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Petrology and geochemistry of amphibole bearing pillow lavas, Skinner Cove formation 

Kristyna Buchan  

Department of Earth Sciences, University of Toronto    April 2015 

 
1. Introduction 

The purpose of this study is to conduct a petrological 

and geochemical analysis of amphibole bearing pillow 

lavas within the Skinner Cove formation. The area is 

believed to represent roughly the last 200 m.y of 

igneous activity extending along the east Laurentian 

margin; which represents the breakup of Rodinia and 

the opening and closing of the Iapetus Ocean. The 

Skinner Cove formation has been dated by 

McCausland and Hodych in 1998; where they used U-

Pb zircon dating and determined the age of the 

volcanic suite to be 550.5+3/-2 Ma. The formation 

consist of a pillowed and massive alkali basalts unit, 

ankaramitic flows, and crosscutting dykes. Limestone 

contours the, and the base of the unit striking 308°NW 

and dipping 30°NE consists of columnar jointing  

The Skinner Cove formation is located along 

the south west area of Newfoundland in Gros Morne 

National Park, along the Green Gardens trail. The 

formation is a part of the allochthonous units, however 

it did not travel far due to the low internal deformation 

present. In order to obtain a greater understanding of 

the amphibole phenocryst within the pillowed unit, a 

Scanning Electron Microscope analysis (SEM), an 

Electron Probe Micro-Analysis (EPMA), an X-ray 

Diffraction analysis (XRD), and a LA-ICP-MS 

analysis will be conducted. These test will help 

determine composition, homogeneity, the amphiboles 

classification, and the tectonic setting the volcanic 

suite is most similar too.    

 

2. Methods 

 

In order to conduct the petrographic and geochemical 

analysis of the Skinner Cove formation samples were 

taken from the pillowed unit, and the ankaramitic flow 

unit, which was located in the neighboring area. The 

pillowed and massive alkali basalts have a porphyritic 

texture with amphibole phenocryst ranging from 0.5 to 

1.0 cm in size, and show decomposition textures. The 

ankaramitic unit is composed of course grain minerals 

of pyroxene and olivine averaging 0.5cm in size. In 

total there were four amphibole samples (A, B, C, and 

D) taken from the pillowed basalts, and three samples 

from the ankaramitic unit. In order to conduct the 

analytical tests, the samples had to be made into 

mounts. The samples were cut into cubes and placed 

into one inch mounts, which once set were finely 

polished with 1µm diamond polish, and carbon coated.  

 

2.1 Scanning Electron Microscope Analysis 

 

The purpose of the Scanning Electron Microscope 

Analysis (SEM) is to determine a semi-quant analysis 

of the composition of the samples. Each of the four 

amphibole phenocryst were analyzed in two locations 

their rim, and the crystal itself. An SEM analysis of the 

ankaramitic unit was also conducted.  

An SEM analysis uses back scattered electron 

imaging and Energy-dispersive X-ray spectroscopy 

(EDX); where the back scattered electron imaging will 

identify the different phases, and the EDX detector will 

determine the compositions. SEM analysis allows for 

high resolution images to be produced. These images 

can distinguish changes in phases where the higher the 

mean atomic number (relative to the surroundings) the 

brighter the image. The mounted samples will undergo 

spot analysis; and will later be compared to the data 

collected from an EPMA analysis. An SEM analysis is 

a convenient analytical method because it takes much 

less time to acquire relatively accurate and precise 

data. 

 

2.2. Electron Probe Micro-Analysis 

 

An Electron Probe Micro-Analysis (EPMA) allows for 

the analyses of major elements to be determined in 

terms of weight percent. The EPMA contains four 

main components the source of the bean, the column, 

the sample chamber, and the detectors. The two 

different types of analysis that will be performed are 

spot and line analysis. They will be conducted in order 

to determine the composition of the amphibole 

phenocryst, and to determine whether or not the 

samples were homogeneous. All four of the amphibole 

phenocryst mounted samples will be analyzed as well 

as the glass sample (melt sample which is described in 

section 2.4). The elements that were analyzed are Na, 

Si, Mg, Al, Mn, Fe, K, Ca, and Ti. The advantages of 
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this techniques is that it is a non-destructive technique 

which gives a complete quantitative analysis.  

 

2.3. X-ray Diffraction Analysis  

 

The purpose of the X-ray Diffraction (XRD) analysis 

is to identify a mineral based on their crystal structure 

with the use of Bragg’s law. XRD is a qualitative 

analysis which matches the found peaks to a mineral 

which has a known set of distinct peaks. XRD is not 

suited to be a quantitative analysis because some 

minerals will produce a stronger peak than others; 

where the peaks height is not directly proportional to 

concentration. In order to conduct the analysis the 

amphibole phenocryst was first removed from the 

groundmass, and finely ground within a puck mill. The 

prepared samples then gets placed into the sample 

chamber where it will be analyzed for an hour between 

20 and 60 degrees.  

 

2.4. Melt Composition (EPMA) 

 

In order to determine the original melt composition of 

the pillowed and massive alkali basalt unit, pieces of 

the groundmass had to undergo fusion, or in other 

words be melted in order to create a homogeneous 

melt. The melt will then be analyzed with the use of an 

EPMA machine.  

 The sample preparation consisted of removing 

pieces of the pillow matrix and sonicating them in mQ 

water to remove any dust and then sonicated in HCl to 

remove any possible carbonated present. The chips 

were dried and then placed into a furnace at 1400°C 

for 30 minutes. The molten sample was then quenched 

and mounted in a one inch mount which was then 

polished and carbon coated. The analysis consisted of 

15 spot analyses of individual glass pieces. 

 

 2.5. LA-ICP-MS Analysis  

 

Laser Ablation-Inductively Coupled Plasma-Mass 

Spectrometry (LA-ICP-MS) works by focusing a beam 

onto a sample surface to generate extremely fine 

particles. This process is known as laser ablation. The 

ablated material then get transported into the plasma 

torch, where a mass spectrometer detector determines 

the elements that are present. This technique will be 

used to analyze one of the amphibole phenocryst, one 

of the ankaramitic samples, and the fusion melt 

sample. For this method however the carbon coating 

must first be removed from the samples by finely 

polishing the mounts. 

 

3. Results 

 

3.1 Scanning Electron Microscope Analysis 

 

The results from the SEM analysis are given in weight 

percent for each element. The backscattered electron 

analysis of the amphibole phenocryst displayed that 

there was a textural difference between the rim 

surrounding the amphibole and the groundmass.  The 

EDX analysis determined that the rim consisted of 

plagioclase, biotite, pyroxenes, and iron titanium 

oxides. The analysis of amphibole B yielded a 

composition of 0.35%K, 0.64 % Fe, 3.29% Na, 7.58% 

Ca, 15.13% Al, 25.76% Si, and 47.24% O. These 

values are common for amphiboles where similar 

composition were obtained for the three remaining 

phenocryst. The SEM analysis of the ankaramitic unit 

confirmed the presence of clinopyroxene and olivine 

minerals within the unit. Images of the analysis can be 

seen in figure one.  
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Figure one: Top image is a clinopyroxene exhibiting 

zoning. The bottom image is a euhedral olivine crystal 

containing calcite inclusions.  

 

 

 

3.2. Electron Probe Micro-Analysis  

 

The elements that were analyzed with the probe were 

Na, Si, Mg, Al, Mn, Fe, K, Ca, and Ti. The samples 

that were analyzed include the four amphibole 

phenocryst, and the melt sample (glass). This analysis 

obtains accurate and precise measurements of the 

sample which will be compared to other studies to 

determine similarities. Table one contains the collected 

data which has been represented as the average values 

from the spot analysis and are represented as oxide 

percent.  

 

Sample ID Oxide Percent 

Oxides Na2O SiO2 MgO Al2O3 MnO FeO

 K2O CaO TiO 

  A 2.37 39.01 11.46 12.58 0.15 12.37

 1.11 11.68 6.34 

  B 2.36 39.21 12.21 12.71 0.13 12.29

 1.11 11.66 6.33 

  C 2.45 39.79 14.66 12.61 0.16 12.10

 1.07 11.72 6.32 

  D 2.26 39.40 11.44 12.03 0.18 13.13

 1.12 11.62 6.18 

Glass 3.25 49.26 4.10 18.02 N/A 11.21

 2.28 7.88 2.86 

 

Table one: A: Amphibole A, B: Amphibole B, C: 

Amphibole C, D: amphibole D; the table displays the 

average values for each of the samples in terms of 

oxide percent from the Electron Probe Micro-Analysis.  

 

The collected data from the amphibole 

analysis were also used in order to compare its 

composition to other known compositions from Martin 

in 2007. Figure two displays the comparison values 

where the x-axis is the weight percent of SiO2, and the 

y-axis is the weight percent of TiO2.  

 

 
Figure two: Amphibole composition comparison 

graph. The green symbol represents the Skinner Cove 

amphibole composition while the remaining symbols 

represent melts from Martin (2007).  

 

3.3. X-ray Diffraction  

 

The results from the XRD analysis are displayed with 

the acquired counts along the y-axis, and the position 

of these counts in terms of 2θ along the x-axis. The 

analysis yielded 21 peaks in which 19 of them were 

matched based on their assigned high score value. The 

analysis determined that the amphibole is most similar 

to a magnesiohornblende which is a calcic amphibole.  

   

3.4. LA-ICP-MS  

 

In order to obtain the results from the LA-ICP-MS 

analysis, the data must first be reduced; where the data 

obtained from the EPMA analysis for calcium 43 was 

used as the reference isotope. In total there were 37 

isotopes to be analyzed for amphibole B, the 

ankaramitic sample, and the melt sample (glass). The 

values from the analysis are used to determine whether 

or not the amphibole phenocryst is in equilibrium by 

comparing its partitioning values to those collected by 

Dalpe et al. in 2000, and to values from Brenan et al. 

in 1995. The values are chondrite normalized and are 

in parts per million. These comparison can be seen in 

figure two below.  
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Figure three: The values in blue represent the 

chondrite corrected ppm values from the amphibole in 

the Skinner Cove formation, and the red values 

represent the data previously collected by Dalpe et al. 

(2000) and Brenan et al. (1995).  

 

The obtained values from the melt analysis 

will be used to determine by comparison the type of 

tectonic setting the pillowed and massive alkali basalts 

originated. The sample was compared to a number of 

different types of settings such as OIB, IAB, and 

MORB from different geographic locations.  

 

4. Discussion 

 

The different types of analytical analyses allow for a 

number of concluding remarks based on the obtained 

results. For the most part, the obtain values are 

compared to known literature in order to gain a greater 

understanding of the amphibole bearing pillow lavas in 

the Skinner Cove formation.  

 The EMPA analysis of the amphibole allowed 

for the classification of the amphibole to be determined 

based on literature from Hawthorne and Oberti in 

2007.  Based on the values seen in table one, the 

amphibole is classified as a Magnesiohornblende 

which is a calcic amphibole. The EPMA analysis also 

determined that when compared to research done by 

Martin (2007) the amphibole composition is a mantle 

derived kaersutite in alkali basalts.  

 The LA-ICP-MS analysis of the amphibole 

yielded that the phenocryst partitioning values in 

comparison to the values from an amphibole in 

equilibrium from Dalpe et al. (2000), and Brenan et al. 

(1995) show that the amphibole is not in complete 

equilibrium. These differences can be due to the ionic 

radius of the larger cations, as well as the role REE 

play as a network modifier. Based on a paper from 

Tiepolo et al. (2007) the main parameter effecting the 

equilibrium is melt polymerization.  

 The LA-ICP analysis of the glass was used to 

determine the tectonic setting the pillowed unit 

originated from. After comparing the Skinner Cove 

sample to other known literature, the tectonic setting 

most greatly resembles the St. Helena hotspot which is 

an OIB. The most striking features are seen as a 

depletion in nickel and chromium which is most likely 

due to their compatibility to crystalize olivine. There is 

also a depletion in vanadium and scandium which is 

due to the crystallization of clinopyroxene. The 

Skinner Cove sample also lacks the signature depletion 

between uranium and lanthanum which is 

characteristic for MORB or IAB.   

   

 

5.  Concluding remarks 

 

In conclusion, the amphibole bearing pillowed and 

massive alkali basalt units originate from an Ocean 

Island Basalt. With the use of the dating from 

McCausland and Hodych in 1998 which was 

determined to have formed 550.5+3/-2 Ma, a hotspot 

tectonic setting seems reasonable when considering 

during this time the Iapetus Ocean was opening and 

closing. The amphibole crystal itself is most the 

amphibole is classified as a magnesiohornblende 

which is a calcic amphibole, and was derived from a 

kaersutite alkali basalt melt. The phenocryst shows 

features of decomposition and is not in equilibrium 

based on its melt partitioning values. Other aspects of 

the amphibole phenocryst which should be reviewed in 

greater detail is how the amphibole is decomposing as 

well as a greater understanding of the rim surrounding 

the phenocryst. 
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Precise U-Pb geochronology of Neoarchean volcanism in the Slave craton: implications for 

Northwest Territories VMS base and precious metal deposits. 

Amar Doshi                     

Department of Earth Sciences, University of Toronto     April 2015 

 

1. Introduction 

 

This study presents U-Pb dating results for six samples 

of rhyolite from four individual greenstone belts in the 

Slave craton (Northwest Territories portion).  The 

Slave craton (Fig. 1) comprises an older crystalline 

basement dating from the earliest Archean (Central 

Slave Basement Complex, including the Acasta gneiss 

4.0-2.82 Ga), and an unconformably overlying cover 

group consisting of conglomerate, fuchsitic quartzite, 

iron formation, mafic and rare felsic volcanic rocks 

(2.85-2.80 Ga). In the Yellowknife area, a younger 

volcano-sedimentary sequence overlies these older 

units, and includes tholeiitic basalts of the Kam Group 

(2.73-2.70 Ga), juvenile felsic volcanic and 

volcanoclastic rocks of the Banting Group (ca. 2.69-

2.66 Ga) and overlying turbiditic greywackes and 

mudstones of the Burwash Formation (2.67-2.65 Ga), 

part of the Duncan Lake Group. Collectively, these 

younger groups are distinguished as the Yellowknife 

Supergroup (Fig. 2).  Many of these older rocks were 

then intruded by suites of (dominantly granitic) 

plutonic rocks during the latest stages of the 

Neoarchean. 

