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ABSTRACT 

Recrystallization of fracture-llrfilling calcite: 
Evidence fiom 6"0,6"C, U m i  ages and fluid inclusions 

Andrew Robert Bukata 

The origin of hcture-infilling calcite fiom the fiactured crystalline rock on the 

Precambrian shield at the Chalk River, Ontario properties of Atomic Energy of Canada 

Limited was investigated using 6"0, S1'C, UfIh ages and fluid inclusion micro- 

thermometry. A UlTh extraction-separation technique was developed using the 

cornmercially available U T E V A ~ ~  resin (FXhrom Industries). The method gave yields 

of W O %  U and >8û% Th, and did not introduce isotopic fractionation. Using this 

method, U-series ages of <9 to >350 ka were measured in the calcites. Open-vein calcites 

tended to have more "O-eMched and "C-depleted values (15 to 22Oho and - 1 1 to -60h0) 

than sealed-vein calcites (14 to 20°/w and -9 to -Soho). Most fluid inclusions had 

homogenization temperatures between 70 and 90°C, and salinities of <6 wt. % NaCl. The 

geochemical charactenstics of the fracture-infilling calcites indicate alteration or 

recrystallization of a metamorphic calcite by modern meteoric recharge, with statist icall y 

more calcite precipitation occurring between periods of continental glaciation. 
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1 

1 - LNTRODUCTION 

Carbonate mherals are currently found in the £kachires of crystalline rocks of the 

Canadian Shield. These precipitated from one of three mechanisms: 1) precipitation from 

an ascending hydrothermal fluid; 2) precipitation fiom a descending low temperature 

fluid; or 3) re-crystallization or alteration of a previously deposited calcite by a 

subsequent ascending or descending fluid. The geochernical characteristics of the calcite 

will reflect the physico-chernical characteristics of the groundwater or groundwaters 

involved in calcite formation. If systematic variations exist between the geochernical 

characteristics of calcite in bctures  currently open and sealed with respect to 

groundwater flow, these characteristics may be used to determirie the long term 

hydrogeology and hydrogeologic characteristics of the groundwater flow in the crystalline 

rock. 

This thesis examines the stable isotopic composition (6°C and 6"O), the physico- 

chernical characteristics of fluid inclusions. and the 'I%dZ4u ages of the fracture- 

infilling calcite £?om the properties of the Chalk River Laboratories (CRL), Chalk River, 

Ontario, of Atomic Energy of Canada Limited (AECL). These measurements were used 

to constrain the timing, temperature, salinity and stable isotopic composition of the fluids 

responsible for calcite formation in the fractures. The stable isotopic composition of the 

calcites, fluid inclusion salinities and homogenization temperatures, and U-series ages of 

the calcites were compared to the ranges of values characteristic of typical ascending and 

descending fluids to test the alternative formation scenarios of these fkacture-infilling 

calcites. 
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1.1 - OVERVIEW AND OBJECTIVES OF THIS STUDY 

The stable isotope ("C and 180) composition, UrTti geochemistry iiicluding U- 

series dating, fiuid inclusion formation temperature and salinity of hcnire-infilhg 

calcite fiom this investigation were combined with geochernical data previously gathered 

at Chalk River (Bottomley, 1987; Bottomley, 1988; Bottomley and Veizer, 1992. and Lee 

et al., 1998 and teferences therein) to constrain the conditions of calcite formation and the 

geochernical progression of fluids at Ch& River. This investigation integrates the 

results of stable isotope, fluid inclusion, and U-series measurements on the same sarnpies; 

previous investigations at Chalk River and elsewhere had only used one or two of these 

tools. Integrating the results of these geochemical techniques allows the stable isotopic 

composition, temperature, salinity and age of the fluid responsible for Gacture-infilling 

calcite to be established. The specific objectives of the investigation are listed below. 

1 ) To deterrnine whether there are systematic differences in the geochemistry of calcite 

from fractures characterized as open or sealed with respect to groundwater flow. 

2) To establish whether any depth trends exist in the fracture-infilling calcite with respect 

to SI3C, 6180, U/Th geochemistry or U-series age. 

3) To detennine whether the calcite precipitated fkom one of the five major fluid "events" 

as established by the regional geologic history of the Canadian Shield. 

4) To establish whether fluid inclusion formation temperature and melting points can be 

used to constrain the temperature and salinity of the fluid responsible for fiacture-infilling 

calcite formation. 

5) To develop a column extractiodseparation method for rapid chernical preparation for 



U-series dating and to verifjr the technique with standards. 

6) To perform " w 4 ~  dating on the hcture-infilling calcite. 

7) To use the fluid inclusion, stable isotope and U-series ages to coastruct the history of 

the geochemistry of calcite precipitating fluids in the Chalk River area. 

8) To detennine whether the timing of calcite precipitation is linked with the glacial 

history of the region. 

The results of this investigation will allow the geochemical characteristics of the 

calcite to be used to determine whether the calcites fomed f?om an ascending 

hydrothermal fluid, a low temperature descending fluid, or have been altered by 

ascending or descending fluids since initial deposition. The specific work in this thesis 

Iead to the development of a new U/Th extractiodseparation technique applicable to U- 

series dating. The measurements were integrated witb the stable isotopic and fluid 

inclusion analysis in this thesis to provide a more robust examination of the fracture- 

infilling calcites than previously undertaken. Previous investigations preformed on 

fracture-infilling calcite have only made use of one or two of the analytical methods. The 

integration of the results fiom a11 three techniques performed in this investigation allowed 

information about the timing, temperature and isotopic composition of the calcite 

precipitating fluids to be obtained fiom the same samples. 

1.2 - BACKGROUND THEORY 

Background idormation regarding the interpretation of the stable isotope, fluid 

inclusion and U/Th data is discussed in the following sections. 
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1.2.1 - STABLE ISOTOPES IN CALCITE ("C and "O) 

Isotopes are atoms of the same element which have different numbers of neutrons, 

but the same number of protons in the nucleus. As a resdt, isotopes exhibit the same 

chemicd behaviour, but have slightly different reaction kinetics due to their small mass 

di fference (Kyser, 1 987). Any physical or chernical reaction which results in a phase 

transformation or the formation of a new cornpound will result in the fiactionation of 

isotopes, such that the heavier isotope will tend to be concentrated in the lower energy, 

more condensed phase. 

Isotopic fkactionation is temperature dependent, with the degree of isotopic 

fiactionation decreasing as the temperature of the system is increased. The temperature 

dependency of the hctionation results because the difference between energy levels of 

molecules or bonds involving heavy isotopes compared to those involving only lighter 

isotopes becomes less significant at high temperatures. At low temperatures, the energy 

difference is Iarge relative to the total energy of the system, whereas at higher 

temperatures, the relative energy difference decreases. The theory and application of 

stable isotope analysis to environmental science is extensively covered elsewhere (Faure. 

1986; and Kyser, 1987). 

"Isotopic hctionation" and "isotopic composition" have very specific defmitions. 

The mathematical definitions and relationships between the terms are given as equations 

1 - 1 to 1 -4 (Faure, 1986; and Kyser, 1987). The isotopic fraetionation (a) between two 

phases (A and B) is defïned as: 



Where RA represents the ratio of rare (heavy) to common (light) isotopes in phase A. and 

RB is the same for phase B. As it is easier to measure the relative differences between the 

isotopic ratios of two substances than it is to measure the absolute ratio, the value of 

isotopic composition is nomally reported in delta (6) notation relative to a standard. This 

is calcuiated as: 

Where %, is the absolute ratio in a standard. The delta value (6.J is then reported as a 

per mil (%O) value relative to the standard used. The fiactionation factor between the two 

phases may then be given as: 

In this investigation, the isotopic compositions of the calcium carbonate mineral calcite 

(CaCO,) were detennined. 
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1.2.1.1 - OXYGEN ISOTOPES 

There are three stable isotopes of oxygen. 1 6 0 ,  "0 and "0. Of interest to this 

study are the heavy (I8O) and light (160) isotopes. The greater mass difference and higher 

abundances of "0 and 160 than "0 make the 180/'60 ratio most widely used in isotopic 

investigations. The natural abundances of the stable isotopes of oxygen are; 

6180 values in this thesis are reported relative to the V-SMOW standard. V-SMOW is an 

acronyrn for Viema Standard Mean Ocean Water. V-SMOW, has a ratio of 180/"j0 of 

2005.2* 1 O4 (Baertschi, 1976). SMOW is assigned a 6180 value = 0, anythmg with 6180 

value > O is referred to as "enriched relative to SMOW," and anything with 6180 value c 

O is referred to as "depleted relative to SMOW." 

The fiactionation of "0 during the precipitation of calcite is very temperature 

dependent and follows the relationship: 

The temperature (T) in the fractionation factor is in Kelvin. Given the temperature 

dependent fiactionation of ''0 in the calcite-water system, the 5180 value of the calcite 

(S'80,1,,,,) will be largely affected by both the oxygen isotopic composition of the water 

(6'80,,ater) and the temperature of calcite formation. As there are two unknowns in the 

equation. without constraining either the temperature of formation or the 6180,, 



interpretation of the 6180 values in the calcite is speculative at best. 

1.2.1.2 - CARBON ISOTOPES 

There are two stable isotopes of carbon, "C and "C. The relative abundances are; 

6°C values in this thesis are reported relative to a Belemnite £iom the Pee Dee formation 

(V-PDB) standard. The 613C of V-PDB is set to zero, with a ' 3 C / ' 2 ~  ratio of 1 l23.75* IO-' 

(Craig, 1957). The fiactionation factor for "C between calcite and bicarbonate is defmed 

as: 

1 o6 ' ln u c n l ~ ~ ~ e  -bxurbolloIe = 0.095 * - + 0.9 (Deines et al.. 1974) (1 -6) T 

The small fiactionation and the small temperature dependency of the hctionation factor 

allow the 6°C of the calcite (6"C,,,,,) to be interpreted as indicating the source of the 

carbon in the calcite. Biological activity in the soi1 zone depletes the 6"C,,,- to between 

-23 and - 1 Soho at the Chak River site (Lee et al, 1998). This will have a considerably 

larger effect on the 6"C,,,, than temperature of calcite formation. For this reason, the 

6'3C,lc,, will be interpreted as an indication of the carbon source, rather than the 

formation temperature of the calcite. 

1.2.2 - FLUID INCLUSION ANALYSIS 

Fluid inclusions are small imperfections (1 to 50 p) in a crystal matrix which 

trap a small amount of fluid fiom which the crystal is precipitating. As a result, the fluid 
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inclusion has physical and chemical properties which reflect the fluid fiom which the 

crystal formed. The theory and application of fluid inclusion analysis is extensively 

covered by Roedder (1984), Shepherd et al. (1985), and Goldstein and Reynolds (1994). 

Minerals which have not undergone post depositional alteration may contain fluid 

inclusions which yield information about the formation temperature, salinity, chemical 

composition of the crystaIlization fluid, and the pressure of the systern during crystal 

precipitation. However, in this study, neither micro-sampling of fluid inclusions for 

analysis of the chemical composition of the precipitating fluid nor determination of the 

system pressure was performeâ, so they will not be discussed tùrther. 

The minimum temperature at which the crystal formed is deterxnined by heating 

multi-phase fluid inclusions until the phases homogenize. The temperature at which this 

occurs is recorded as the temperature of homogenization (TJ and represents the lowest 

possible formation temperature of the fluid inclusion, which is by extension, the lowest 

possible temperature at which that section of the crystal precipitated. The actual 

temperature of formation may have been higher if fluid inclusion formation occurred at a 

higher pressure. As the formation pressure was not determined, the Th can only be 

interpreted as the minimum temperature of formation. 

If the fluid inclusion is observed to be one phase (al1 liquid) at room temperature 

and atrnospheric pressure, it may have formed fiom one of two possible origins. If the 

minera1 has not undergone post depositional alteration, the fluid inclusion formed either 

at or below room temperature, or is meta-stable. A meta-stable inclusion is formed at < 

50°C, and is too small to nucleate a vapour bubble due to interna1 pressure. In either case, 
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nothing more conclusive than Th <=50°C can be recorded about a single-phase, al1 liquid 

fluid inclusion (Goldstein and Reynolds, 1994). 

Freezing point depression is known to occur in solutions containing dissolved 

ions. To detennine the salinity of the fluid inclusion, the fluid inclusion is cooled until 

the liquid fieezes and then slowly heated to melt the inclusion. The temperature of final 

melting (Tm) is recorded. The degree of freezing point depression can then be converted 

to a weight percent NaCl equivalent (wt. % NaCI) using the following relationship: 

Salinity (wt. % NaCl) = 0.00 + 1.788 - 0.04428' + 0.0005578~ (1 -7) 
(Bodnar et al, 1992 a+b. in Goldstein and Reynoldr, 1994), 

O is the depression of the fieezing/melting point below zero in degrees Celsius. 

Given the possible origins for fluid inclusions in a crystal, it is important to 

characterize the fluid inclusion petrographically prior to analysis to ensure that the fluid 

inclusion was incorporated into the matrix during precipitation of the crystal, and not as 

the result of post depositional alteration of the crystal. The shape of the fluid inclusion 

and the fluid inclusion's petrographic relationship to the crystal matrix are used to 

characterize the fluid inclusion's origin. 

A fluid inclusion may be characterized by petrographic examination of the thin 

section, as one of four possible types: i )  Primasr; II) Secondary; m) Pseudo-Secondary; 

or N) Unknown. Only those fluid inclusions classified as primary by Roedder (1 984), 

Shepherd et al. (1985), and Goldstein and Reynolds (1994) were analysed in this 

investigation. Primary fluid inclusions occur in growth bands in the crystal and have 

rounded to negative crystal shapes. A group of primary fluid inclusions in the same 



growth band wili have the same Iiquid to vapour ratio. 

The T+d Tm of primary fluid inclusions in this investigation were used to 

determine the minimum formation temperature and salinity of the fluids responsible for 

calcite precipitation. These parameters, along with the U-senes ages and stable isotope 

ratios will be used to assess the palaeohydrology of the region. 

1.2.3- URANIUM-SERIES DA'ITNG 

Radiometric dating involves using the relative amounts of parent and daughter 

atorns, and the decay rates of the parent and c iauter ,  to calculate the amount of tirne 

required for decay of the parent to accumulate the amount of daughter atoms present. The 

applicability of radio-isotopic dating techniques to a substance is contingent on whether 

the parent and daughter in the decay chab are physically or chernically isolated during 

formation of the material. Ifdaughter ingrowth, or the unsupported decay of a daughter 

occur, information about the half life and initial activity of the sample can be used to 

determine the amount of tirne which has passed since the event which isolated the parent 

fiom the daughter. The use of the uranium decay series for dating samples is most easily 

applied to systems which exclude either U or Th during their formation and remain closed 

systems throughout their existence (Ivanovich and Haxmon, 1 992). 

1.2.3.1 - U AND T b  GEOCHEMISTRY 

The redox chemistry of uranium and thorium in aqueous solution is the primary 

reason why these two nuclides are isolated fiom each other in the environment, and as a 

result form a usefil dating pair. Uranium exists in one of four oxidation states, III, N, V 

and VI, with N and VI being the most common. Thorium has only one oxidation state, 



11 

W .  Both U(1V) and T h o  are relatively insoluble in water, with the high ionic potential 

of each species causing them to become adsorbed to the charged surfaces of particles 

(Faure, 1 99 1 ). in the presence of molecular oxygen U(TV) is oxidized to U O ,  to fonn 

the soluble uranyl ion. The uranyl ion has lower ionic potential and thus is not scavenged 

by small particles in solution. Thus, in oxidizing aqueous enviroments, U is mobile as  

an aqueous ion, while Th is oniy mobile as a colloid. The uranyl ion can replace Ca'' in 

calcite and aragonite precipitation, and Th4' is strongly excluded. As a result, a fieshly 

deposited calcite which is k e  of detrital contamination will include U and negligible Th. 

Following this, any thorium measured in a calcite is present as a result of either detrital 

contamination, or ingrowth of the radioactive d a m e r  fiom U decay. Detrital 

contamination cm be corrected for, allowing calcite to be used for U-series dating. 

Carbonate minerals generally contain approximately 2 ppm U and negligible Th, 

with Th content correlated to detritd contamination (Gascoyne, 1992). Table 1- 1 

contains concentration ranges for U and Th in the natural environment. 

1.2.3.2 - RADIOACTIVE DECAY OF U AND Th 

Al1 the decay series for U and Th end with the stable element lead. The U and Th 

decay series relevant to this investigation are "8U and and are shown in Figure 1 - 1. 

a-decay occurs at a constant decay rate, and the a-particle emitted in each decay has a 

characteristic energy or characteristic energies. 

M i l e  each radio-nuclide of the sarne element has a different a-decay energy, 

there are decay energy interferences fiom different elements in the sarne decay chah. 

Figure 1-2 shows the a-decay energies for the U and Th decay series. The a-decay 



TABLE 1-1 - Summaxy of the concentration ranges of U and Th, and the ThKJ ratios 
found in the natud environment. 
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FIGURE 1-1 - The decay senes of "'U, 35U, and f)2ni taken fiom Dicken (1  992). a- 
decay is indicated by arrows downward to the lefi and P-decay is represented by boxes 
upward to the le& The haif-He of each nuciide is also presented in the box. Z is the 
atornic number, or number of protons in the atom, and N is the number of neutrons in the 
nucleus. 



Energy, MeV 

4.0 4.5 5.0 5.5 
1 1 1 1 

226R0 I 

100 
Channel number O: 

FIGURE 1-2 - The characteristic a-decay energies for the U-series actinides. Taken from 
Dicken ( 1  992). The a-decay energy interferences between U and Th nuclides necessitate 
their separation prior to anaiysis by a-spectrometxy. 
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energy interferences indicate that to measure U and Th accurately by a-spectrometry, it is 

necessary to separate U and Th chemicaliy prior to their measmement. 

U/Th Dating 

The different solubility and mobility of U and Th in the environment, as well as 

the difference in their incorporation mechanism into calcite, make it possible to use the 

UiTh system to determine the crystallization age of a calcite. At formation, a pristine 

calcite should hclude U fiee of its daughter ni. Therefore, it is possible to use ingrowth 

of Th to calculate the age of a calcite. In this investigation, the parent-daughter pair 

"4U/x0Th was used. z'U has a half-life of 247,000 years and has a half-life of 

80,000 years; this allows for the dating of samples up to 350,000 years (350 ka) before 

present, with confidence using a-spectrometry (Gascoyne, 1 992). 

1.3 - CALCITE AS AN ENVIRONMENTAL -R 

The chernical composition of calcite and its occurrence in a wide variety of 

geologic environments make it well suited to delineate numerous geochemical and 

physical processes. Stable isotope (13C and 180) analysis, U-series dating and fluid 

inclusion analysis of calcite can yield information about the isotopic composition and 

salinity of the fluid which precipitated the calcite, the time of calcite crystallization, and 

the minimum temperature at which the calcite precipitated. This information and the 

ubiquitous nature of calcite in many geologic terrains make it usehl in the snidy of a 

wide variety of geologicaE processes. 

Among the most widely studied environmenrai calcite deposits are speleothems or 

"cave calcites." Speleothems are banded calcite deposits which form fiom water seeping 
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into a cave after becoming saturated with respect to calcite in the overlying rock mas.  

The nature of the depositional process and the source of the fluids precipitating calcite 

have made speleothems widely used for both regional and global palaeoclimate 

reconstruction (Gascoyne, 1979; Gascoyne et al., 1980; Gascoyne et al., 1983; Li et al.. 

1989; Goede et al., 1 996; Lauriol et al., 1997; and Bar-Matthews et al., 1 999). As calcite 

deposition on the speleothem ceases if the cave is flooded, growth hiatuses in speleothem 

deposits from caves at or near sea level have been used to construct records of sea level 

fluctuations (Harmon et al., 1 98 1 ; and Richards et al., 1 994). Here, a speleothem growth 

hiatus represents a tirne when the speleothem was below sea level. In equatorial caves, 

this occurs during interglacial periods as a result of glacial meltwater entering the oceans. 

The isotopic composition of fluid inclusions in speleothem carbonates has k e n  

analysed by destructive means (breaking the fluid inclusion to extract the fluid) in an 

attempt to develop a long term record of precipitation, and to calculate the temperature of 

the calcite formation ushg the temperature dependent fractionation of ''0 between water 

and calcite (Schwarcz and Young, 1980; and Harmon and Schwarcz, 198 1). ln addition 

to being used to determine the formation temperature of the calcite, non-destructive 

(heating and cooling) fluid inclusion analysis has been used to trace the thermal history of 

calcite during bunal diagenesis (Goldstein, 1990) and the thermal alteration of a calcite 

cernent (Muchez et al., 199 1 ). These are only a few of the many studies of speleothem as 

an environmental rnarker. 

Coral deposits are used in many of the same ways as speleothems and, in many 

cases, to study the same processes. The annual carbonate growth bands and U 
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incorporation by corals make them applicable to detaîied palaeoclimate investigations. 

For example, Smith et al. (1997) found evidence of the Younger Dryas event in a 

submerged coral. The Younger Dryas event was a climatic reversal to colder conditions 

which existed in Europe between 1 1 and 10 ka. In addition, the growth bands have been 

used to develop a long term record of the atmosphenc carbon isotope ratios (Nozaki et 

4.' 1978), and coupled with high resolution U-series dating, corals have k e n  used to 

estimate the atmospheric I4C input fùnction (Bard et al., 1990a). The calibration of 

atmospheric production of "C has also been performed with speleothems (Vogel and 

Kronfeld, 1 997; and Gentry and Massault, 1 997) in a manner similar to that used with 

speleothem determinations of palaeo-sea level, periods of coral growth have k e n  

conelated to sea level changes in equatorial regions mard et al., 1990b; Muhs et al., 

1994; Muhs and Szabo, 1994; Szabo et al., 1994a; Bard et al., 1996; and Chappe11 et al., 

1 996). 

In the late 1 980ts, a large banded calcite vein was discovered in Devils Hole, 

Nevada. It has been verified with U-series àating that the calcite has been deposited 

continually for the last 500 ka (Winograd et al., 1988; and Ludwig et al., 1992). This has 

aIlowed for the isotopic composition of carbon and oxygen in the calcite to be used in 

conjunction with the U-series age to develop a continental record of palaeoclimate 

comparable to the marine isotope record (Winograd et al., 1988; Ludwig, 1992; Winograd 

et al., 1992; Coplen et ai., 1994; Crowley, 1994; Riggs et al., 1994; and Szabo et al., 

1 994b). Trends in the 6180 values measured in the Devils Hole calcite have been used to 

determine the duration and structure of glacial and interglacial penods (Winograd et al., 
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1 997). in addition to the palaeoclimatic hterpretation of the Devils Hole record, the 

geochemistry of the hcture coating calcite has been used to argue both for (Hill et al., 

1995) and against (Stuckless et al., 199 1) an upwelling component of deepseated ground 

water involved in the precipitation of regional calcite deposits. If the depositional 

environment is stable over geologically meaningfûl tirne periods, the geochemical 

characteristics of deposited calcite can be used as a record of palaeoclimate, as is the case 

with the vein deposit at Devils Hole. 

Surface deposits of calcium carbonates such as travertine and tufa are also used as 

proxy records of environmental conditions. T d a  deposition at a lake margin is 

dependent on the water level in the lake. This fact has allowed for U-series dating of tufa 

deposition to be used as a record of lake water level (Szabo et al., 1996). In arid regions, 

periods of travertine deposition have been dated and used as evidence of wetter periods in 

the regional palaeoclimate (Clark et al., 1991). The stable isotopic compositions of 

travertine deposits have also been used as records of the source and composition of the 

groundwater recharge responsible for calcite precipitation (Sultan et al., 1997). 

Stabie isotope measurements on calcite precipitated in the soi1 zone as pedogenic 

concretions in arid climattes have been used as an indicator of palaeoclimate (Mack et al., 

1994) and as a record of monsoon activity (Wang and Follomer, 1998). 

The isotope and trace element composition of marine carbonates which have not 

undergone diagenesis have been used as a record of the seawater chemistry at the tirne of 

carbonate precipitation (Carpenter et al., 199 f ; Major and Wilber, 199 1 ; and Whittaker et 

al., 1994). Similar information is generated by the analysis of fkeshwater lacustrine 
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carbonates. Stable isotopes are often used to analyse lacustrine carbonates to determine 

the source of water input, as well as to reconstruct the climate of the region (Fontes et al., 

1996; Li et al., 1997; Anderson et al., 1997; and Menking et al., 1997). Many organisms, 

particularly marine and fieshwater molluscs, precipitate carbonate shells. The isotopic 

and trace element composition of shell carbonates has been used to reconstnict the 

composition of both palaeo-sea (Azmy et al., 1998) and palaeo-lake waters (Lemeille et 

al., 1980; Rea et al., 1994; and Hohes  et al., 1995). However, there are metabolic (vital) 

effects which fiactionate I3C during incorporation into shell carbonate and affect their 

usefûlness as an environmental marker (Veinott and Comett, 1998). 

In addition to the infionnation available fiom primary carbonate minerais, the 

stable and trace element composition of carbonates is usefùi in studies of diagenesis. 

Stable isotope and trace element analysis has been used to establish the source of water 

responsible for formation of diagenetic calcite in sandstone (Lundergard, 1994), 

calcretions in sand (Budd and Land, 1990) and limestone (Saller and Moore, 199 1 ; and 

Quinn, 199 1 ) environrnents. 

Systematic variations in the stable isotope and trace element composition, U- 

series age and fluid inclusion analysis are powerful tools in the examination of the 

formation conditions, or diagenetic history of calcite. The ubiquitous nature of calcite 

makes it a useful proxy for aoalysis of a wide range of geochemical and physical 

processes. 

Previous Investigations of FractureInfilling Calcite 

There have been many investigations of the geochemical compositions of fracture- 
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infilling calcite. Most often the investigations are undertaken in conjunction with the 

geologic characterization of a region's suitability for hosting a long-tenn high level 

nuclear waste repository. The proposal to locate such a facility at Yucca Mountain, 

Nevada has led to many investigations of the geologic stability and palaeohydrology of 

the area. Szabo and Kyser (1990) performed a stable isotope (I3C and "O) and U-series 

dating study of secondary calcites in hctures fiom the vicinity of Yucca Mountain. They 

found isotopic and age evidence for episodic calcite precipitation in the hctures fiom 

meteoric recharge. Marshall et al. (1992) used Sr and stable isotope data to establish that 

the calcites formed f?om a pedogenic fluid at low temperatures. Hill et al. (1995) used a 

combination of their own data and the data fiom other investigations to argue that the 

ongin of some of the recent (Pleistocene) calcites may be fiom an upwelling deep seated 

hydrothermal fluid. Such a scenario wouid raise serious concems about siting a nuclear 

waste storage facility in the area because it implies that the facility could be flooded. A 

subsequent investigation of the micromorphology of the calcites by X-Ray Difiction 

(XRD), scanning electron rnicroscopy and cathodoluminescence indicate that the 

secondary calcites are more sirnilar to pedogenic (soil-denved) deposits than phreatic 

(saturated zone) deposits. Thus they appear to be precipitating fiom recharging ground 

water (Monger and Adams, 1996). This debate indicates the difficulties in interpreting 

stable isotope data, particularly in open systems. Systems are considered open if they can 

fieely exchange materials with extemal sources. Stable isotopic compositions c m  be 

affected by many variables and it is difficult to eliminate any formation scenario with a 

stable isotope investigation alone. 
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The potential for a high level nuclear waste storage facility location in Hungary 

was studied using the stable isotope ('H, I3C and "O) composition of shallow 

groundwater, site water (deep-seated fluids), carbonate veuis and rnicrothennometric 

information fiom fluid inclusions (Demeny et al., 1997). The stable isotopic composition 

of the ground water indicated meteoric recharge as the source, and the site water 

suggested earfier recharge during the Pleistocene. The stable isotopic composition of the 

carbonate veins and the fluid inclusions suggested that the carbonate formed during 

wamer periods in the Pleistocene. It was concluded that the groundwater had a long 

residence time, despite evidence for meteonc recharge at the site. 

