98 .000386 .01855 .44 

14.2 2.45 .000483 .018714 .56 

26.4 8.75 .000896 .016268 2.03 

57.8 37.05 .001959 .007533 7.43 

22.8 92.65 .000773 .002325 8.14 

37/39,36/40 AND 39/40 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES 

% IIC - INTERFERING ISOTOPES CORRECTION 
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SD93-4 BIOTITE SUMMARY 

oC mV 39 ~ 
0 39 AGE (Ma) ~ 

0 ATM 37/39 36/40 39/40 ~ 
0 IIC 

650 204.4 20.5 365.9 +/- 1.6 1.7 0 .000059 .009015 0 

700 194.8 19.6 371 +/- 1.6 .8 0 .000027 .008965 0 

750 125.8 12.6 373.5 +/- 7 1.2 .01 .000043 .008854 0 

800 89.8 9 370.5 +j- 1.7 1.2 .01 .000042 .008935 0 

850 145.1 14.6 371.6 +/- 1.6 . 8 .02 .000029 .008944 0 

900 110 11 371.5 +/- 1.6 1.5 .02 .000051 .008886 0 

950 35.2 3.5 375.5 +/- 2.4 2.7 .03 .000094 .008667 0 

1000 32.4 3.2 385.7 +/- 2.4 1.4 .01 .00005 .008526 0 

1050 34.8 3.5 379.6 +/- 2.5 1.8 .02 .000064 .008644 0 

1100 11.8 1.1 389.9 +/- 3.8 3.8 .06 .000128 .008227 0 

1150 6.7 . 6 388.1 +j- 10.8 17.4 .07 .000589 .007096 .01 

1250 2.6 . 2 480.7 +/- 52 40.4 .08 .001369 .004024 .01 

TOTAL GAS AGE 371.9 Ma 

J = .002064 

ERROR ESTIMATES AT ONE SIGMA LEVEL 

37/39,36/40 AND 39/40 Ar RATIOS ARE CORRECTED FOR INTERFERING ISOTOPES 

% IIC - INTERFERING ISOTOPES CORRECTION 