As a consequence of the long history of 

exploration and study in the Yellowknife greenstone 

belt type area, detailed volcano-stratigraphic age 

constraints exist for the Kam group.  This was 

achieved by recognizing and dating of thin felsic tuff 

horizons within the mainly basaltic sequence.  The 

volume and exposure of Banting Group rocks, in 

contrast, is comparatively less, and resultingly there 

are far fewer age constraints for Banting Group 

volcanism.   

  North of the Yellowknife area, the Slave 

craton contains some 30 additional greenstone belts, 

and in this regard it is typical of many other Archean 

granite-greenstone cratons. Because of the overall 

gross similarity of the litho-stratigraphic sequences 

recognized in each belt, the broad Yellowknife 

Supergroup stratigraphic model (basalt, rhyolite and 

overlying turbiditic units) has been applied across the 

Slave Province – for example,  mafic pillowed 

volcanics were correlated with the Kam Group, felsic 

volcanics to Banting Group and turbidites to Burwash 

Formation, respectively.  A first order aim of this study 

was to assess whether this assumption is valid across 

four different greenstone belts the southern west, 

central and eastern Slave craton.  Due to the paucity of 

zircon in most mafic (basaltic) sequences, 

geochronological efforts were aimed at obtaining high-

precision U-Pb zircon ages from felsic (rhyolitic) units 

that would nominally be equivalent to Banting Group 

sensu stricto of the Yellowknife type locality.  Dating 

more than one rhyolite at different 

volcanostratigraphic horizons within a single 

greenstone belt can give a sense of the minimum 

timescale of evolution of a single greenstone belt. This 

can be useful also for belt-to-belt scale correlations of 

volcanism and a broader understanding of regional, 

craton-wide crustal evolution. Furthermore, felsic 

volcanics in many Slave greenstone belts host 

volcanogenic massive sulfide (VMS) deposits. A 

secondary aim in this project is therefore to determine 

if there is a pattern to these occurrences – that is, are 

the ore deposits all restricted to a narrow timespan of 

volcanism, or are they episodic or continuous in 

evolution over a range of geological time, and if so, is 

there a geographic/spatial pattern to the 

mineralization? An enhanced understanding of these 

characteristics could well lead to improved ore genesis 

and exploration models, and potentially expand the 

prospectivity of certain greenstone belts.  

Several previous U-Pb age dating studies on 

Slave Province Neoarchean volcanics rocks have 

proved to be imprecise and difficult to interpret 

because of the limitations of old methodologies such 

as air abrasion, crude spike calibrations, multigrain 

fraction analysis and less sensitive instrumentation. By 

using more careful grain selectivity, chemical abrasion 

(CA) zircon pretreatment methods, improved isotopic 

spikes and more sensitive detection methods which 

permit smaller, single grain analysis, more precise and 

accurate ages for this volcanism are now possible. 

High-precision U-Pb data were obtained for 

six rhyolites from four greenstone belts. At each 
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sample location within the NWT, the units have 

associated VMS base and precious metal deposits or 

showings.  Volcanic belts were chosen so as to provide 

a wide geographic coverage across the central-west 

(Snare River), central (Courageous - Matthews Lake), 

south-central (Fenton Lake) and south-eastern (Indian 

Mountain Lake) areas of the Slave craton. 

    An outcome of the new dating efforts will be 

an improved understanding of the competing tectonic 

models for the Slave craton proposed by workers such 

as Kusky, Helmstaedt and Bleeker.  Central among the 

ongoing debates is the age and affinity of the 

aforementioned Neoarchean volcanic belts, and 

whether they developed within discrete, exotic(?) arc 

terranes, potentially at a wide variety of ages and now 

accreted laterally, or instead reflect a massive flood 

basalt-rhyolite province erupted over a broad older 

crystalline basement, now mostly structurally repeated 

and isolated by differential erosion. 

 Active development of Slave VMS deposits is 

currently limited to four of these belts: at High Lake, 

Hackett River, Hood and Izok Lake, all of which are 

restricted to the Nunavut portion of the craton, despite 

the fact that the volcanostratigraphy in these belts is 

broadly similar to those in the NWT. Ages for VMS 

mineralization have only loosely been constrained at 

roughly ca. 2700 Ma, 2690 Ma, 2680 Ma and 2670 Ma.  

Sulfide (± Au) mineralization is hosted principally in 

rhyolitic volcanic rocks which, if correlated with 

Yellowknife Supergroup stratigraphy, would be 

equivalent to upper Kam and Banting Group rocks.  

These magmas have elevated LREE and flat HREE 

profiles consistent with FII-type VMS bearing rhyolite 

magmas.  FII rhyolites occur throughout the Slave 

craton and are typical of rifted tectonic environments 

(Ootes et al, 2014). 

 

2. Methods 

 

All samples were processed in the Jack Satterly 

Geochronology Lab at the University of Toronto 

(JSGL). Conventional crushing and grinding 

techniques (jaw crusher and disc mill) were used, 

followed by a shaking water (Wilfley) table procedure 

to obtain initial heavy mineral concentrates (e.g. 

zircon, pyrite, apatite).  Final stages of the mineral pre-

concentration involved Frantz magnetic and methylene 

iodide heavy liquid separations.  

Hand-picking of optically-highest quality 

zircon was achieved under ethanol in a petri dish, using 

a binocular microscope.  Selected grains were as free 

as possible of cracks, alteration, inclusions, and any 

optical evidence of cores. They were then digitally 

photographed. Zircons were pretreated with a chemical 

abrasion technique (Mattinson, 2005) involving 

annealing at 1000°C for approximately 48 hours and 

leaching in a dilute mixture of HF: HNO3 for 6 hours 

at 200°C. Final weight estimates were made from a 

digital measurement of grain dimensions and the 

mineral’s density. 

 In preparation for conventional isotope 

dilution - thermal ionization mass spectrometry (ID-

TIMS), final zircon grains selected for analysis were 

washed on parafilm with nitric acid, rinsed with 

ultraclean water, and loaded into Teflon bombs with 

concentrated HF along with a mixed 205Pb - 235U 

isotopic tracer solution (Krogh, 1973). Dissolution 

occurred over four days at 195°C, after which fractions 

were dried down and converted into chloride form. Pb 

and U were purified by removing other cations such as 

Hf, Si and rare earth elements using standard ion 

exchange column chemical procedures. Solutions were 

then dried with phosphoric acid, and loaded with silica 

gel directly onto outgassed rhenium filaments.  

The isotopic compositions of Pb and U were 

measured using a single Daly collector in digital pulse 

counting mode on solid source VG354 mass 

spectrometers. Uncertainties for the ID-TIMS data are 

given at the 95% (2-sigma) confidence level.  Initial 

corrections were made using an in-house data 

reduction program (UTILAGE). Decay constants used 

in age calculations are those of Jaffey et al. (1971).   

 

3. Sampling and Results 

  

A summary of the U-Pb age-dating results for all 

samples is presented in Table 1.  Representative 

graphical plots of the U-Pb data (Concordia diagrams) 

for three of the samples are provided in Figures 3-5. 

 

Samples 1 and 2 – Courageous Lake, Matthews Lake 

 Samples HMB12-062A and CL-221 were 

collected from lower and upper felsic volcanic units, 

respectively, each of which overlie cycles of basalt in 

the Courageous Lake greenstone belt. The former 

represents a massive rhyolite flow sampled in outcrop, 

while the latter was recovered from drillcore 
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intersection near Seabridge Gold’s FAT deposit, at a 

depth of 37.51-37.98m. Thin sections of sample CL-

221 suggest the sample is mostly crystal rhyodacite 

tuff with quartz and lapilli sized ejecta tephra. U-Pb 

isotopic data for the lower (“Cycle 1”) rhyolite yields 

an upper intercept age of 2701.5 ± 1.5 Ma, while the 

upper (“Cycle 2”) rhyolite gives a precise age of 

2663.8 ± 0.9 Ma (Fig. 3). This age interval essentially 

brackets the span of known ages from the very top of 

the Kam Gp through the dated Banting Gp in the 

Yellowknife belt. 

 

Sample 3 – Indian Mountain Lake (BB deposit) 

 Sample HMB12-055A represents a hanging 

wall rhyolite collected from trenched outcrops at the 

south end of the Indian Mountain Lake belt. The 

rhyolite immediately overlies a lens of exhalite having 

significant Zn-rich VMS potential in the form of 

sphalerite mineralization. This rhyolite yielded an age 

of 2666.7 ± 1.9 Ma, indistinguishable from dated 

Banting Gp rhyolites in the Yellowknife greenstone 

belt. A single fraction (Z1; Fig. 4) lies to the right of 

the regression and suggests possible minor inheritance 

of older zircon.  

 

Sample 4 and 5 – Snare River 

 Samples HMB12-065A and 14VJ-203B were 

collected from near the top of a rhyolitic unit, 

immediately below turbidites, within a westerly-

plunging, large regional anticlinal structure. Both 

samples yield ages within analytical error of each 

other, at 2674.7 ± 0.8 Ma (Fig. 5), and 2672.4 ± 1.5 

Ma, in agreement with their general stratigraphic 

equivalence. 

 

Sample 6 – Fenton Lake 

 Sample HMB12-064 was collected south of 

Fenton Lake, in the Cameron River-Beaulieu River 

greenstone belt. The rhyolite represents a lensoidal 

unit stratigraphically overlying pillow basalts but 

underlying a younger sequence of pillowed andesites 

(Webb andesites). Mapping in 2012 revealed 

gossanous zones developed in a localized massive 

sulfide horizon having anomalous Zn content. Five 

analyses of single grain zircon fractions from this 

rhyolite are highly collinear and give an upper 

intercept age of 2690.2 ± 0.9 Ma. 

 

 

4. Discussion 

 

All six precisely dated rhyolite samples taken from the 

four greenstone belts described above have ages that 

appear to fall within the expected range for Banting 

Group equivalents based upon the existing constraints 

within the Yellowknife greenstone belt type area. One 

sample, from the Courageous Lake belt in the central 

Slave craton, yields an older age, at 2701.5 Ma 

(HMB12-062A) that overlaps within error of the age 

of the youngest recognized Kam Group in Yellowknife 

(Giant Mine section). This suggests that the 

disconformable to unconformable relationship 

between Kam and Banting groups may locally instead 

represent a gradual transition between one tectonic 

regime and another (rift to back arc?). In general, 

however, the extension and application of the 

Yellowknife Supergroup stratigraphy based upon the 

type area across much of the Slave craton appears to 

be valid.  

The new, precise ages also demonstrate that 

belt-to-belt correlations can be made across the Slave 

craton. For example, nearly identical ages of rhyolite 

volcanism exist in the Yellowknife greenstone belt and 

the upper section of the Courageous Lake greenstone 

belt (2661 Ma, 2663 Ma, 2664 Ma); likewise, older 

volcanism appears to have been contemporaneous 

(2702 Ma, 2705 Ma) in the lower section at 

Courageous Lake and in the High Lake greenstone belt 

in the northern Slave Province.  

A wide spectrum of ages is revealed from a 

single greenstone belt such as the Courageous Lake 

belt, with a range from the upper Kam to upper Banting 

(2701.5-2671-2663.8 Ma). This may imply that the full 

Banting volcanic episode may not be exposed or 

structurally preserved in the Yellowknife ‘type area’. 

As mentioned above, VMS mineralization 

across the Slave craton appears to be broadly 

constrained within at least three (possibly four) main 

volcanic events.  With the exception of the very 

youngest age reported here (2664 Ma), all other ages 

determined in this study correlate with one of the 

known VMS-bearing ‘events’. However, more 

accurate and precise ages are required for these earlier 

VMS dating studies in order to make robust 

connections. The young age determined for FAT 

deposit rhyolite is indistinguishable from the ages of 

Banting Group rhyolites in the Yellowknife greenstone 

belt. Although there are no known VMS showings of 
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significance in the Yellowknife belt, this correlation 

greatly enhances the base metal/gold exploration 

prospectivity of this region. 

 

 

5. Concluding remarks 

  

New, highly precise and accurate U-Pb ages have been 

determined on zircon from Neoarchean rhyolites 

across the NWT portion of the Slave craton. The 

results bolster the hypothesis that the Yellowknife 

‘type’ volcanostratigraphy established in the 

Yellowknife greenstone belt itself is widely applicable 

to many of the regionally distributed greenstone belts 

across the rest of the craton. The data challenge earlier 

models which suggested that many of the greenstone 

belts evolved in exotic settings, at radically different 

ages, and were subsequently tectonically accreted to 

the central Slave craton. Moreover, the direct age 

correlation of many rhyolite-bearing greenstone belts 

with VMS deposits present in the Nunavut portion of 

the craton suggests that real potential exists for 

equivalents to be discovered in the NWT.  

 

 

6. Figures and Tables 

 

 

 

Table1: Summary of U-Pb isotopic results from all six 

rhyolite samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Simplified geological map of the Slave 

craton, showing areas of older Central Slave 

Basement Complex in pink, and Neoarchean volcanic 

rocks (basalts and rhyolites) in green. Within the 

bounding outline of the Slave craton, all younger 

turbidites and late granites are not shown (grey). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Idealized Yellowknife Supergroup 

stratigraphic type section. Felsic volcanic rocks of the 

Banting Gp are the focus of the current study. 