The fracture-infilhg calcite fiom a volcanic environment ùi Italy was examined 

using Umi ,  stable isotopes (I3C and "O) and fluid inclusion analysis (Voltaggio et al., 

1997). The U-series ages constrained two main calcite precipitation events, one at 25 ka, 

and the other at 50 ka. The stable isotopic compositions of the calcite eliminated 

meteoric recharge as the source water, and the fluid inclusion analysis eliminated the 

possibility of seawater involvement in calcite precipitation. This led to the conclusion 

that the ongin of the calcite was a hydrothermal crustal fluid. 

Natural uranium deposits are fiequently studied as analogues for nuclear waste 

storage facilities. Fracture calcite from the vicinity of a uranium deposit in Spain was 

analysed to detemine the long term hydrogeology of the region. U and Th concentrations 

and activity ratios in the water and the minerals were measured. The results were used to 

date the t h e  of calcite formation and to validate a proposed mass-balance rocbwater 

interaction mode1 (Ivanovich et al., 1994). Stable isotopes (I3c and "0) and petrographic 
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relationships in the calcites indicate that they were formed by mixtures of hydrothennal 

and supergenic (formed near the surface by descending fluids) waters (Reyes et al., 1998). 

Such fmdings are wful in deteminhg the palaeohydrology of an area and the potential 

hydrologie transport of actinides fiom underground storage facilities. 

Stable isotopic composition ("C and '*O), non-destructive and destructive fluid 

inclusion analyses were performed on secondary carbonates fiom a shale sequence in 

Central Asia to constrain the origin of two distinct calcite deposits (Yakovlev, 1998). 

The analysis indicated that one deposit formed from an ascending fluid, and the other 

formed fiom a low salinity, low temperature descending auid, probably meteoric in 

origin. The combination of these techniques provided a powerful tool for decipherîng the 

origin of geochemically distinct calcite deposits, and can give an indication of the fluid 

history of an area. 

The proposal to construct nuclear waste storage facilities in the deep crystalline 

bedrock of Shield tenain has led many couniries to study hcture-filling calcite. 

Studies have been perfomed in Switzerland, Germany, Finland, Sweden and Canada. A 

study using a combination of ground water and fracture calcite analysis was performed in 

northern Switzerland (Balderer et al., 1987). The isotopic compositions of sulfûr and 

oxygen, 3 6 ~ 1 ,  and 14C in dissolved inorganic carbon (DIC) nom the groundwater and the 

stable isotopic (I3C and ''0) compositions of the calcite were analysed. The fiacture 

system was found to be open with respect to both 180 and I3c. The "C ages of the 

groundwater yielded residence times of 2 to >20 ka. The stable isotopic composition of 

the calcite was consistent with formation from the existing groundwater at temperatures 
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equal to the ambient temperature at the sample depth. Evidence for both calcite 

precipitation and calcite dissolution was found in the hctures. 

A study of the hcture-infilling calcite fiom a nuclear siting task force borehole in 

Gemany indicated the presence of three types of calcite, metamorphic, crack-filling and 

replacement (Komor, 1995). Trace metal and stable isotopic (I3C and 180) analysis of the 

crack-filling calcite indicated that the calcite was in chemical and isotopic equilibrium 

with the water than in the borehole. Komor found that chemical and isotopic re- 

equilibration of crack-fïiiing calcite elirninates its use for analysing the geochemistry of 

fluids at greater than l2O0C. 

Frape et al. (1992) compiled and compared 613C, 6180, fluid inclusion and U- 

series data from several sites on the Canadian and Fernoscandian Shields. They found 

similar trends in the data from both shields and concluded that similar geochernical 

processes were controllhg fracture-infilling calcite precipitation at both sites. 

McDerrnott et al. (1 995) compiled al1 the U-series dating of hctures fiom both shields 

and found that the precipitation of hcture-infilling calcite is coincident with the end of 

interglacial periods. They concluded that the tennination of recharge by the formation of 

permafrost in the overburden may be linked to the precipitation of fracture-infilhg 

calcite. 

A stable isotope (I3C and "O) and f l i d  inclusion study of hcture-infilling calcite 

in Finland was performed by Blyth et al. (1 998). Four fluids were found to be responsible 

for the formation of fracture-infiilhg calcite, two high temperaturenow salinity fluids 

with different isotopic compositions, a high temperature fluid of moderate salinity, and a 
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low temperature fluid of high salinity. Unfortuaately radiometric ages were not 

determined on any of the calcites, so at best the chronology of the fluid events could only 

be inferred fiom the geologic history of the area. 

A fluid inclusion and stable isotope ("C and "O) analysis of fracture-infilling 

calcite fiom Sweden was performed by Larson and Tullborg (1984). They found that 

there were three fluids responsible for the formation of fracture-infilling calcite: 1 ) a 

hydrothemal fluid; 2) a fluid more 6'*0  enriched than the water presently in the fiactures; 

and 3) a mixture of these two fluids. Another fluid inclusion investigation of fracture- 

infilling caicite by Lindblom (1987) found there were three fluid events recorded in the 

fluid inclusions based on salinity measurements, two separate high temperature, moderate 

to high salinity fluids, and a low temperature low salinity alteration event fluid. The hi& 

temperature events were determined to be quite old by considering the geologic history of 

the region. The low temperature, low salinity event was determined to be recent. 

A series of studies was performed on fiactures fiorn the proposed radioactive 

waste research site at Stripa, Sweden. Milton (1987) performed U-series analysis on the 

fracture-infilling calcite and concluded that the ages recorded the minimum ages of 

calcite precipitation and could be used to infer the palaeohydrology of the site. Clauer et 

al. (1 989) performed stable isotopic ("C and "O) as well as Sr analysis on the fiacture- 

infilling calcite and identified three possible origins for calcite: metamorphic, meteoric, 

and post depositional alteration involving methanogenesis. Fritz et al. (1 989) examined 

the isotope geochernistry of carbon in the groundwater at Stripa. ïhey found that the 

fracture-infilling calcite provided a good record of the history of inorganic and organic 
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carbon sources and evolutio~ of carbon in recharging ground water. 

In association with the Nuclear Waste management program in Canada, several 

projects investigating hcture-idïlling calcite on the Canadian Shield have been 

performed. Gascoyne et al. (1997) do an excellent job reviewing the projects, specifically 

those perfonned at the Underground Research Laboratory (WRL) at Pinawa, Manitoba. In 

addition, Gascoyne et al. (1 997) presented U-series datïng on the fracture calcites and 

found that most of the calcites with low U and Th concentrations crystallized during the 

Pleistocene, whereas calcites with hi& U and Th concentrations were crystallized >350 

ka. Jones et al. (1987) perfonned stable isotopic ("C and "O) as well as mineralogic and 

trace element geochemical analysis on hcture-infilling calcite fÎom the URL. They 

found that the fracture-infïlling calcite recorded water-rock interaction, fluid mixing and 

changing physical conditions during calcite precipitation. They argued that the most 

probable fluid source was a mixture of meteoric recharge and a "Canadian Shield Brine," 

a highly saline fluid of unknown origin observed at depth throughout the shield. 

The isotope geochemistry of hcture-infilling calcite at Chak River, Ontario has 

been characterized by Bottodey (1 987,1988) and Bottodey and Veizer (1 992). The 

studies presented stable isotopic ("C and "O), Sr, mineralogic and trace element data 

fiom the hcture-infilhg calcites. The investigations found that the calcites had a 

"hydrothemal" origin and had undergone subsequent recrystallization during conditions 

with variable water to rock ratios. None of the calcites measured were in chernical or 

isotopic equilibnum with groundwater currently in the hctures. A study of Umi  

geochemistry of fracture-infilling calcite and groundwater in the same fractures 
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determined that the calcites are not in equilibrium with the U in the groundwater (Milton 

and Brown, 1983; and Miiton, 1985). Milton and Brown (1 987) perfomed U-series 

dating on the fracture-infilling calcite and found that the ages ranged fkom 50 to 300 ka. 

They concluded that the ages represented the most recent groundwater flow in the 

fracture. Lee et al. (1998) have prepared an excellent review of the geochemical and 

isotopic investigations performed at Chaik River. Al1 of the studies cited here show that 

considerable information about the palaeohydrology of a kactwe-flow dominated system 

cm be obtained by an isotopic and geochemical investigation of fracture-infilling calcite. 

especially if a combination of stable isotope and other geochemical analysis is performed. 

1.4 - U AND Th EXTRACTION AND RADIO-CHEMICAL ANALYSIS 

Uranium and thorium anaiy sis by a-spectroscopy requires their complete chemical 

separation to remove peak interferences in the spectra. Due to the low abundance of 

some of the U and Th nuclides, the extractiodseparation procedure requires high 

chemical yields to ensure that al1 the nuciides in the sample are recovered at detectable 

levels. Procedures for extraction of U and Th fiom natural sarnples prior to chemical 

separation exist, and they are summarized in Lally (1992). Most of these methods, 

including the most commonly used DOWEX colunin method developed by Edwards 

(1 986/87), involve liquid-liquid extraction or precipitation-scavenging steps to remove 

the U and Th from the matrix, and to chemicaily separate them fiom one another. These 

steps are time consuming and can lead to lasses in recovery and variable yields. 

Ion-selective resins for actinide extractiodseparation have been developed and are 

cornmercial1 y available through EiChrom Industries (Darien, IL). The extractant resins 
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retain actinides with f i t i e s  that Vary with acid and with acid concentration. This 

allows the resin to be used either to extract the actinides fiom the ma& during a sample 

"clean-up" step, or to separate each actinide by sequentially eluting them with different 

acids or acid concentrations. EiChrom has developed many different resins, each specific 

to a certain element or group of elements. The EiChrom UITEVA specTM resin (hereafter 

refened to as UTEVA) with an affiruSr for U and tetravalent actinides has k e n  used to 

develop this protocol. The chemistry of the resin has k e n  presented in the literature 

(Horwitz et al., 1992; Horwitz, 1993; Burnett et al., 1996; and EiChrom-industries, 

1997), and the characteristics of the resin appeared promising for the development of a 

quick and simple method for Umi extraction and separation fkom calcite for the purposes 

of U-series dating. Therefore, the suitability of UTEVA resin was investigated as part of 

this study. 

Application of UTEVA Resin to U/TL Extraction/Separation 

Previous investigations have used the UTEVA resin for the analysis of U and Th 

in environmental samples. Adriaens et al. (1992) compared SIMS (Secondary Ion Mass 

Spectrometry) to TIMS (Thermal Ionization Mass Spectrometry) preparing the samples 

by two different methods, using a Bio-rad extractant, and using the UTEVA resin to 

extract the U and Th. In their investigation, the UTEVA resin was w d  in a sample 

clean-up step to remove the matrix prior to chernical separation of the U and Th on a Bio- 

rad column. Adriaens et al. (1992) found that the U hction prepared with a Bio-Rad 

colurnn after initial sample clean-up with the UTEVA gave spectra free of rnatrix 

interferences, but that the U fiaction contained a larger amount of Th than when the 
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UTEVA was not used in a clean-up step. However, the presence of Th in the U fiaction 

is a h c t i o n  of the subsequent column separation and should not be attributed to the pre- 

separation sample clean-up with the UTEVA resin. 

Cadieux and Reboul(1996) modified the EiChrom UTEVA method for actinide 

analysis to separate a senes of actinides fiom water and soil samples, as well as 

environmental quality assurance standards prior to analysis by PEARLS (Photon-Electron 

Rejecting Alpha Liquid Scintillation). They found good agreement with the reference 

values for U, but did not analyse the Th. Burnett et al. (1 996) used the UTEVA resin to 

extract and separate U and Th fiom a senes of standard soil and sediment samples. They 

found consistently high yields of U (60-85%), but had poor Th yields (6-32%). They 

observed good separation of the U and Th based on peak resoiution and shape, but did not 

compare activity ratios measured in the samples to the standard reference values; instead 

they compared total activity. 

An investigation by Goldstein et al. (1 997) used the UTEVA resin to extract and 

separate U and Th fiom a series of human and environmental samples (soil, air filter, 

urine and water), in an attempt to use the U4Up8U ratio as a signature of the source of the 

U in the sarnple (anthropogenic, or nuclear industry U is more depleted in 34U than 

natural ü). Their results suggest that the UTEVA resin can be used to characterize the 

activity ratios of the actinides, rather than strictly king used to analyse total 

concentrations. Goldstein et al. ( 1997) observed trends in the WuPSU ratio consistent 

with expected sources (anthropogenic versus natural), however, they did not present the 

data tiom any standard reference materials to verfi that the min is non-fractionating 



with respect to the U nuclides. 

The UTEVA resin has been used to separate U and Pu fiom soi1 samples to 

determine fiom the U nuclide ratios whether the source of the nuclides is natural or 

anthropogenic (nuclear indusûy). The technique was very successful for a wide range of 

naturaI samples and standards (Croudace et al., 1998). Apostolidis et al. (1998) used the 

UTEVA resin to extract and separate U and Pu fiom nuclear materials with high yields 

(>95%). Thorium, Pu, and Am were extracted and separated fiom bone ash using a 

combination of the TRU and UTEVA resins with high yields (276%) (Pilvio and Bickel, 

1998). 

Removal of the calcite matris 

Experiments conducted by Honvitz et al. (1992) indicate that the majority of 

matrix constituents are eluted fkom the first 5- 10 free column volumes (10 to 20 mL) at 2 

N HNO,. The matrix constituents include Ca2*, M c ,  FeZ' and most of the trace or 

minor elements that may be present in the natural calcite. The complete removal of the 

matrix by an acid rime of the col- ensures that the U and Th hctions will be fiee 

fiom ions which may interfere with the generation ofa thin source for alpha spectmmetry. 



2 - STUDY AREA 

2.1 - SITE LOCATION 

Chak River Laboratories (CR,) of Atomic Energy of Canada Limited (AECL) 

are located in Chak River, Ontario. CRL are located on 100 km' of land 200 km 

northwest of Ottawa on the south side of the Ottawa River. The area is situated within 

the Algonquin Tenitory of the Central Gneiss Belt of the Grenville Province of the 

Canadian Shield. Figure 2-1 shows the location of CRL on a map of Ontario. 

2.1.1 - CHALK RIVER REGION 

2.1.1.1 - GEOLOGY OF CHALK RIVER AREA 

Bedrock Geoiogy 

The bedrock in the Chak River ana is lithologicaily heterogeneous and 

structurally complex (Raven, 1986). The Chak River area is underiah by rocks of the 

Grenville Province of the Canadian Shield, and is situated in the Ottawa-Bomechere 

graben system, a northwesterly striking fault system. The early tectonic-metamorphic 

history is that of polyphase deformation, causing the formation of large-scale recumbent 

antiformal-synforrnal structures (Brown and Rey, 1984). This has led to the formation of 

a highly complex hcture system with faults and hcture zones ranging fiom the cm to 

km scale in the Chalk River area (Raven, 1986). 

The Chak River Pluton is situated on the northeast edge of the Algonquin Terrain 

within the Central Gneiss Belt of the Canadian Shield (Figure 2-2). The Algonquin 

Terrain is underlain by the Algonquin Batholith, a large pluton which was emplaced 1.4- 

1.5 Ga, and is Iinked to a p e n d  of transcontinental anorogenic plutonism in North 



FIGURE 2-1 - Regionai map showing the location of Chalk River Laboratories. Taken 
fiom Bottomley et al. (1  984). 



FIGURE 2-2 - Map indicating the location of the Algonquin Terrane within the Centrai 
Gneiss Belt of the Grenville Structural Province. Chak Rivtr is -40 km nortb-west of 
Pembroke on the Ottawa River. Taken h m  Easten (1992). 
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America (Bottomley, 1988). The batholith forms a domal mass with meta-sedimentary 

gneisses wrapping around the pluton (Easten, 1992). The entire structure is cut by the 

Ottawa-Bonnechere Graben System and the related Grenville Swarm diabase dikes 

(Easten, 1992). 

Geologic History o f  the Central Gneiss Belt (CGB) of the Grenville Province 

Between 1780 and 1680 M a  (based on Nd mode1 ages), there was a major period 

of cmtal  development in the Algonquin Terrain of the Central Gneiss Belt (Easten, 

1992). The latter portion of that period, from 1740 to 1680 Ma, was a period of 

magmatic activity which formed most of the Algonquin Terrain, reworking crust derived 

from the mantle between 1 830- 1 700 Ma (Easten, 1992). 

Felsic magmatism &unbers and Vertolli, 199 1) with associated metarnorphism 

reaching granulite facies conditions (Culshaw et al, 1 99 1 ) occurred between 1 450 and 

1420 M a  in the Algonquin Terrain. The result of this magmatism was to stabilize the 

continental crust (Easten, 1992). 

The main event of the Grenville Orogeny occurred between 1 100 and 1070 Ma 

and involved northwest directed thrusting and imbrication of the entire crust, presumably 

the result of the terminal collision with the continental landmass (Easten, 1992). This 

caused granulite facies metamorphism to occur in the central Algonquin Terrain (Easten, 

1992) which corresponds to the Ottawa or classic Grenville Orogeny. This tirne period 

represents the end of regional orogenic activity in the Grenville Province of the Canadian 

Shield. Post- 1000 Ma activity in the Grenville Orogeny consisted of cooling, uplift and 

erosion. By the Early Paleozoic (-570 Ma), the Grenville orogenic belt was essentially a 
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peneplain (Easten, 1992). Extension renewed in the Late Proterozoic, with faulting 

occurring along the Ottawa-Bomechere Graben. 

There have been dike swarms in the region at 900,570, and 180 Ma, many related 

to the development of, and later reactivation along the Ottawa-Bomechere Graben 

System, a seismically active north-west striking fadt system (Easten, 1992). The main 

dike swann in the Algonquin Temtory was the Grenvitle Dike Swarm which occurred 

between 590 and 550 Ma (Easten, 1992). An Ar-Ar age of 570 +/-3 Ma for a dike near 

Chalk River, Ontario has been recorded (Easten, 1992). The cooling history of the 

Grenville Province is summarized in Table 2- 1. 

Ottawa-Bonnechere Graben System 

The Ottawa-Bonnechere graben system is 60 km wide, 700 km long and displays 

a rift valley morphology (Easten, 1992). The system is bounded to the northeast by the 

Laurentian Highlands, and to the southwest by the Madawaska Highlands. The Ottawa 

River follows the Mattawa River fadt which defines the northem boundary of the graben 

(Bottomley, 1988). 

Composition of Chalk River Bedrock 

The bulk of the Central Gneiss Belt is a 1.8- 1.6 Ga gneiss intruded by 1.5- 1 -4 Ga 

granitic and monzonitic plutons (Easten, 1992). As a result, there are three main types of 

rock in the Chalk River area, monzonitic orthogneiss, metagabbro, and paragneiss 

(Milton, 1985). 

Fracture-infilling Minerals 

The average hcture fkquency for the boreholes at CRL is 14.Ym (Dugd and 
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TABLE 2-1 - S~l l l fnary  of the formation conditions and timing of the Grenville Orogeny. 

Uplift Rate 

Cooling Rate Grenville 

- N. Algonquin 

Pressure 

Metamorphic Peak 

Value 1 Reference 

0.07-0.14 )cm/Ma ( Cosca, 1 989 

1 Cosca, 1989 

1.4-2.7 'CiMa Cosca et al., 1990; Anderson, 1 1990 

700-800 OC 1 Culshaw et al., 199 1 

650-750 OC 1 Dugal and Kamineni, 1983 

8-10 kbar 1 Culshaw et al., 1991 

4-5 kbar 1 Dugal m d  Kamineni, 1983 

1100 Ma Baer, 1981 
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Kamineni, 1983). Weathering is generdly evident in the shallow core, and the arnount of 

carbonate and clay minerals infilling fractures decreases with depth (Milton, 1985). The 

dominant fracture-filling minerais at CRL are chlorite and calcite; minor rninerals înclude 

pyrite, sericite, epidote, iron oxides and clay minerals (Bottomley, 1 988). 

2.1.1.2 - QUATERNARY GEOLOGIC HISTORY OF THE CHALK RIVER AREA 

Catto et al. (1 982) reconstructed the glacial history of the Chaik River area and 

found evidence for the presence of the Champlain Sea in the area during a brief period of 

glacial retreat between 11 and f 0.5 ka. During the Wisconsin glaciation, the lithosphere 

underwent isostatic subsidence due to glacial loading on the crust. During the post- 

glacial period prior to isostatic rebound, seawater entered the depression to form a saline 

water body called the Champlain Sea. The Champlain Sea was an initial intrusion of 

Atlantic ocean water forming a water body which was then fed by glacial meltwater. 

Because of the mixing of ocean water, glacial meltwater recharge, and local meteoric 

precipitation, the Champlain Sea had a composition ranging fiom seawater to glacial 

meltwater. 

Catto et al. (1981 and 1982) based the existence of the Champlain Sea on the CRL 

properties on sedimentological, geochemical and paleontological evidence. Catto et al. 

(1 982) found a layer of till deposited on the bedrock @re- 1 1.5 ka) capped by a clay layer. 

On the basis of elevated boron and vanadium concentrations in the clay, it was suggested 

to be marine in origin. The occurrence of this clay horizon immediately above the glacial 

till indicated that a marine incursion occurred immediately following deglaciation in the 

region. Likewise, a layer of till above this clay indicated a glacial re-advance in the area 
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(Catto et al., 1982). Fossil evidence o f  the foraminifera Elphidium subartinrm and 

EIphidiurn clavatum in the clay strengthens the argument that the clay is of marine origin, 

as both species of foraminifera live in shallow brackish environments ( 1 6-22%0 salinity) 

at temperatures below 4OC. These conditions are consistent with the suggested 

composition of the Champlain Sea (Catto et al., 1 982). The boron and vanadium 

concentrations indicate a sahïty of 12- 16Ob for the water, which is consistent with the 

foraminiferal evidence. 

During the final retreat of the glacier, meltwater discharge fiom North Bay 

penisted throughout the Ottawa Valley until 5 ka when the North Bay outlet closed. This 

reduced volume of glacial discharge led to many elevated terraces in the Chalk River area 

(Catto et al., 1982). When the outlet closed, the Ottawa River level at Chalk River fell to 

its present elevation of 11 1 m above sea level (Catto et al., 1982). Figure 2-3 is 

reproduced fiom Catto et al. (1982), and schematically depicts the glacial history of a 

transect along the Ottawa River fkom Amprior to Rapides-Des-Joachims. 

2.1.1.3 - REGIONAL GEOGRAPHY 

The present &y clirnate of the Chalk River region is humid continental, 

characterized by warm summers and cold winters (in Noack, 1995). The mean daily air 

temperatures range fiom - 12OC in January (<-30°C overnight), to 19OC in July (in Noack, 

1995). The region receives an average of 830 mm/yr precipitation (min equivalent), 

evenly distributed throughout the year (in Noack, 1995). The annual evapotranspiration 

rate is approximately 530 mm (in Noack, 1995), leaving 300 d y r  available for 

infiltrat ion and moff. 
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FIGURE 2-3 - A schematic representation of the Wisconsin glacial hinory of the region 
around Chalk River. Taken fiom Catto et al. (1982). 
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Overburden 

Unconsolidated sediments of glacial and pst-glacial ongins cover 95% of the 

bedrock on the CRI, properties (Killey and Devgun, 1986). The thiclcness of the 

overburden is generally less than 30 m (Killey and Devgun, 1986), and the water table is 

only a few metres below the surface, except beneath sand dunes where it can be up to 15 

m betow the surface (Noack, 1995). 

2.1.2 - GROUNDWATER CHARACTERIZATION 

Physical Hydrology 

The overburden is the principal zone of groundwater migration in Canadian 

Shield environments. Except in areas of fiactured bedrock, the till-bedrock interface is 

considered to be the lower boundary of active groundwater flow at CRL (Killey and 

Devgun, 1986). In general, the hydraulic conductivity of the till is 1.5-2 orders of 

magnitude lower thm the aeolian sands which constitute most of the hydrologically active 

overburden, and the hydraulic conductivity of the bedrock is 4-5 orders of magnitude 

lower than that of the sands (Killey and Devgun, 1986). 

Groundwater flow through the crystalline metamorphic and granitic rocks 

(bedrock) occurs primarily through fractures in the rack. As a result, the hydraulic 

conductivity is primarily a function of aperture spacing, hcture  continuity and 

interconnectivity (Bottomley, 1988). At CRL, the equivalent rock mass hydraulic 

conductivity has been detemiined by borehole hydraulic testing to range fiom 2.4 x IO4 

m/s to 2.9 x 10-I2 m/s, and the effective equivalent fiacture aperture was calculated to be 

between 1 to 500 pm (Raven, 1980). n ie  most permeable groundwater pathways occur 
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along discrete fracture zones associated with faulting of the bedrock (Bottodey, 1988). 

Groundwater Chemistry 

Groundwater recharge entering hctures in bedrock in the vicinity of Chalk River 

has been well characterized, and has been found to have increasing pH, ~ a " ,  Mg-,  

HC0,- and 613C with increasing residence t h e  in the overburden (Fritz et al., 1978). 

Mineral saturation indices calculated by using an equiiibria modelling software program 

(MINTEQ) and the chernicd concentration of cations and anions in overburden 

groundwater indicate that the grouadwaters are slightly saturated to saturated with respect 

to calcite and iron oxides upon entry to the hcture system (K. King - personal 

communication). 

The groundwater chemistry at CRL has been characterized by detailed 

examination of the hydrogeology of an air percussion drilled borehole CR1 3 (Bottomley 

et al., 1984). The shallow groundwater (60 m) is dominated by Ca and HCO, which 

evolves to Na and HCO, rich groundwater at depths of 200-250 m due to water-rock 

interaction and exchange reactions with clay minerais. The groundwater is saturated with 

respect to calcite at both depth intervals. Between 250-350 m, Bottomley et al. (1984) 

documented a dilute NaKI water which is believed to be residual Champlain Sea water. 

Below 350 m, the groundwater is NdHCO, dominated. The meteonc water which enters 

the fi-actures as recharge chemically evolves through water rock interaction in both the 

overburden and in the hctures to become a brackish Na/HCO, water at depth. 

2.2 - LOCATION OF BOREHOLES 
The drill core material used in this investigation was m p l e d  fiom previously 
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drilled boreholes on the properties of the CRL. Core samples were taken fiom boreholes 

E 1, RH 1, RH3, CR9 and CR1 8. The location of the boreholes is shown on Figure 2 4 ,  

and Table 2-2 gives additional information regarding each of the boreholes. 

2.2.1 - BOREHOLE SELECLTON 

Boreholes were selected for core sampling based on the following criteria: 1 )  the 

geochemical systernatics of the present &y groundwater in the borehole bas been well 

characterized; 2) the present-&y nature of the groundwater flow at the borehole is known 

(hydrology); and 3) the core was accessible for sampling. The cores listed in Table 2-2 

satisfied these criteria and were sampled during the fa11 of 1996 and 1997. 

2.2.2 - BOREHOLE HYDROGEOLOGY 

Previous investigators have made hydrauiic head elevation measurements with 

depth on al1 the boreholes w d  in this investigation. The results indicate that for al1 the 

boreholes except CR1 8, the groundwater is recharging. At CR1 8, the hydraulic head 

increases with deptb, indicethg upward groundwater flow or groundwater discharge is 

occurring at that borehole (Lee et al, 1998). 



FIGURE 2-4 - Map of the Ch* River Properties of Atornic Energy of Canada Limited 
showing the location of the boreholes sampled. Direction is not indicated on the map, but 
the top of the page is North. 



TABLE 2-2 - Sumrnary of the drill-core information. 