 

Area/Deposit Greenstone Belt SAMPLE AGE

1.  “BB” Indian Mountain Lake HMB12-055 2666.7 ± 1.9 Ma

2.  Fenton Lake Cameron Lake belt HMB12-064 2690.2 ± 0.9 Ma

3.  DEB Courageous-Matthews HMB12-062A 2701.5 ± 1.5 Ma

   Cycle 1 rhyolite

      FAT Courageous-Matthews CL-221 2663.8 ± 0.9 Ma

   Cycle 2 rhyolite

4.  Snare Falls Snare River HMB12-065 2674.7 ± 0.8 Ma

     NE Kwejinne L. Snare River 14VJ-203B 2672.4 ± 1.5 Ma
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Figure 3: Concordia diagram showing U-Pb dating 

results for rhyolite from sample CL-221. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Concordia diagram showing U-Pb dating 

results for rhyolite from sample HMB-055. 

 

Figure 5: Concordia diagram showing U-Pb dating 

results for rhyolite sample HMB12-065. 
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1. Introduction 

 

St. Lucia (14.0167ºN, 60.9833ºW) is a volcanic island 

located in the Lesser Antilles arc bound between the 

Caribbean islands Martinique and St. Vincent - 

situated at an active subduction zone making the 

islands relatively young and alive.  With an area of 

approximately 620 km2 it is the fourth largest island in 

the  volcanic chain. 

 Sulphur Springs (13º50’17’’N 61º02’46’’W), 

managed by the Soufrière Foundation, is found close 

to the Soufrière fishing coast - welcoming an estimated 

count of 200,000 tourists annually. This park 

documents the youngest form of geology on the island, 

a geothermal site which has less than 20,000 years of 

activity and exploration for potential geothermal 

resource is an ongoing project. The economic potential 

at Sulphur Springs remains to be investigated, but any 

future mine development would be a challenge since it 

is claimed a world heritage site protected by UNESCO. 

 Knowing this is a steam dominated system and 

similar epithermal conditions have been encountered 

at the Champagne pool in New Zealand, the potential 

of economical precious metals requires further 

investigation. The purpose of this project was to 

determine if  precious metals are present using 

analytical techniques such as x-ray fluorescence 

(XRF), x-ray diffraction (XRD) and neutron activation 

analysis (NAA). 

 

1.1. Formation of Qualibou Depression and  

the Soufrière Volcanic Centre  

 

Sulphur Springs lives roughly in the centre of the 

Qualibou depression (figure 1) - containing lithology 

from the Soufrière Volcanic Centre (SVC). The SVC 

is one of the three main groups of volcanic rocks that 

define St. Lucia (Lindsay, J., et al., 2013). The SVC is 

blanketed by substantial post-Qualibou ignimbrite 

deposits, lava flows, block-and-ash flows, centralized 

craters, and dacitic domes within-and-around the 

cirque-shaped Qualibou crater (figure 1) (Lindsay, J., 

et al., 2013). 

 The Qualibou depression is a result of a 

caldera flank sector collapse (Mattioli, G., et al., 1995) 

which occurred ~300,000 years ago (Lindsay, J., 

2013). Roobol, M.J., et al. (1983) suggest that this 

gravity slide was initiated by an eruption-related event 

or by dome formation. Conversely, Lindsay, J. (2013) 

states that dome formation resulted after the collapse 

with K-Ar radiometric dating ages for the Pétit Piton 

(~260,000 years) and the Gros Piton (~230,000-

290,000 years). Offshore avalanche debris also 

confines younger dates of approximately 100,000-

200,000 years (Lindsay, J.M., 2013).   

 Slump material, deposited in the Grenada 

Basin, preserves large-scale debris flows with 

evidence of  tubidity currents (Roobol, M. et al., 1983). 

Three avalanche deposits spanning out from the 

channelized chute (off of Soufrière) are observed. The 

most recent submarine deposit is 350km2 in size and  

characterized by a hummocky terrain of megablocks 

~20 to 100 meters in diameter, whereas the 

megablocks found on-land are greater than 100 m in 

diameter (Deplus, C., et al., 2001; Boudon, G., et al., 

2007).  

 Geophysical cruise ships (AGUADOMAR 

and CARAVAL) have also identified large-scale 

submarine avalanche debris on Martinique, Dominica, 

Guadeloupe, and Monserratte islands north of St. 

Lucia (Boudon, G., et al., 2007; Deplus, C., et al., 

2001). Coincidentally, these depositional features 

relate to similar sector collapse structures defined by a 

horse-shoe shaped  surface depression as found on St. 

Lucia.  

 

1.2 Sulphur Springs 

1.2.1. Hydrothermal alteration zones, associated 

mineralization and lithological units from SL-2 

Drill Core 

 

At Sulphur Springs four hydrothermal zones were 

distinguished within the SL-2 drill core defined 

through x-ray diffraction analysis (Battaglia, S., et al., 

1991). Mineral zoning from well-top to well-bottom 

are as follows: kaolinite zone (0-235 m), a mixed illite-

smectite (235-910 m), an illite zone (910-1350 m), and 

an epidote-actinolite zone (1350-1409 m) (Battaglia, 

S., et al., 1991). Sporadically distributed among these 

The Sulphur Springs island arc geothermal system, St. Lucia, Lesser Antilles - geology and 

geothermal sediment geochemistry  

Felicia Da Silva* and Ed Spooner  

Department of Earth Sciences, University of Toronto         April 2015 
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zones is tourmaline with the occasional disappearance 

of calcite downwards to well-bottom.  

 The mineralization found in these zones  

preserve the last conditions of the system. The 

kaolinite zone contains chlorite and illite clays which 

define a temperature of 180ºC for the corresponding 

geothermal gradient (Battaglia, S., et al., 1991). This 

zone is characterized by a unique mineral assemblage  

of calcite, Fe-oxides and hydroxides, kaolinite, rare 

pyrite and amorphous silica (Battaglia, S., et al., 1991).  

 Within the mixed illite and smectite zone 

chlorite, calcite, pyrite, sphene, albite and quartz are 

identified (Battaglia, S., et al., 1991). The albite found 

in this zone along with the illite zone replace the 

plagioclase over the 474 m to 526 m interval 

(Battaglia, S., et al., 1991). Tourmaline is found in this 

layer as a relict mineral from the previous phase and 

vermiculite, a hydrous-phyllosilicate mineral, is the 

result of altered biotite or phlogopite identified at the 

356 meter depth - which means temperatures did not 

exceed 200ºC (Battaglia, S., et al., 1991). 

 The illite zone has a mineral assemblage of 

illite, chlorite, pyrite, quartz, albite, calcite, and mica 

(Battaglia, S., et al., 1991). The mica here has been 

analyzed and reported as trioctahedral mica, greenish-

brown in colour, associated with chlorite in the 

groundmass (Battaglia, S., et al., 1991). The 

tourmalines found in this zone are pleochroic (pale 

green in the centre and olive green outwards to the rim) 

(Battaglia, S., et al., 1991).  

 Lastly, the mineral assemblage defining the 

epidote-actinolite alteration zones is illite, chlorite, 

quartz, epidote, actinolite and pyrite. The relict 

tourmaline and calcite terminate in this zone 

(Battaglia, S., et al., 1991). 

 Within each of these altered zones are five host 

lithologies described and named by Battaglia, S., et al. 

(1991) from near-surface to depth as colluvium and 

alluvium (31m thick), dacitic dome (150 m thick), 

volcanic agglomerate (413 m thick), dacitic dome (713 

m thick), and the no return zone (75 meters thick).  

 The permeable colluvium and alluvium 

deposits are composed of reasonably sized clasts of 

dacites, pumice, unconsolidated tuffs and ash with 

fragments from the dacite domes Terre Blanche and 

Rabot (Battaglia, S., et al., 1991). This suggests that 

the debris eroded from the nearby domes and deposited 

in the trough of  the valley.  

 The first impermeable porphyritic dacite unit 

comes from the Terre Blanche dome characterized by 

plagioclase, amphibole, quartz, orthopyroxene and 

sometimes biotite phenocrysts with a finer 

halocrystalline groundmass (Battaglia, S., et al., 1991). 

Aphyric basaltic xenoliths with labradorite, ortho- and 

Figure 1: Geological map of the Qualibou depression highlighting Sulphur Springs. E.P. Joseph et al. 

Chemical and isotopic characteristics of geothermal fluids from Sulphur Springs, St. Lucia. Journal of 

Volcanology and Geothermal Research 254 (2013) 23-36. 
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clinopyroxene, and Fe-Ti oxides are paragenetic 

minerals (Battaglia, S., et al., 1991). 

 The volcanoclastic agglomerates are mainly 

dacitic in composition with minor traces of andesitic 

and basaltic fragments and loose crystal fragments 

cemented by calcite (Battaglia, S., et al., 1991). At a 

depth of 440 meters the beds contain poorly sorted 

fragments dipping at a 45º angle  (Battaglia, S., et al., 

1991). This suggests that the deposition of the lahar 

flows, landslides, and fanglomerates were transported 

over a short distance on the flank of a dome  (Battaglia, 

S., et al., 1991).  

 The second porphyritic dacitic dome contains 

plagioclase, quartz, and altered mafic phenocrysts 

(Battaglia, S., et al., 1991). The groundmass is hypo- 

to holocrystalline with plagioclase (andesine to 

bytownite), quartz, and Fe-Ti crystals (Battaglia, S., et 

al., 1991). 

 Finally, the ‘no-return zone’ is part of the core 

that preserved a sharp lava flow contact was identified 

between the volcanic agglomerate and the andesitic 

units (Battaglia, S., et al., 1991). 

 

1.2.2. Gas and water geochemistry   
 

Joseph, P., et al. (2013) conducted gas and water 

geochemistry at Sulphur Springs to determine the 

characteristics and nature of the emissions and thermal 

waters. Surface reservoir temperatures range between 

41ºC to 87ºC with pH’s from 1.9 to 6.5. 

 The gas species that were analyzed were He, 

H2, O2, Ar, N2, CH4,  CO, CO2, H2S, and HCl (Joseph, 

P., et al., 2013). The species with the greatest 

concentrations were CO2 and acidic gas H2S with 

lesser amounts of N2, O2 and H2. The N2/Ar ratios  

(figure 3)reported a value greater than 100 typical of 

an arc-type setting (Joseph, P., et al., 2013). The higher 

N2 ratios are attributed by the contribution of 

sediments into the subducting wedge (Joseph, P., et al., 

2013). N2/O2 ratio of 3.71 confirms that there was 

contamination of air - close to the ratio of air 3.97  

(Joseph, P., et al., 2013). 

 Species Li+, Na+, K+, Mg2+, Ca2+, Fe3+, Al3+, F–

, Cl–, Br–, SO4
2-, HCO3

–, SiO2 and total dissolved solids 

(TDS) were analyzed for the thermal waters. Upon 

data reduction it was found that there were very low 

counts for Na, Ca and K and very high concentrations 

of SO4, HCO3, and Cl (Joseph, P., et al., 2013). The 

waters were determined to be acid sulphate based. The 

strongly acidic waters primarily developed from 

dissolution of H2S (expelled from magma) when 

interacting with ground water (Joseph, P., et al., 2013). 

 Looking at the oxygen isotopic compositions 

of thermal waters (18O) with respect to the global 

meteoric water line, it was determined that the fluids 

are meteoric in origin (Joseph, P., et al., 2013). 

 

Figure 2: SW to NE cross-section of the Qualibou depression. E.P. Joseph et al. Journal of Volcanology and Geothermal 

Research. 254 (2013) 23-36. 
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1.2.3. Sulphur Springs thermal data 

interpretations 
 

Geothermal temperatures for Sulphur Springs has been 

determined through various tools. The borehole logs 

retrieved a bottom-well temperature of 292ºC and the 

presence of vermiculite also confirms a temperature of 

200ºC at 356 meters. However, Joseph, P., et al. (2013) 

looked at the CO2-CH4-H2 equilibria system and 

retrieved a vapour temperature between 200ºC and 

300ºC where most of the data lie within the 250ºC to 

300ºC range.  

 

1.2.4. Surface features 
 

Surface features found at Sulphur Springs were craters, 

bubbling pools, fumaroles, and streamlets. These 

features were dark to medium grey in colour and varied 

in dimensions. The pools ranged  from 2-4m in 

diameter to as large as 4-6 m in diameter. Whereas the 

craters were smaller approximately 2-4m in diameter. 

A film of fine clays remained suspended in the hot 

water reservoirs. Vigorous gas discharge was emitted 

from the centre of the bubbling pools and craters. Gas 

discharge was the greatest behind Witches Cauldron 

filling the atmosphere with dense vapours.  

 The fumaroles (3cm x 1cm to 4cm x 2cm in 

dimension) were haloed by yellow to dark green 

sulphur precipitates. Silicious sinters blanketed the 

surface of the geothermal system. 

 Clear waters still experienced gas discharge 

with calcium precipitates forming on the edge to the 

circular depression. Active stream sediments were 

present in both dark and clear waters. 

 

2. Methods 
 

Three days were spent in the field systemically 

collecting and bagging a total of 22 geothermal 

sediment samples from bubbling dark-grey muddy 

craters, pools, fumaroles, streamlets, Sulphur Springs 

River [figure], and background sediment samples 

from the banks of the main Soufrière River. An 

engineered sampling device with an extendable arm 

made sampling in the hot pools easier.  

 In the lab, three non-destructive analytical 

instruments were used to analyze all twenty-two 

samples: x-ray diffraction (XRD), x-ray fluorescence 

(XRF), and neutron activation (NA). To analyze the 

samples using these techniques required two weeks of 

sample preparation. The coarse material  was 

pulverized into a fine powder using the puck and mill. 