RH3 

CR9 

CR1 8 

Starting 
TrendRlunge 

220 / 65 

039 173 

Depth 
(m) 

181.3 

192.4 

Borehole 

El 

RH 1 

Reference 

Davison et al, 1995 

GoIder Associates, 1 995 

1994 

1979 

1982 

Date 
Drilled 

1 994 

1 994 

Length 
(m) 

-200 

201.2 

200.9 

704.25 

-60 

193.1 

571.50 

-60 

109 174 

245 / 75 

/ 90 

Golder Associates, 1995 
, 

Dugal and Kamineni, 1989 

Lee, 1989 



3 - ANALYTICAL METHODS 

3.1 - SAMPLE CHARACTERIZATION 

Prior to geochemical analysis, samples of the core were characterized by visual 

inspection, dong with information fiom the core-logs, as open or sealed with respect to 

groundwater flow. 

3.1.1 - OPEN-VEIN VS, SEALED-VEIN CALCITE 

The drill core sample was detennined to contain "open-vein" calcite if it was 

sampled from a fiacture identified as water-bearing in the core log, or if a visual 

inspection of the calcite indicated either vuggy calcite (open space crystallization) or open 

channels in the mineral which could serve as a groundwater flow path. The sample was 

characterized as a "sealed-vein" calcite if caicite was occurring in a hcture from an 

interval in the core which was not listed as water bearing, or if a visual inspection of the 

caIcite indicated that it was completely sealkg the fiacture, making the hcture  

unavailable for groundwater flow. Examples of calcite sarnples characterized as open- 

vein and sealed-vein are given in Figure 3-1. In cases where drill logs did not exist 

(CR1 8 and El ), or when the drill log did not indicate whether the hcture was water- 

bearing, the characterization was based entireiy on the visual inspection of the core. 

3.2 - VERIFICATION OF SAMPLE COMPOSITION 

Prior to geochemical analysis, X-Ray Difiction Analysis (XRD) was performed 

on a sub-sarnpk of al1 the carbonate minerai samples talcen fiom the hctures to ver@ 

the composition was predominantly calcite. Venfication of mineral composition was 

necessary to correctly interpret the 613C, 6"0 values as the isotope hctionation factors 



FIGURE 3-1 - Esamples of a) sealed-vein am! b) open-vein calcite samples from Chalk 
River boreholes. 
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are mineral specific. 

Samples were sent to the XRD facilities at the University of Western Ontario or 

the University of Ottawa for analysis. Each sample was ground to a fine powder, 

homogenized, and XRD analysis was performed on a few mg of this powder. A thin 

layer of the sample was adhered to a g las  slide using ethanol. The slide was bombarded 

by a monochromatic X-ray beam with the detector recording the intensity of the X-ray 

beam at varying angles of incidence. Due to minera1 structure and atomic composition, 

each mineral has characteristic X-ray difiaction angles which coincide with interplanar 

spacings and can be used to identi* minerals. The identification of characteristic peaks 

in the spectra and the absence of any other peaks was taken as verification that the sample 

was predominantly calcite (>95%), within the confidence of the technique. 

3.3 - STABLE ISOTOPE ANALYSIS (6180 and 613C) 

The stable isotope composition of oxygen and carbon was measured in the Stable 

Isotope Lab at Queen's University using a Finnigan Mat 252 IRMS (Isotope Ratio Mass 

Spectrometer). The "c/"c and "0/'60 isotope ratios were measured on CO2 evolved by 

reacting 10-30 mg of sample with H,PO,, according to the standard method for isotopic 

analysis of calcium carbonates (McCrea, 1950). 

The S1'C values were reported as pet mil (Oho) relative to V-PDB with an 

associated error (2-0) of 0. lob, and the 6"0 values were reported as 460 relative to V- 

SMOW with an associated error (2-a) of 0.2%. 

3.4 - FLULD INCLUSION ANALYSIS 

To constrain the formation temperature of the calcite and the salinity of fluids 
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fiom which the calcite precipitated, fluid inclusions in the carbonate minerals were 

exarnined. 

3.4.1 - THIN SECTION PREPARATION 

Fluid inclusions in calcite can range fiom 1 to 100 pm in diameter, with the 

majority below 10 pn. To prepare thin section slides without destroying the fluid 

inciusions it was necessary to prepare the thin sections between 50 and 100 p thick. 

The thin sections were highly polished on both sides so they could be removed fiom the 

glass slide mount to fit into the fluid inclusion microscope stage for analysis. The 

samples were then sent to the thin section lab at Queen's University to be prepared 

professionally. The thin sections were cut perpendicular to the fhcture surface to allow 

for more easily intepretable petrography of the calcite crystals infilling the fractures. 

3.4.2 - ANALYSIS AND PRECISION 

The petrography of the thin sections was characterized using a petrographic 

microscope at low magnification. Once the fluid inclusion had been petrographically 

characterized (primary, secondary, pseudo-secondary or unknown), the homogenization 

temperature (TJ and the temperature of final melting ( T d  were measured usuig a 

Reynolds-type (Shepherd et al., 1985) heatinglcooling stage at Queen's University. The 

stage was calibrated with a series of pencils with different melting points, and was 

accurate to within O.S°C. The Tm is recorded with an error of +/-O.S0C, and the Th has an 

associated error of +/-2%. 

Leakage or pst  depositional shape change of the fluid inclusion could lead to 

highly variable Th and Tm fiom the same population of fluid inclusions. As a result, 
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populations or groups of fluid inclusions were used whenever possible. An additional 

check for leakage or deformation of the fluid inclusion is to d e  duplicate 

measwements of the Th. If there is a breach in the fluid inclusion wall, an increasing 

value for Th will be recorded for each successive measurement. This would also be 

observed if the walls of the fluid inclusion were being stretched during the heating of the 

fluid inclusion. 

3.5 - RADIOCHEMICAL ANALYSIS 

The time of calcite precipitation in the hcture was detemiined using "oTh./'WU 

age dating by a-spectrometry. Prior to analysis by a-spectrometry, U and Th must be 

extracted fiom the sample to prevent matrix interferences in a-spectrometry, and 

separated fiom one another to prevent decay energy overlap in their spectra. The method 

of chemical extraction and separation was developed as a component of this thesis. 

Verification of the rnethod is presented in Chapter 4. The method separates U and Th, 

allowing for chemical precipitation and analysis by a-spectrornetry. 

3.5.1 - EXTRACTION-SEPARATION PROTOCOL 

EiChrom Industries provided a standard procedure for the extraction and 

separation of U and Th fiom soi1 samples using the UTEVA resin (EiChrom-industries, 

1994) . The procedure is based on the retention characteristics of the resin given in the 

literature (Horwitz et al., 1992; Horwitz, 1993; and EiChrom-Industries, 1997), and is 

very similar to the method used by Burnett et al. (1996) to analyse U and Th in soils and 

sediments. Both the Burnett et al. (1996) and EiChrom-industries (1994) procedures 

were modified, with attention given to the retention characteristics of the UTEVA resin 
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given in Horwitz et al. (1992), to develop a method for U/Th extraction and separation 

from calcite for the purposes of U-senes dating. Existing methods for the chernical 

extraction-separation of U and Th for analysis are time consuming, labour intensive, and 

c m  lead to variable recoveries. The objective of this protocol is to adapt the 

commercially available pre-packed EiChrom UTEVA column to the extraction-separation 

of U and Th from calcite. 

Characteristics and Chemistry of Pre-packed UTEVA Resin Columns 

The active compound in the UTEVA resin is Diamyi amylphosphonate, the structure of 

which is given in Figure 3-2a. In the presence of nitrate, U and tetravalent actinide ions 

form nitrato complexes with the phosphate group in the resin. The chemical equilibria 

for both the U O  and T h o  ions are given in Figure 3-2b. The presence of nitrate 

causes the actinides to form nitrato complexes with the diamyl amylphosphonate which 

moves the equilibrium to the right, and strong chemical complexes are formed in the 

presence of concentrated nitric acid (Horwitz et al., 1 992; and EiChrom-Industries, 1 997). 

U and Th c m  be extracted by the UTEVA resin due to differences In the resins' 

affinity for U and Th as a function of acid concentration. The affinity of diamyl 

amyiphosphonate has k e n  shown to increase with increasing rnolarity of both HNO, and 

HCf for the UTEVA resin (Horwitz et al., 1992). This is expected aven the nature of the 

chemical equilibrium for extractant-actinide binding (Figure 3-2b). There are differences 

in the relationship between extractant affinity and acid concentration, and extractant 

affinity and acid composition for U and Th (Horwitz et al., 1992). These differences in 

extractant a f i i t y  were used to create an extraction-separation protocol for U and Th 



A) Structure of diamyl amylphosphonate. 

E = diamyl amylphosphonate 

B) Chemical equilibna of U(V1) and Th(IV) with diamyl amylphosphonate in nitric acid. 

Figure 3-2 - A) Diagram of the molecdar structure of diamyl amylphosphonate, the 
active extractant in the EiChrom UTEVA resin. Actinides form nitrato complexes with 
the phosphate group in the diamyl amylphosphonate. B) The chernical equilibria of U and 
Th with diamyl arnylphosphonate in the presence of nitric acid. The higher the 
concentration of nitric acid, the m e r  to the right the equilibria are driven, and the more 
tightly bound the U and Th are by the extractant. 



fiom calcite using the IJTEVA resin. 

Development of the extraction/separation protocol 

The extraction of U and Th fiom the calcite matrix required sample digestion in 

concentrated nitric acid. The dissolved sample was loaded onto the column in 5 M 

HNO,. In 5 M HNO,, the extractant affinity for both U and Th is high (Horwitz et al., 

1992). Separation of the U and Th with the UTEVA resin required acid conditions that 

generate large differences in the extractant affinity for U and Th. In nitric acid the 

extractant a e t i e s  of U and Th are too similar at al1 acid concentrations to allow for a 

complete chemical separation of U and Th (Horwitz et al., 1992). The relationship 

between extractant aflbity and acid strength in hydrochloric acid is different for U and 

Th. Thus HCI was used to facilitate chemical separation of the U and Th. At 5 M HCI, 

the extractant afEnity is high for U, and lower for Th. This allowed for the Th to be 

eluted with 5 M HCI while the U remained bound to the cr?lumn. The extractant a f i t y  

for U is low in 0.01 M HC1, and therefore the U on the column can be eluted by HCI of 

this molarity. 

Extractiodseparation of U and Th from calcite using the ion selective UTEVA 

Resin 

The 2 mL pre-packed UTEVA column was preconditioned prior to sample 

loading. The tip of the colurnn was clipped and the packing solution drained. The column 

was then rinsed with 10 mL of 1 M NaOH, followed by 10 mL of double-distilled de- 

ionized @D-DI')-H,O, and converted to nitric fonn by wmhhg with 10 mL of 2.5 M 

HNO,. The pre-packed columns have a fkit which ensures that the column wiil not run 



52 

dry if the reservoir is drained. This allows for the column to be left unattended while 

eluting without concem that the resin will be exposed to air which could cause 

channelling within the coliimn. 

Approximately 1 gram of calcite was placed in 8- 10 mL DDDI-H,O and 

concentrated ( 15.9 N) Environmental Grade HNO, was added drop-wise to gently 

dissolve the calcite, b ~ g i n g  the solution to a final volume of 15 mL. This was done to 

gently dissolve the calcite, thus avoiding the dissolution of any detrital component which 

may be present in the sarnples. As the deetal would be present as contamination, this 

gentler dissolution process is used to ensure that only the calcite is dissolved (Gascoyne, 

1979; Milton, 1985). The sample was then centrifûged and the supernatant fiaction was 

used for analysis. The solution was passed over the column and subsequently washed 

with 10 mi, of 5 M HNO, (an additional 10 mL per gram of calcite was used if more than 

1 g of calcite was loaded on the column). The calcite eluent may be collected and saved 

if any additional chemical analysis of the sample is to be performed, otherwise, this 

fiaction is waste. The U and Th were retained on the column resin, completely separated 

fkom the rnatrix. 

Thorium was eluted k t  with 40 mL of 5 M HCI. HCI converts the column to 

chloride fom, lowering the resins' ability to retain Th by several orders of magnitude. 

Uranium was then eluted with 1 5 mL of 0.0 1 M HC1. Thorium and uranium fiactions 

were collected in sterilized plastic containers. A schematic representation of the 

extraction keparation protocol is given in Figure 3-3. 

Low yields of U and Th were experienced in initial runs. This was attributed to 



Actinide Loading Sequential Elution 

5M HCl 0.01 M HCI 

Discard or set aside for 
further analysis 

Save for Nd CO-precipitation 
and analysis by alpha 
spectrometry 

Figure 3-3 - A schematic representation of the U/Th extractionlseparation protocol 
developed by modification of the EiChrom (1994) and Burnett et al. (1  996) standard 
procedure for U and Th measurement in soi1 and sediment. The figure is a modification 
of a figure fiom Bukata et al. (1998a). 
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possible leaching of the organic resin materiais into the U and Th hctions. The resin 

would then adhere to the wall of the plastic container and bind with the U and Th, 

removing them fiom solution. To eliminate this, the eluted fiactions were subjected to 

two oxidation steps, f h t  with concentrated HNO, followed by concentrated K I ,  which 

served to break the C-C bonds, volatilize the organic resin materials and release the 

bound U and Th back into solution. 

The separated fiactions of U and Th were transferred to clean Pyrex beakers on a 

hot plate at a low boil, and evaporated to near dryness in a fumehood. The U and Th 

fractions then had 10 rnL of 15.9 M HNO, added to them, and were re-evaporated to near 

dryness. This was done 3 times. 10 mL of 12.1 M HCl was added to the sample which 

was then evaporated to near dryness. This was also done 3 times. The organic resin 

materials in each fiaction had now been destroyed and the U and Th hctions made 

available for radio-analytical analysis. Radio-anaiytical analysis involved co- 

precipitation of the U and Th separates with neodymium on planchets for detection using 

alpha spectrometry. 

3.5.2 - ALPHA SPECTROSCOPY 

Source Preparation 

A source suitable for high resolution alpha spectrometry must have the following 

characteristics: a) the radio-nuclides must be unifonnly distributed on the source; b) the 

source must be as thin as possible, preferably a monatornic layer; and c) the source must 

be a flat disk (lally, 1992). If these critena are not met, an alpha particle ejected fiom an 

actinide on the source may lose energy to the source during escape. This would lead to 
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peak tailing toward lower energies in the spectra. The peaks will be broader, resulting in 

lower spectral resolution. The source mu t  be stable and must be fiee of al1 traces of acid 

or solvent which may cause damage to the surface barrier detector in the a-spectrometer 

(Lally, 1992). The method selected for U and Th source preparation was the neodymium 

CO-precipitation method developed by Hindman (1 986) and used by Rao and Cooper 

(1 995) on environmental samples. Trial precipitations of dissolved uranyl nitrate and 

thorium nitrate salts indicated that the Nd CO-precipitation method for alpha spectrometry 

source preparation was an appropriate method for use in this study. 

For neodymiwn CO-precipitation the U and Th fractions were dissolved in 10 mL 

of 1 M HCI. One mL of a solution of 100.68 pg Nd per rnL of 1 M HCI was added, 

followed by 3-4 drops of a 20% titanium trichloride solution. One to two mL of HF was 

added to CO-precipitate the actinides. The actinide/Nd solution was poured into the 

reservoir of the filtration apparatus, and was precipitated on a 0.1 micron TufEyn 

Membrane Filter preconditioned by filtration of 1 rnL of the Nd solution in 10 rnL of 1 M 

HC1 with a few drops of HF added. The actinidemd solution was allowed to stand for 2 

minutes before vacuum filtering. The filter was washed with 5 to 10 mL of DD-DI H 2 0  

with 1-2 drops of HF added. The filter was then air dried and mounted on a stainless 

steel planchet with a double-sided adhesive, for analysis by a-spectrometry. Due to the 

low activities of the samples, the U hctions were counted for one week, and the Th 

samples were counted for two to three weeks to improve the counting statistics. 

Alpha Detection 

Six 'Wucleus" Alpha Spectrometen, mode1 5300 operated by the Environmental 



56 

Research Branch of AECL were used to perform the analysis. The detectors share a 

common vacuum line, and were controlled with Version 3.10 of EG & G ORTEC's 

Maestro software (1 995) on an IBM Persona1 Cornputer. 

Alpha Spectrometer Cdibration and Background Determination 

Prier to use, the alpha detectors were calibrated to an extemal source and the 

detectors were then inter-compareci. n e  energy calibrations of the alpha detectors were 

determined using a dual spike radio-nuclide source ("~m and 236Pu) of known activity. 

'"Am and " 6 ~ ~  each have specific decay energies. The detector channel of each peak 

was recorded. and the Maestro software used the number of channels separating the peaks 

to Iinearly calibrate the relationship between energy and channel for the detector. The 

detector efficiencies were calculated by dividing the measured 243~m and ?.'6P~ count 

rates by the initial source activity corrected for decay since the preparation of the source. 

A record of the detector calibration dates and calculated detector efficiencies is given in 

Table 3-1. 

The background of each detector was îkequently measured by counting a stainless 

steel disc with the same geometry as the precipitated source. The counts in the energy 

ranges for each nuclide in the U series decay chah were then integrated and recorded. 

The background activity was subtracted fiom the activity recorded in each sample. The 

long term stability of the background was monitored by fiequent background analysis. 

Detector Intercornpanson 

As part of the quality control program, the energy calibration and detector 

efficiency detennination were checked by counting an "'~m source on each detector. 



Table 3-1 - Record of detector calibration dates and calculated detector efficiencies. 

Detector Cali bration I 2 4 3 ~ ~  

Date Efficiency 
U 6 P ~  Efficiency I Average 

Efficiency 

O 1/97 

not used p s t  
04/98 

27.8 25.1 26.5 
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The measured activity was conected for the counter efficiency according to equation 3- 1. 

E = detector eficiency as a % 

The corrected activity and a-decay energy of the sarnple in each detector is presented in 

Table 3-2. The average activity of the source was determined to be 1.36 +/- 0.12 Bq (2- 

O). The activities determined for the source by each detector agree within the 95% 

confidence interval. The average a-decay energy of 5.53 (247 = 0.02) MeV compares 

well with the expected a-decay energy of 5.49 MeV for  m. The agreement in the 

activity determination arnong the detectors for the " ' ~ r n  source indicated that the 

calculated detector efficiencies were in agreement, and the agreement within 2 a  of the a- 

decay energy reported for the peak indicated that the calibrations are in agreement. Table 

3-2 also indicates that the activities measured for the unknown -'"Am source in each 

detector agree within the error on each mesurement due to counting statistics alone. 

3.5.3 - DETERMINATION OF CHEMICAL YIELD AND RADIO-NUCLIDE 

ACTIVITY 

The chernical yield was detemiined using as a yield tracer a spike of =-%J in 

secular equilibrium with its daughter '-'Th for the radiochernical analysis. Severai mL of 

a concentrated spike with a total activity of 22.8 Bq (1 1.4 Bq of both "'U and ='Th) were 

supplied by Me1 Gascoyne at AECL- Whitesheil. The spike activity had been weli 

established by the Uranium Dating lab at AECL-Wteshell. The concentrated spike was 

diluted 100 times with 1 N HNO, pnor to use. The diluted spike was used in ail 



Table 3-2 - Summary of the analysis o f  standard " ' A n  source of unknown activity. 
Sample was run as a verification o f  detector calibration. and as an inter-cornparison o f  
calculated detector efficiencies. 

Detector Date ''' Am Peak 
Counted Energy 

(MeV) 

Efficiency 
corrected 
Activity 

@Q) 

AVERAGE 
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experirnents reported in this investigation. The activity of the spike was verified by 

spiking 1 mC of 1000 ppm U Atomic Absorption secondary standard and running it 

through the extractiodseparation protocol. The sample had a calculated U concentration 

of 1006.16 +/- 9.79 (La) ppm, well within the error range of the certified 1000 ppm for 

the standard. Between O. 1 and 1 mL of the spike was added to each of the samples prior 

to radiochemical analysis. 

The precision and accuracy of the radiochemical analysis were tested by running 

well characterized natural calcite samples (Gascoyne, 1979 and Li et al., 1989) through 

the protocol and comparing the results to the published values for the samples. The 

results of these analyses are presented in Chapter 4. 

The chernical yield and corrected count rates were determined using a modified 

spreadsheet program supplied by the Uranium Laboratory at AECL-Whiteshell. 

Radiochernical Cnlculations and Age Determination 

The radiochemical calculations performed in this investigation are summarized in 

Appendix 1 and the method used for detennination of the 3 w 3 3 U  age is presented in 

Appendix II. 

3.6 - ICP-MS ANALYSIS OF U AND Tb 

Sample Preparation 

For ICP-MS (Inductively Coupled Plasma Mass Spectrometrometry) analysis, 

0.020 to 0.060 g of the calcite sample was dissolved in 1 mL of concentrated (1 5.9 N) 

Environmental Grade Nitric Acid and the solution was brought to a fuial volume of 50 

mL with DD-DI-H,O. A 1 mL aliquot of each sample was taken and diluted to 10 mL by 
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DD-DI-H,O. Bot .  dilutions were analyseci, to provide duplicate analysis of each sarnple. 

The sample replicates, and replicates prepared at half the concentration, were included for 

analysis as an interna1 check of laboratory reproducibiliq. 

ICP-MS Analysis 

Analysis was performed at Trent University's ICP-MS Facilities. The analyses 

were performed on an Elm 5000 in direct injection-ion counting mode. Standard 

laboratory protocols (Hughes and Evans, 1996) were used for eiement analysis in the 

sarnples. The lower limit of detection for U in solution was 0.005 ppt, and was 0.006 ppt 

for Th. 
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4 - VERLFlCATION OF Umh EXTRACITON-SEPARATION TECHNIQUE 

The ability of the developed protocol to extract U and Th fiom a calcite matrix 

and chemically separate hem was deterrnined in three stages. The first stage involved 

using synthetic lab grade reagent calcite spiked with U and Th to test the chemical 

separation. The synthetic calcite experiments were also used to crudely venv  the 

chemical yields of U and Th. The second stage of experiments involved using spiked 

natural calcite samples which have been previously U-series dated using alternative Um 

extraction-separation techniques. This was done to verify that the method is non- 

fiactionating with respect to each of the U and Th radio-nuclides and therefore applicable 

to "OTldLUU dating. The spike used was a radio-chernical yield tracer for a-spectroscopy. 

This allowed the U and Th yields to be accurately determined using this protocol. The 

final stage of the protocol verification involved using the measured system blank to 

determine the range of calcite ages which can be calculated, and lower Iimits of U 

concentrations which can be measured, using this technique. 

4.1 - SYNT'HETIC CALCITE SAMPLES 

Synthetic calcite experiments were designed to provide a rapid test of the protocol 

during development, prior to analysis of naturai calcite samples. The majority of the 

analytical tirne involved in a-spectroscopy investigations of U-series actinides in 

environmental samples is spent counting the sample, due to the low actinide 

concentrations in the sample and long half-lives of the U-Th decay series. To shorten the 

counting tirne, the synthetic calcites were spiked with concentrations of U and Th which 

had been calculated to give approximately 4000 decays per day. Assuming a detector 
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efficiency of 25%, this rneant the samples would require only 1 day of counting to 

achieve 3% relative error. Stock U (1 ppm) and Th (10 ppm) solutions were prepared 

fiom uranyl nitrate and thorium nitrate salts. Synthetic lab grade calcium carbonate was 

spiked with each of these solutions prior to extniction/separation using the described 

protocol. The samples were not spiked with a yield tracer, and therefore only a crude 

chemical yield based on mass U detected relative to the total mass of U and Th added by 

the stock solutions could be determined. 

Degree of Chernical Separation and Removal of Matrix 

The degree of chemical separation of U and Th was determined by examination of 

the a-spectroscopy spectra. Complete chemical separation of the U and Th was 

detennined by examining the U-hction spectra for the absence of Th peaks, and the Th- 

fiaction spectra for the absence of U peaks. Once the final protocol had been developed, 

the U-fiaction was detennined to be fiee of Th, and the Th-hction was detemiined to be 

fiee of U. 

It is important to remove a11 the matrix prior to co-precipitation of U and Th with 

M F , .  The CO-precipitation of compounds, specifically CaFZ, during source preparation 

for analysis by a-spectroscopy, leads to the preparation of a thick source. A thick source 

will cause broad peaks and lower resolution in the spectra. The U and Th spectra 

observed using the developed protocol had well formed, well-resolved peaks. This 

indicated that the procedure was effective in extracthg the U and Th completely fiom the 

rnatrix. 

The U and Th spectra for one of the well-characterized calcites are shown in 
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Figure 4- I The spectra of a well-characterized calcite are shown rather than one of the 

s ynthetic calcite samples because the radio-chernical yield tracer spike ('1'Ul"8Th) was 

used in the natural samples, but was not used with the synthetic calcites. In addition to 

demonstrating the effectiveness of the protocol in extracthg and separating the U and Th 

naturally present, the spectra fkom a spiked natural calcite indicate that the protocol is 

effective in separating the U and ni in the spike as weii. it is evident in Figure 1- 1 that 

the U and Th are completely separated, and the well formed and resolved peaks of the 

individus! nuclides indicate that both the U and Th fraction are fkee of matrix 

constituents. 

The "'Th peak in Figure 4-1 b has a slight shoulder on its low energy side. This 

shoulder is not the result of the presence of another radio-nuclide but rather is the 

result of the fact that 228Th has two primary a-decay energies. The majority (71%) of 

"Th decays with an a-particle energy of 5.427 MeV, while a smaller hction (28%) 

decays at an energy of 5.344 MeV (Ivanovich et al., 19%). To ensure that no U was 

present in the Th fhction and no Th was present in the U fkaction, the initial samples 

undenvent prolonged counting. The shoulder on the 'Z8Th peak is the result of prolonged 

counting making the contribution fiom the secondary decay energy apparent. The 

absence of any other U in the Th hction is taken as evidence that there was no U 

breakthrough in the Th elution. 

Chernical Yield 

In this series of experiments, the synthetic calcite was spiked with a known mass 

of U and Th. As no yield tracer was use& the yield had to be calculated by converting the 



a) Uranium Fraction of C 14 - 76 126 with 1 mL spike, detector # 1 

5.45 5.74 6.16 6.41 MeV 

b) Thorium Fraction of C 14 - 76 126 with 1 mL of spike, detector #2 

FIGURE 4-1 - a-spectra for the U (a) and Th (b) fiactions of the speleothem standard 
76 1 26. Approximately 1 g of calcite was spiked with "%f38~h for analysis. The U and 
Th fiactions were extractcd and separated using the UTEVA column method as described 
in the text. This figure is a modification of a figure fiom Bukata et al. (1998a). 
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detector efficiency comcted activities for al1 U and Th nuclides into total atoms present 

using the nuclide's decay constant. The total numkr of atoms were then converted into 

masses and summed. The yields of U and Th were then calculated according to the 

following equation: 

Yield (%) = 
mass ca~cuhted * 
mars in spike 

(4-1) 

The error was determined by propagating the error on counting statistics through the same 

calculations arid is reported as a percent. This crude yield was calcdated to ensure that 

hi& yields of both U and Th were obtained fkom the protocol, prior to the analysis of 

standards or natural samples. 

The yields determined for the spiked synthetic calcites are summarized in Table 4- 

1 The yields reported are for sarnples which did not resdt in M e r  refinement of the 

protocol. An average U yield of 94.9 +/- 14.2% (2-a), and an average Th yield of 83.0 

+/-25.4% (2-a) was observed using the spiked synthetic calcite. It is important to note 

that the main objective of the spiked synthetic calcite series of experiments was to 

develop a reliable separation technique. Therefore, the crude yields were only important 

to establish that the technique gave high recoveries. 

4.2 - NATURAL CALCITE STANDARDS 

The synthetic calcite experiments established that the developed protocol gave an 

excellent separation of U and Th, removed any interferhg matrix 6rom the hctions, and 

appeared to give high chernical yields. It was important next to ver@ that the protocol 

worked on natural calcite samples spiked with a radio-chernical yield tracer. Two 



TABLE 4-1 - Summary of  the U and Th obtained by spiking synthetic lab grade calcium 
carbonate with U ( 1 pg) and Th ( 1 O pg). The method was being developed during the 
runs, as a result, the average percent yield can only be considered as an îndicator of 
overall success of the technique. 