Through rotational grinding and variable particle 

abrasion, it is crucial to ensure that the consistency of 

the powder is uniform. Variations in grain size will 

result in falsely reported signals such as describing the 

presence of amorphous material. For instance, if the 

grain size fraction is too small, mineral and/ or 

elemental concentrations will be below the detectable 

limits for XRD. Conversely, when using XRF and the 

grain particles are coarse then it can damage the 

sample.  

 A 16 mm mesh was used to sift the 

background samples (from the Soufrière River) 

containing only sediments characterized by the 

geothermal signature. 

 For the preparation of the neutron activation 

analysis. Sample bags between weights of 0.180 g and 

0.220 g were created. The fine sample powders were 

Figure 3: Tectonic setting determined from N2/O2 

rations. E.P. Joseph et al. Chemical and isotopic 

characteristics of geothermal fluids from Sulphur 

Springs, St. Lucia. Journal of Volcanology and 

Geothermal Research 254 (2013) 23-36. 
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inserted into mini plastic bags - which were double 

bagged, sealed, and labeled with sample number and 

weight. All sample batches were irritated at McMaster 

University in Hamilton, ON, cooled at the University 

of Toronto’s Earth Sciences neutron activation lab, 

then counted using the gamma ray detector for the first 

7 days and re-counted after 46 days past. 

 XRF required pressed pellets (~2.5cm in 

diameter) for each of the samples. 3.00 grams of 

sample was weighed, moulded and compressed using 

boric acid to maintain the compact pellet. 

 The use of XRD was simple and fast. The fine 

powder was evenly compressed into the sample holder 

and was inserted directly into the instrument for 

analysis. After an hour of data collection the sample 

was ready to be changed. 

 X-ray diffraction analyzed major mineralizing 

elements for the dark grey sediments obtained from 

pools, craters, fumaroles and streamlets (samples SS-

14-01 to SS-14-12 and SS-14-16). X-ray fluorescence 

(XRF) also analyzed the major  mineralizing elements 

from all collected samples including the sifted 

fractions from the background. Neutron activation 

analyzed minor and trace elements for the same 

number of samples analyzed by the XRF. 

 Prior to this research no geothermal sediment  

geochemistry has been conducted at Sulphur Springs. 

X-ray diffraction has been used on SL-2 drill core 

samples as reported by Battaglia, S., et al., (1991),  

Joseph, P., et al., (2013) used gas chromatography for 

the analysis on the volcanic gas species and ion 

chromatography for the water geochemistry of Sulphur 

Springs.  

 

 

3. Results 
 
XRF analysis reported (as oxides) high concentrations 

of SiO2 (51.6% to 79.1%), Al2O3 (8% to 20.4%) and 

SO3 (7.3% to 82.3%)  with lesser but reasonable, 

amounts of Fe2O3 (0.1% hot 5.8%), Pb (5.2 ppm to 

10.4 ppm), Sr (84.8 ppm to 147.4 ppm), and Ba (298 

ppm to 435.7ppm) for the dark-grey geothermal 

sediments (samples SS-14-01 to SS-14-12 and SS-14-

16) collected from pools, craters, streamlets, and the 

main river where all discharged material converge 

downstream. Sulphur Springs clear water and 

Soufrière’s background samples have values within 

the same range except slightly more Fe, Ba, V and Sr 

concentrations and less SO3 and Pb.  

 The XRD analysis confirmed the presence of 

alumino-silicates and silica. Kaolinite was not detected 

because the scanning process began around 15º.  

 The NAA did not detect precious or base 

metals Au, Ag, Pt, Pd, Cu, or Ni. It did however detect 

high concentrations like 203Hg, 85Sr, 131Ba, 141Ce,  60Co 

and more common to all pools, craters and fumaroles. 

The concentrations are as follows mud pot sample (SS-

14-12): Ce141 (47.28ppm), Ba131 (637.1ppm), 

Hg203 (44.51ppm) and Sr85 (320.2ppm). The 

fumarolic sample (SS-14-11): Co60 (35.59ppm), 

Ba131 (105.4ppm) and Hg203 (100.0ppm). The 

Witches Cauldron (SS-14-10): Ba131 (452.1ppm), 

Sr85 (218.1ppm) and Hg203 (279.20ppm). Lake 

Placid sample (SS-14-08): Ba131 (297.2ppm), Ce141 

(21.57ppm) and Hg203 (44.08ppm). Lastly, The 

stream sediments (Sulphur Springs River) (SS-14-04, 

-05, -06) have  Hg203 (24.58 ppm to 35.70ppm). 

 The detection of rare earth elements are 

common in all geothermal systems the presence of 

relatively high mercury, present in some geothermal 

systems, becomes a public health issue once the 

element taps into the environment and most 

importantly the type of mercury that makes it 

hazardous to the communities and environment.  

 

4. Discussion 
 

With no detection of precious or base metals (Au, Ag, 

Pt, Pd, Cu, or Ni) and the degree of vigorous steam 

discharge, suggests that these mineral forming 

elements are at the base of the reservoir. 

 The x-ray fluorescence data is very similar to 

Vidal, P., et al. (1991) atomic absorption analysis on 

the dacites from sulphur springs as well as Lindsay, J., 

et al. (2013) whole rock major and trace elemental 

analyses from the Soufrière Volcanic Complex. 

Suggesting that the analyzed XRF data supports the 

notion of country rock leaching into thermal 

groundwaters. Clay sulphides are seen on site in the 

pools at Sulphur Springs, however are the particles are 

too small for the instrumental detectable limits.  

 Also the high mercury concentrations exceed 

the probable effective levels of contamination in non-

marine and marine sediments. The probable effective 

levels for non-marine sediments are 15-25 ppm and 

more than 22.9 ppm for marine sediments caused by 

industrial input (Canadian Council of Ministers of the 

Environment, 1999). In natural solids he level of 

mercury contamination is 0.7 ppm and the analyzed 

stream sediment samples (SS-14-04, -05, -06) surpass 

that level by 30 times. Accumulation of mercury 

bearing sediment into the main Soufrière River has 

potential health implications and should be looked 

into. 
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5. Conclusion 
 

Geological remapping of the area confirms that the 

Qualibou formation occurred before the development 

of the dacitic domes. The decrease of lithostatic 

pressure initiated the buoyant magma body to rise - 

contributing to the inflation of the domes.  

 Confirmation of its tectonic setting is due to 

the N2/O2 ratios. The high N2 values are contributed  

as  sediments are scraped into the wedge. H2S gas is 

the dominant species at Sulphur Springs and when 

interacting with thermal groundwaters acidic-sulphate 

waters develop.  Oxygen isotopes confirmed the fluids 

to be meteoric in origin.  

 Though very recently Sulphur Springs has had 

phreatic eruptions especially from Gabriel’s Crater no 

major eruptions will result. This location is degassing 

significantly not only at Sulphur Springs, but at 

Cresslands Springs and around the Soufrière Bay. 

Even though the magma body is 3km beneath surface 

(figure 2), there has not been addition of magma into 

the system because no significant changes in H2S or 

SO4 were observed. 

 Vidal, P., et al. (1991) atomic absorption 

analysis on the dacites from sulphur springs as well as 

Lindsay, J., et al. (2013) whole rock major and trace 

elemental analyses from the Soufrière Volcanic 

Complex are very similar to the reproduced XRF 

results. 

 Mercury is a crucial factor that developed in 

the later stages of this project. It can affect the mental 

state of man leading to schizophrenia, increased 

paranoia, and depression and should be regarded for 

further research. 
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1. Introduction 

 Studies of ancient sedimentary successions 

offer insight into the temporal and 

sedimentological conditions necessary for the 

successful preservation of both sedimentary facies 

and fossilized life therein. In particular, the now 

exhumed carbonate successions of Southern 

Namibia. The Nama group consists of interbedded 

siliclastic and carbonate units. My thesis will 

concentrate on carbonate members, (the Omkyk 

and Hoogland) in order to investigate the facies and 

provide sedimentological context for the 

fossiliferous units found within. 

 This thesis contributes new 

sedimentological and paleontological data from 

carbonate sequences of the Hoogland member, in 

the Kuibis subgroup, located in the Zaris subbasin. 

These carbonates play an important role in 

paleontological context for the region, and as the 

rocks contain Ediacaran fossils, this data is 

essential for further understanding of the regional 

and overall paleontological context of the strata. 

This analysis will be used to correlate specific 

fossiliferous units within the latest Hoogland, and 

specifically to interpret the paleoenvironmental 

conditions (i.e, facies) present during the during the 

evolution of the oldest skeletonized animal reefs 

(Wood et al, 2003). 

 Detailed field mapping and logging of 

several stratigraphic carbonate sections was 

performed in June of 2014.  Numerous (n=32) 

carbonate samples were collected and returned to 

the University of Toronto for sedimentological 

analysis. Thin sections were made and described. 

From this analysis and stratigraphic mapping, 

specific units were correlated to regional geology 

to interpret the regional temporal change, and local 

units can aid in correlating paleontological 

findings. 

 The findings from this analysis reinforce 

previous work on the region,in addition to 

identifying new facies linked with peculiar fossil 

preservation (S. Mason, thesis).  

 

 

 

Geologic Summary 2.1  

 The Neoproterozoic geology of Namibia 

contains a series of varied lithologies encompassing 

1000-541Ma. The Nama group is a 3000m succession 

of carbonate and siliclastic rock and is a foreland basin 

created by the Damara Orogeny (Germs, 1983). Its 

composition is gradational, starting with an initial 

siliclastic deposition originating from the orogeny, 

followed by interbedded siliclastic and shallow-marine 

carbonate layers prograding northwards. The final 

deposition occurred from orogenic deposition of silici-

clastic sandstone, following the closing of the Khomas 

Sea (Kukla, 1992).  

 The Nama group is contained within the Zaris 

and the Witzputz subasins, running 1000km NW-S. Osis 

Arch, the forebulge of the Damara orogeny, trending 

ENE, separates them and it essentially divides the two 

basins geographically. While the two basins share the 

Schwarzrand Subgroup and Fish River Subgroup, it is 

only after the deposition overcame the arch and 

continuous deposition across both subbasins was 

possible. Because of its proximity to the orogeny, the 

Zaris basin contains more siliclastic units prograding 

onto the carbonate units, a trend not as prevalent within 

the Witzputz (Miller, 2008).  

 Within the Zaris basin, there are three main 

subgroups dividing the group. The Kuibis subgroup is 

500-600m thick and subdivided into the Dabis and 

Zaris. Each sub-basin is stratigrapically different, and 

have different sequence stratigraphy in both. In the Zaris 

subbasin, three depositional sequences are found, 

denoted as K1-K5, in Saylor and colleauges, (1993). 

Within the Zaris formation, are the Hoogland and 

Omkyk members, the study area, two carbonate units 

overlain with the distal Urikos shale. The Hoogland-

Omkyk contact is only present in the west and north-

west part of the basin, where normally the Orikos shales 

overlay the Omkyk.  

 K2 to K4 are seen in the Omkyk and Hoogland 

members. Within the study area, the K2 boundary is 
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present. These sequences denote eustatic change. 

K2 is a sequence boundary in the upper portion of 

the Omkyk that denotes the presence of 

stramatolite and patch reefs from the fossil poor 

limestone. The reefs consist of stromatolites with 

major Cloudina and Namacalathus infill. The top 

of the biostrome is the contact between the Omkyk 

and the Hoogland.   

 The Hoogland member is a 300m 

succession with two sequences (K3 and K4) 

present. The lithology of the member has two 

major shoaling events with calcarenites, grainstone 

and shales, with the shales becoming sand rich 

towards the basin (Dibenedetto & Grotzinger, 

2005). In previous studies, the Hoogland has been 

interpreted as a storm dominated carbonate ramp, 

with interbedded fine-grained siliclastic shales, 

indicating a transgressive systems tract 

(Dibenedetto & Grotzinger, 2005). 

 These units contain exquisitely preserved 

carbonate skeletal fossils (Cloudina and 

Namacalathus) which are believed to have formed 

the first skeletonized animal reefs in Earth history. 

Schwardzrand subgroup is mainly composed of 

shale and sandstone in the Zaris basin.  

 

Methodology 2.2 

Field Work 2.2.1 

 The field area’s GPS co-ordinates are 

24°31'36.9"S 16°16'56.8"E. Sara Mason helped 

gather data. The fieldwork started by measuring the 

section from the base of the Hoogland to the 

maximum exposed unit of the upper Hoogland. In 

total, 43.25m of the Hoogland was logged. Units 

were described in 10cm intervals. As patterns 

emerged as I moved up section, I described general 

trends and unique facies in depth, while describing 

repeating sequences instead of individual units. 

Sampling occurred whenever there was a change in 

sequencing, as well as any unique facie not seen 

prior to. On average, sampling occurred every 

130cm, with a total samples collected being 28. 

 To gain a broader geologic context of the 

area, I mapped the upper portion of the Omkyk 

member, the stratigraphic unit directly below the 

Hoogland (Figure 1). There, a total of 17m was 

mapped, with an average of 350cm sampling 

interval. This unit was heavily dolomitized, and has 

less variation in lithology compared to the 

Hoogland, hence the sampling rate was lower. The 

total samples collected for this unit was 4. The younging 

direction for both units was horizontal to current 

topography, so as I moved up section, I was ascending 

up the topography. 

 

Lab Work 2.2.2 

 After coming back from the field, a 

stratigraphic column was drafted based on my field 

observations. Stratigraphic columns were made for the 

Hoogland and Omkyk members using Sedlog 3.0 and 

Corel Draw. Sedlog is an open-source software that 

drafts stratigraphic columns, and a colleague provided 

Corel Draw. Genus-specific symbols represent 

Cloudina and Namacalathus. 

 Thin sectioning was done based upon 

sedimentological and paleontological significance. 