1 RUN # 1 

* The U and Th yields were calcuiated as percent mass recovery. 
** fiaction lost due to human error (dropped beaker) 

1 

2 

Uranium 

95 -9 

Enor ( 1 -a) 

1.6 

Thorium 

*sr 

3 

4 

AVERAGE 

STD DEV (1-a) 

STD DEV (2-0) 

98.9 

- 

Error (1 -a) 

*+ 

1oi.a 

83.1 

94.9 

7.1 

14.2 

0.9 

0.9 

1.7 

1.9 

99.6 

80.5 

0.8 

1.6 

- 
- 

1 .O 68.9 

83 .O 1 0.9 

12.7 

25.4 

- 
- 
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previously well characterized natural calcite samples were used to perform this series of 

experiments. 

There were three main objectives in this senes of experirnents. The fist was to 

veri6 that the protocol gave high chernical yields of U and Th fiom a natural calcite by 

using a "'U/"8Th yield tracer. The second objective was to verify that the activity ratios 

of the U-series nuclides were not altered during the column extractiodseparation 

protocol, and the final objective was to compare the ages calculated for the calcite 

standards by this procedure to the published ages in the literature using different 

extractiodseparation protocols. Although objectives two and three are related, objective 

three is a more strict venfication that ail the activity ratios are not altered because for the 

correct ages to be calculated, ail the U and Th ratios in the sample must be unaltered or a 

different age would be calculated. For the developed extraction/separation protocol to be 

usehl in this investigation, the ages calculated using the U and Th fiactions have to be 

correct. 

4.2.1 - DESCRIPTION OF STANDARDS 

Two natural calcites which have been previously dated using U-series 

disequilibriurn (Gascoyne, 1977; Gascoyne et al., 1983; and Li et al., 1989) and are used 

as lab standards were graciously supplied by M. Gascoyne (AECL- Whitteshell) to be used 

as the standards in this investigation. The standards are McMaçter University Standard 

Speleothems 7600 1 and 76 126. 

76001 

This is a homogenited flowstone collected fiom Sumidero Tenejepa, Chiapas, 
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Mexico in January 1976 by M. Gascoyne. This calcite is used as a laboratory reference at 

McMaster and has been extensively dated by a-spectroscopy (Gascoyne, 1977 and 1979) 

and by TIMS (Li et al., 1989). The sample has a low U concentration (0.8 ppm) and an 

age of 47.7 +/- 2.2 ka by a-spectroscopy, and 47.5 8 +/- 1.1 7 ka using TIMS (both erron 

are 1-0). 

76126 

This is a non-homogenized stalagmite fiom Northwea England. The speleothem 

has a high (1 3.3 to 1 3.7 ppm) U content and has k e n  dated at 9.7 +/-0.3 ka at the base 

and 0.8 +/-O. 1 ka at the top (Gascoyne et al., 1983). The details of the sample c m  be 

found in Gascoyne et al. (1983). As the sample is not homogenized, the age calculated 

using this sample was expected to fa11 within the range of deposition ages detennined by 

Gascoyne et al. (1983). This sample was used to ver@ that the protocol developed was 

applicable to samples with a wide range of U concentrations. 

4.2.2 - VERIFICATION OF YIELD AND U CONCENTRATION 

The U and Th yields were calculated as the activity of the spike measured in the 

sample divided by the total activity of the spike added to the sample prior to analysis. 

The U and Th yields for both the naniral calcites and a 1000 pprn Atomic Absorption 

Spectroscopy (AA) standard are summarized in Table 4-2. Consistently high U and Th 

yields, with the exception of o w  anomalously low yield, were observed for both the 

natural calcite standards and the AA standard, although the yields for the AA-standard 

were slightly lower than the calcite standards. The reason for the low yield with the AA- 

standard is unknown. These yields are consistent with the less rigorous high yields 



Table 4-2 - U and Th yields for natural calcite samples (standards 7600 1 and 76 126) and 
a 1 O00 ppm Atomic Absorption Spectroscopy standard. 

Sample 

7600 1 

Run # 

Avg. 

~ 
Yield (%) Concentration I ( P P ~ )  

I 

U Error Th Error U Error 

1.1080 88.89 0.72 70.74 0.21 0.8 1 0.04 

note - error on the average was detennined as the standard deviation in the average (1 -a) 



calculated for the synthetic calcite samples. It was determined that the protocol 

developed for the extraction and separation of U and Th fiom natural samples gave high 

yields. 

The '.'w/228Th spike was also used to calculate the U concentration in the sample. 

These values are aiso given in Table 4-2. The U concentration measured in the natural 

calcite samples agree weil (within 1 4 )  with the concentrations given in the literature. In 

addition, the developed protocol determhed the concentration of the 1000 ppm AA 

standard within analytical error ( La). It was concluded that the U concentration 

calculated by the protocol agreed well with the concentrations established by other 

methods, and therefore the technique could be used to determine the U concentration of 

environmental sampies. 

4.2.3 - VERIFICATION THAT THE ACIlVITY RATIOS IN THE SAMPLE ARE 

PRESERVED BY THE CHEMICAL PROCEDURE 

The activity ratios measured in the standards were compared to the activity ratios 

for the standards published in the literature. The results are summarized in Table 4-3. 

The "OTh/'YU and the 34U/z8U activity ratio ranges measured in this investigation 

overlap the ranges of values published in the literature for both the low U standard 

(7600 1 ) and the high U standard (76 126). The zoT1i234U ratio measured for 7600 1 

overlaps the range published in the literature, and the average falls at the low end of the 

published range, but it does fa11 within the range of published values. The '34UfJ8U ratio 

also overlaps the published range and the average falls slightly outside the range, but 

within 1-a of the upper limit. The agreement between the activity ratios measured using 



Table 4-3 - Activity ratios detennined for the calcite standards. 

Run # 1 Measured Ratios 

Avg. 1 0.35 (0.03) ( 2.02 (0.07) 

Range 1 0.32 - 0.39 1 1.95 - 2.14 

Avg. 1 0.02 1 0.75 

Range 1 0.01 - 0.02 1 0.74 - 0.75 

Published Ratios 

note - nurnbers in brackets represent the errors, and error on the average is 1-a 
* - taken îkom Gascoyne, 1979 
** - taken fiom Gascoyne et al., 1983 
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the developed protocol and the published values for the activity ratios suggest that the 

columns are non-fkactionating with respect to the U-series radio-nuclides. 

4.2.4 - CUCULATED U g T P U  AGES FOR THE STANDARDS 

The activity ratios measured in this investigation were used to calculate the 

' O T ~ / ~ ' U  age for the standards. The calculated ages are presented in Table 4-4. The 

average age calculated for the flowstone (76001) is 44.7 +/- 4.2 ka (1-a); this agrees 

within 1 -a with the published ages summarized in Table 4-4. The stalagmite (76 126) 

gave an age range of 1.1 to 3.3 ka, these fa11 within the range of deposition ages measured 

for the same sample (0.8 to 9.7 ka, Gascoyne et al., 1983). The agreement in ages 

cakulated for both the low U (76001 ) and hi& U (76 126) standards between this method 

and the published ages for the standards indicates that this protocol can be applied to 

30Th/mU dating of natuni1 calcites. Sample 7600 1-42 used a smaller mass of standard 

(0.10 g as opposed to L .O0 g) and gave the lowest ')@Thk?3U activity ratio and the highest 

"'U/38U activity ratio; both ratios also have the highest associated errors. Further 

analyses of lower masses of standards must be nin before it can be detennined whether 

this sample is anomalous or if a minimum mass of standard must be used to adequately 

ver@ the technique. 

4.3 - DETECTION LIMIT AM) REAGENT BLANK CONSTRAINTS ON THE 

APPLICABILITY OF THE TECHNIQUE TO T h P Y U  DATING 

The applicability of the developed protocol to USb12YU dating of natural samples 

will be detennined by the detection limit for U and Th. The lower limit of detection 

(LLD) of the method with respect to both the U and Th concentrations and the minimum 



Table 4-4 - The 'Iw'J4U ages detennined for the natural calcite standards in this study 
and the ages reported in the literature. 

Sample 

7600 1 

76126 

Run # Calculated Ages in this Study Ages in Literature (ka) 
(ka) l 

Avg. 

Ftange 

Avg. 

() - error (1 -0) 

a - corrected for x'Th 
* 1 - Li et al. (1989) by a-spectrometry 
*2 - Li et al. (1 989) by TIMS (Thermal Ionization Mass Spectrometry) 
** - Gascoyne, 1979 
*** - Gascoyne et al., 1983 
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age was examined. The detectable range of calcites was found to be restricted by the 

amount of the spike used and the LLD of -U. This method requires at least 0.08 pg U in 

the sample and the datable range is limited only 8 ~ 0 . 5  mL of spike are used. The 

development and presentation of the LLD for this method are given in Appendix III. 

4.4 - SUMMARY OF PROTOCOL VERIFICATION 

The resdts of the protocol verification indicste that a high degree of U and Th 

separation is seen in both synthetic and natural calcite systems. High chemical yields 

(>70 % U, and >80% Th) are obtained fiom natural calcite using a yield tracer. No 

isotopic fiactionation is observed for the U and Th isotopes during extraction and 

separation using the developed protocol, and the developed protocol can therefore be used 

to "OWS4u date natural ramples accurately. However, analysis of the lower limit of 

detection indicates that there are restrictions on the U concentration and age of calcites 

analysed using this protocol. 
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5 - RESULTS AND DISCUSSION 

Fracture-infilhg calcite in crystalline rock caa form from ascending hydrothermal 

fluids, or descending recharge fluids, or may have been recrystallized by ascending or 

descending fluids since initial deposition. The stable isotopic composition, fluid 

inclusion rnicrothermometry and salinity, and U-series geochemistry of fracture-infilling 

calcites fbm the properties of CRL were used to discem the ongin of the calcites. 

5.1 - STABLE ISOTOPES (6"O and 6°C) 

Several major fluid events may have occurred in the geologic history of the 

Grenville Structural Province, each of which would precipitate calcite with different 

geochemical characteristics. The stable isotope ratios of oxygen and carbon in the 

calcites in this investigation were interpreted with respect to the ranges of values expected 

if calcite precipitated in isotopic equilibrium with one or more of these proposed fluids. 

5.1.1 - RANGE OF MEASURED ISOTOPE RATIOS 

Histograms of the measured 8"O and 6°C values of the calcites fiom this 

investigation (Figures 5-la and 5-2a), and the combined data set fiom Bottornley (1988) 

and this thesis (Figures 5- 1 b and 5-2b), defined as either "open-veia" or "seaied-vein" 

calcites (Section 3.1) indicate the ranges of isotopic values obsewed in the calcites. 

5.1.1.1 - STATIS'MCAL ANALYSIS OF TEIE STABLE ISOTOPE DATA 

Test for the Validity of Pooling Data 

The stable isotope data (5°C and 6"O) fiom calcite samples identified as open- 

vein or sealed-vein in this thesis were compared to the open-vein and sealed-vein isotope 

data from fracture-infilling calcites in Bottornley (1 988) to establish the validity of using 



6' '0 calcite (%O; SMOW) 

FIGURE 5-1 - Histograrn of measured 6"0 values fiom fiactwe-infilling calcite on the 
Chalk River properties of AECL. The darker areas represent sealed-vein calcites, and the 
lighter areas represmt open-vein calcites. a) data measured in this investigation; 
b) Combined data sets, the 6180 values measured in this investigation and samples fiorn 
Bottornley ( 1  988) identified as open-vein or sealed-vein calcites. 
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FIGURE 5-2 - Histograrn of measured 6°C values f?om hcture-infïlling calcite on the 
Chak River properties of AECL. The darker areas represent sealed-vein calcites, and the 
lighter areas represent open-vein calcites. a) data measured in this investigation; 
b) Combined data sets, the 613C values measured in this investigation and samples fiom 
Bottomiey (1 988) identified as open-vein or sealed-vein calcites. 
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a combined data set. An F-test was performed which compared the 6180 of open-vein 

calcite fiom this investigation (mean = 1 8.0°/oo. variance = 4.6Oh0, and n = 2 1 ) to 

Bottomley's (1  988) open-vein calcite 6180 data (mean = 1 Mo&, variance = 4.3%0, and n 

= 69), and found the data sets bad equal variances (F,, = 1 .O7 < F,,, = 1.67). The 

subsequent two-tailed t-test (a = 0.05) indicated that there was no difference between the 

means of the two data sets (td, = 1.8 1 < tm, = 1.99). The 6"O values of sealed-vein 

calcite from this investigation (mean = 17.S0ho, variance = 3.8%0, and n = 12) were 

compared to the 6I8O values of sealed-vein calcite ikom Bottomley (1 988) (mean = 

16.8%0, variance = 2.7Ol00, and n = 18) and were determined to have equal variances (F,,, 

= 1.38 < F,,, = 2-15). The subsequent two-tailed t-test (a = 0.05) indicated that there was 

no difference between the means of the two data sets (t,, = - 1 -5 1 < t,,, = 2.05), and thus 

it was acceptable to pool the 6180 data nom both investigations of fracture-infilling 

calcite fiom the properties of the CRL. 

An F-test of the 6°C data fiom open-vein calcites in this investigation (mean = 

-7.3%0, variance = 1.6O/m, and n = 2 1) was compared to the open-vein 6°C data fiom 

Bottomley (1988) (mean = -7.5%, variance = 2.3%0, and n = 69) and it was determined 

that the data had equal variances (F,,, = 1.29 < F,,, = 1.93). The two-tailed t-test (a = 

0.05) indicated that there was no difference between the means of the bvo &ta sets (t,, = 

-0.69 c t,, = 1.99). An F-test of the SI3C &ta fiorn sealed-vein calcites in this 

investigation (mean = -6SC!/oo, variance = 1.5%, and n = 12) was cornpared to the sealed- 

vein 6°C data fiom Bottomiey (1988) (mean = 6.4Oh, variance = O.gOh ,  and n = 18) and 
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it was determined that the &ta had equal variances (F,, = 1.95 c Fm, = 2.15). The two- 

tailed t-test (a = 0.05) indicated that there was no difference between the means of the 

two data sets (t,, = 0.15 < t,, = 2-05), and thus it was acceptable to pool the 6°C data 

fiom both investigations of hcture-ùifilling calcite fiom the properties of the CRL. 

Testing the Difference Between Open-Vein and Sealed-Vein calcite 

A) This Investigation 

The 6I3C and 6180 values of sealed-vein and open-vein calcite measured in this 

investigation were compared to determine whether there were statistically significant 

differences between the means. The 6"0 values of open-vein calcites (rnean = l7.9%0, 

variance = 4 . 6 O 0 ,  and n = 21) were compared to the Si80  values of sealed-vein calcites 

(mean = 17.8%0, variance = 3.8%0, and n = 12) measured in this investigation. The data 

were found to have equal variances (F,,, = 1.22 c Fm, = 2.65) and to have the same mean 

(t,,, = 0.15 < t,, = 2.05 with a = 0.05). The 6I3C values of open-vein calcites (mean = 

-7.3O0, variance = 1.60!00, and n = 21) were compared to the 6I3C values of sealed-vein 

calcites (mean = -6.500, variance = 1.5*%0, and n = 12) measured in this investigation. 

The data were found to have equal variances (Fdc = 1.12 < F,,, = 2.65) and to have the 

same mean (t,,, = -1.77 < t,,, = 2.04 with a = 0.05). The lack of statistical difference 

between the 6I3C and S"O values of open-vein and sealed-vein calcite in this 

investigation may be an artefact of the smafl sample size (1 2 sealed-vein calcites). The 

pooled data set was investigated for statistically signifiant dieerences between the S"C 

and 6180 values of open-vein and sealed-vein calcite. 
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B) Pooled Data 

The 6I3C and 6180 values of sealed-vein and open-vein calcite in the pooled data 

sets were compared to determine whether there were statistically significant differences 

between the means. The 6"0 values of open-vein calcites (mean = 19.2%0, variance = 

4.8%0, and n = 90) were compared to the 6180 values of sealed-vein calcites (mean = 

1 7.2%0, variance = 3.3%0, and n = 30) in the poofed data set. The data were found to 

have equal variances (F,,, = 1.46 < F,,, = 1.72) and to have statistically (a = 0.05) 

different means ( t , ,  = 4.45 > t,, = 1.98 ). The 6I3C values of open-vein calcites (mean = 

-7S0h0, variance = 1 . 4 O 0 ,  and n = 90) were compared to the 613C values of sealed-vein 

calcites (mean = -6.4%0, variance = 1 .OO/oo, and n = 30) measured in this investigation. 

The data were found to have equal variances (F,, = 1.37 < Fa, = 1.72) and to have 

statistically (a = 0.05) different means (td, = -4.56 > t,,, = 1.98). There is a statistically 

significant difference between the 613C and 6180 values of open-vein and sealed-vein 

calcite in the pooled data sets. 

5.1.1.2 - PATTERNS OF 6'80a4d,e AND 6"C,, VALUES 

The 6180 values of al1 of the fiachire-infilling calcites sampled in this 

investigation range fiom 14 to 22O/m. The histogram in Figure 5-la depicts the 6'*0 data 

f?om this investigation, separated into open-vein and sealed-vein calcite. The difference 

between the two groups is not statistically significant, but the xaled-vein calcite samples 

have a lower range of 6"O values (14 to 20960) than the open-vein calcites (15 to 220!). 

The combined data set has similar ranges of 6"O values for open-vein and sealed- 
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vein calcites (14 to 20%o and 14 to 23%0), and the difference between the 6180 values of 

the two p u p s  is statistically significant. The sealed-vein calcites fiom Bottomley ( 1988) 

contained three anomalously low values (-1 to +30/60) which will not be further 

considered in combined data sets. 

The different ranges of S180 values observed for sealed-vein and open-vein calcite 

in the combined &ta set suggest precipitation fiom or alteration by fluids having different 

isotopic and physico-chernical properties. If the calcites have formed in equilibrium with 

these fluids, their 6180 values would reflect the oxygen isotopic composition of the 

precipitating water source and temperature of calcite precipitation, with lower 6"0 values 

representing precipitation either at higher temperatures or fiom a more '80-depleted 

source water, or a combination of both. Hence, rneasurement of the 6180 values of the 

calcite alone does not permit the resolution of wfiich effect, temperature changes or 

formation fiom isotopically distinct source water, is controlling the observed differences 

in the oxygen isotopic compositions of the sealed-vein and open-vein calcites. 

Temperature effects are examined M e r  in Section 5.2, making use of the fluid 

inclusion data. 

ï h e  6°C values on calcites measured in this investigation range fkom -1 1 to -5*/00. 

Open-vein calcite has a larger range of 6I3C values, fkom -1 1 to -6O&, whereas the 

sealed-vein calcites have a narrower range with size values (-9 to - S O h )  trending towards 

a relatively '3~-enriched end of the total range, although the difference between the 

groups is not statistically significant. A histogram of the 6I3Cdc,, values measured in this 

investigation is presented in Figure 5-2% and the combined data set is presented as Figure 
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5-2b. The combined data set has the same range of S"C values as measured in this 

investigation, however, the difference between open-vein and sealed-vein calcite values 

in the pooled data set is statistically significant. The difference between the mean 6°C 

values for open-vein and sealed-vein calcite in the pooled data is indicative of different 

carbon sources or different precipitation conditions for the sealed-vein and open-vein 

fracture-infïlling calcite. 

The systematicaily lower 6°C values observed in the open-veh calcites may 

indicate calcite precipitation during warm climate conditions. Soi1 zone bicarbonate is 

13 C-depleted by biologic activity of plants (photosynthesis and respiration) to values 

between -23 and - 15%0. The range of 6I3c measured is consistent with varied amounts of 

soi1 zone bicarbonate entering the fkacture system and mixing with a "C-enriched carbon 

pool during groundwater recharge. This would most likely occur during warm climate 

conditions when groundwater recharge is not impeded by the overburden fieezing or 

precipitation occurring as snow. The sealed-vein calcites have less I3C-depleted values 

than the open-vein calcites. This is consistent with precipitation fiom a water isolated 

fiom the biosphere, possibly a hydrothemal formation water. 

Uniike "O, "C hctionation during calcite precipitation is not very temperature 

dependent. The calcite phase is 13C-enriched by approximately 2%o relative to aqueous 

bicarbonate over the temperature range 0- 100°C (Dienes et al., 1974). Thus, variation in 

the 6°C of both open-vein and sealed-vein calcite most likely represents a change in the 

source of the bicarbonate. This supports the argument that the isotopic compositions of 

open-vein calcites have k e n  &ected by a warm climate, soil-zone "C-depleted 
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bicarbonate source. 

The range of 6180 and 6°C values obsenred in open-vein and sealed-vein calcites 

in this study is consistent with the ranges observed in other investigations of fracture- 

infilling calcite in Factured crystalline rock groundwater fiow systems. The ranges 

obsewed in this thesis are diagrammatically compated to those fiom other studies in 

Figure 5-3. An investigation of isotopic trends in fi-acture-infilling calcite at the 

Underground Research Lab (URL) of AECL in Pinawa, Manitoba found a similar range 

of 6I8O values. Jones et al. (1987) found that the 6180 values rneasured for fracture- 

infilling calcite ranged between 15 and 26960. They grouped the calcites by texture, 

classifjhg the calcite as either sucrosic or platy. They found that the sucrosic calcites 

tended to occur in fractures sealed to ground water flow, and had more depleted 6"O 

values (1 7 to 25%0) than the platy calcites. The platy calcites tended to exist in veins 

open to groundwater flow, and had less depleted 6''0 values ranging between 18 and 

26Oho. A range of 6I3C values similar to the range measured in this investigation was also 

measured by Jones et al. (1987). They found that the majority of calcites had 5°C values 

between - 16 and -4%a, with one calcite having a value of -22%0. They also found a 

similar overlap in the 613C ranges when the calcites were considered with respect to their 

texture. The platy calcites (open-vein) had 6°C values between -16 and -5%0, and the 

sucrosic calcites (sealed-vein) had 6I3C values between -1 5 and -6O/w. Jones et al. (1987) 

attribut4 the St3C variation to a Rayleigh-1ike fractioaation of the carbon reservoir during 

calcite precipitation. An additional study at the sarne site (Gascoyne et al., 1997) found a 
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Figure 5-3 : Schematic representation of the relative ranges of 6''O and 6°C of sealed- 
vein and open-vein calcites fiom different shield environments. 
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similar range of 6I8O values (18 to 22Oho) for fiacture-filling calcites from the W. 

A study of fiachire-filling calcite in Switzerland found that the measured 6% 

values ranged fkom 10 to 22960, with those classified as sealed-vein calcite having a lower 

range ( 10 to 1 6%0) than open-vein calcites in the same fiacture system ( 18 to 22%0) 

(Balderer et al., 1987). The Balderer et al. (1987) study measured a sirnilar total range of 

6°C (-1 1 to +0.5Tt) and found that the 613C,,,, in some cases was in equilibriurn with 

the 6I3C,,-,. However, the water was not sahuated with respect to calcite, which 

suggests that the isotopic equilibrium between the bicarbonate and calcite was a result of 

calcite dissolution, not calcite precipitation. 

A study in Sweden found the total range of 8180 values in calcite to be between 1 1 

and 24Oh0, with seaied-vein calcite having values over the entire range, and open-vein 

calcite having a narrower range of values between 15 and 24%0 (Larson and Tullborg, 

1 984). The Larson and Tullborg (1 984) study found very s d a r  ranges of Si3C values to 

those measured in this investigation. They found an overall range of 8°C values of -1 8 to 

+2O/oo, with open-vein calcites spanning the entire range and sealed-vein calcite confined 

to the 6°C range of -6 to -2Oho. They made the argument that "C-depleted soi1 zone 

bicarbonate caused the variation in the SI3C of the calcite. 

A Gennan study separated fracture-filling calcite into three categories, 

Metamorphic, Crack filling (crosscuts earlier metamorphic calcite) and Replacement 

(replaced primary minerals in altered areas) (Komor, 1995). The study found that 

Metamorphic and Crack-filling calcites had similar ranges of 6180 (8 to 13460, and 7 to 
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14%0 respectively) and that the Replacement calcite had a range that included higher 

values of 6I8O (10 to 180/i) (Komor, 1995). The Komor study also found there to be 

considerable overlap in the SI3C values among Metarnorphic, Crack filling and 

Replacement calcite. The overlap was attributed to recrystallization of calcite and water- 

rock interaction. The results fiom other geographic locations are significant as they 

suggest that these are not site-specific observations, but may represent similar processes 

which have occurred in the fracture-fiow aquifers in crystalline bedrock environments 

globally. 

5.1.2 - THEORETICAL END-MEMBERS 

Several isotopicaily, thermally and hydrogeologically distinct fluids responsible 

for calcite formation on the properties of CRL have been proposed based on the geologic 

history of the region. The fluids are referred to as; 1) Magmatic/Metamorphic fluids; 2) 

"Hydrothemal" fluid (Botîomley, 1988); 3) Glacial Recharge waters; 4) Champlain 

Seawater: and 5) Modem-&y Meteoric Recharge waters. The characteristic S"O,6"C, 

salinities and temperatures of each of these theoretical end-rnember fluids are 

surnmarized in Table 5- 1. 

Magrnatic/Metamorphic Fiuids 

Magmatic/Metamorphic fluids are fluids which interacted with the rocks as a 

result of the metamorphism associated with formation of the Grenville Orogenic Front 

(Section 2.1.1.2). These fluids are characterized by high temperatures (600-800°C), 

positive S"O values and high salinity. They would tend to form calcite with a wide range 

of positive S " 0  values. Fluid inclusions in the calcites would likely have a high Th and 



TABLE 5-1 - The ranges of 6"O, 613C, Salinity and Temperature for each of the possible 
end-member calcite precipitating fluids identified. The source of each value is given in 
parenthesis. 

Magmatic / 
Me tamorphic 

1 Glacial Recharge 1 DIC =23 to -15 
( S e m  1994) I -'"O-'" I O * *  I 0 r 0 4 * *  

"Hy drothermal" 

C harnp lain 
Seawater 

(?ha SMOW) 

5 to 25 
(Taylor. 1987) 

I -12.3 to -10 I DIC =-23 to - 1 5 l O to 3.5 I O to4 ** 
(Seguin. 1994) maire-Marcel. 1 980) 1 

1 

7 to 13 
(knomley. 1988) 

( O !  PDB) 

613C= - 13 to +2 

* - range of the 6I3C values in bicarbonate resulting fiom biogenic activity in the soi1 zone 
** - approximate range of freshwater salinity and glacial meltwater temperature 
*** - approximate range of surface water temperatures at CRL 

DIC = -8 to -7 
(Bonomlcy. 1988) 

Meteoric Recharge 

(wt % NaCI) 

7 to 30 
(Karich 198f) 

( O c )  

600 to 800 
( m e n  and rcfs 
therein, 1992) 

7 to 30 
(Kemch 1987) 

-10 to -9 
(Kooer a ai.. 1998) 

-300 (used ~ û - 3 5 0 )  
(Boaomley. 1988) 

DIC =23 to -15 O ** O to I O  *** 



high salinities (7-30 wt. % NaCl). 

"Hydrothermal" Calcites 

Bottomley (1988) argued that the origin of some calcites at CRL was precipitation 

fiom a "Hydrothermal" fluid. This was based on fracture rnineralogy and observed trends 

in the 6180 data. Co-precipitation of laumontite with calcite in some fractures was taken 

to indicate that the hcture-infilling minerais precipitated tiom a hot fluid, as laumontite 

would only CO-precipitate with calcite fiom a CO2 poor solution at temperatures of around 

300°C (Bottomley, 1988). The parameters of the "Hydrothermal" end-member were 

confined by modelling the isotopic composition of calcite precipitated under variable 

water-rock ratios, asswning a system open with respect to oxygen, and closed with 

respect to carbon. Bottomley (1 988) established that if the "Hydrotherrnal" range of 6"O 

and 6I3C values of calcite were used, al1 the observed isotope ratios in the calcite could be 

modelled by calcite precipitation under variable water to rock ratios. Bottomiey proposed 

that a meteoric water was hydrothennally reacting with the gneisses in the host pluton and 

precipitating calcite in the hctures under variable water to rock ratios. 