Distinct facies, high quality fossilization, location in the 

outcrop and changes in sequencing were major factors 

in selecting which rocks would be thin sectioned. In 

total, 11 rocks were thin sectioned, providing 22 slides 

for analysis. I cut the large samples down to appropriate 

sizes for thick sectioning using University of Toronto St 

George campus’s rock saw on site. I purposely cut down 

stratigraphic columns to see lithology changes. The 

thick sections were sent to Queens University to get thin 

sectioned. Upon their return, the slides were analyzed 

and photographed for a more in depth understanding of 

the petrology and diagenetic alteration the samples 

underwent. All gathered samples were cut down 

stratigraphic section with the rock saw to expose an 

unaltered face for further facie analysis.  

  

2.3. Results 

2.3.1 Facies Definition 

 The concept of a facies applies to a wide variety 

of features found in sedimentary units, including grain 

size, composition, and digenetic alteration that make it 

distinct from surrounding strata. From comparing and 

contrasting facies and their position in section, temporal 

and stratigraphic inferences can be made 

(Krashennikov, 1968).  

  

2.3.2Hoogland and Omkyk Facie Description 

These facies correspond to the numbers in the figures 1 

and 3 below.  

 Facies 1: Mottled Laminates: Characterized by 

layers of fine lighter grained dolomitized mud, 

interbedded with dark, fine-grained dolomite 

rich laminae. Mottled texture is uneven 

laterally, making the dark unit discontinuous.  
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This facies is cyclic throughout the 

Hoogland and thins up section.  

 Facies 2: Intraclastic conglomerate: 

Consists of clast-supported, packstone, 

with dark, platy sub-horizontal clasts (1-

3mm wide and 1-7cm long). Occurred as 

an isolated bed (Fig. 1),. 

 Facies 3: Calcarenite: Evidence of tabular 

and trough cross-bedding, with coarse to 

fine grain clasts. Very diagnetically 

altered, to the point where recrystallization 

makes determining grain type difficult.  

 Facies 4:Massive Lime Mudstone: Present 

in the Omkyk, with heavy dolomitization 

present throughout.  

 Facies 5: Fossfiliferous grainstone: Units 

that contained stromatolites, Cloudina and 

Namacalathus. Heavily recrystallized and 

dolomitized.   

 Facies 6: Shales: Silica rich, typically 

recessive and interbedded between 

carbonate units. They are very thin units, 

being no thicker than 10cm. 

 Facies 7: Dolomitized Stramatolite: 

columnar stromatolites with Cloudina and 

Namacalathus in the infill. Fine grained 

and heavily dolomitized; with a trend of 

150° at the top of the member.  

 Facies 8: FeO conglomerate: Consists of 

matrix-supported, packstone, with 

oxidized sub-horizontal nodules (1-7mm 

wide and 5-7mm long). Occurred in the 

lower Hoogland  

2.4. Discussion 

 The Hoogland unit consisted mainly of two 

main sections, the heterolithic unit and a mottled 

laminate unit while the Omkyk has stromatolite 

reef systems at the Hoogland-Omkyk boundary. 

This suggests the reef was smothered, as indicated 

by the interbedded grainstone and shale eroded 

from orogenic sites. The fossiliferous grainstone, 

massive lime mudstone and fine-grained 

siliciclastic facies are suggestive of frequent 

orogenic deposition and we therefore infer a 

smothered reef. The Omkyk-Hoogland boundary 

also represents a conversion to a transgressive 

systems tracts (TST), where shales and carbonates 

are typically deposited (Grotzinger, 2000). The 

recessive base of the member is laterally diagnostic 

of the member, with continuity across over 10km 

(Dibenedetto & Grotzinger, 2005). It contains 

fossiliferous grainstones and minor inclusions of 

siliclastic shale and silt and intraclastic conglomerates. 

The inferred water depth is also the deeper in this 

section, compared to the lithology higher up section, as 

seen with the mottled laminates being more laminated 

than the facies in this unit. Additionally, average bed 

thickness for this unit is thinner than the mottled 

laminate unit above. Bed thickness is inversely 

proportional to water depth, indicating this unit was in 

deeper water upon deposition (Dibenedeitto, & 

Grotzinger, 2005).   

 The upper portion of the unit gradually 

transitions from the heterolithic unit into exclusively 

mottled laminates (facies 1), as seen in figure 3. The unit 

consists of aggradational parasequences. At cm scale, 

microbial mats created the mottled appearance of the 

laminates, caused by carbonate mud progradation.  

 It is also interesting to note the presence of 

fossils decreases in concentration in the younging 

direction. They are not present in mottled laminates.  

 

2.5. Concluding remarks  

 Sedimentological analysis is essential for a 

more comprehensive understanding of the paleontology 

of the region. The Nama group is host to excellently 

preserved Ediacaran biota and sedimentological context 

is necessary to properly analyze the preservation and 

living conditions of these fossils. From this analysis, 

temporal conditions can be extrapolated for further 

insights into the preservation of the Ediacaran fauna.  

 

3.1. Figures and Tables  

 
Figure 1: The conglomerate facie, with sub-horizontal, 

consistent trending clasts with a mudstone matrix.  
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Figure 2: A large scale location map of field 

location.  

 
Figure 3: The stratigraphic column of the Omkyk 

member, below the Hoogland. The member is 
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extensively dolomitized, with stromatolites present 

and Clouding and Namacalathus fossils as infill in 

between.  
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INTRODUCTION 

Naraoiids are a family of arthropods that were 

present in the early Palaeozoic, fossils have been found 

from the Cambrian to Silurian. Naraoiid fossils are 

abundant in both the Burgess Shale Lagerstätte in 

British Columbia and the Chengjiang Lagerstätte in 

China, but only the genus Naraoia was reported so far 

to be common to both of these localities (Chen et al. 

1997,  Zhang et al. 2007). The genus Misszhouia, 

established from Naraoia longicaudata (Chen at al. 

1997), was regarded as endemic to the Gondwanian 

plate during the Lower Cambrian, which makes the 

appearance of M. kootenayensis sp. nov. during the 

Middle Cambrian on the Laurentian plate a striking 

find. 

This research emphasizes two points. Firstly, 

that Misszhouia kootenayensis sp. nov. more closely 

resembles the genus Misszhouia than Naraoia based 

on its carapace dimensions, a character which we 

establish as a potential distinguishing trait for this 

genus. Secondly we argue that M. kootenayensis sp. 

nov. is separated from the species Misszhouia  

longicaudata by its more extensive digestive system 

(diverticulae) beneath the cephalic shield, and a 

distally tapering trunk. 

 

GEOLOGIC AND TAPHONOMIC SETTING 

The new material was discovered by a Royal 

Ontario Museum team, with the help of an 

international team of researchers (Caron et al. 2014), 

during exploration of new escarpments of the Stephen 

formation in Kootenay National Park approximately 

40 km Southeast of the Walcott Quarry. The new 

naraoiid fossils were collected from talus along the 

debris slopes at both Marble Canyon and Mt. 

Whymper. The material is likely derived from a 

horizon below the quarried interval at Marble Canyon, 

as naraoiids were found only in the talus and were not 

collected from the quarry, suggesting a different 

ecological make up between beds. The stratigraphic 

position of the Stephen formation in conjunction with 

the specific trilobite fauna located therein, indicate that 

the Marble Canyon locality is the youngest part of the 

Burgess shale located so far (Caron et al. 2014). 

 

MATERIALS AND METHODS 

Detailed observations were made of the 

morphologies of the fossils using a Nikon SMZ 1500 

stereomicroscope. The Nikon microscope is equipped 

with a camera lucida, which was used to produce 

Figure 1 of Holotype specimen 2014-008NC. During 

the analysis process, the use of a low angle light source 

in conjunction with Ammonium Chloride (NH4Cl) 

powder to eliminate fossil matrix was used to highlight 

details preserved three dimensionally. The cephalic 

and trunk lengths of M. kootenayensis sp. nov. are 

compared to those of M. longicaudata from Zhang et 

al. (2007), in Figure 2.  X.L. Zhang et al. could not be 

reached for the original data set, so sample data points 

were obtained from figure 31.3 in their 2007 

publication.  

 

RESULTS 

Abbreviations 

A Anus 

AC Anterior Caeca 

AGD Anterior Gut Diverticulae 

An Antennae 

C1-4 Anterior Caeca numbered 

CS Cephalic Shield 

CTM Cephalon-Trunk Margin 

En Endopod 

Exopod Ex 

FL Frontal Lobes 

G Gut 

Hy Hypostome 

M Mouth 

TC Trunk Caeca 

TOM Trunk Outer Margin 

TT Trunk Tapering Posteriorly 

Se Setae 
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Table 1: Camera Lucida abbreviations for Figure 1. 

 

FIGURES

 
Figure 1: Misszhouia kootenayensis sp. nov. A camera 

lucida drawing of ROM specimen 2014- 008NC,  

Holotype, from Mt Whymper locality. Note the 

extensive anterior digestive system (gut diverticulae), 

the ovate dimensions of the cephalon (head shield) and 

the tapering posterior shield. Light source from N. 

Abbreviations for above characters listed in Table 1. 

 

 

 

Figure 2: Trunk length as a function of cephalon 

length in M. kootenayensis sp. nov. from Marble 

Canyon, vs. M. longicaudata from Chengjiang and 

Haikou localities, data from Zhang et al. 2007 (Table 

2). Trunk length is 2-2.5 times, the cephalon length on 

average.  

 

DISCUSSION 

The most distinct characteristic relating M 

kootenayensis sp. nov to M. longicaudata are the 

dimensions of the carapace, which were first noted by 

Zhang and Hou (1985) as a feature distinguishing the 

Misszhouia  genus from the Naraoia  genus. Zhang and 

Hou pointed out that M. longicaudata has a trunk 

shield that is considerably longer antero-posteriorly 

than the cephalic shield. Additionally Zhang and Hou 

noted that the cephalon of M. longicaudata is semi-

circular in shape, and that the coronal width is greater 

than the maximum transverse width of the posterior 

shield. These characteristics align closely with all the 

specimens of M. kootenayensis sp. nov. which have a 

posterior shield 2-2.5 times longer than the cephalic 

shield. 

The morphometric analysis (Figure 2) 

illustrates that on average the relative dimensions of 

the carapace of M. kootenayensis sp. nov. are very 

similar in length to those of  M. longicaudata from the 

Chengjiang Lagerstatten, which supports our 

hypothesis that  M. kootenayensis  sp. nov. belongs in 

the  Misszhouia  genus. In both M. kootenayensis sp. 

nov. and M. longicaudata the trunk length to cephalon 

length ratio is 2:1 or greater, which is distinct from 

other Naraoiid species. This aspect differs appreciably 

from naraoiids such as N. compacta and N. bertiensis, 

which bear shields that are equal in length or where the 

cephalon exceeds the trunk, respectively (Caron et al. 

2004, Zhang et al. 2007).   

M. kootenayensis sp. nov. is distinguished 

from M. longicaudata by two characteristics. In M. 

longicaudata the gut is restricted to the axial region 

beneath both the cephalic and trunk shields. In 

particular the cephalic gut caeca are present in 

confined clusters and do not extend distally into the 

cephalon (Chen 1997, Vannier 2002 fig 3c). However 

in M. kootenayensis sp. nov. the caeca extend laterally 

in an arborescent pattern, filling the cephalon with 

ramifying diverticulae that terminate blindly (Figure 

1). Secondly M. kootenayensis sp. nov. differs from M. 

longicaudata, in the distal tapering of its trunk, which 
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narrows posteriorly more sharply than the trunk of  M. 

longicaudata.  

Differences in gut morphology can indicate 

differences in ecology and are decoupled from 

phylogenetic constraints, providing the opportunity for 

us to interpret the lifestyles of these organisms. 

Naraoiid digestive systems have been explored to 

some depth by Vannier and Chen (2002), who propose 

that the contrasting gut morphologies of Misszhouia 

longicaudata and Naraoia are closely linked to their 

lifestyles. They suggest that the extensive anterior 

diverticulae seen in N. compacta and N. spinosa could 

serve to produce digestive enzymes as well as provide 

space to store food. Vannier and Chen (2002) compare 

the digestive structure of naraoiids to those of existing 

marine crustaceans, and show that current analogs bear 

extensive gut diverticulae that function mainly to 

produce digestive enzymes and other secretory 

products, which supports the notion that the anterior 

diverticulae of Naraoia and M. kootenayensis sp. nov. 

served a similar function. These are traits that point to 

the lifestyle of an opportunistic feeder or an organism 

that does not feed regularly, which suggests a 

scavenging ecology. 

This contrasts with M. longicaudata, which is 

distinguished from Naraoia, and M. kootenayensis sp. 

nov. by its confined anterior gut caeca, indicating 

different feeding habits. M. longicaudata was 

suggested by Chen et al. (1997) to have fed more 

regularly than other Naraoiids and may not have 

needed the same gut volume to store food, nor the same 

volume of digestive enzymes, (Vannier and Chen 

2002) hence its simplified gut architecture. 

Conclusion--  Misszhouia kootenayensis sp. nov. has 

been identified as a new species within the Misszhouia 

genus. It is distinguished from Naraoia by the 

dimensions of its carapace which closely resemble 

those of Misszhouia longicaudata, where the posterior 

shield is 2-2.5 times longer than the cephalic shield. 

Furthermore M. kootenayensis sp. nov. is distinguished 

from M. longicaudata by its extensive anterior-most 

pair of gut diverticulae, and its distally tapering trunk. 

In particular the appearance of Misszhouia 

kootenayensis sp. nov. in the Burgess Shale marks the 

first time that Misszhouia has been found outside of 

China, significantly extending the longevity of this 

genus from the first appearance of M. longicaudata 

during the lower Cambrian (Zhang et al 2007), to M. 

kootenayensis sp. nov. in the middle Cambrian. 