Glacial Recharge 

During the retreat of glaciation fiom the region, particularly the Laurentide ice 

sheet in the Wisconsin period, glacial meltwater was available for groundwater recharge 

(Seguin, 1994). This meltwater may have entered the hcture systems and precipitated 

calcite, especially immediately after isostatic rebound which had reactivated previously 

formed fault and hcture  systems (Ates et al., 1997). Because of the low temperatures of 

these fluids, it is expected that calcite precipitated fiom glacial recharge would have 
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single-phase liquid fluid inclusions of low salinity. The glacial meltwater would be very 

'80-depleted, and there would be a large "0 fiactionation due to the low temperature of 

calcite precipitation. 

Champlain Seawater 

After the Wisconsin glaciation, and prior to isostatic rebound, there was an 

incursion of seawater which 1ed to the formation of the Champlain Sea. During the 

period of tirne that the Champlain Sea existed, Champlain seawater may have entered the 

fracture system and led to calcite precipitation. Calcites precipitated fiom Champlain 

seawater would be low temperature and have fluid inclusions with salinities varying fiom 

fieshwater (glacial meltwater) to seawater. The 6"0 of the Champlain Sea was between 

the 6"O value of depleted glacial meltwater (-28 to -1 8%0) and ocean water (-OO/m) 

(Seguin, 1994). 

Modem Meteoric Recharge 

The hcture-infilling calcite may have precipitated fiom, or re-crystallized in the 

presence of, modem meteoric recharge waters. Calcites precipitating fiom modem 

meteoric recharge would contain low temperature, low salinity fluid inclusions, and have 

6Is0 values of approximately 200/oc, assuming the value of meteonc water is constant at 

approximately - 1 @?/OC) at Chalk River (Kotzer et al., 1998). 

Separation of Proposed End-Members 

To investigate the possibilities of calcite precipitating fiom the five identified 

theoretical fluid end-members, the 6"O values and temperatures of these waters (Table 5- 

1) are plotted on Figure 5-4, and compared with the S1'0 values measured on calcite 



FIGURE 5-4 - Graph of 6180a,,, as a h c t i o n  of the formation temperature of the 
calcite. The boxes indicate the relative positions of calcite precipitating in isotopic 
equilibrium with the proposed end-member fluids summarized in Table 5-1. The curves 
represent the S " 0  value of a calcite which would precipitate fiom water of constant 6180 
(listed adjacent to each line) as a fûnction of the temperature of precipitation using the 
oxygen isotope fiactionation factor for calcite-water (O'Neil et al., 1969). The 
fiactionation factor had been extended beyond the range established by O'Neil et al. 
(1 969), to include the Magmatic-Metamorphic end-member. The fiactionation factor was 
established over the range O to 500°C. 

The histograrn to the right of the plot is a reproduction of Figure 5- 1 a, displaying 
the range of 6"O values measured in this investigation. The darker areas in the histogram 
represent sealed vein calcites, and the lighter areas represent open vein calcites. This is a 
modification of a figure fiom Bukata et al. (1 997) and Bukata et al. (1 998b). 
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minerals fiom this investigation. 

The range of S1'O values measured on calcites in this investigation (14 to ZZ%o) 

falls wifhin the range of b"0 values for calcites which could have precipitated fiom al1 of 

the proposed end-members. Thus, it is impossible to use the ~ " 0  value of calcite alone 

to establish the nature of the calcite precipitating fluid. In order to delineate the fluid 

fiom which the calcites may have precipitated, it is necessary to establish the possible 

formation temperature of the calcite. This is most significant with respect to calcites 

which may have precipitated fiom a Metarnorphic/Magrnatic fluid, as the range of 8'0 

values and temperatures for this fluid cover the entire range of al1 calcites frorn other end- 

member waters. 

5.1.3 - SYSTEMATIC TRENDS 

The measured 8'0 and 6°C values in the calcite have been examined for any 

trends with depth and any co-variation of the isotope ratios. 

Isotope Ratio Trends with Sample Depth 

There are no irnmediately obvious trends between the 6180 values of the calcites 

and their sampling depth. The 6"0 data &om this investigation (Figure 5-5 a) and the 

combined data from this investigation and Bottomley (1988) (Figure 5-5 b) are presented 

as a function of depth. Bottomley (1 987, 1988) and Bottomley and Veizer (1 992) did not 

identie and discuss any possible depth trends in the data, citing the fact that the boreholes 

were spudded at different ground elevations and inclined at various angles, precluding 

any inter-cornparison. In this investigation, sample depth below the surface was 

determined for samples fiom this investigation and Bottomley (1988) using the plunge 



FIGURE 5-5 - a) The Si80  measured for each calcite in this investigation plotted against 
the sample depth below surface. The sample depth was calculated using the location of 
the sample dong the length of core and the angle at which the borehole was drilled. The 
empty circles represent open-vein calcites and the filled circles represent sealed-vein 
calcites. 

The lines plotted on the graph define the ranges of 6"O expected in calcite 
precipitating in equilibrium with modem meteonc recharge (6"0, = -10 to -9O/m, 
(Kotzer et al., 1998)), assuming a geothermal gradient of 2S°C/km and using the 
6i80,,,,,,, fractionation factor of O'Neil et al. (1969). 



FIGURE 5-5 -b) 6"0 values measured in this investigation (circles) and those reponed 
in Bottornley (1988) (squares) for fiaçture-infilhg calcite fiom CRL. For both data sets, 
the fil led symbols represent sealed-vein calcites and the empty symbols represent open- 
vein calcites. 

As in Figure 5-4 a ) .  the lines define the range of 6"O ratios expected in calcites 
precipitating in isotopic equilibrium with modem meteoric waters. The lines are ploned 
assuming the 6'80,, is between -10 and -90/6a, (Kotzer et ai., 1998), the geothermal 
gradient is 2S°C/km, and using the S'80,,,,,e~,,, fkctionation factor of O'Neil et al. 
( 1 969). 



angle of the borehole and the measured location of the sample dong the core. The 

trigonometric relationship among tbe tbree variables was used to calculate the actual 

vertical depth below the surface of the sample. The depth below the surface was then 

used for sample inter-cornparison despite the differences in elevation of the boreholes. 

S imilarly, Bottomley ( 198 7, 1 988) and Bottomley and Veizer ( 1 992) did not separate the 

samples into open-vein or sealed-vein prior to plotting them with depth, and therefore 

they did not address the apparent depth trends with respect to open-vein versus sealed- 

vein calcites on Figure 5-5 b. 

Figures 5-5 a) and b) indicate that some of the open-vein fracture-infilling 

calcites have 6"O values consistent with precipitation in isotopic equilibrium with 

modem meteoric recharge assumuig a geothermal gradient of 2S°C/km. However, none 

of the sealed-vein calcites plot within the range expected for precipitation fiom modem 

meteoric recharge. This suggests that the sealed-vein calcite has precipitated under 

conditions quite different fiom conditions that currently exist in the hcture system. 

The sealed-vein calcites in Figure 5-5 b) have a narrower range of 6"O values and 

seem to have more isotopically depleted values than the open-vein calcites at al1 depths. 

The open-vein calcite spanned a wider range of 6"O values, including the entire range 

observed in the sealed-vein calcites, and the range of values expected for calcites 

precipitating in isotopic equilibrium with modem meteoric recharge. One possibility is 

that the sealed-vein calcites may have been re-crystallized with varying amounts of 

modem meteoric recharge to form open-vein calcite. This is consistent with the calcite 

precipitation fiom tirne-integrated water-rock ratios, as argued by Bottomley (1 987, 1988) 
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and Bottomiey and Veizer (1 992). The absence of sealed-vein calcite in equilibrium with 

modem recharge M e r  supports the argument that the seaied-vein caicite may have 

formed previously, and is king altered by modem recharge. I4C ages on the DIC in 

groundwater presently occupying the fiactures range fkom modem to 12.7 ka (Lee et al., 

1998), and thus any calcite cunently precipitating in the fiactures would contain 

"modem" bicarbonate. These ages are consistent with pristine pst-glacial recharge and 

post-glacial recharge which contains dissolved carbonate minerais. 

Other sntdies on carbon and oxygen isotope systematics in fhcture-infîlling 

calcites have also looked for trends in the S1'O value with depth. In some studies, such as 

Komor (1995) and Gascoyne et al. (1997), no relationship with depth has been observed. 

Jones et al. (1987) found that both 6180 and 6I3C values span large ranges at shallow 

depth, and narrower ranges at greater depth. They argued that this observation is 

consistent with calcite formation as a result of mixing between surface waters and a deep 

seated fluid. Balderer et al. (1987), and Larson and Tullborg (1984) found that some of 

the calcites may have precipitated in isotopic equilibrium with modem recharge at 

temperatures consistent with the geothennal gradient. Hall et al. (1995) found a 

systematic trend in &"O with depth for calcites around Yucca Mountain, and have 

ataibuted it to a mode1 of groundwater movement causing high (1 70- 1 80°C/Lm) 

geotherrnal gradients. Regaxdless of site-specific interpretation, systematic trends of &''O 

values in calcite with depth have been observed in sorne, but not dl investigations. 

There are no clear depth related trends observed in the carbon isotopic 

compositions for calcites fiom CRL, although Figures 5-6 a) and b) indicate that the 



FIGURE 5-6 -a) 6'" plotted against sample depth for the calcites sampled at CRL in 
this investigation. The filled circles represent sealed-vein calcites and the empty circles 
represent open-vein calcites. 

The 'X' represent the 6I3C values of calcite which would precipitate in equilibrium 
with the HCO; sampled at that specific depth from boreholes at CRL. The 613C,, was 
deterrnined using the calcite-bicarbonate fiactionation factor of Deines et al. (1 974), and 
assuming a geothennal gradient of 2S°C/km. The 6'"- values were taken from 
Gascoyne and Kotzer (1997), Bottomley (1984) and Milton (1985). 



FIGURE 5-6 -b) 6°C plotted against sarnple depth for the calcites sarnpled at CRL in 
this investigation (circles) and fiom Bottornley (1 988)(squares). The filled symbols 
represent sealed-vein calcites and the empty symbols represent open-vein calcites. 

The 'X' represent the 613C values of calcite precipitated in equilibrium with the 
HCO,' sampled at that specific depth fkom boreholes at CRL. The 613C,, was 
detennined using the calcite-bicarbonate fiactionation factor of Deines et al. (1 974), and 
assuming a geothennal gradient of ZS°C/km. The 6°C- values are taken fiom 
Gascoyne and Kotzer (1 997), Bottomley (1 984) and Milton (1 985). 
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open-vein calcites tend to have a wider range of values including more 13C-depleted 

values at a11 depths. This is consistent with calcite precipitation or post depositional 

alteration of open-vein calcite with biologically "C-depleted bicarbonate. The shallow 

vein calcites have a more dispersed range of 613C values, including more 13C-depleted 

values. These observations are consistent with the 6180 data, and support the argument 

that modem precipitation or aiteration of previously deposited calcite is occurring, and is 

occurring to a greater extent in the shallow sub-surface. 

Figures 5-6 -a) and -b) also indicate that with the exception of a few shallow 

open-vein calcites, the majority of the calcite is not precipitating in isotopic equilibrium 

with the 6°C of the bicarbonate currently present in the groundwater. Al1 the calcites 

have more I3C-e~ched values than predicted for calcites precipitating in isotopic 

equilibrium with modem meteoric recharge. The same pattern of sealed-vein calcite 

isotopic values plotting M e r  fiom equilibrium with modem recharge observed with 

respect to 6'*0 (Figures 5-5 -a) and -b)) is also observed with respect to 6°C (Figures 5-6 

-a) and -b)). This supports the argument that the sealed-vein and open-vein calcites 

precipitated under geochemically different conditions, with the open-vein calcite most 

likely precipitating fiom relatively modem meteoric recharge or representing 

recrystallization of previously deposited calcite in the presence of lower temperature 

meteoric fluids. 

The near-surface open-vein calcite ( 4 5 0  m) is closer to king in isotopic 

equilibrium with modern meteoric recharge than the sealed-vein calcite sampled fiom al1 

depths. This pattern is consistent with sealed-vein calcite deposition in a hydrothermal 
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environment, followed by greater chemical and isotopic alteration of calcite by 

recrystdlization in the more hydrologically active near-surface hcture-flow system to 

form open-vein hcture-uifilling calcite. These observed isotopic disequilibria are more 

pronounced with depth. While this may be an artefact of sampling bias (fewer deep- 

seated calcites present and sampled), it may also represent the saturation of groundwater 

with respect to calcite occunhg at shallow recharge depths, and a lack of chemical 

disequilibrium substantial enough to dissolve or precipitate calcite in deep fractures. The 

ground water at CRL has a low bicarbonate concentration (70 to 350 ppm, Lee et al., 

1998 and references therein); as a result, calcite precipitation and recrystallization in the 

shallow bedrock fractures exert greater control on the 6°C value of the DIC than does the 

input of soil zone "C-depleted bicarbonate. Greater DIC interaction with fracture 

carbonates causes the precipitation of calcite having "C-enriched 6I3C values relative to 

soil zone bicarbonate at al1 depths in the hydrogeologic system. 

The trends of 6°C values with depth observed in this investigation have been 

observed in other investigations, and are most ofien attributed to crystallization of 

carbonate minerals in the presence of groundwaten canying a soil-zone I3C-depleted 

bicarbonate. Bottomley (1987, 1988) and Bottomley and Veizer (1992) noted that none 

of the calcites measured were in isotopic equilibrium with modem meteoric recharge for 

both I3C and ''0 at CRL. 'Ihey concluded that a process more complicated than simple 

calcite precipitation fiom modem meteonc recharge was occurring. Bottornley and 

Veizer (1 992) noted that the same depth trend observed in the CRL calcites was occurring 

at the East Bull Lake sampling site (eisewhere on the Canadian Shield), and attributed it 
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to the impact of "C-depleted soi1 zone bicarbonate precipitating calcite under conditions 

of variable water to rock ratios. Komor (1995) observed a similar depth trend in calcite 

precipitating to depths of 700 m, but found that at depths greater than 700 m, the trend 

did not exist. Balderer et al. (1987) obsewed that the 6°C values roughly trended with 

depth for calcite precipitation in isotopic equilibrium with bicarbonate, and that the 

observed trend possibty reflected the geothermal gradient. However, Balderer et al. 

(1 987) noted that there was considerable scatter observed in the data. 

Relationship Between Sample 6°C and 6180 values 

There may be a very weak Iinear relationship between 6°C and 6"0 (8 = 0.47 this 

study, and 8 = 0.12 in the combined data set), as indicated in Figures 5-7 a) and b). 

However, there is too much scatter in the data (low i values) to conclude that the true 

relationship between the two isotopes is linear. It is more probable that the relationship 

between 6°C and 6180 follows the curved path of progressive recrystallization under 

the-integrated increasing water to rock ratios as proposed by Bottomley (1 987, 1988) 

and Bottomley and Veizer (1 992), wherein the source of the oxygen is the fluids and the 

sources of the carbon are the rocks, minerals and soils. The trend in Figure 5-7b suggests 

progressive recrystallization of sealed-vein "hydrothermalT' calci te with modem fl uids, 

either Champlain Seawater or Modem Meteoric Recharge. 

The sealed-vein calcites measured in this investigation, as well as those fiom 

Bottomley (1988), span a narrower range of 6I3C and 6"0 values than the open-vein 

calcites, and tend to cluster toward the "hydrothed" end-member on Figure 5-7 b). 

The open-vein calcites have isotopic values which span fiom the c'hydrothermai" end- 



FIGURE 5-7 -a) i) 6°C plotted against S"O for al1 the calcites sampled in this 
investigation. The figure also shows the regions where calcite precipitating in 
equilibriwn with "Hydrothermal" fluids, Champlain Seawater and Modem Meteoric 
Recharge waters would plot. The boundaries of these regions are defmed in Table 5-1. 
The sealed-vein calcites are represented as filled circles and the open-vein calcites are 
represented as empty circles. 
ii) The sarne data plotted on a narrower range of 6°C and 6180 values to show the 
dispersion in the data. The line is the regression Iîne through the data points. The 
equation of the linear regression is, 6°C = -0.43*6"0 + 0.81. The 8 value of the 
regression is 0.47, and therefore the relationship is weak. 
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FIGURE 5-7 -b) 6I3C plotted against 5180 for calcites sarnpled at CRL in this 
investigation (circles) and by BottomIey (1  988) (squares). The sealed-vein calcites are 
represented by the filled symbols, and the open-vein calcites are represented by the empty 
syrnbols. The figure also shows the regions where calcite precipibting in equilibrium 
with "Hydrothermal" fluids, Champlain Seawater and Modern Meteoric Recharge waters 
would plot. The boundaries of the regions are defined in Table 5- 1. 

The data is plotted on a nanow range of 613C and S"O values to show the 
dispersion in the data, and as a resdt, the relative sizes of the end-member ranges are not 
accurate. The dashed line represents the regression line through the &ta points 
(6°C = -0.14*6'~0 - 4.68). The 8 value of the regression is 0.12, and therefore the true 
relationship is not linear. 
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member to values approaching the modem meteoric recharge end-member. Many of the 

6180 values of the open-vein calcites fa11 within the range of the Meteoric Recharge end- 

member, but the 6I3C values only approach the MeteoridChamplain Seawater end- 

members. As previously discussed, this is most likely due to the low bicarbonate 

concentrations of the groundwater at CRL leading to recycling of DIC during 

recrystallization of calcite with a less "c-depleted value. ï h i s  will result in the 6°C 

value of the DIC becoming a weighted average reflecting the degree of mixing between 

soi1 zone C O  and previously precipitated calcite. The observed pattern of sealed-vein 

calcite clustering towards the "hydrothermal" end-member and open-vein calcites 

trending toward the modem end-members suggests either progressive recrystallization of 

hydrothermal calcite with modem meteoric recharge or the sealed-vein calcites are 

generally older and have not been recrystallized by subsequent fluids, as they occupy 

fractures that have not k e n  hydrologically active. Further, the larger shifi in &''O values 

than in 6I3C values suggests that the calcites are exhibiting open system behaviour with 

respect to ''0 and closed to semi-open system bchaviour with respect to "C. 

The trend between 6°C and 6"0 observed in this investigation is consistent with 

that observed by Bottomley (1 987, 1988) and by Bottomley and Veizer (1 992). 

Bottomley (1 987) argued that this trend could be produced by one of thm processes; 1) 

mixing of hydrothermal and cool waters at the time of calcite precipitation; 2) low 

temperature recrystallization of a relatively "O-depleted calcite under variable water rock 

ratios; or 3) episodic calcite precipitation fiom meteoric waters on reactivated hctures 

previously lined with hydrothennal calcite. Given the low 3 values for the relationship 
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between 613C and 6"0, the f ist  possibility is unlikely. If calcite precipitation were 

occurring as a result of end-member water mixing there wouid be a stronger linear 

relationship between 6°C and 6"0, consistent with a two component mixing model. The 

third process propsed by Bottomley (1987) is not entirely inconsistent with the second, 

and may account for the semi-closed system behaviour exhibited by the I3C in this 

investigation and in Bottomley (1 987, 1988), and Bottomiey and Veizer (1 992). 

Bottomley and Veizer (1992) concluded that the trend was probably caused by time 

integrated recrystallization of calcite fiom a system with variable water to rock ratios ( 10' 

to 1 05), for example open with respect to "O and semi-closed with respect to 13C. 

Bottomley and Veizer (1 992) observed similar trends in calcites taken at East Bull 

Lake and White Lake, both located on the Canadian Shield. The samples f?om the White 

Lake pluton exhibited a trend which supported a model of calcite precipitation during 

fluid k i n g  between hydtothemal fluids and fluids having carbon and oxygen isotope 

compositions reflecting interactions with sedimentary rocks, as opposed to CRL and East 

Bull Lake that appear to have undergone recrystallization with fluids which have 

interacted with their crystailine host rocks. 

Jones et al. (1987) observed a strong linear relationship (r = 0.9 1 ) between the 

6°C and 6180 fiom calcites taken at Whiteshell. They amibuted the relationship to 

calcite precipitation during cooling or during mixing of two distinct end-members. They 

argued that the isotopic composition of the carbon source may have changed over time or 

that a Rayleigh-like distillation process may have occurred with respect to bicarbonate 

during calcite precipitation. Jones et al. (1987) tend to favour a mixing model, as the 
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temperatures required to explain the measuted 6180 values in some of the calcites were 

unreasonable (< WC). 

A reinterpretation of the and 6')~ values in calcite deposits around Yucca 

Mountain, Nevada was undertaken by Hill et al. (1995). They observed a similar pattern 

in the 6180 and 6°C to that observed in this investigation. However, rather than trending 

between two end-members, the calcite-vein deposits fonned two distinct ctusters. The 

authors identified the calcites as precipitating fiom distinct geoçhemical environrnents, a 

hydrothermal and a modem recharge water. Adjacent to, and overlapping with the 

hydrothermal calcites, plotted a series of calcite-opal samples fkom the surface. The 

authors interpreted this isotopic composition as indicating precipitation fiom an 

upwelling modem hydrothermal water, rather than the previous interpretation of a 

descending meteonc fluid given by Szabo and Kyser (1990). 

Summary of the Stable Isotope Trends of Carbon and Oxygen in Calcites 

The isotopic evidence suggests a hydrothermal origin for the calcite, followed by 
0 

alteration with modem meteoric recharge. At the same site, Bottomley (1987) found that 

some of the sealed-vein calcite had co-precipitated with laumontite. This suggested a 

formation temperature of just below 300°C. Similar mineral associations have been 

observed in fracture-infilling calcite fiom other locations (Larson and Tullborg, 1984). 

Laumontite and prehnite, both high temperature minerals, CO-precipitated with the 

Swedish fracture-filling calcite measured by Larson and Tullborg (1984). They 

concluded that this indicated the presence of a residual hydrothermal calcite in the 

fractures. Observed CO-precipitation of high temperature minerals has been used to 
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constrain a hydrothermal origin of calcite in samples fiom CRL and elsewhere. 

Bottomiey (1 988) and Bottomley and Veizer ( 1  992) compared the Rare Earth 

Element (REE) pattern measured in the hcture-infilhg calcite with the host gneisses at 

CRL and concluded that the host rock was the source of the REE's in the calcites. This 

genetic link between the calcite and the host gneiss suggests that they formed under 

similar conditions and M e r  suggests an initial h y d r o t h e d  origin for the calcites. 

Some of the calcites identified as hydtothermal by Bottomiey (1987) are associated with 

vein silicates. However, these calcites have 6"0 values which may indicate deposition or 

aheration by a "low temperature" end-rnember. This suggests that the calcites, although 

initially deposited under hydrothermal conditions may have been dtered by interaction 

with a low temperature, "O-depleted recharge water. 

Micro-scale isotopic variations observed across hcture-infilling calcite would 

indicate that multiple precipitation-recrystallization events had occurred during calcite 

deposition. Only one sample talcen in this thesis was thick enough (-1 cm) to allow for 

multiple 20-30 mg samples to be taken for isotopic analysis, and there was no observed 

isotopic shift along the growth axis of the calcite. The sample was taken at a depth of 

1 93m fiom borehole RH1 , and had a range in 6"0 values of ody 0.2960 (1 4.7 to 

14.9%0), and a range in 6I3C values of 0.1%0 (-5.7 to -5.800) along the cross section. 

Both isotopic values were within the precision of the measurement technique used. 

Bottomley and Veizer (1 992) found a perpendicular variation in two petrographically 

distinct growth generations on a sarnple taken fiom a depth of 574.3 m in borehole CR9 

at CRL. The calcite nearest the wall rock was older and had a 6180 of 14.8 O/oo, and 613C 



110 

of -5 -6 *Ibo. The younger generation of calcite had 6180 of 2 1.5 O/oo and 613C of -7.9OIm. In 

addition to king "older" and "youuger" on the basis of stratigraphy, radiocarbon analysis 

indicated that the older calcite had a lower 14C aaivity than the younger calcite, 0.799 (+/- 

0.036) and 1 -5 82 (+/-0.056) pmc, respectively (Bottomley and Veizer, 1992). 

Bottomley and Veizer (1992) also o b s e ~ e d  an isotopic variation along one of the 

fiachire surfaces. A sample h m  CR12, which is a borehole located approximately 600 

m west of CR9, at 77 m depth had a 6O/w variation in 6180 (16.6 to 22.6Oho) and a 3.2%0 

6°C variation (-7.7 to - 10.9400) over a span on 25 cm dong the fracture. This indicated a 

preferential flowpathhe-activation zone in the fkacture, or variations in conditions for 

crystallization. A similar, although less pronounced isotopic variation was observed in a 

calcite examined in this investigation. A sample fiom a depth of 18 1 rn in borehole RH3 

was sampled at wveral points dong the hcture to test for isotopic homogeneity. Ranges 

in 6180 values of 0.9?/00 (15.0 to 15.9%0), and in 613C values of 0.4Oh0 (-5.7 to -6.3%0) 

were observed in the sample. The isotopic variation observed along the fiacture surface 

in this investigation and in Bottomley and Veizer (1 992) is attributed to preferential 

groundwater flowpaths and regions of calcite precipitation or recrystallization in the 

fkacture system. 

Micro-scale isotopic heterogeneity and evidence for multiple calcite precipitation 

events have also been observed in calcites fiom elsewhere on the Canadian Shield (Jones 

et al., 1987), in Sweden (Larson and Tullborg, 1984) and in Germany (Komor, 1995). 

Jones et al. (1987) found that individual fiacture-infilling calcite sarnples had isotopic and 

mineralogical textures which showed evidence of multiple precipitation events. They 
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analysed two such samples and found a IO! variation in the oxygen and a 3960 shift in 

the carbon isotopic compositions in the lkt sample, and a 2O! 8'0 and 1.6Ofm 6°C shift 

in values fkom the second sample. These intra-sample trends were consistent with the 

linear inter-sample mnd observed for the rest of the &ta set. The study on fracture- 

infilhg calcite in Sweden noted that smaii-scale isotopic variation in the calcite was 

consistent with the calcite petrography (Lanon and Tullborg, 1984). Komor (1 995) used 

cathodoluminescence to identify multiple growth events in the caicites fiom Gemany. It 

was found that the distinct growth regions in samples which contained both metamorphic 

and crack-filling calcite had similar 613C, but had 6'*0 variations up to 1 . 5 % ~ ~  In al1 

studies, including the present one, intra-sample isotopic variation has k e n  observed and 

is taken to be indicative of multiple precipitation events at either différent temperatures, 

or fiom crystalIitation of calcite fkm a fluid composed of different amounts of two or 

more isotopically and themially distinct end-members in a rnixing model. 

5.2 - FLUID INCLUSION MICRO-THERMOMETRY 

The homogenization temperature and the melting temperature of fluid inclusions 

from the calcites were used to detennine the minimum formation temperature and salinity 

of the fluid responsible for formation of the calcite. 'The Th and the Tm of fluid inclusions 

fiom the prepared thin sections were used to characterize the geochemical conditions 

under which the fracture-infilling calcite precipitated. The range of measund Th and 

calculated salinity is interpreted with respect to the cooling history of the region in an 

attempt to constrain the timing of the calcite precipitation in the fiacture systems at CRL. 

Figures 5-8 and 5-9 are photo-microscopic images of fluid inclusions examined in this 



Growth Bands 

FIGURE 5-8 - Cornputer captured image (200X magnification) of a thin section of 
calcite RH3-65.3. The growth band is indicated on the figure. The area in the box is 
shown in Figure 5-9 under higher magnification. 



FIGURE 5-9 - High magnification (600X) computer captured image of a prirnary fluid 
inclusion in a thin section fiom RH3-65.3. The Th and Tm of the fluid inclusion in OC, are 
listed. 
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investigation. Figure 5-8 is under moderate magnification (200X) and depicts a fluid 

inclusion sample fiom RH3-65.3 relative to the growth band. Figure 5-9 is an image of 

sample RH3-65.3 under high magnification (600X) wherein the fluid inclusion is more 

visible. The Th and Tm values measured for the fluid inclusion are listed on Figure 5-9. 

Range of Measured T, and Calculatcd Solinities 

The homogenizaîion temperatures measured in the fkacture-infilling calcites 

sampled indicate that the majonty of the fluid inclusions formed at temperatures below 

100°C, with most forming between 70-90%. There were a couple of fluid inclusions 

which had Th less than SWC, suggesting a formation fiom fluid at temperatures pssibly 

similar to modem-&y. Vapour bubbles may not nucleate in fluid inclusions formed at 

less than 50°C due to intemal pressure, thus for any low temperature fluid inclusion, it 

may oniy be said that the Th was less than 50°C (Goldstein and Reynolds, 1994). A small 

number of fluid inclusions had Th greater than 100°C, and three samples had Th greater 

than 200°C. A histogram displaying the range of measured Th is presented in Figure 5-1 0 

a ) .  The range of Th measured in the calcite suggests initial fracture-infilling calcite 

formation fiom one of two environments; 1) precipitation fiom hydrothermal- 

metarnorphic formation waters during regional cooling, with the majority of fluid 

inclusions forming when the temperature was 70-90°C; or 2) calcite precipitation at a 

depth which corresponds to 70-90°C under the nomial geothemal gradient (-2S°C/km), 

followed by uplift to the final sample depth by surface erosion. 

The salinity of the fluid inclusions was calculated using the Tm and equation 1-7 

(Figure 5-10 b). The data indicate that the majority of fluid inclusions formed fiom a low 



Salinity (wt % NaCl) 

FIGURE 5-10 - a) Histograrn of Th measured in the fluid inclusions sampled in this 
investigation. The lighter areas represent fluid inclusions which were not heated al1 the 
way to Th (see text). The majority of fluid inclusions had Th between 70-90°C, most had 
Th< 140°C, and only a few had T,>200°C. 
b) Histograrn of the salinity (as wt. % NaCl) for the fluid inclusions as determined by 
melting point depression (Tm). Most of the fluid inclusions had salinity levels of <6 wt. % 
NaCI, with 13 having less thaa 1 wt. % NaCl and 12 between 1 and 6 wt. % NaCl. Only 
rwo fluid inclusions had calculated salinity of >IO wt. % NaCl. 
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salinity (0- 1 wt. % NaCl) water. This is consistent with calcite precipitation &om 

meteoric water diiriog plutonic cooling, or recrystallization of hydrothennal calcite by a 

low salin@ water. Several other fluid inclusions formed nom water with a salinity 

between 1 and 6 wt. % NaCl, consistent with both the Champlain Sea (0-4 wt. % NaCl) 

(Seguin, 1994 and references therein), and k s h  water mixing with a high salinity 

Magmatic/Metamorphic water or "Canadian Shield Brine." In addition, there were a 

couple of fluid inclusions that formed fiom higher saiinïty 0 1 0  W. % NaCl) water. 

Kemch (1987a and b) reported a range of 7 to 30 wt. % NaCl for metamorphic waters 

f?om the Canadian Shield. The higher salinity fluid inclusions measured fa11 within that 

range, and suggest that these fluid inclusions and their host calcites may have fonned 

fiom a residual metamorphic fluid, or during regional metamorphism and are at least 

several hundred million years old. 

The range of salinities measured in the fluid inclusions, low (O- 1 wt. % NaCl), 

intermediate (1-6 W. % NaCl) and high (>IO W. % NaCl), are consistent with initial 

calcite precipitation during cooling fiom a high salinity (7-30 wt. % NaCl) metamorphic 

fluid at high temperature, and recrystaliization with lower salinity, lower temperature, 

groundwaters (possibly Champlain seawatea or Meteoric recharge waters). 

Geologic Significance of Measured T, 

The Th range measured in the fluid inclusions suggests that the calcites may have 

formed as a result of several different hydrogeologic processes. 1) The calcites may have 

fomed fiom cooler, regional metamorphic waters; 2) fkom a rnixed meteoric- 

metamorphic fluid formed as a result of an ingress of meteoric waters along deepseated 



fractures during cooling; or, 3) fiom a much younger, mixed water source having 

temperatures dictated by the geothermal gradient. The calcite may have also precipitated 

fiom upwelling deep seated hot fluids such as the hydrothermal fluids proposed by 

Bottomley (1 988). Each of these possible scenarios will be considered with respect to 

the regional geology of the Ch& River area. 

There are two important considerations in the interpretation of the fluid inclusion 

data. First, the fiuid inclusions themselves represent micro-samples within individual 

calcites and primary fluid inclusions reflect the geochemical conditions that existed for 

the specific growth band in the calcite. Second, fluid inclusions provide specific 

information about the physico-chernical condition of the hydrogeologic system at the tirne 

of calcite formation. They cannot unequivocally eliminate al1 possible mechanisms for 

the generation of those geochemical conditions. 

Fluid Inclusion Formation During Regional Metamorphism and Cooliag 

If it is assurned that the rocks hosting the fracture systems have only been affected 

by cooling, and that this cooting has the sarne charactenstics as that of the Grenville 

Orogen, then the range of Th values suggests that the majority of the calcites having fluid 

inclusion temperatures of 70-90°C formed between 600-800 Ma. This can be shown 

fkom the established cooling history of the Central Gneiss Belt (CGB) for the Grenville 

Orogeny presented as Figure 5- 1 1. Given that the cooling c w e  does not indicate any 

post-peak Ottawan metamorphic thermal events in the CGB, the temperatures of 

homogenization fiom the fluid inclusions suggest the calcites could have fomed fkom 

regional metamorphic waters present during post-metamorphic cooling at approximately 
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FIGURE 5-11) The cooling c w e  of the Grenville orogeny taken fiom Reynolds (1992). 
The Th range measured in this thesis (70-90°C) suggests that the majority of the fluid 
inclusions formed between 600-800 Ma. The group of fluid inclusions with rh,z2000C 
formed over 900 Ma, while the fluid inclusions with Th<500C fomed recently (0-100 
Ma), assuming that the fiacture system has only undergone cooling since formation. 



600-800 Ma (Figure 5- 1 1). 

Calcites Formed ot Normal Geotherrnal Gradient Temperatures and Later 

Emplaced by Erosion 

It is possible that the calcites fonned &er peak-metamorphic tirnes at depths in 

the rock where a normal geothermal gradient would be consistent with the 

homogenization temperatures, and have ken brought to shallower depths by erosion at 

the surface. Assuming a geothennal gradient of 25°C/km, temperatures of 70-90°C 

would occur at depths of 2.8 to 3.6 km. 

The geologic history of the Grenville Province presented by Easten (1 992) 

indicates that tens of km of rock were uplifted and eroded over a 400 million-year time 

period, which was largely completed by 800 Ma and that the region has been a peneplain 

for the last 500 Ma. Erosional uplift of the fracture system by 2.6-3.6 km over the last 

500 Ma is possible and this scenario cannot be eliminated outright. Such a mechanism 

may be used to explain the presence of the bulk of the fluid inclusions with a Th between 

70-90°C in the calcites. However, it cannot explain the coexistence of fluid inclusions 

with significantly higher Th in the sarne depth interval. If the 70-90°C fluid inclusions are 

the result of erosional uplift, then the higher temperature fluid inclusions at the same 

depth must be hydrothermal in origin. Whether the bulk of the calcites with fluid 

inclusions (Th= 70-90°C) were formed under the geothermal gradient or represent 

formation during post-metamorphic cooling, the existence of fluid inclusions with higher 

Th in the same samples as fluid inclusions with Th <50°C, indicates that multiple 

precipitation events under different thermal regimes are recorded in the calcites. 
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The possibiiity that the calcites 6 t h  70-90°C fluid inclusions were fonned at 

temperatures dictated by an average continental geothermal gradient and were 

subsequently uplifted by erosion cannot be definitively excluded. Therefore, the age 

determined using the coolhg history of the Grenville Province (600-800 Ma) must be 

taken as the maximum possible age for the crystallization of these calcites. Assuming 

that the rate of erosional upW is not greater than the rate of uplift for the orogeny (0.07- 

0.14 km/Ma; Cosca, 1 Mg), the minimum age can be estimated as 1 8 Ma. Therefore, 

whether the ongin of the calcites containhg fluid inclusions with Th values of 70-90°C is 

due to the geothermal gradient or regional metamorphism, an age of formation between 

18-600 Ma can be estimated using the cooling history and the uplift rate of the 

metamorphic terrain. 

Recent Calcite Formation From Upwelling Water 

A t'na1 possible mechanism for the formation of calcite having fluid inclusions 

with Th between 70-90°C is an upwelling deep seated hydrothermal fluid. The formation 

of 70-90°C fluid inclusions would require water fiom a depth of 2.6-3.6 km rapidly 

rnoving to depths of 30- 160 m adiabatically and precipitating calcite. This mechanisrn 

would explain the range of Th observed in the fluid inclusions but it is not a geologicaily 

reasonable scenario in the region around CRL. There are presently no geothermal springs 

in the area, nor are there any travertine/tufa deposits tu indicate geothermal spring activity 

in the geologic history of the area. 

The salinity and homogenization temperature ranges measured in this 

investigation are consistent with temperature and salinity ranges in fluid inclusions fkom 
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fracture calcites sampled fiom other geologically sunüar terrains. b o n  and Tullborg 

(1 984) observed a wide range of Th, fkom less than SOOC to 1 7S°C, in two-phase (liquid 

and vapour) fluid inclusions in calcite with variable but low salinity. Szabo and Kyser 

(1 990) noted that there were no fluid inclusions in the calcite samples they examined, and 

noted that this was consistent with low temperature calcite formation. The fluid inclusion 

information measured in this investigation appears to contradict uie stable isotope 

evidence. Calcite samples with bu& stable isotope values consistent with a low 

temperature formation h m  meteoric recharge have fluid inclusions with Th between 70- 

90°C. However, these two seemingly contradictory observations are consistent with 

multiple precipitation events and the bulk of the calcite forming at low temperatures. The 

low temperature precipitation of calcite on top of an altered hydrothermal calcite would 

preserve the hydrothermal fluid inclusions, form few low temperature fluid inclusions and 

give the calcite isotopic ratios which reflect a weighted average isotopic composition of 

the waters fiom which the calcites forrned. 

The most extensive investigation of fluid inclusions in hcture filling calcite was 

undertaken by Blyth et al. (1998). They examined the hcture-filling calcite fiom a site 

in Olkiluoto, Finland. Using a combination of fluid inclusions and stable isotopes they 

identified four possible calcite precipitating fluids in the hcture system. While there is 

considerable overlap in the ranges of 6I3C, ~"0, Th and salinity among the four groups, 

each group of calcites can be determined to precipitate fiom a hydrogedogically 

reasonable fluid by combinations of the four parametea. 

Fluid inclusion data is most meaningfiil when used to complement additional 
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geochemical anaiysis and when considerrd within a ceasonable geologic h e w o r k  for 

the study site. Hall et al. (1995) suggest that the range of Th observed (40- 1 OO°C) in fluid 

inclusions nom calcites in the vicinity of Yucca Mountain may be formed fiom an 

upwelling deep seated hydrothennal fluid. While such a formation scenario is possible, it 

is not the most likely one given the stable isotope and U/Th data in the calcites. It is 

important to consider fluid inclusion data as representing a micro-sarnple of the formation 

temperature and salinity of the fluid responsible for formation of that section of the 

mineral. Primary fluid inclusions record the conditions of formation of that part of the 

mineral proximal to the fluid inclusion. It is important to consider the observations 

withui the hmework of additional complementary geochemical petrographic and 

geologic information. 

5.3 - URANIUM SERIES ANALYSIS 

Uranium senes ages and U-Th geochemistry of the calcites indicate that they 

formed episodically under variable geochernical conditions. 

Bulk Calcite Precipitation Ages 

The 30Th/a4U ages were calculated for twelve calcites, seven fiom open-veins, 

and five fiorn sealed-veins. The ages are listed in Table 5-2, including the x% corrected 

ages for three samples with low 230Th/23ZTh activity ratios. The ages were calculated 

according to the method given in Appendix II. Approximately 1 g of calcite was 

necessary to perform U-series analysis, thus oniy bulk calcite sample analysis was 

possible. If multiple growth generations were present, they would have been 

homogenized, and the age determined would represent a weighted average for the entire 



TABLE 5-2) Summary of the LUU/U"Th ages calculated for the samples fiom this 
investigation, including the 32Th comcted ages for the samples with a 2"Th/C3'Th activity 
ratio < f 5. 

a) Open vein calcites 

SAMPLE "'Ur-'DTh Age (Uncorrected) 1 "'Th Corrected 

Error (ka) 

RH3-65.3 (re-count) 

1) Sealed vein calcite. 

SAMPLE "4U/')0Th Age (Unconected) "2Th Corrected 

- 

U too Iow 
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sample. The weighted average wouid be Nected by both the U-series age of each 

precipitation event, and the absolute concentration of U and Th in each generation. It is 

important to consider the calculated ages as "bulk-deposition" ages, not absolute ages of a 

single precipitation event. 

Milton (1 985, 1987) and Milton and Brown (1 987) suggested that, since a-recoil 

effects remove q, the ages calculated should be considerd to represent the residence 

time of U in the calcite. Such a distinction is important to make if the calcite is micro- 

sarnpled in an attempt to date an individual event, or if it is assurned that the calcite 

represents a single precipitation event. As a-recoil is a surface process and the sample 

was buik sampled, any 34U loss at the surface would only contribute to the uncertainty in 

interpretation caused by the homogenization of earlier growth generations. As a result, 

the interpretation of the calculated age has considerably more uncertainty than the 

analytical technique itself. 

The ages calculated for the calcites range fiom <9 ka to >350 ka, the upper limit 

of Umi dating. Only three calcites had measurable amounts of 3-"ni requiring detrital Th 

corrections, and the magnitude of the correction was <30% of the uncorrected age. The 

range of ages calculated for fracture-infilling calcites in this investigation is consistent 

with those detennined on calcites fiom similar fiacture systems at CRL and documented 

in Milton (1985) and proposed in Bottomley (1987) and Bottomley and Veizer (1 992). 

Milton (1 985) performed U-senes dating on four fracture-infilhg calcites from CRL and 

found ages of 47.3 (+/- 3 9 ,  152 (+/- 1 19), 4 1.7 (+/O 13), and 124.7 (+/- 30) ka, with 

evidence of calcite recrystallization in each of the sarnples. Bottomley (1 987) and 
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Bottomley and Veizer (1992) date that U-series age &ta indicate multiple 

precipitation~recrystailization events in the calcites. They determined the model 87Sr86Sr 

age of the host gneisses to k 1.3 Ga and argue that, based on the "Sr/% ratios in the 

calcites, the "hydrothermai" calcites must be at least 400 Ma, most likely 700-800 Ma. 

These ages are consistent with the Z I w 4 ~  age of >3SO ka measured in four of the 

calcites in this investigation (Table 5-2). The U-series ages and the approximate t h e  of 

formation of the calcites based on cornparisons of their fluid inclusion homogenization 

temperatures (this study) and the cooling history of the region are consistent with both the 

U-series ages measured previously (Milton, 1985) and the "SrP6Sr model ages of the 

"Hydrotherrnal" calcite (Bottomley, 1987; and Bottomley and Veizer, 1992). 

ICP-MS/a-Spectrometry Intercomparison 

The concentration of U and Th in the fracture-infilling calcites was determined by 

both a-spectrometry and ICP-MS. Figures 5-12 a) and b) are plots of the U and Th 

concentrations measured by ICP-MS versus the concentrations determined by a- 

spectrometry. The measurements plot close to the 1 : l line for both U and Th, suggesting 

that the concentrations determined by each technique are in agreement. 

However, the same sample (CR9- 172.5) is an outlier on both the U and the Th 

plot (Figures 5-1 2 a) and b) respectively). a-spectrometry determined a higher U 

concentration and a lower Th concentration in the sample than was measured by ICP-MS. 

This may be an artefact of natural variation within the calcite, as separate samples were 

taken for ICP-MS and a-spectrometry rather than using a split of the same sample. It is 

possible that the sample taken for ICP-MS contained detrital contamination which caused 



FIGURE 5-12) Concentration of U (a) and Th (b) measured in the calcites by ICP-MS 
versus the concentration measured by a-spectrometry. Empty circles represent open-vein 
calcites and filled circles represent sealed-vein calcites. The line is a 1 : 1 relationship. 
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one anomalous result. Unfortunately, CR9-172.5 had both the highest U and Th 

concentration ofaii the samples d y s e d .  Thus, it is impossible to nile out the possibility 

that the techniques disagree at higher U and Th concentrations. Regardless, it seems that 

the U and Th concentrations measured by ICP-MS and a-spectxometry are in good 

agreement. 

U/Th Trends with Sample Dtpth 

Calcites precipitating fiom a water recharging into hichues in a homogeneous 

hydrologie system would be expected to have U-ages which display a temporal trend 

from youngest at the surface, to oldest at depth. Likewise, if the open-vein fkctures are 

an indication of the hydraulic conductivities of the system to an ingress of younger 

groundwaters, the ages of the open-vein calcites would be expected to be younger than 

the ages of sealed-vein calcites. However, Figure 5- 13 indicates that there is no 

systematic trend in the U-ages either as a fûnction of sample depth or whether they 

presently appear as open-vein or sealed-vein systems. 

Several factors, including a relatively small sample size, might explain the 

absence of a trend between calcite age and sample depth. The hctures sampled may not 

be hydrologically intercomected. Thus, "open-vein" calcites may only be open on the 

scale of centimetres to metres, and not located in presently hydroIogically active fkacture 

systems. Aitemately, the "sealed-vein" calcites may be in hydrologically isolated 

fiactures or may be fiactures which have recently k e n  sealed to groundwater flow. 

Further, unless there is clear evidence fiom the fluid inclusion data, there is no way to 

discern if a calcite is Iocated in a bcture which is actively precipitating or dissolving 



230TW234U Age (ka) 

FIGURE 5-13) Plot of the =Th/U4u age as a function of sample depth. The samples 
from borehole El are circles, RH1 are squares, RH3 are upward pointing triangles, CR9 
are downward pointing triangles and CR1 8 is an hourglass. The filled symbols represent 
seaied vein calcites and the empty symbois represent open vein calcites. The bars 
represent the analytical error associated with the calculated age. The samples which plot 
with an age of 350 ka and no error, actually have ages of >35O ka. 
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calcite, nor is the long tenn stability of present conditions clear. Thus an open-vein 

calcite in a vein actively precipitating calcite would generate a nlatively young age, while 

an open-vein calcite in a tiacture actively dissolving calcite would generate an age 

indicative of the timing of an earlier calcite deposition period. The U-age is also based on 

the analysis of a bulk calcite sample, thus if multiple precipitation events occurred in the 

calcite, they would be homogenized and the generation containhg the highest initial U 

concentration wouid exert the most influence on the calculated age of the sarnple. For 

these reasons, it is important to interpret the U-ages as representing an average age of 

buk calcite precipitation or at least be able to constrain which of these calcites have U/Th 

systematics resulting in a non-interpretable "mixed age." 

In addition to a lack of a depth trend with respect to al1 the calcites, Figure 5- 13 

also shows that there is no depth trend among samples fiom the sarne borehole. This 

indicates that the hctures fiom the same borehole are not necessarily hydrologically 

connected, a phenornenon which is quite common for fracture-controlled hydrogeologic 

systems in fiactured granitic terrains. The lack of a clear U-age depth trend in the 

fiachire-infilling calcites suggests that there are preferential groundwater flowpaths, and 

that not al1 of the fractures participate in active groundwater flow. The U-ages also 

indicate that the calcites have precipitated episodically throughout the hydrogeoiogic 

history of the region. 

In an examination of secondary calcite fiom drill cores around Yucca Mountain, 

Szabo and Kyser (1 990) found that despite a "0-depleted trend in the calcites with depth 

which suggested calcite precipitation fiom meteonc recharge at temperatures consistent 
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with the current geothermal gradient, there was no such trend in the U-ages for the 

calcites. Szabo and Kyser concluded that this suggested that the U-ages were recording 

episodic periods of calcite precipitation fiom rneteoric recharge. A similar process may 

be occurring at CRL. 

Cornparisons of the concentrations of U and calculated U-ages on the calcites in 

this thesis found no relationship. This may be the =suit of bulk sampling of the calcites 

which effectively homogenizes the U concentrations in the samples, or it may indicate 

that calcite precipitation has occurred from genetically distinct waters. Gascoyne et al. 

( 1997) found that hcture-infilling calcites £kom the URL plotted into two groups, those 

with Pleistocene ages (4 30 ka) and U concentration less than 5 ppm, and U rich (> 10 

ppm) calcites with ages ~ 3 5 0  ka. Such a pattern clearly indicates calcite precipitation 

from two geochemically distinct goundwaters during the hydrogeologic history of the 

region. A similar pattern was not observed in the samples fiom CRL analysed in this 

investigation, but a lack of a pattem is not inconsistent with episodic precipitation and 

recrystallization. 

The U and Th concentrations measured in the cakites have been compared with 

their sarnpling depth (Figures 5- 14, 5- 15). As can be seen, there is no systematic 

relationship between U and Th concentration and sample depth. There are also no 

systematic differences between open-vein and sealed-vein calcite with regard to U and Th 

concentration. The ranges of U (0-2.5 ppm) and Th (0-6.5 ppm) concentrations measured 

in the calcite samples fa11 between the concentrations found in a metarnorphic gneiss and 

the concentrations in suficial and ocean waters (Table 1-1). This suggests that the origin 



FIGURE 5-14) The U concentration (ppm) of the ffacture-uifilling calcite sarnpled in this 
investigation plotted against the depth of the sample. The circles represent samples 
measured by ICP-MS and the squares are samples measured by a-spectrometry. For both 
the sampies measured by ICP-MS and a-spectrornetry, the filled symbols represent sealed 
vein calcites and the empty symbols represent open vein calcites. 



FIGURE 5-15) The Th concentration @pm) of the fracture-intilling calcites sampled in 
this investigation ploned against the depth of the sample. The circles represent samples 
measured by ICP-MS and the squares are samples measured by a-spectrometry. For both 
the samples measured by ICP-MS and a-spectrometry, the fiiled symbols represent sealed 
vein calcites and the empty symbols represent open vein calcites. 
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of the U and Th is largely k i n g  overprinted by the rocks themselves. Figures 5- 14 and 5- 

15 also display a wider range of concentrations in the near surface than at depths greater 

than 150 m. Although this may be a sampling artefact, it may also indicate that U and Th 

are king differentially released by weathering of the overburden according to redox 

conditions and subsequently incorporated by calcite during precipitation fiom meteoric 

recharge. 

U/Th Geochemistry 

The solubilities of U and Th are redox sensitive. U is more soluble under 

oxidiung conditions and Th is more soluble in reducing environments. The U and Th 

concentrations measured in the calcites were plotted agauist one another on Figure 5- 16 

to detennine if the calcite precipitated fiom an oxidizing or a reducing environrnent. 

Calcite precipitated fiom an oxidizing environrnent would be expected to have a higher U 

than Th concentration due to the different solubility of the actinides. The opposite would 

be true for calcite precipitated fiom a reducing fluid. The data suggest that the hcture- 

infilling calcite at CRL has precipitated fkom both oxidizing and reducing environments. 

However, there is no clear relationship between open-vein and sealed-vein calcite 

precipitation and estimated redox conditions of the precipitating fluid. The U and Th 

concentrations in the calcite support a mode1 of episodic calcite precipitation under 

variable geochemical conditions. 

5.4 - INTEGRATION OF STABLE ISOTOPE, FLUID INCLUSION AND U- 

SERIES ANALYSIS 

One of the strengths of perfonning stable isotope, fluid inclusion and Uini 



Reducing , 

FIGURE 5-16) The concentration of Th (ppm) plotted against the U concentration 
(ppm) rneasured in each of the calcites sarnpled in this investigation. The squares 
represent samples measured by a-spectrometry and the circles represent samples measured 
by ICP-MS. Empty symbols represent open vein calcites and flled symbols represent 
sealed vein calcites. 
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anaiysis on the same sarnple is tbat it dlows conclusions to k based upon an htegration 

of al1 the analyses. 'This permits the physico-chernical properties and timing of the fluid 

precipitating cakites to be coastraiaed to a -ter degree than with any individual 

anaiysis. 

Groundwater Salinity 

The temperature of final melting (Tm) of the fluid inclusions was used to 

determine the salinity of the calcite precipitating fluid. The salinity was plotted against 

the minimum formation temperature of the fluid inclusion (TJ in Figure 5-1 7. The U- 

series ages for the samples were added to detennine if the fluid inclusions recorded a 

temporal change in &ty during fonnation. The analysis shows that calcites with nuid 

inclusions having homogenization temperatures of between 70-90°c formed fiom fluids 

having salinities ranging Grom fieshwater (O wt. % NaCI) to brackish fluids (cl0 W. % 

NaCl). Even within the same sample there is evidence of calcite recrystallization or 

formation fiom waters having a range of salinities. These observations are consistent 

with calcite precipitation fiom geochemically and therrnally distinct fluids. Calcite 

precipitation fiom high salinity metamorphic waters (7-30 wt. % NaCl, Kemch, 1 987a 

and b) diluted by low salinity meteoric recharge to fonn calcites containing fluid 

inclusions with salinities proportionate to the contribution of each end-member wouid 

explain these observations. 

The U-series ages listed on Figure 5-17 appear to be discordant with the ages of 

fluid inclusion fonnation based on their Th and the cooling curve of the pluton (Figure 5- 

1 1). In al1 cases, with the possible exception of calcites with U-series ages >350 ka, the 



FIGURE 5-17) Plot of al1 the fluid inclusion data for which a Tm and a Th were 
determined. The salinity as calculated using the Tm is plotted against the Th measured in 
the same inclusion. Fluid inclusions fiom El are circles, RH1 are squares, RH3 are 
upward pointing triangles, and CR1 8 is an hourglass. Sealed vein calcites are represented 
as filled symbols and open vein calcite are empty symbols. Calcites which have been U- 
series dated are circled and the calculated age (in ka) is listed above the data set- 
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U-series ages are much younger than the estimated ages based on fluid inclusion 

thermomeîry would suggest. This is due to the effect of bulk sarnpling for U, compared 

with micro-sampling individual fluid inclusions. Fluid inckions are more Iikely to 

occur in high temperature calcite and thus any calcite precipitated hydrothermdly may 

contain more fluid inclusions than the calcite formed at low temperatures of <SO°C. The 

fluid inclusions were located and identified petrographically by scanning the thin section 

for growth bands fiom the host rock surface of the hcture  towards the centre of the 

fracture. This may have skewed the results by characterizing more hydrothermal than low 

temperature fluid inclusions. 'Ihe calcite crystals grew fiom the wall towards the centre 

of the fracture initiaily, and calcite recrystallization has made growth bands fiom the late 

stages of calcite formation difficdt to identify. Two-phase (liquidhapour) fluid 

inclusions with constant liquid to vapour ratios were more fiequently observed and were 

easier to characterize petrographically in calcite which has been partially recrystallized 

and thus may be over-represented in the data. 

The fluid inclusion data uidicates that the calcites formed fiom multiple thermally 

and chemically distinct fluid events. The absence of large numbers of fluid inclusions 

with Th representative of the present thermal regime in the hcnire system suggests that 

no calcite was observed to have precipitated under Pleistocene conditions, that is, the 

present regional climate and the regional geology for the last million yean. The presence 

of high temperature fluid inclusions in samples with U-series ages of <35O ka is 

consistent with thtu king remaants of an unaltered "hydrothemal" precipitation event. 

As such, they are M e r  evidence of multiple calcite precipitation events in the fiacture 
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system. The range of salinity recorded in the calcites indicates that during cooling the 

rocks were Sected by fluids of variable salinity which ranged fkom highiy saline, older 

rnetamorphic f l i d s  to younger low salinity waters. 