The presence of a more robust digestive 

system in M. kootenayensis sp. nov. suggests that it 

could have been an opportunistic feeder, driven by a 

scavenging ecology. These changes in morphology 

point to a shift in the ecology of the Misszhouia genus, 

across a very large spatial and temporal range. We 

maintain that this trait does not necessitate the erection 

of a new genus because gut architecture is a 

homoplastic and ecologically driven trait that shows 

variability among species and within species, while the 

relative carapace dimensions of the new fossils firmly 

place the kootenayensis species within the Misszhouia 

genus. 

A next step for this study will be to conduct a 

phylogenetic analysis of the Naraoiid clade in its 

entirety. The most recent analysis was conducted in 

2004 (Caron et al.), and since then two species 

including (M. kootenayensis sp. nov.) have been 

discovered, with the likely possibility of an additional 

species from as yet undiagnosed material from Marble 

Canyon. A phylogenetic analysis will allow us to test 

whether the characters we have identified here as 

diagnostic traits for M. kootenayensis sp. nov. are 

sufficient for strengthening the Misszhouia genus, and 

for describing the kootenayensis sp. nov. species.  
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1 Introduction 

 
Ground Penetrating Radar (GPR) is a geophysical 

method that uses electromagnetic (EM) radar pluses to 

image a sub-surface. The radar pluses reflect off of 

different sub-surface material boundaries and by 

measuring the time difference between pulses and 

reflections an image of the sub-surface can be 

generated. Bathymetry is the measurement of water 

depth in oceans, seas, and lakes. Bathymetric images 

can be generated by compositing multiple passes of 

GPR data to create water depth contour lines based on 

reflections from water-sediment interfaces. This 

method was used to create a bathymetric map of Lake 

Ogilvie in Deep River. A waterborne geophysical 

study was designed to determine if ground-penetrating 

radar is a feasible means of mapping small bodies of 

water where sonar cannot be deployed. 

 

1.1 Research site location 

 

A waterborne GPR survey was conducted on private 

property belonging to Stella and Doug Ogilvie near 

Meilleurs Bay in Deep River, Ontario. The Ogilvie 

property has been used for several years as a teaching 

and laboratory site for Professor Grant Ferris and 

Charly Bank from the University of Toronto. 

 The study area is 10 km NW of the town Deep 

River, which is approximately 250 km NW of Ottawa 

(Figure #1). A Ground Penetrating Radar survey was 

conducted across Lake Ogilvie (46° 9'51.46"N, 

77°37'20.30"W) by placing the equipment into the 

bottom of a canoe. The size of the lake is roughly 250 

meters by 100 meters and the entire lake was surveyed. 

↑N 

Figure #1. Satelitte image of the study area. The 

Ottawa River can be seen in the NE corner of the 

image; Lake Ogilvie is the SW elongated water body. 

The escarpment is in the S end of the valley.  

 

1.2 Regional geology 

 

The topography of the study area forms a bowl-shaped 

valley confined to the south by a 40 meter high 

escarpment and opening towards the Ottawa River to 

the North. In the mid 19th century Lake Ogilvie was 

part of a logging lake system, but closed off as a result 

of the construction of the Trans Canada Highway. The 

study area lies within the Ottawa-Bonnechere Graben 

(rift valley) formation (Catto et al. 1982). Lake Ogilvie 

is located in the Grenville Province of the Canadian 

Shield. The stratigraphy of the area consists of a layer 

of gneiss bedrock, followed by layers of 

unconsolidated Quaternary glacial sediments of till 

and clay with alluvial sands on top, which were 

deposited approximately 11 300 years ago as the 

Laurentide Ice Sheet retreated (Catto et al. 1982). The 

regional climate is humid continental, with an average 

annual precipitation of approximately 800 mm. Studies 

of the water budget in the study area have shown that 

approximately 37 % of the precipitation contributes to 

the groundwater recharge or runoff (Catto et al. 1982). 
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2.  Methodology  

 

2.1 Ground penetrating radar 

 

A GSSI SIR-3000, 400 MHz antenna was used for the 

survey. Radar profiles were collected on a time basis 

while moving over the lake at as close to a constant 

speed as possible. This setting sends constant 

transmitting electromagnetic pluses into the ground, 

which are recorded to generate continuous profiles of 

the sub bottom layer of the lake.  The scan sample per 

units was set to 2048, which sets the number of data 

samples in a vertical scan. The scans per units 

parameter was set to 50, which determines the 

horizontal sampling along the ground. The bit sample 

per unit was 16 bits, which determines the dynamic 

range of the data. Signal was recorded to a maximum 

depth of 250 ns. The dielectric constant used to convert 

two-way travel time to depth was 80.4 (Fresh Water). 

The gain was set to AUTO, which allows the system 

to automatically set a gain curve function based on the 

data input. A simple three point gain was applied as the 

default function of the GPR console. 

 

 After the control console was setup, the GPR 

antenna was placed in the bottom of a fiberglass canoe 

and paddled across Lake Ogilvie in straight lines 

crossing the lake in a grid like fashion. A Global 

Positioning System (GPS) device was used to record 

the Easting and Northing coordinates at both the 

starting and ending locations for each GPR line, which 

can be seen in Table 1. A cellphone stopwatch was 

used to record how long it took to paddle the GPR unit 

across the lake for each GPR line (Table 1). The lake 

crossing time was recorded because the survey wheel, 

which usually assigns distance to radar profiles, could 

not be used over the lake. After the survey was 

completed, the GPR files were downloaded from the 

console and uploaded to a computer. The GPR files 

were then processed in the program MATLAB, where 

scripts were used to convert the raw data into 

radargrams. The radargrams where then used to create 

water depth point locations for each of the GPR lines. 

After all of the radar reference points were located on 

the radargrams, another MATLAB script was used to 

compile all the GPR data point locations into a 

bathymetric contour map showing the variations in 

water depth of Lake Ogilvie.  

 

 
Table 1- GPR survey lines, GPS coordinates, and 

travel times for each line. 

 

2.2 Plumb line  

 

A plumb line test was performed to measure the depth 

of Lake Ogilvie at various points, which can be seen in 

Table 2.  

An aluminum boat was paddled out to various 

spots on Lake Ogilvie and anchored. Once the boat was 

anchored, a weight attached to rope was lowered into 

the water to ensure that it is plumb. A depth 

measurement was taken from the rope and a GPS 

device was used to record the Easting and Northing 

coordinates of the measurement, given in Figure 2. 

 

 
Table 2- Plumb line GPS coordinates, depth, and 

assigned location point numbers for MATLAB. 

 

Survey Lines: GPS coordinates: Start GPS coordinates: End Time (s) Direction

Easting (Ea), Northing(Na) Easting (Eb), Northing(Nb)

File #30 0297612, 5115663 +/- 9m 0297498, 5115629 +/- 27m 207 west

File #31 0297507, 5115631 +/- 9m 0297619, 5115697 +/- 12m 157 east, north of last line

File #32 0297603, 5115709 +/- 7m 0297496, 5115631 +/- 11m 203 west, north of last line

File #33 0297495, 5115658 +/- 6m 0297611, 5115689 +/- 12m 160 east, north of last line

File #34 0297606, 5115713 +/- 7m 0297472, 5115678 +/- 17m 205 west, north of last line

File #35 0297476, 5115689 +/- 10m 0297588, 5115722 +/- 16m 160 east, north of last line

File #36 0297603, 5115735 +/- 17m 0297468, 5115699 +/- 8m 189 west, north of last line

File #37 0297516, 5115599 +/- 11m 0297622, 5115636 +/- 5m 156 east

File #39 0297545, 5115583 +/- 5m 0297621, 5115626 +/-5m 150 east

File #40 0297624, 5115615 +/- 8m 0297540, 5115566 +/- 7m 158 west, south of last line

File #41 0297538, 5115560 +/- 19m 0297615, 5115574 +/- 6m 168 east, south of last line

File #42 0297621, 5115570 +/- 8m 0297560, 5115522 +/- 5m 113 west, south of last line

File #43 0297565, 5115518 +/- 7m 0297630, 5115541 +/- 8m 103 east

File #44 0297627, 5115534 +/- 5m 0297586, 5115515 +/- 5m 93 west

File #45 0297586, 5115503 +/- 5m 0297634, 5115516 +/- 4m 110 east

File #46 0297632, 5115504 +/- 8m 0297567, 5115753 +/- 7m 369 north

File #47 02975560, 5115752 +/- 5m 0297631, 5115752 +/- 5m 357 south

File #48 0297618, 5115505 +/- 6m 0297537, 5115751 +/- 16m 374 north

File #49 0297514, 5115759 0297573, 5115538 303 south

File #50 297597, 5115659 +/- 5m 0297503, 5115627 +/- 8m 137 west

Northing Easting Depth (m) Plumb Point 

5115724 297513 2.35 0

5115726 297482 2.27 1

5115693 297487 2.29 2

5115681 297510 2.08 3

5115686 297547 2.35 4

5115689 297582 2.19 5

5115664 297614 1.43 6

5115636 297596 2.2 7

5115628 297543 2.1 8

5115594 297552 2.16 9

5115598 297590 2 10

5115588 297608 2 11

5115555 297600 1.9 12

5115525 297571 1.38 13

5115511 297578 1.14 14

5115506 297604 1.2 15

5115503 297634 1.1 16
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Figure 2- Plotted plumb line points of Lake Ogilvie 

with GPS coordinates along the x and y axis. Scale bar 

represents water depth. 

 

3.  Results 

 

 
Figure 3- Radar profile showing two way travel time 

and time of recording of a traverse across the lake. 

 

 
 

Figure 4- Radar profile of Lake Ogilvie with TWTT 

converted into meters.  

 

 
Figure 5- Radar profile image of Lake Ogilvie with 

picked radar reference points of water depth in meters 

and corresponding collection time. 

 

The collected GPR data showed very clear, distinct 

signal reflections between the sub-bottom layers of 

Lake Ogilvie. Figure 3 is the raw GPR cross-sectional 

profile showing the two-way-travel time (TWTT) of 

the electromagnetic (EM) signal and recording time of 

a radargram. In Figure 3, the TWTT of zero represents 

the water surface of the lake and the starting point of 

the GPR line. All of the radargram traces were 

processed with MATLAB to convert the TWTT into 

depth by using the dielectric constant of fresh water 

(80.4) (Conyers, 2004). Figure 4, shows the GPR 

profile with the TWTT converted into depth in meters.  

 

In Figure 4, moving from left to right in the 

graph, at a depth 0.5 meters, we see the subsurface of 

the shoreline, which tappers off around 2 meters to a 

terrace. The sub-bottom drops again at around 2.8 

meters, and continues to fluctuate. The GPR trace in 

Figure 4 shows two clear signal variation boundaries. 

The first boundary is the faint blue line (500-600 ns), 

which possibly indicates the detritus layer of the lake 

and the second boundary is the thick, dark blue line 

underlying the fainter boundary, which is suspected to 

be the sand or till layer of the lake sub-bottom.  

 

Figure 5 is the same GPR cross-sectional trace 

as Figure 4, but with picked radar reference points 

added to denote the boundary between the water and 

the first visible layer of the lake bottom. All the GPR 

survey profiles had radar reference points picked for 

their corresponding depths. Radar reference points 

denote varying water depths and distances, which is 

determined by using starting and ending GPS 

coordinates for any given GPR survey line. 
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Figure 6- Bathymetric map of Lake Ogilvie with GPR 

survey points, Easting and Northing GPS Coordinates 

along the x and y axis. Colour bar represents water 

depth. 

 

 
Figure 7- Bathymetric map of Lake Ogilvie with 

plumb line points in black.  

 

Figure 6 is a bathymetric contour map of Lake 

Ogilvie with the picked radar reference points 

corresponding to the GPR survey lines gridded on top. 

The radar reference points for any given GPR survey 

line and their starting and ending GPS coordinates 

determine the bathymetric contour map, which fills the 

contour lines using linear interpolation to represent the 

varying depths along the bottom of the lake. The depth 

was calculated to vary over a range of 0.5 m to 3 m.  

 

Figure 7 is a bathymetric map of Lake Ogilvie 

with plumb line points overlain on top. This 

bathymetric contour map is determined by the plumb 

line depth measurements, which is then linearly 

interpolated to represent the varying depths for each 

plumb measurement. The water depths for the plumb 

line vary from 1.2 m to 2.4 m.  

 

The water volume of Lake Ogilvie was 

calculated by interpolating the GPR bathymetric depth 

data into a grid and summing each cell value. The 

water volume of Lake Ogilvie is       51, 763m3 with an 

average depth of 2 m.  

 

4.  Discussion 

 

Despite the fact that conducting geophysical surveys, 

in particular GPR on small bodies of water, is still a 

relatively unexplored application of GPR (Lin et al. 

2009; Sambuelli and Bava, 2012), our study on Lake 

Ogilvie produced very clear and unambiguous data. 

The majority of the GPR cross-sectional profiles 

showed very distinct signal reflection boundaries 

between the sub-bottom layers of Lake Ogilvie, which 

can be seen in Figure 3. Boundaries between near 

surface objects and sub-bottom layers were easy to 

discern, which made it easier to analyze the data and 

select the correct sub-bottom layers to use for the 

bathymetric contour map. There are two clear signal 

variations along the sub-bottom of Lake Ogilvie: the 

detritus and the sand and/or till layer. 

 

Sub-surface objects such as boulders or tree 

roots and stratigraphic layering of different materials 

will cause variations in signal reflections that are 

picked up by the GPR antenna. The reflected signal is 

recorded in two-way-travel time, which indicates the 

depth of the subsurface layers by their unique velocity 

signatures. It is thought that the GPR survey worked 

very well because of the natural composition of Lake 

Ogilvie. It is a fairly calm, fresh water lake with 

detritus, sand and/or till layers, which all have a 

relatively low conductivity. 