Calcite precipitation fiom water with different salinity is evident when the 

6'80,,,, is plotted against fluid inclusion salinity (Figure 5- 18). High salinity fluid 

L~clusions (210 wt. % NaCl) plot within the range of values expcçted for the 

magmatic/metamorphic calcite end-member, and several of the low saiinity fluid 

inclusions plot within the range of values expected for the Champlain Seawater end- 

member. It is important to note that the Champlain Sea was formed because of a 

westward progression of the Atlantic Ocean which was diluted by glacial meltwater and 

local meteoric precipitation shortly after the end of Wisconsin glaciation. As a result, it 

has a SI80 and salinity range which represents a mixing of these end-members. The same 

range of S'80 values as that of the Champlain Sea would be created by mixing 

magmatic/metamorphic (5 to 2S00), meteoric recharge (- 100/w) and glacial meltwaters 

(-28 to - 1 Soho). Therefore, the samples which plot within the Champlain Seawater end- 

member may in fact represent fluid inclusions which fomed in calcite precipitating fiom 

hydrothermal fluids mixing with an "O-depleted meteoric recharge during cooling. 

Unfortunately only one sample which plotted in the Champlain Sea end-member 

underwent U-series dating. It had an age of <9 ka which does not preclude bulk 

precipitation fiom either the Meteonc Recharge or the Champlain Seawater end-member. 

Although most of the calcites plot within or nearest the Champlain Seawater end- 

member (Figure 5- 1 S), it is impossible to eliminate calcite precipitation nom a mixture of 



F I G U R E  5-18) 6180,, plotted against the salinity of the calcite precipitating fiuid 
determined by the Tm of fluid inclusions. The figure also includes the position of calcite 
precipitated in eguilibrium with the potential calcite precipitating fluids identified in 
Section 5.1 and summarized in Table 5- 1. A legend of the symbols used is given below. 
The empty symbols represent open vein calcites and the filled symbols represent sealed 
vein calcites. n ie  same symbol is used for each fluid inclusion fiom the same sample. a) 
Plot showhg the range of values observed relative to the size and location of the potential 
end-members fluids. b) Same data plotted on a narrower range of 6I8O and salinity. 
Allows for observation of dispersion within the data relative to the location of the end 
members. The U-ages (in ka) of those calcites dated are presented adjacent to the data. 
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al1 the end-members as an ongin of the calcite. The most recently precipitated areas of 

the calcite formed at low temperatures and had an absence of fluid inclusions. Therefore, 

the fluid inclusion saiinity data can be interpreted as reflecting early shifts in the 

geochemical characteristics of the precipitating fluid, and the stable isotope data can be 

seen to reflect later shifts in the geochemical composition (origin) of the precipitating 

fluid. The range of fluid inclusion salinity and the shift in the stable isotope ratios of the 

fracture-infilling calcites shown in Figures 5-1 8 a) and b) indicate that the calcites in the 

fiactures sampled at CRI, Iikely fomed fkom a Magmatic/Metamorphic fluid and, since 

then, have undergone multiple precipitation/recrystaiIization with fluids which may be 

associated with Glacial Recharge, Champlain Seawater and Meteoric Recharge events. 

The evolution of calcite precipitation fiom a saline "O-enriched fluid to a low 

salinity "0-depleted fluid can be seen by comparing the fluid inclusion salinity, the 

6'80,,, calculated using the measured 6 180dc,,, and the crystallization temperature 

determined fkom fluid inclusion Th values (Figure 5- 1 9). None of the data plots within 

any of the suggested end-member fluid fields, but instead plots between the 

MagmaticMetamorphic and the Meteoric Recharge fields (Figure 5- 19). This is 

consistent with initial calcite precipitation fiom MagmaticlMetamorphic fluid with 

subsequent alteration by a '80-depleted low salinity fluid. The fact that the data trends 

toward the meteoric recharge region does not preclude calcite recrystdlization by any 

earlier fluids such as Champlain Seawater or Glacial Meltwater Recharge, which plot 

beyond the Meteoric Recharge field on Figure 5- 19. Partial recrysbiiization of a 

Magmatic/Metamorphic calcite by Meteonc Recharge, Champlain Seawater or Glacial 



FIGURE 5-19) Fluid inclusion salinity calculated using the Tm and equation given in 
Chapter 1 is ploned against the 6"0, calculated using the 6180,, fluid inclusion Th 
and the fiactionation factor of O'Neil et al (1969). The samples fiom open vein calcites 
are represented as empty symbols and the sealed vein calcites are represented as filled 
symbols. When multiple fluid inciusions were sampled fiom the same calcite, the same 
symbol was used to plot each data point from the same calcite. The symbol legend is 
given below. The U-series ages for al1 samples are listed above the data points. a) The 
graph axes are large enough to plot the entire field of values for each of the end members 
(information in Table 5-1) as well as al1 the data fiom this investigation. b) A narrower 
range of 6'"- and salinity to allow for the examination of any trends in the data. 
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Recharge may result in the range of values observed in the calcites. 

There are no trends in the fluid inclusion data when the samples are categonzed as 

fiom an open-vein or a sealed-vein calcite. This may be due to the relatively small 

sample set or it may reflect muitiple calcite precipitation events, and calcite precipitation 

under changing geochemical conditions. The presence of different salinity values in fluid 

inclusions taken fiom the same calcite indicates the geochernistry of the fluid was 

changing during calcite precipitation. It is also possible that any temporal trend may have 

been obscured by sample homogenization during bulk calcite sampling for U and stable 

isotopes. These effects and the very smaii sample size may account for the lack of U and 

Th relationship with sample categorintion in Figure 5- 19. 

Bulk sampling of calcite had two effects on the data, both of which are seen on 

Figure 5- 19. The first is the generation of U-series ages which appear to be discordant 

with the locations of the samples relative to the end-member fields, and the second is that 

the ~ ' ~ 0 , ~  values approach but do not plot within any of the end-member fields. Two 

examples of this are RH3-65.3 and RH3-43, both of which are open-veh calcites. RH3- 

65.3 has a U-series age of <9 ka and plots near the magmatic!metamorphic end-member 

and RH3-43 has a U-series age of 192.3 ka and a 6"OWw, value of +l loho. Both the ages 

and the calculated 6180,, are inconsistent with the geologic history of the region. These 

discordances occur because the fluid inclusions represent the geochemical conditions 

during a discrete moment in the calcite precipitation, whereas the bulk samples represent 

the weighted average for the entire calcite precipitation history. The U-age determined 

for the fracture-infilling calcites is directly affected by the concentrations of U and Th in 
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the calcite precipitating fluid, alttiough both have ages within the Quaternary period. The 

value of a micro-sample will be discordant with the determined U-age if that rnicro- 

sample does not represent the calcite precipitation event exerting the most innuence on 

the U-series age. This is especially true for nuid inclusion data, as crystals formed at 

lower temperatures are more ordered and less prone to imperfections, thus less likely to 

contain fluid inclusions. Thus, the fluid inclusion measurements in the earlier 

generations of calcite which formed under Magmatic/Metamorphic conditions appear 

discordant with the U and stable isotope data if the buk of calcite precipitation occurred 

later. This is most Iikely the case for al1 the age discordance observed on Figures 5- 17, 5- 

1 8 and 5- 1 9. The U-ages therefore cannot be compared directly with the fluid inclusion 

data, as the fluid inclusion data is subjective and aected by the suitability of the fluid 

inclusion selected for micro-thermometric analyses. In this study, the fluid inclusions 

seem to mainfy reflect periodç of calcite precipitation fiom older, higher temperature 

fluids. 

Similarly, the 6180,, plotted for each sample will only approach the fields for 

each of the end-members without ever plotting within the end-member, because the 

Magmatic/Metamorphic temperatures are over-represented by the fluid inclusion Th. This 

over-representation most likely occurred for two reasons: 1) greater tendency for 

formation of fluid inclusions at higher temperatures; and 2) fluid inclusions formed at 

temperatures less than 50°C are single-phase at room temperature, and therefore yield 

indeterminate T,,. As a result, the data plot between the end-member responsible for the 

formation of the fluid inclusion (Magmatic/Metamorphic) and the end-member with the 
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greatest influence on the 6'80d,, (Meteonc, Champlain Seawater or Glacial Recharge). 

This effect is compounded because isotopic fractionation is higher at lower temperatures. 

Thus, the use of a higher temperature for calcite formation than that at which the bu& of 

the calcite precipitated results in higher 6180, values being calculated. The data 

presented in Figures 5- 18 and 5-1 9 indicate that the calcites were initially precipitated in 

magmaticimetamorphic fluids at high temperatures foliowed by subsequent ptecipitation 

and alteration by low salinity "O-depleted fluids. 

Isotopic Evolution of Calcite Precipitaüng Fluids 

The 6'80a,,,, was plotted against fluid inclusion Th (Figure 5-20). The location of 

the data relative to the end-member fields suggests that the calcite was initially formed 

fiom a "Hydrothennal" fluid and has subsequently been altered by increasingly ''0- 

depleted waters during cooling, consistent with the data discussed above. In this case, 

there is a trend apparent in the calcite when the samples are considered as open-vein or 

sealed-vein calcite. The sealed-vein calcites tend to have lower 6% values and have 

fluid inclusions which cover a wider range of temperatures. However, there is 

considerable scatter in the data and any observed trend may be an artefact of the relatively 

srnaIl sample size. Figure 5-20 b) suggests that the range of &ta may be the result of 

end-member fluid rnixing, calcite precipitation fiom an end-member during cooling, or a 

combination of end-member rnixing and cooling. The ranges of 6"0 and Th values 

suggest that the fluid inclusions initially fonned fiom the magrnatic/metamorphic fluid 

during regional metamorphism and initial regional cooling, and then fonned fiom 

mixtures of the magmatic/metamorphic £luids and a "O-depleted fluid during the 



FIGURE 5-20} a) The same plot as Figure 5-3 except with the Th fiom fluid inclusions 
plotted against the measured 6"0,, for each sample. The curves were plotted using the 
6'80,c,e-, fiactionation factor of O'Neil et al. (1969) and the 6"0, value given 
above each curve. The sources for the values defining each end member field are given 
in Table 5- 1. The calcite sample represented by each symbol is given in the legend 
below. The empty symbols represent open vein calcites and the filled symbols represent 
sealed vein calcites. The armws extending fiom the data points indicate that heating was 
stopped prior to Th to prevent decrepitation of other fluid inclusions in the sample. 
b) The sarne plot with a nanower range of 6"O,, than a). The nurnbers to the right of 
the symbols represent the U-series age in ka. The pattern observed suggests precipitation 
from a "Hydrothermal" fluid followed by recrystallization with increasingly 6180 depleted 
waters at lower temperatures. The arrow labelled "cooling" represents the direction of a 
~5'~0,,~,, trend which would be observed if a constant 6"O, were precipitating calcite 
during cooling, and the line labelled "mixing" represents the direction of a 6'80dc,, trend 
which would be observed if two or more distinct 6"O- end members were mixing 
during cooling. 
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remainder of the history of the region. However, the nature of bulk sampling for 6'80d,,, 

versus micro-sampling for Th may shift the position of the data points on Figure 5-20. If 

the fluid inclusions are present in an earlier generation of precipitated calcite and the bulk 

isotope ratio is more representative of a later calcite precipitating fluid, as was suggested 

by Figures 5-1 8, and 5-1 9, the stable isotope composition of the calcite precipitated fiorn 

the precursor of the fluid inclusions may be different fiom the bulic measurement. 

BottomIey (1988) noted that an outer growth layer had a 6.7960 higher 6180 than 

an inner growth layer on a calcite h m  CRL. If the fluid inclusions plotted on Figure 5- 

20 are present in earlier growth layers which may have lower 6180 values than the buUc 

sarnple, then the earlier generation of calcite may have also precipitated from a less 180- 

enriched fIuid than is indicated by Figure 5-20. Unforhuiately, the relative contribution 

of individual caicite precipitation events is unknown. if the fluid inclusions are present in 

a zone of the calcite with a less enriched 6180 value than the bulk value, the evolution of 

6%,,, would have to follow the cooling c w e  as indicated on Figure 5-20 b) to under 

50°C and then follow a mixing cuve with a dope proportionate to the relative 

contributions of each end-member. Whether the fluid inclusions are assumed to represent 

an earlier layer, a record of cooling, or to be representative of the bulk calcite, the most 

likely mixing end-memben are Meteonc Recharge and "Hydrothemai" fluids if a two 

component mixing mode1 is assurned. However, this does not preclude a contribution by 

Glacial Recharge or Champlain Seawater. Given the relative volumes of each end- 

member, it is reasonabie to assume that the bulk 6"0 observed in the calcite was most 

affected by Meteoric Recharge. 
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The U-ages presented on Figure 5-20 b) support the argument that the fluid 

inclusions represent older generations of calcite. According to Figure 5- 1 1, the regional 

temperature has k e n  below 50°C for the last 400-600 Ma, and assuming a geothermal 

gradient of 25°C/krn, aii of the samples examined in this investigation would have been 

fonned at temperatures weH below 50°C for the last 350 ka. Ifthe calcite age is affected 

by the sarnpling of earlier generations, the calculated age would be older than the actual 

age. As al1 the sample ages on Figure 5-20 are < 350 ka, it can be concluded that the bulk 

of the calcite precipitation is occurring at temperatures below 50°C. Thus, the bulk of the 

calcite precipitated fiom "younger" '*O-depleted fluids, and the fluid inclusion Th 

represents older generations. RH3-65.3 is an excellent exarnple of such a record of 

multiple calcite precipitation events. It has fluid inclusions with Th between 80- 1 10°C 

which suggests an age of 700-800 Ma, a U-series age of less than 9 ka, and a stable 

isotope composition consistent with precipitation fkom modem meteoric recharge. The U 

and 6180 data is consistent with formation fiom a meteoric recharge alone, and the Th is 

evidence for recrystallization of an original MagmaticMetarnorphic calcite. RH3-65.3 is 

an exarnple of near complete recrystallization with modem meteoric recharge while the 

other samples represent varying degrees of recrystallization and rnulti-component fluid 

mixing. 

The fluid inclusion Th, the 6180dc,,, and the calcite-water fractionation factor of 

07Neil et al. (1969) were used to back calculate the 6"0 of the calcite precipitating fluid 

(Figure 5-2 1 ). The measured data plot on a curve between the "Hydrothermal" and the 

Meteoric Recharge end-member regions. This is consistent with recrystallization of a 
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metamorphic calcite by "O-depleted waters. The strong linear appearance of the data is 

an artefact of the &ta manipulation. A single 6"0~,, measurement, and multiple fluid 

inclusion measurements, were made in the same sample. Each fluid inclusion Th 

measured then used the same 6"0,,, to calculate the S"0-. Therefore, they al1 plot 

dong the c w e  defined by the fiactionation factor. Despite this, the &ta does plot 

between the 6180, field for Magmatic/Metamorphic fluids and the ''O-depleted end- 

member groups, once again suggesting progressive recrystallization. 

The same relationship between U-series age, T p d  stable isotopes observed in 

Figure 5-20 is observed in Figure 5-2 1. The fluid inclusion Th is interpreted as 

representing a residual "Hydrothermal" calcite event which has been subjected to 

subsequent calcite recrystallization, while the isotope and age data represent weighted 

averages of al1 precipitation events in the calcite. If it is assumed that the bulk of the 

calcite precipitated/recrystallized at 5OC (approximating the temperature of each low 

temperature end-member), the samples on Figure 5-2 1 b) would have precipitated fÎom 

fluids with 6180 between -16 and - 12O/bo, assuming the "hydrothermai" component of 

each sample had a negligible impact on the S1*Od,,,. The less 18~-enrïched values 

Bottomley (1 988) observed in the earlier precipitated calcite wodd translate to a slightly 

less depleted range of ~'~0,~ Regardless, the modelled range of 6"0,, at SOC is 

consistent with the range of 6"O- for the Meteoric Recharge and Champlain Seawater 

end-rnembers. This range also does not eliminate the possible contribution of Glacial 

Recharge to the secondary calcite precipitating fluids. 

Figure 5-21 displays the same apparent pattern among 6180, U-series age, and 
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FIGURE 5-21) GL8Owater of the calcite precipitating fluid as calculated using the 
rneasured 6 l'O,, fluid inclusion Th and the calcite-water fiactionation factor of O 'Neil 
et al. (1 969). Open vein calcites are represented by empty symbols and sealed vein 
calcites are represented by filleci symbols. The symbol legend is given below. The 
symbois with anows connected represent fluid inclusions which were not heated to Th, 
heating was stopped to preserve other fluid inclusions on the same slide. The potential 
end rnember regions presented in Table 5-1 are also ploned on the figure. 
a) Fluid inclusion data plotted on axes with a wide enough range to pennit the entire area 
of each end member to be plotted. This allows the dispersion of the data relative to the 
location and size of each end member to be seen. 
b) Same plot on a nanower range of 6"O and T. The numbers to the nght of the data are 
the U-series ages for the buIk sample (in ka) as determined by a-spectrometry. 
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open-vein versus sealed-vein hctures as seen in Figure 5-20. The open-vein calcites 

tend to have higher calculated 6"0, and younger ages than the seaied-vein calcites, 

although it is impossible to make any conclusions with respect to age as there were only 

three samples which underwent U-series, stable isotope and fluid inclusion analysis. 

Figure 5-2 1 suggests that the calcites have k e n  altered by progressively "O-depleted 

waters since a "Hydrothennal" formation, and that even "young" calcites contain a 

residual hydmthermal component. 

Co-Evolution of Calcite 6 " ~  and #'O Values? 

The 6°C and 6"0 values were examined with respect to the calculated 20~h/734~ 

ages to detennine if there was a temporal evolution in the isotopic composition of 

fracture-infilling calcites fiom CRL. Figure 5-22 is a reproduction of the plot of SI3C 

against 6180 (Figure 5-7), except that only the samples which were U-series dated have 

been plotted. In addition to the trend of progressive recrystallization of older calcites 

formed fiom higher temperature fluids with lower temperature waters seen in the stable 

isotopes, there is also a pattern in the U-senes ages of the calcites. Al1 four of the calcites 

which have '10Th/'-14U ages >350 ka, plot w i t b  or near the "Hydrothermal" end-member 

in Figure 5-22. U-series ages of >35O ka for al1 the samples in the "Hydrothemal" end- 

member are consistent with the stable isotope evidence of an early crystallization fiom a 

higher temperature fluid. Unfortunately it is not possible to establish the exact age for 

these calcites. although due to their higher formation temperatures as established by 

micro-therrnometry on fluid inclusions, it is assumed that they are hundreds of millions of 

years old. 



' ' Champlain \ Seawater Meteoric. Recharge . 
/ 

61 $0 calcite (O/OO ; SMOW) 

FIGURE 5-22) Plot of the 6180 against 6°C measured in the calcites from this 
investigation. The samples are plotted according to the borehole they were sampled from 
and whether they were characterized as open or sealed to groundwater flow. Calcites 
from borehole E 1 are circles, RH 1 are squares, RH3 are upward pointing triangles, C R9 
are downward pointing triangles and CR1 8 are hourglasses. The open vein calcites are 
represented as empty symbols and the seded vein calcites are represented as filled 
symbols. The U-series ages (in ka) determined by a-spectrometry for the samples are 
listed above the data points. Part of the "Hydrothermal", Champlain Seawater and 
Meteonc Recharge end member fields as charactekd in Table 5- 1 are also plotted. This 
figure is a modification of a figure fkom Bukata et al. (1998b). 
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The distribution of caicites with ages >350 ka relative to the end-members was 

examined statiaically to determine if it occurred by chance aione. If a binomial 

distribution is assumed and the pmbabiïity that each calcite have an age >350 ka is set at 

50% (very conservative given the length of geologic time), the nuIl hypothesis that 7 of 8 

calcites which plot outside the hydrothemal end-member have ages ~ 3 5 0  ka due to 

chance had to be rejected at the 95% coofidence level. It was not possible to reject the 

nul 1 hypothesis that al1 3 calcites which plotted within the "Hydrothermal" end-mem ber 

have ages >350 ka due to chance, given the small data set. These observations are 

consistent with calcite precipitation or recrystallization under isotopic conditions 

occwring during mixing of two or more end-members or calcite recrystaIlization from the 

late Pleistocene to present. 

In the data set, there is no clear trend of progressive recrystalkation in the 

isotopic composition of the hcture-infilhg calcites if the age of the calcite is taken as an 

indicator of "progressive" precipitation or recrystallization, outside of the statistical test 

previously performed. This is because the calcites were sampled fiom numerous 

locations on the properties of CRL which contain fractures which have transported fluids 

that may or may not be hydrologically and temporally comected. The U-senes ages 

plotted with the stable isotope data on Figure 5-22 M e r  support a mode1 of 

precipitation or recrystallization events recorded in the calcites fiorn "C-depleted and 

'80-depleted waters. It is important to note that a better relationship is found between the 

stable isotope and U-series data than between either the isotope or U-series and the fluid 

inclusion data (Figures 5-20 and 5-2 1). This is most likely because both the U-senes and 
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stable isotope data are based on buik samples of the calcite and the fluid inclusion data 

represent micro-samples. Comparing two pieces of data which represent weighted 

averages will place them bmueen two end-rnembers on a mixing line, while comparing a 

weighted average to a .  exact value representing one of the end-members will skew the 

data. Figure 5-22 indicates initial calcite formation under "Hydrothermal" conditions 

followed by subsequent calcite precipitation fiom low temperature "C-depleted and ''0- 

depleted waters. 

1s Calcite Precipitation Correlatd With Interglacial Periods? 

An investigation by Ates et al. (1997) into the effect of continental glaciation by a 

Laurentide-size ice sheet on the d e  storage of radioactive waste in the Canadian Shield 

found that faulting and fhcturing of the host rock would occur dong the perimeter of the 

ice sheet during both glacial loading and unloading. The U-series ages measured in 

fracture-infilling calcite in this investigation and from previous investigations on the 

Canadian Shield were examined to test for a correlation with penods of continental 

glaciation (Figure 5-23). Al1 but one of the ages measured in the present investigation 

fa11 within interglacial pends,  and the one exception occurs at the end of the glacial 

period and has an error range which straddles the glacial temination. The timing of 

calcite precipitation in fiachues therefore appears to be linked with interglacial penods. 

The observations from this investigation are consistent with the timing of fracture- 

infilling calcite precipitation from previous investigations at CRL (Milton, 1985), and 

eisewhere on the Canadian Shield (Gascoyne et al., 1997; and Szabo, 1997), shown in 

Figure 5-23 b). Fracture-infilling calcite precipitation on the Canadian Shield has 



CRL 
LIilton. 1987 

URL 
S a n .  199' 

URL 
G~cicuyc a d.. 1997 

URL 
McDcnmn CI al.. 1996 

F1GüR.E 5-23) Plot of U-series age for the fkacture-Uifilling calcites fiom this 
investigation against a) 6180. Plot b) shows U-series ages for hcture-infilling calcites 
fiom previous investigations on the Canadian Shield, at Chalk River (CRI,) and the 
Underground Research Laboratories (URL) in Pinawa, Manitoba. The darkest regions on 
the figures are the glacial periods as detemillied by Martinson et al. (1 987), and the 
lighter shaded region extends the glacial onset of isotope stage IX to beyond 300,000 
years using the date fiom Winograd (1992). In a), the empty circles represent open vein 
calcites and the filled circles represent sealed vein calcites. The symbols in b) do not 
distinguish between open and sealed vein calcite. The bars indicate the analytical error 
associated with each age calculation. 
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pnmarily occuned during interglacial periods. These observations are entirely consistent 

with those of McDermott et al. (1995) who deterrnined that hcture calcite precipitation 

in shield environments (primady the Fernoscandian Shield) clustered around the end of 

interglacial periods. McDennott et al. (1995) coacluded that this ùidicated a change in 

the fracture-flow system linked to glaciation. This is likely the case in the fracture system 

examined in this investigation as well. 

Whether the ages of the calcites in this investigation could fa11 during interglacial 

periods by chance was examined. Assuming an equal probability of hcture-infilhg 

calcite precipitation per unit tirne during both glacial and interglacial periods, and 

assuming that the U-series ages and the glacial-interglacial transition &tes are fixed 

(without associated error), the occurrence of calcite precipitation was tested for 

randomness using a binomial distribution test at a 95% confidence level. The nul1 

hypothesis that the timing of calcite precipitation during interglacial periods occurred by 

chance had to be rejected for both my data set and the combined data set. In addition, the 

nul1 hypotheses that; 1) my data contained a higher proportion of calcites with ages >350 

ka than the collected data set; and 2 )  that my data had a higher proportion of calcites with 

interglacial ages than the collected data set had to be rejected at the 95% confidence level. 

Figure 5-23 a) examines the U-ages of the calcite with respect to the 6% value of 

the calcite. There does not appear to be any pattern in the 6180 of the calcite with respect 

to whether the calcites are open-vein or sealed-vein. However, there rnay be a 

relationship in the 6"O values with regard to their proxknity to the onset of glacial 

retreat. The 6180 in calcites fonned closest to the omet of interglacial periods appear to 
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have more ''0-depleted values. While this may be an artefact of small sample sue, it 

may also reflect addition of a glacial meltwater component to calcite precipitating fluid. 

However, there is no systematic variation in the 6°C (not plotted) which would help 

support this, and it is difficult to characteriz the isotopic composition of DIC fkom a 

post-glacial component. Arguably a pst-glacial DIC would be less "C-depleted than 

once an interglacial period had kgun in earnest. 

Figure 5-23 indicates that the youngest calcite (RH3-65.3) with an age of <9 ka 

has the most depleted 6I3C and most e ~ c h e d  6180 of al1 the samples. These observations 

are consistent with pst-Wisconsin recharge conditions. In this investigation, it appears 

that hcture-infillittg calcites precipitated immediately after the onset of interglacial 

periods record 6"0 values consistent with incorporation of a glacial meltwater 

component into the precipitating fluid. However, there are not enough data to dehitively 

conclude that the calcite records a glacial meltwater component. The precipitation of 

fracture-infilling calcite on the Canadian Shieid appears to be restricted to interglacial 



6 - SUMMARY AND CONCLUSIONS 

6I3C, S"0, U-series ages and fluid inclusion Th and salinity of the hcture- 

infilling calcite fiom borehole samples at CIU, provide a record of the palaeohydrology of 

the region. The 5'*0 and 6°C of the calcite provide information about the source of 

water and DIC involved in precipitation of the calcite. The U-senes ages indicate the 

timing of calcite precipitation, and the fluid inclusions give an indication of the saiinity 

and minimum temperature of the fluid responsible for the formation of the fluid 

inclusions. Together, these analyses provide an indication of the geochemistry of the 

waters responsible for fracture-innlling calcite precipitation at CRL. 

Calcite occurring in fractures characterized by visual inspection as open to 

groundwater flow tended to have more 180-enriched and more "C-depleted values than 

calcite occurring in hctures sealed to groundwater flow. The ranges of 6"O values 

measured in botb open-vein and sealed-vein calcites overlap the ranges of al1 fluids 

identified as possibly precipitating calcite in the hctures. The 6 " ~  values fa11 between a 

"Hydrothermal" calcite and a calcite precipitated fiom soi1 zone I3c-depleted bicarbonate. 

There are slight trends in the 613C and 6180 values of the calcites with sarnple 

depth. The 6"O values loosely trend nom open-vein calcites in the shallow bedrock 

(< 150 m), which are in isotopic equilibrium with modem meteonc recharge, to less 

enriched sealed-vein calcite at depth. In the shallow bedrock, the 6°C of some Eracture- 

infilling calcite is in isotopic equilibrium with the DIC, but none of the 5°C values in 

calcites fiom depths greater than 100 m are in isotopic equilibrium with the DIC. Also, 

none of the fkacture-in6lling calcites sampled were in isotopic equilibrium with both the 
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6l80 and 6 ' ) ~  of the groundwater presently in the hctures. This suggests that a scenario 

more cornplex than calcite precipitation fiom modem recharge is occunïng in the 

fractures. The trend observed between the 6"O and 613C of the hcture-intilling calcite 

suggests that the calcites were initially formed fiom a "Hydrothemal" fluid and have 

been subsequently re-crystallized by modem recharge. The isotopic variation in the 

calcites suggests that the system has k e n  open with respect to "0, and semi-open to 

closed with respect to I3C. 