 

The GPR successfully mapped the bottom of 

Lake Ogilvie showing that the use of GPR in a canoe 

is an effective geophysical method for conducting a 

sub-surface survey on a small body of water. By 

comparing the plumb line depth measurements to the 

GPR results, we were able to verify our depth 

measurements. The comparison of the bathymetric 

maps created from each method shows that their 

measurements are the same. The bathymetric contour 

maps provide an excellent tool to visualize the water 

depth and volume of Lake Ogilvie. The bathymetric 
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map created by the collected GPR data describes a very 

accurate picture of the bottom of Lake Ogilvie. 

 

Although, the study produced good results 

there were some limitations. The GPS tool we used 

during the study was a basic handheld device, which 

had difficulties producing accurate coordinate 

readings, perhaps attributed to the poor satellite signal 

quality while working in and around the forest canopy. 

At times, the GPS device produced readings that were 

off by a range of 5 to 27 meters. The plumb line 

measurements were not taken simultaneously with the 

GPR survey. The plumb line test was carried out on a 

different day than the GPR survey and measurements 

were taken at random locations across Lake Ogilvie. 

As a result, only a few plumb line data points perfectly 

align with the GPR lines which forced us to rely on 

interpolated data for the comparison. Our study had a 

relatively small sample size for both the GPR and 

plumb line points. The GPR survey consisted of 20 

lines and the plumb test had 17 data points.  Their 

coverage can be seen in Figures 6 and 7. Lastly, no 

sediment cores or core data were collected or analyzed 

for this study, which would have provided precise 

insight into the sedimentology of Lake Ogilvie. 

 

5.  Concluding remarks 

 

High quality geophysical survey data was collected at 

the Ogilvie property that showed that GPR surveys are 

effective and feasible when carried out on small bodies 

of water where sonar is not ideal. By collecting clear, 

ground penetrating radargram profiles, a very accurate 

bathymetric contour map was created. By comparing 

the plumb line depth measurements to the GPR results, 

we were able to verify the depth of Lake Ogilvie. It 

was also an excellent opportunity to learn through 

collecting and analyzing data. 

 

 Although, GPR surveys on a small, fresh water 

lakes are a relatively uncommon (Lin et al. 2009; 

Sambuelli and Bava, 2012), additional surveys could 

be performed at similar sites such as tailing ponds 

where they could serve as useful tools in determining 

depth of subsurface layers, water volume, and 

sedimentation rate of erosion and deposition. If 

performing a similar survey, it is recommended to 

invest in a GPS device, which would be used to 

accurately take measurements of the start and end 

coordinates, as well as continuously track distances 

while paddling the GPR antenna across the lake. 

Another important suggestion would be to set up a 

permanent reference line that stretches across the body 

of water and is fixed into the ground at either end of 

the shoreline. This would ensure that multiple surveys 

such as GPR, resistivity, plumb line, and sediment 

coring could be conducted along the same reference 

line, which would make for a better comparison of all 

the data. In addition to the reference line, a coarse 

fraction analysis of lake sediments from cores would 

be helpful in verifying the compiled geophysical 

measurements. Core sampling of lake sediments is a 

useful tool to determine the coarse fraction 

particulates, usually larger than 125µm, as well as the 

depositional depth which is usually dependent on the 

size of the core used (30 to 60 centimeters).  

 It is important to note that bathymetric maps 

use a linear interpolation of data points, and their 

accuracy greatly depends on how many data points are 

collected. This means that the more data points that are 

collected on the surveyed water body, the more depth 

or sediment variations you will be able to accurately 

represent on the bathymetric map. Even though our 

study collected twenty GPR lines, we had limited 

plumb line measurements and future surveys will need 

to collect more data points for analysis. 
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Magnetic Survey Report on the Burnt Bush Region, Cochrane Ontario  

By: Jonathan Warner and Professor Charly Bank  

Department of Earth Sciences, University of Toronto                                         April 2015 

Introduction 

 

A walk magnetic survey was conducted in the Burnt 

Bush region ON. in order to identify and map highly 

magnetic subsurface structures. Rocks containing iron 

are often highly magnetized and are often associated 

with gold deposits (Poulson 1996).  

     Burnt Bush is located approximately 200km from 

Cochrane ON. The magnetic grid surveyed was 

specifically located in a swampy forest of alders and 

immature dense coniferous trees.  

   Our survey measured the magnetic susceptibility of 

the subsurface of an area of 1.1km2. This area will be 

referred to as the C-bank Grid. The primary focus of 

this survey was to obtain geophysical information in 

order to direct future gold exploration strategies.  

   The existence of nearby known gold occurrences 

and favorable geologic structures drove this project 

forward. It is important to note that geological 

interpretations of the study are solely based on 

geophysical data and distal diamond drill cores 

because the bedrock does not outcrop in the C-Bank 

grid.  

   After the geophysical survey was complete several 

interpolation techniques were employed in order to 

interpret the data collected during the survey. This 

report demonstrates that the “natural neighbor” 

interpolation technique is best suited to interpret the 

data collected.  

 

Methods 

 

The survey utilized a portable magnetometer in order 

the measure differences in the Earth’s magnetic field 

underneath the C-Bank grid. This information was 

measured against a nearby stationary bay station that 

measured total magnetic field variances in the Earth’s 

magnetic field. The portable magnetometer was 

carried over a grid that consisted of seven grid lines 

oriented north-south and two east-west.  

   The magnetometer was programed to take 

continuous measurements of the earth’s magnetic 

field every second as we walked. While the stationary 

bay station measured variations to the total magnetic 

field every four seconds. The grid lines were spaced 

between 100-200m apart. Lines were walked as 

straight as possible. However, waterways and thick 

brush prevented precise walking lines.  

   Although data was collected every second, for the 

purposes of interpretation only every fifth data point 

was included in the interpreted data set. This helped 

to eliminate duplicate data points. Additionally, 

eliminating four out of every five data points did not 

cause errors to the final results.  

   Four mapping interpolations were applied to the 

data collected. The natural neighbor method gave 

forth the most competent results. Whereas the nearest 

neighbor, linear, and cubic interpolations displayed 

improbable results.  

   Finally an upward continuation was applied to the 

natural neighbor interpretation in order to better 

compare the results to the survey published on the 

OGS website. This comparison helped to demonstrate 

the accuracy of the C-Bank grid survey.  

   The OGS acquired their magnetic maps from 

surveys flown at a height of 30m (OGS 2014). Thus, 

a filtering technique referred to as upward 

continuation was applied. The upward continuation 

filter manipulated the walk magnetic measurements 

taken on the C-Bank grid to appear as if they were 

measured at a height of 30m.   

 

Discussion 

 

Although geological maps are available online, the 

geology beneath the C-Bank grid is ambiguous. A 

single outcrop on the property has yet to be 

discovered. However, regional geologic 

interpretations and maps created by the OGS have 

been produced using geophysical data distal 

outcroppings and drill hole logs. The OGS describes 

the geology beneath the C-Bank grid as meta-

volcanics, intercalated with altered grey-wacke/meta-

sediments. Figure-1 displays a geological map of the 

area underlying the C-Bank walk mag grid lines in 

Image-A and the grid areas magnetic signatures in 

Image-B. 
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Image A                Image B 

 
Figure-1: Image A outlines the C-Bank grid lines over its geology and compares the bedrock 

geology and the surveyed gridlines to its magnetic signatures as mapped by the OGS in Image B 

(OGS 2014). 

 

The four interpolation techniques that were 

employed to interpret data were: the natural 

neighbor, nearest neighbor, cubic and linear 

techniques. The natural neighbor 

interpolation is featured because it represents 

the most likely natural signature of the earth’s 

magnetic fields. The changes in magnetism in 

the natural neighbor map in Map-A of figure-

2 are smooth, subtle and appear natural. 

Figure 2 shows the four interpolation 

techniques utilized.   

 

Map A                               Map B                  Map C                         Map D 

    
 

 

Figure-2: Map A The results of the natural neighbor interpretation. The black lines are 

representative of the grid lines walked. This interpolation technique uses the values of nearby 

points to calculate output data. The natural neighbor algorithm provides the smoothest 

approximations. Map B The linear gridding technique, the transition between magnetic changes 

do not appear to be as natural as those exhibited on the natural neighbor interpolations. Maps C 

and D The cubic and natural neighbor gridding techniques. These results display the most 

unnatural magnetic signatures. The transitions between colors appear to be too sharp and erratic, 
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additionally very small anomalies are peppered throughout the cubic grid. Ultimately, it is very 

unlikely that Maps C and D represent the true nature of the earth’s magnetic field. 

The strength of magnetic signals depends on 

their distance from the source. The further an 

anomaly is from the source the smaller the 

amplitude of the magnetic wavelength. Thus, 

as we move farther away from the source we 

are losing the small wavelength components 

of the field. Upward continuation is a filtering 

technique that will make the walk mag data 

appear like it was taken at distance from the 

source. In order to better compare results with 

OGS publications a vertical continuation of 

30m was applied. Figure-3 illustrates the 

difference between magnetic signal strengths 

at surface and after the upward continuation 

was applied. 

 

 

Image A      Image B 

 
UTM COORDINATES EASTINGS 

 

Figure-3: Image A The natural neighbor magnetic signatures of the C-Bank grid after the 

upward continuation is applied. The transition between colors is smoother than before the filter 

was applied.  Image B The C-Bank Grid’s magnetic signatures differ before and after the upward 

continuation is applied. The red line represents the grid’s magnetic signatures after the filter was 

applied, while the blue line represents the surface measurements. Note how the red line is 

smoother because it is measured farther from the source and therefore the smaller amplitude 

wavelengths are lost causing fewer spikes in the line.  

 

Conclusions 

 

The largest anomaly on the map occurs in the 

NE quadrant of the measured area. This 

feature mirrors the OGS’s publication and 

indicates that our techniques can be used for 

future accurate exploration. Another striking 

feature on the C-Bank grid is a large “Z” 

shaped green structure that may be 

interpreted as a fold. This may indicate that 

the property possesses complex geology, 

which is favorable for gold discoveries. 
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However, the OGS maps do not display this 

structure. Thus, further walk magnetic 

surveys at tighter than 100m line spaces are 

recommended in order to identify other 

structures that OGS maps do not display.  

 

References 

1. Ontario Geological Survey Earth (OGS Earth), 

Ontario Ministry of Northern Development, 

Mines and Forestry, 2014. 2. Poulsen,K.H. 

Lodegold: & Geology of Canadian Mineral 

DepositTypes,(ed.) O.R. Eckstrand, W.D. 

Sinclair, and R.I.Thorpe; Geological Survey of 

Canada, Geology of Canada, no. 8,p. 323-328 

(alsoGeologica1 Society of America, The 

Geology of North America, v. P-1) 

Acknowledgments: Stake-holders of  

MISTIKO MINING INC. 



37 

 

 

1. Introduction 

The geochemistry of pristine aquifers is often 

overlooked as much attention is given to the behavior 

of contaminated aquifers for the purposes of 

remediation.  This has led to a poor understanding of 

the natural processes within pristine aquifers 

(Goldscheider et al. 2006; Shirokova & Ferris 2013).  

For example, only a few decades ago it was believed 

that an absence of light and scarcity of nutrients meant 

that pristine groundwater systems were practically 

devoid of life.  More recently, it has been found that 

microbial communities thrive on substrate sources of 

chemical energy in a variety of untouched aquifers 

(Shirokova & Ferris 2013; Stevens & McKinley 

1995). Yet, even now that chemolithotrophic microbe 

communities are more widely recognized, there is a 

gap in the knowledge of how the geochemistry of the 

aquifers affects and is affected by microbes. 
 The Meilleurs Bay aquifer near Deep River, 

Ontario has revealed anomalously high iron levels in 

the form of a stationary groundwater plume.  

Microbial mediation has been proven in previous 

studies at this site (James & Ferris 2004; Shirokova & 

Ferris 2013). Here, I have constructed geochemical 

models that simulate groundwater equilibria.  By 

comparing these models to measured field values 

from the Meilleurs Bay Aquifer I show that the 

microbes present are enhancing cycling of iron 

between the mineral substrate and the groundwater.  

This shows that the geochemistry of pristine aquifers 

can be significantly altered by the presence of 

microbial communities.  The greater implication is 

that pristine aquifers across the Canadian Shield may 

have geochemistry capable of supporting microbial 

life. 

 

2. Methods 

2.1 Field Site 
 

The field site is located 10km West of the town of 

Deep River, Ontario, 423km NE of Toronto.  

Measurements were taken over an area of 0.6km2 

within the Meilleurs Bay aquifer just South of Ogilvie 

Lake.  The aquifer consists of sand originating from 

glaciofluvial deposition.  These were deposited when 

the flow of melt waters from the retreating Laurentide 

Ice sheet slowed down after the last glacial maximum 

(Boissoneau 1968; Gadd 1980).  These sand deposits 

overly Precambrian bedrock composed of gneiss of 

the Grenville province (Gartner & Vandine 1980).   
 

2.2. Measuring Geochemistry 

 

Sample collection was performed at 26 wells, 

using a peristaltic pump to transport water out of the 

well and through a flow through cell.  This allows in 

situ measurement of the samples preventing 

contamination by atmospheric gases that can alter the 

redox chemistry.  A YSI 600 QS multi-electrode 

sonde was fitted in the flow through cell.  This device 

took measurements of redox potential (Eh), pH, 

temperature, and dissolved oxygen (DO).  The water 

flowed out of the flow through cell into a 

polypropylene bottle for sample collection. 