The majority of fluid inclusions sampled were formed fiom fluids with salinity 

less than 6 wt. % NaCl and at temperatures between 70 and 90°C. This suggests that the 

fluid inclusions formed in calcite precipitated during pst-metamorphic regional cooling. 

The timing of fluid inclusion formation based on Th is 600-800 Ma. The range of salinity 

rneasured is consistent with either mixing of high salinity (7 to 30 wt. % NaCI) 

metamorphic fluid with a lower salinity fluid, or fluid inclusion fomation d u ~ g  multiple 

calcite precipitation events fiom geochemically distinct fluids. The Th and salinity data 

suggest that the fluid inclusions were formed during post-metamorphic cooling fiom a 

diluted metamorphic fluid. 

A method was developed for U/Th extraction and separation using the EiChrom 

UTEVA resin pnor to analysis by a-spectrometry. The extraction and separation were 

rapid, requiring less than one &y to perform, and gave excellent UlTb separation and 

recovery. Greater than 70% U and greater than 80% Th recovery was obtained on 

standards. The average U recovexy was a d v e ~ l y  a f k t e d  by an anomalously low (34%) 

recovery fiom one sample. An age of447  (+/-4.2) ka was calculated for a well- 
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characterized speleothem which agrees withia la with ai1 published ages for the same 

speleothem, including the most precise 47.58 +M. 17(1-a) ka detennined by TIMS (Li et 

al., 1989). The developed technique was used to cdculate ages of <9 ka to >350 ka for 

the fracture-uifilling calcites analysed. The U and Th concentrations in the calcite 

determined using the column method agree well with the concentrations measured by 

ICP-MS and provide M e r  validation of the technique. 

There is no comlation between sample U/Th concentration or U-series age and 

sarnple depth. This indicates that calcite precipitation and recrystallization has occurred 

in the hctures. A trend observed between the U and Th concentrations ~II the calcites 

indicates that calcite precipitation has occurred under both oxidizing and reducing 

conditions. Overail, the U and Th data suggest episodic calcite precipitation fkom 

geochemically distinct fluids. 

The U-series ages and the stable isotope data appear to be discordant with the 

fluid inclusion data. This is a result of the fluid inclusion micro-sampling. Fluid 

inclusions reflect the geochernistry of the fluid involved in precipitation of that zone of 

calcite which included the fluid inclusion formation. Most of the calcites examined in 

this investigation formed during multiple precipitation events. Thus a calcite with a U- 

series age ~350 ka and fluid inclusions which are 600-800 Ma old could only have 

formed under multiple precipitation events spsnning fiom the time of fluid inclusion 

formation to less than the U-series age detennined for the calcite. 

Fluid inclusion Th used to interpret the stable isotope ratios resuited in slightly 

skewed data. The data did not plot within any of the end-member regions, but instead 
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plotted on a mixing line between the end-memka responsible for the formation of the 

fluid inclusions, and the end-member exerting the most influence on the stable isotope 

ratio measured in the bu& calcite. The stable isotope, fluid inclusion and U-series data 

suggest initial calcite formation during regional metamorphism and cooling, followed by 

calcite precipitation and recrystallization fiom low temperature fluids, most likely 

meteoric recharge. 

Co-variation of the 6°C and 6'80 indicates a trend fiom "Hydrothermal" calcite to 

calcite formed fiom Meteonc Recharge. The calcites in isotopic equilibrium with the 

"Hydrothermal" end member al1 have ages >350 ka, and al1 but one of the calcites 

trending between the two end m e m k a  have ages less than 350 ka, with the youngest 

calcites plotting nearest to the Meteoric Recharge end member. The U-series ages of 

calcites in the fhctures of crystailine rock suggest that precipitation is restricted to 

interglacial periods, and the calcites precipitated nearest to the glacial-interglacial 

transitions have the lowest 6"0 values. This apparent trend in 6180 composition is 

consistent with a glacial meltwater component of the recharge leading to calcite 

precipitation irnmediately following glacial retreat. 

The stable isotope, fluid inclusion and U/Th analysis of the hcture-infilling 

calcites at CRL suggests that the calcites initially fomed during post-metarnorphic 

cooling and have been subsequently altered by low temperature recharge. The sealed- 

vein calcite is more likely to reflect a "Hydrothermal" origin and the open-vein calcite is 

more likely to reflect recrystallization or subsequent calcite precipitation fiom a low 

temperature, low salinity fluid. The stable isotope, fluid inclusion and UTni analysis of 



hcture-Slling calcite provides powerfui information about the geochemical 

environment of calcite precipitation. This information is usefùl in constnicting the 

regional palaeohydrogeology. 
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APPENDLX 1 - Radiochernical Calculations 

Transforming a-spectrometry data into count rate and age data is a multi-step 

process. .An oveniew of the caiculations performed in this investigation is given here. 

The uncorrected count rate of each radio-nuclide is caiculated as by equation Ai- 1 .  

The count rate for each nuclide is then corrected for the background activity on the 

detector as well as the reagent blank and spike contribution in the a-decay energy range. 

The correction is represented by equation AI-2. 

It is easier to use the radio-chernical equations when the measurements are reponed as 

count rates. Therefore, for the remainder of the appendix, unless othewise stated, when a 

nuclide is listed, it is referring to the corrected count rate of that nuciide. 

The principle radio-nuclides of interest (x8Li, x ' ~ r ,  "'U. x-"Th, 'IoTh, and '"Th) 

were al1 corrected for both detector background and reagent blank. The reagent blank has 

two components, a contribution from the solutions used (water, acid etc.), and a 

contribution from the spike. The total spike contribution was different in each sample, as 

an attempt was made to spike each sample with a similar activity of the spike to the 

naturai activity of the sample. As a result, different amounts of the spike were added to 

different samples throughout the investigation. This meant that the reagent correction 

had to be expressed in terms of the arnount of the spike used (equation Ai-3). 



The components of the spike (='U and "gTh) were only corrected for detector 

background and solution blanks, as their presence in the spike rvould not be considered 

contamination. 

The count rate of the solution blank was determined by mnniny through the 

extractiodseparation protocol in the absence of either sample or spike. The solution blank 

was treated as though it were independent of the chernical yield. The solution blank was 

corrected for detector efficiency to create a blank that could be used in al1 detectors. 

The contribution to ihe reagent blank from the spike was determined by mnning 

the extractiodseparation protocol on solutions with different volumes of the spike. The 

solution blank component was assumed to be constant and the spike contribution to be 

Iinearly dependent on the volume of the spike used. The solution blank was aiso present 

in the measurement of the spike blank and had to be subtracted from the spike blank to 

determine the contribution of the spike on a per mL basis. The spike contribution to the 

blank was corrected for the detector efficiency and yield, to allow for its general 

application to each sample. The reagent blank correction required for each sample was 

expressed as a iinear equation of the form y = m + b, where y is the total correction, m is 

the spike contribution per mL, x is the volume of the spike used, and b is the solution 

blank. An idealized conception of the correction coefficients is given in Figure AI-1. The 

coefficients of the reagent blank correction for each of the radio-nuclides are summarized 

in Table AI-1. The coefficients must be corrected for the specific detector efficiency and 



Spike plus 
Solution 
Bac kground 

Total slope = activity of spike per mL 
Correction AspJic UmL) 

Activity 
Solution 
Bac kground 

(* soiurion ) 

Volume of Spike 

Figure AL1 - An ideaiized representation of  the CO-efficients calculated to make the total 
reagent blank correction (kWmJ from each of the nuclide activities measured. The 
constants from Table AI-I are used in the following equation to determine the detector 
and sample specific reagent blank correction. 

DE = Detector efficiency (O to 1 ) 
Yield = LI and Th yield 
V,, = volume of spike used (mL) 



chernical yield prior to use (see Figure AI- 1 and Table Ai- 1 ). 

The concentrated spike was prepared by allowing "'Th to in-grow from a "'U 

source in solution. Once secular equilibrium had been achieved, the activity ratio of 

" 8 ~ h / " ' ~  in the spike was assumed constant at 1.027. This value is the transient 

equilibrium constant (R,) for a short-lived daughter ( U O ~ h )  of a Ions-lived parent ("'U) 

and is caiculated according to equation Ai-4. 

t ,  ,,,, is the haif-life of the long-lived parent and t,,,,, is the half-life of the short-lived 

daughter. The "'u/"'Th activity ratio is used to determine the activity of ''*Th in the 

spike. The " ' ~ h  activity of the spike is cmcial for the determination of Th in the sample. 

The "'Th measured by a-spectroscopy must be corrected for many factors. The 

first correction is for the spectral interference of "'Ra which has ingown since the Th was 

separated from the sample. As I2'Ra has a different chemistry, it will not be present in the 

Th fraction immediately afier chemicai extraction and separation of the Th from the 

sample; it accumulates as a result of " ' ~ h  decay. To make the spectral correction, the 

t heoretical total activity of "'Ra generated in the sample since Th extraction and 

separation was calculated using equation Al-5. 



TABLE Al- l - The components of the reagent blank correction factor empirically 
deterrnined fiom column runs of unspiked and spiked water. The count rates given are the 
total activities, and therefore, the sohtion contribution must be scaied down by the 
detector efficiency, and the spike contribution must be scaled down by the detector 
efficiency and the yield. The reagent blank correction for each nuclide is determined as; 

DE = Detector Efficiency 
Vs,, = volume of spike used (mL) 
Yield = chernicd yield of U or Th deterniined by yield tracer 

* - it is assumed that the solution contribution to the background is a constant and 
independent of the chernical yield 
**  - as "'U and "*Th are constituents of the spike. rheir presence in the spike fraction 
would not be treated as contamination 



(A i  - 5 )  

h, = decay constant of Ra 
t, = time of Th counting 
t, = tirne o f  delay between plating out and counting Th 

The "'Th anivïty- was corrected by subtracting the possible "'Ra contribution to  the " ' ~ h  

peak measured. T o  rnake the correction, it was assumed that al1 the "'Ra which decays 

with an a-particle energy o f  5.447 MeV (5.4% o f  '2'Ra a-decay at 5.684 MeV; Ivanovich. 

1992) contnbutes to the '"Th peak at  5.427 MeV and must be removed. This correction 

was performed using equation AI-6. 

The "'Th was then corrected for  the detntal ("'~h) component. In a "pristine" calcite, 

there should be negligible "'Th present due to the low Th solubility in the calcite 

precipitating solution. As a result, any 2-"Th present was assumed to be detrital in origin, 

and was treated a s  contamination introduced in nature o r  in the laboratory. '-"Th present 

in the calcite will decay to "*Th a t  a rate that will eventually equal secular equilibrium. 

Thus, the maximum contribution from detritai Th to the ' " ~ h  peak will equal the same 

activity as the "'Th measured in the  sample. This logic was used as the basis for  the 

detrital Th correction (equation AI-7). 

- - 2 2 8 ~ '  232 
corr Ru -cor? - Thbkd-corr A I - 7 )  
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The "'Th activity was also corrected for decay of l'Th during the tirne interval between 

pIating out the Th for a-spectrometry and beginning the counting (equation A i - 8 ) .  

225 - - 228m 
der-corr * ' %% - [D 

njina/ -rom ('41-8) 

&-,, = "Th decay constant 
t, = delay between plating out and a-counting 

The percent yield of Th was calculated by comparing the "'~h,,,, to the "'Th activity 

of the spike on the same detector (equation AI-9). 

The activity of "'Th was converted into a 32Th concentration in ppm in the original 

sarnple. The concentration of T h  in the sample was calculated using equation Ai- 1 O. 

732 
7hTOtai  * 1 O0 @PW = ( A I -  10) 

3 / % Yield Th 

3; ThTd = Total "'Th measured in the sample 

"'Th ( /pg) = the activity of 1 ug of "'Th (0.246 dpm) 

Equation Ai- I O  corrects the total "'Th measured for the Th yield and then convens the 

activity to a mass of "'Th. The uranium yield and concentration calculations are similar to 

the Th yield and concentration calculations (eguations Ai-1 1 and AI-1 2 ) .  



' 3 * ~ 1  (/pg) % Yield U 
@P) = ( A l -  13) 

Sarnple Weighr (g) 

"% (/pg) = the activity of 1 p_e of 3gU (0.747 dpm) 

The errors associated with the measurements and calculations were determined using the 

mies for error calculation of counting statistics and the associated rules of error 

propagation. 



188 

APPENDIX II - CALCULATION OF "OThPJU AGES 

The parent-daughter dating pair '.''U-m~h is applicable to date any process rhat 

has chemically separated U and Th and forrned a closed system. The general equation 

used for dating with the LUU-"OTh pair is; 

h,, is the decay constant of zOTh. However, equation NI-I  must be corrected for 

additional "'U resulting fiom the decay of "'L.7 in the sample. A calcite which has been 

precipitated free of any initiai T h  can be dated by using the U 0 ~ h / ? 3 4 ~  ratio, and equation 

MI-2 (Kaufman and Broecker, 1965, in Gascoyne, 1992) 

2 3 4 ~  

(un,) 

LJ0 = Z-'OTh decay constant 
LA, = 234U decay constant 

However, the calcite may CO-precipitate detrital (3-"Th) thorium. Aqueous Th exhibits the 

same chernical behaviour, regardless of whether it is ""Th, "'Th or Therefore, if 

the calcite precipitated " ' ~ h ,  it may have also precipitated '30Th at the sarne time. If there 

is "'Th present in the calcite, it cannot be assumed that al1 the y o ~ h  results from ingrowth 

during "'u decay. To correct for any possible initial ""Th, the ""~h/'~'Th ratio in the 

sarnple was calculated. ~f " '~h i~-"Th  was less than 15, the sample was considered a -'diny 



189 

calcite," and the correction for the detrita1 Th of Ku and Laing ( 1984) (equation MI-3) 

was made. 

230 - 230 
7hmkm - Th,,, - R * (2327h coicire 

&30 = "'Th decay constant 
R = ratio of "'Th to U O ~ h  initially, taken as 1.25 f Schwarcz and Blaclrwell. 1983) 

In the dating equation (MI-2), the unknown, time (t). is in the exponent of two separate 

factors. This makes it impossible to isolate and directly solve for t. As a result. the 

equation is usually solved by use of an iterative program (Gascoyne, 1992). In this 

investisation, a spreadsheet was developed that determined a ("OTWU'U),,,,,, oiven the 

("'uI~U),,,, of the smple, and time at 100 year increments from O to 350 ka. The 

("'T~/"~U),*~, was compared to the ("0Th/"4~),,,d in the calcite, and the t which 

calculated the rneasured value was taken as the age of the calcite. This was repeated to 

calculate t for both the ("OTh/"'~),__d plus the error and (xO~h/"'~),,,,d minus the 

error ( 1 -a) calculated by the spike reduction program. This gave the upper and lower 

limits of the age respectively. 

The algorithm designed to determine ages for this investigation also calculated the 

""Th,,,,,, using equation . U M .  In cases where the (3'1Th/'-"Th)me~wcd of the calcite \vas 

ereater than 15, the age calculated was recorded as the "uncorrected" age. If the - 
(30~h/"'Th)m~,, ratio was less than 1 5, the x-'OThcdc,, activity was corrected by equation 

MI-3 and the process for determining t was repeated. The age calculated with the detrital 

"'Th-corrected ratio was recorded as the "corrected" age. 
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APPENDIX ILI - DETECTION LmIIT AND REAGENT BLANK CONSTRAINTS 

O N  THE APPLICABILITY OF THE TECHNIQUE TO "OTh/U4U DATING 

The applicability of the developed protocol to U0Tw4U dating of natural samples 

will be determined by the detection limit for U and Th. To determine a general lower limit 

of detection (LLD) for each of the nuclides, the average background across al1 detectors 

plus 2-a, and the non-spiked reagent blank were sumrned. The total reagent b1ank is also 

a fünction of the volume of the spike used, therefore, the LLD for each nuclide is then 

expressed as an activity plus a spike contribution on a per mL basis. The LLD for each of 

the radio-nuclides is presented in Table AiII-1. 

The age of the sarnple is recorded by ingrowth of "'Th from decay of "'u initially 

present in the sample. Thus, there is a minimum datable sarnple age as both the "'u and 

the "'Th in the sarnple have to be above the LLD. As a result, the applicability of the 

dating technique will be dependent upon both the concentration of U in the sample. and 

the sample's age. "'Th activity c m  result from either a young sarnple with a high Lr 

concentration, or an old sarnple which has behaved as a closed system to U and Th since 

formation. To mode1 the range of U concentrations and sample ages that this technique 

c m  be applied to. the "'Th was fixed at the LLD and the 34U activity was varied over a 

range of values. The general 3 % / " 4 ~  dating equation (equation NI-2) was simplified 

and solved for t by assuming a "4U/u8U activity ratio of 1 .  Using the LLD of 3oTh and 

varying "'U, the minimum datable age was modelled as a function of the :-"U activity of 

the sample. The '-"U/238U is used in the calculation of the 3'Th/"'U age, to correct for 

additional ""U generated fiom "gU decay in old calcites. As the minimum possible age 



Table ALII-I - Determination of the Iower limit of detection (LLD) for each of the  
actinides measured in this study. These values were used to rnodel the range of ages and 
U concentrations measurable in natural calcite by this technique. The LLD as a tùnction 
of the votume of spike used was caiculated as: 

1 Average Detector 2-0 (cpm) LLD for an unspiked 1 Background* (cprn) 

* - average of background across al1 detectors used was calculated to senerate a LLD 
which could be applied to al1 samples, not a detector specific LLD 
** - calculated as LLD = (avg background + 2 - 0  + (Table Ai- 1)) 
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was being determined, it was unnecessaq to correct for decay, and safe to set the 

'YU/3SU activity ratio at 1 in the dating caiculation. This assumes that al1 the '-''Th is 

present due to 3'U decay, and that there is no detrital Th correction. If there is a detrital 

Th correction, a younger age may be possible, but the error in the calculated age increases. 

The datable range of ages in naturai calcite as a function of the "'U activity in the 

sample is represented gaphically in Figure ,AiII-1. As the spike contribution to the LLD 

of both ""Th and "'u is dependent on the volume of the spike used. the range o f  datable 

ages is determined for three different volumes of spike, 0.10, 0.50 and 1 .O0 mL. From 

Figure .MI-  1, it is evident that the minimum datable age is dependent on the 34Cr activity 

of the sample. and that ages as young as O ka are obtainable, depending on the initial 3'U 

activity of the calcite and the volume of the spike used. The datable range of samples 

must lie on or above the line of minimum ages and to the right of the LLD of "'U on 

Figure AIII- i . It can be seen in Figure AlII- 1 that at volumes of the spike below 1 rnL, 

the datable range of calcites by the protocol is limited by the LLD of "'U, not by the LLD 

of '-"'Th. If the 3'U activity in the sample is known, it is possible to use Figure AIII-  1 to 

determine whether a reliable "OTw'U age could be calculated, or as a check of the 

reliability of a calculated age. 

To detemine the range of sample U masses to which this protocol is applicable, 

the activity ratio in the sample must be characterized. Once the mass of Lr 

required to perform dating is established, it c m  serve as an indication of whether suitable 

samples or mass of sample are available. For exarnple, 1 pg of U could be suppiied by 1 g 

of a 1 pprn calcite or by 0.1 g of a 10 ppm calcite. 3-"U is the most abundant isotope of L.1 



234U Activity in Sample (cpm) 

Figure Am-l - The minimum age calculable as a hnction of the 3 4 ~  activity in the 
calcite. The ""Th activity was fixed at the LLD for three spike volumes, the "'U activity 
was varied, the "'u/"'U activity was fixed at 1, and the "'~h/"'Lr age dating equation 
was solved for time. Below 1 m .  of spike, the range of datable calcites is Iimited by the 
sarnple's ='U activity, not the "'Th activity in the sample. 
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(99.276% by mass), and as a result U concentration is expressed in terms of sgU. The 

=UPBU activity ratio can Vary spatially and temporally in the natural environment. The 

234 r 238 C/ U activity ratio in natural waters can vary fiom 1 to 10 (Faure, 199 1 ), although in 

most speleotherns the ratio is between 0.8 and 2.6 (Gascoyne, 1977). The youngest 

datable calcites presented in terms of U mass in the calcite sample are a function of the 

LLD of "'U. the LLD of ='Us and the activity ratio. The minimum datable 

ranges of calcite U masses are presented as a function of the x J ~ f - ' g ~  activity ratio in 

Figure PJII-2. The datable range of calcite U masses lies above both the line for minimum 

U mass, given the LLD of "'U at the specific volume of the spike, and the spike volume 

specific LLD of "'U. Assurning a 3 4 ~ / " ' ~  activity in the low end of the range (in the 

range expected for speleothem), a minimum initial U mass of 0.075 pg is required to 

perform ""Th/"'U dating with 1 mL of the spike, 0.05 pg for 0.5 mL of spike, and 0.025 

pg for 0.1 mL spikes using the protocol developed in this investigation. Thus if the Lr 

concentration and the mass of calcite available are known, it can be determined using 

Figures . U 1 -  1 and -&III-2 whether the sample could be effectively dated using the 

protocol developed in this investigation. The development of these figures allows for the 

possibility of using a technique such as ICP-MS to screen sarnples for suitability prior to 

analysis using the technique developed in this investigation. 



234U1238U Activity Ratio 

Figure AïII -2 - The rnass of U required to date calcites using the rnethod developed in 
this investigation as a function of the 3 ' ~ / " ' ~ r  activity ratio and the volume of  spike used 
in the sarnple. The curves represent the mass of "'u in the sample with the specified 
'34U/i/"X~ activity ratio at the LLD of "'U for three different volumes of spike (0.1, 0.5 and 
1 mL). The horizontal lines represent the corresponding LLD's of z R ~  for each volume of 
spike. A datable mass of U must lie above the LLD of ='u and to the right of  the curve 
representing the LLD of for the volume of spike used. 



APPENDLX IV - SAMPLE DESCRIPTIONS 

SAMPLE 

CR9-3 1.7 
. - - -. 

- sealed horizontal fiacture 
- friable, looks cemented with very white calcite - looks o1d 

- sub-verticai sealed fiacture lined with calcite 

- su b-vertical open fiacture lined with platy calcite 

- vertical fiacture, possibiy open, filled with thin platy calcite 

- very open fiactures - brecciated zone (like CRI 8-30} 
- many fiactures filled with massive calcite 

- sub-vertical fracture seaied with fine grained calcite 
- very old looking 

- early horizontal fracture sealed with chlorite 
- no samples taken 

- highly brecciated injurated fadt zone (like CR1 8) 
- could be carbonate, very fiable, small veins sealed with calcite 

- small piece of above, appears to be calcite, fine grained cernent 

- very fractured rock, water bearing zone, calcite contains a lot of 
hemetite 

- calcite lining a possibly open fracture 
- very old looking 

- -- - - - 

- open fracture next to sealed fracture (both sub-vertical) 
- massive calcite in open fiacture, thin and platy calcite in sealed vein 

- calcite cernent sezling a highly fractured brecciated zone 
- fine grained 

- intersection of 2 sub-vertical fractures 
- massive calcite in seaied vein (- 1 mm) 

- very fractured 
- srnail arnount of fine grained (platy) calcite in open veins 

. sub-vertical fiacture sealed with fine grained to massive calcite 



- platy calcite in water-bearing (open) sub-vertical fiacture 

- thin layer of fine grained caicite in an open fiacture 
- highly brecciated zone 

- sub-vertical fracture (possibly open) 
- contains thin layer of platy calcite 
- - - ~ -- - . . 

- sub-vertical fracture sealed with massive calcite 
- - - -  - - 

- sub-vertical seaied narrow fracture 
- contains massive calcite crystais 

- sub-vertical open fracture containing platy and euhedral calcite 

- large euhedral calcite crystais in open vein 
- young tooking vertical fiacture 

- open verticai fracture lined by fine grained calcite 

- large euhedral calcite crystals on sub-vertical open fracture 

- sub-vertical open fracture with large euhedral calcite crystals 
- calcite is mg= 

- very fine grained calcite on horizontal fractures 
- Iooks old 
-- - - - - 

- sub-vertical open fracture lined by thin platy calcite 
-- .- -- - 

- massive platy calcite on open horizontal fracture 
- horizontal frücture connects to a vertical fracture (also open) 

- massive calcite in sealed vertical fracture 

- sub-vertical open fiacture 
- platy calcite coating walls of fracture 

- - 

- calcite crystals in sub-vertical open fiacture 
- fell out of core 

- sub-vertical fractures seaied with calcite and chlorite 
- very fine grained 

- sub-vertical open fracture lined with massive euhedral calcite 



- horizontal calcite Iayer in chlorite host 
- very fiable 

1 

- vertical fracture sealed with massive calcite 

- sub-vertical fkacture sealed with massive calcite 

- very small calcite crystals in large open w g  in the host rock 
- not sarnpled for anything 

- thin platy calcite sealing a fiacture 

- open vertical fiacture with Iarge euhedral calcite crystals 1 



APPENDIX V - STABLE ISOTOPE DATA 

Sample Yield C-13 0-18 Notes 
(%) V-PDB V-SMOW 

22.6 
16.7 
15.6 
20.0 
19.4 re-mn 
18.9 
15.5  cc 
16.7 cc + do1 
17.2 do1 
16.0 

19.1 
20.3 
20.7 a 
20.4 b 
2 1.9 
15.4 
1 5 . 5  re-nin 
17.7 
1 8.1 re-run 

18.7 cc 
19.1 cc + do1 
19.3 do1 

17.9 
15.7 
18.4 
17.3 
16.3 

NOTE: cc = calcite, do1 = dolomite 
a, b, c, d represent multiple samples 



APPENDTX V - Continued 

Sample Yield C-13 0-18 Notes 
(%) V-PDB V-SMOW 

El-26.5 8.8 -9 23.1 quality control 

RH1-193 8.2 -5.5 15.2 a test homogeneity 
M l - 1 9 3  8.3 -5.8 14.7 a-re-mn dong calcite growth 
RHI-193 S.  8 -5.8 11.9 b axis (a is closest to 
M l - 1 9 3  7.9 -5.7 14.9 c fracture wall, d is in 
RH1-193 6.8 -5.8 14.9 d the centre) 

RH3-181 7.9 -6.3 15.9 a test homogenaity 
RH3-181 8.7 -5.7 15 b dong a fracture 
RH3-181 8.6 -5.7 15.5 c 
RH3-181 5.9 -5.8 15.1 d 

NOTE: cc = caicite, do1 = dolomite 
a, b, c, d represent multiple samples 



APPENDIX VI - FLUID INCLUSION DATA 

Sarnple Size(um) F Tm (C) Th (C) NOTES 

222 Th-Ieaked 

86.4 
Tm-fiee motion 

1 O3 
83 -6 



APPENDIX VI - Continued 

Sample Size(um) F Tm (C)  Th (C) NOTES 



APPENDIX VII - RADIOCHEMICAL DATA 

MEASURED RATiOS CALCULATED RATiOS 

NOTE - The components of the sample name are significant for data interpretation. The 
first group of numbers are used for sample identification, and the final number is the 
column used for U/Th extraction/separation. I f  the sample name ends with a 'b', the 
sample has been re-counted. I f  the sample narne ends with an asterisk, the sample has 
been "'Th corrected. 



SAMPLE 

NOTE - The components of the sample narne are significant for data interpretation. The 
first group of numbers are used for sample identification, and the final number is the 
column used for U/Th extractiodseparation. I f  the sample name ends with a 'b', the 
sample has been re-counted. 



APPENDM: VlII - TRACE ELEMENT DATA 

The trace element data was rneasured on the ICP-MS at the sarne time as the U 
and Th described in the methods. Al1 values are given as ppm concentrations in the 
calcite, except for Ca and Mg which are given in percent. 