 Lastly, the concentrations of dissolved 

chemical species were measured.  The water samples 

were filtered to remove particles using 0.22μm 

membrane filters. A HACH DR/2000 field 

 

Figure 1: Google Earth image of field area (yellow 

rectangle) highlighting the glaciofluvial landforms. 
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spectrophotometer was used to measure 

concentrations of Fe(total) and Fe(II). The reagents 

used were FerroVer® and 1,10 phenanthroline 

(HACH) (James & Ferris 2004). 

 

2.4. Geochemical Modelling 

 

Two models were constructed in PHREEQC, the 

geochemical modelling program by Parkhurst, 

Appelo, and the USGS (2013). The first model 

represents a system in aqueous equilibrium with no 

solid mineral phases in the mass balance.  This 

aqueous model is expected to be supersaturated with 

respect to ferrihydrite. The second model represents a 

system in equilibrium with respect to solid phase 

ferrihydrite.  This ferrihydrite model has a saturation 

index of zero for ferrihydrite, meaning that the 

dissolution and precipitation of ferrihydrite have 

equal rates.  The parameters for both models were 

field measurements of pH, DO, temperature and 

concentrations of Fe(II) and Fe(III). 

 Each well was modeled as a separate solution.   

The aqueous and ferrihydrite models produced values 

of redox potential (Eh) calculated in PHREEQC using 

the Nernst equation (Parkhurst and Appelo, 2013).  

Redox potentials from both models and field 

measurements were mapped in the surface mapping 

program Surfer® 11 (Golden Software LCC. 2012).  

Measured and modelled redox potentials were 

compared using the maps to find which model is the 

better approximation. 

 

3. Results 
 

The maps of redox potential are shown in Figure 2.  

All three maps show generally the same spatial 

distribution of redox potential with only minor 

variations. The aqueous model is more oxidizing than 

the field measurements.  The ferrihydrite model is 

much more reducing than the field measurements.  

Practically all of ferric iron has precipitated in the 

ferrihydrite model, while none has precipitated in the 

aqueous model. The aqueous model is close to the 

field measurements and the ferrihydrite model is far 

from the field measurements.  Already we can see that 

the aqueous model is a better approximation to the 

field measurements than the ferrihydrite model.  

A plot of the modeled redox potentials against 

the measured redox potentials is shown in Figure 3.  

The red 1:1 line shows the ideal situation where the 

modeled values perfectly match the measured values.  

The aqueous model is only slightly above the line 

 

Figure 2: Maps of redox potential for the aqueous model, the field measurements, and the ferrihydrite model.  x. 

All three have the same colour scale for easy comparison.  The aqueous model and the field measurements are 

closer to the warm end of the colour spectrum (oxidizing), while the ferrihydrite model is at the cold end of the 

colour scale (reducing).  Piezometers are indicated by plus signs and their well numbers. 
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while the ferrihydrite model is far below the line.  This 

shows that the aqueous model is the better 

approximation to the measured values. The data 

points for the aqueous model appear to run parallel to 

the slope of the ideal line.  It looks like a line with the 

same slope could be drawn through the aqueous 

model that would have a positive intercept with the Y 

axis.  The intercept would be roughly 100mV, 

suggesting there could be some systematic error that 

increases the aqueous model redox potential by 

100mV overall. 

 

4. Discussion 

The results show that the aqueous model is a better 

approximation to the measured field values than the 

ferrihydrite model.  However, the data points of the 

aqueous model are, on average, about 100mV too 

high.  These redox potential values were calculated 

using measured concentrations of Fe(II) and Fe(III).  

The largest source of error in measuring these 

concentrations is membrane filtration to remove iron 

oxide particles.  The filter did not remove iron 

nanoparticles that were smaller than the pore size.   

Thus more ferric iron was measured by the 

spectrometer than was actually dissolved.  Since the 

data points are all too high by a similar magnitude, 

measurement of nanoparticles is the most probable 

cause.  To check this hypothesis, the samples could be 

filtered using a smaller pore size to remove more 

nanoparticles.  If the calculated redox potential ends 

up closer to the model, the nanoparticles are a source 

of systematic error.  However, no matter how small 

the pore size, filters cannot remove all of the 

nanoparticles. Once we confirm that nanoparticles are 

the cause by testing different filters, we can estimate 

the total magnitude of the nanoparticle error by 

adjusting the model parameter of ferric iron.  When 

the modelled and measured redox potentials match 

most closely, the adjustment made to the 

concentration of ferric iron will approximate the 

nanoparticle concentration.  

Despite its systematic error, the aqueous 

model is best because the ferrihydrite model is far too 

reducing to be an adequate model for the Meilleurs 

Bay Aquifer.  The groundwater is much more 

oxidizing than a system in equilibrium with solid 

phase ferrihydrite.  It is so oxidizing that it is very 

close to fulfilling the aqueous equilibrium model. 

This shows that the groundwater is supersaturated 

with respect to ferrihydrite.  There must be some 

factor that is preventing ferric iron from precipitating. 

Without this factor, the ferric iron would precipitate 

out of solution as happens in the ferrihydrite model.  

The factor that accounts for the difference between the 

field measurements and the ferrihydrite model is 

microbial iron cycling. 

The coupling of iron oxidizing microbes and 

iron reducing microbes is essential for microbial iron 

cycling (Kappler 2005). Iron reducing bacteria cause 

reductive dissolution of ferrihydrite which puts 

ferrous iron into solution.   Iron oxidizing bacteria 

then oxidize the iron to ferric iron. Most of the ferric 

iron remains in solution because precipitation is too 

slow to come in to equilibrium with respect to 

ferrihydrite. The rate of dissolution is faster due to the 

microbial influence (Vollrath et al. 2013).  Lastly, 

some of the ferric iron is reduced back to ferrous iron, 

completing the cycle (Weber et al. 2006). 

 Microbial iron cycling tends to keep ferric 

iron in solution.  This is because ferrihydrite crystals 

formed by microbial oxidation are smaller and less 

crystalline than those formed by abiotic oxidation 

(Vollrath et al. 2013).  Therefore, the less stable 

microbial iron oxides are more soluble.  This 

 

 

Figure 3: Plot of the measured redox potential 

against the modelled redox potential.  The aqueous 

model plots much closer to the ideal 1:1 line than 

the ferrihydrite model. 
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encourages supersaturated levels of ferric iron.  

Super-saturation with respect to ferrihydrite in the 

Meilleurs Bay Aquifer reveals that the rate of 

dissolution exceeds the rate of precipitation.   This 

suggests that microbial iron oxides are being formed 

more than abiotic iron oxides. 

Under the right conditions, iron oxidizing 

microbes can kinetically outcompete abiotic iron 

oxidation.  When temperature, or dissolved oxygen 

are very low, the abiotic rate of iron oxidation 

becomes slower than the rate of microbial oxidation 

(Vollrath et al. 2012, 2013).  Suppression of the rate 

of the abiotic reaction allows the rate of the microbial 

reaction to surpass the rate of the abiotic reaction.  The 

microbial reaction becomes the dominant reaction, as 

the slower abiotic reaction cannot keep up (Vollrath 

et al. 2012).  It has been long understood that low pH 

suppresses abiotic iron oxidation at hydrothermal 

vents, allowing iron oxidizing microbes to thrive 

(Stumm & Morgan 1996).  The Meilleurs Bay aquifer 

reveals that iron oxidizing microbes can also thrive in 

neutral pH conditions, as made possible by low 

dissolved oxygen that suppresses abiotic iron 

oxidation. 

It is important to note that abiotic oxidation of 

iron is an autocatalytic reaction.  The ferrihydrite that 

is produced acts as a catalyst for subsequent oxidation 

by providing a low energy surface for crystals to form 

(Vollrath et al. 2012).  As a result, the abiotic reaction 

continually gets faster making it more difficult for the 

microbes to compete, until they can no longer 

productively oxidize iron for metabolic energy 

(Vollrath et al. 2012).  Despite this barrier, a strong 

community of iron oxidizers lives in the Meilleur Bay 

aquifer.  This can be explained by their mutualistic 

relationship with iron reducing microbes (Vollrath et 

al. 2012).  Iron reducing bacteria prevent iron oxides 

from accumulating removing the autocatalytic barrier 

preventing sustained microbial oxidation (Vollrath et 

al. 2012).  This is besides the fact that both types of 

bacteria replenish the energy source of the other. 

Species of both iron oxidizing and reducing 

bacteria have been identified in the Meilleur Bay 

aquifer, showing there is capacity for iron cycling 

(Shirokova & Ferris 2013).  Coupling of iron 

oxidizing and reducing microbes like this has been 

identified in only a few neutral pH groundwater 

systems so far, but the possibilities of finding more 

are promising (Gault et al. 2011). Furthermore, the 

identification of microbial iron cycling in the 

Meilleurs Bay Aquifer contributes to the 

understanding of microbial geochemistry in aquifers 

that originated during  the last deglaciation of the 

Canadian Shield (Shirokova & Ferris 2013).  The fact 

that biogeochemical cycling is recognizable in a 

pristine, neutral pH aquifer opens up the possibility 

that biogeochemical cycling may be substantial in 

similar aquifers all over the Canadian Shield.  As the 

Canadian Shield is over 8 million km2 in area, the sum 

of small contributions from many aquifers could 

represent large fluxes in iron (Shirokova & Ferris 

2013). Quantifying these fluxes may change how we 

view the global iron cycle. 

 

5.  Conclusion 
 

The mutualistic coupling of iron oxidizing and iron 

reducing microbes in the Meilleurs Bay aquifer has 

manifested as a plume of groundwater that is super-

saturated in ferric iron. The effects of microbial iron 

cycling are so significant that it can be recognized by 

comparing field measurements with simple 

geochemical models. This contributes to the growing 

awareness that microbial iron oxidation can dominate 

neutral pH, low temperature, and low oxygen systems.  

If such microbial influenced systems are abundant in 

aquifers throughout the Canadian Shield, our view of 

the global iron cycle may need revision. 
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1.Introduction 

 

The precious metals (platinum group elements, Au and 

Re) comprise the highly siderophile elements (HSEs), 

which have very high metal/melt partition coefficients 

(>104). Knowledge of the behaviour of HSEs in melts 

is important in helping to understand mantle/core 

segregation, mantle geochemistry and associated 

processes. To date most studies have investigated the 

solubility of HSEs in silicate melts. However, there 

have been limited studies on the geochemical 

behaviour of these metals in carbonatites (Xu et al., 

2003).   

Carbonatites are rare magmatic rocks derived 

from the mantle and contain more than 50% carbonates 

(Xu et al, 2008; Fischer et al, 2009). As shown in 

Figure 1, carbonated peridotites can produce carbonate 

melts at great depths in the mantle, such that carbonate 

melt can exist when silicate melts do not. Wallace and 

Green (1988) found that carbonate-rich fluids act as 

metasomatic agents in the mantle – they are able to 

mobilize trace elements. While it is known that 

carbonate melts can effectively mobilize rare earth 

elements (REE) and large-ion lithophile elements 

(LILE) (Srivastava, 1997; Wallace and Green, 1998), 

their impact on HSEs is unknown. Thus, a first step in 

beginning to understand the behaviour of HSEs in 

carbonatites is to examine how they dissolve in 

carbonate melts.  

The determination of the solubility of HSEs in 

carbonate melts will help in better understanding how 

or if these elements can be mobilized by such melts.  

There are also potential economic implications 

for this investigation, as there is little to no data on the 

PGE or Au content of carbonatites (Xu et al, 2003). 

  

 

2. Methods 

 

As the purpose of this study was to determine the 

solubility of the precious metal of interest, the 

experimental methods used equilibrated molten 

carbonate with the precious metal at a controlled fO2 

(or at a fO2 that could be estimated after). fO2 is am 

important parameter as it controls the oxidation state 

and valence of the metal dissolved in the melt. Two 

experimental procedures were used. 

 

Solubility of Au and Ir in Carbonate Melts: Implications for the Precious Metal Potential of 

Carbonatites and Mantle Metasomatism  

Robin Wolf, James Brenan 
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Figure 1: Solidus pressure for 1350 C mantle potential temperature. The white blebs are seismic 

anomalies, which indicate melting (Dasgupta and Hirschmann, 2006). 
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2.1 First Attempts – Piston Cylinder 

 

A simple melt composition of CaCO3 and Na2CO3 was 

chosen for initial experimentation and exploration. 

Based on the paper by Wallace & Green (2006) a melt 

of 4:1 wt % CaCO3:Na2CO3 was made using high 

purity powders.  

 A number of steps were taken to prepare the 

assembly for high pressure and temperature piston 

cylinder experiments. A mixture of 0.5 mg of Pt 

powder and 2 mg of magnetite (Mt) powder was put in 

a 7 mm graphite capsule, then 7 mg of the prepared 

melt was put in. The graphite capsule was then placed 

in a magnesia filler piece sleeve. An additional 

magnesia filler piece was placed on top. The filler 

pieces were then inserted in to a ½” graphite furnace, 

which was then placed in a BaCO3 sleeve and wrapped 

in Pb foil.  The sample was then put in the pressure 

vessel, and a standard procedure was followed to set 

up the piston cylinder apparatus. 

A total of 6 experiments were run at 

temperatures of 1300C and pressures of 2 GPa. 

Experiments were run at durations of 22, 67, and 120 

hours.  

After completion of the experiment, the 

sample was extracted and mounted in epoxy. Analysis 

was conducted using LA-ICPMS, and a SEM.  

 

2.2. Experiments at 0.1 MPa & 1000 C 

 

A melt composition of 50:50 mol % CaCO3:Na2CO3 

was prepared. This melt composition was used as it is 

100% liquid at the temperature and pressure conditions 

used (Shatskiy).  

 Three experiments were done at 0.1 MPa 

using vacuum-sealed silica ampoules. In order to 

control the fO2, solid metal oxide buffers were used. 

The first run (AuSol1) of 24-hour duration used a Ni-

NiO buffer. The second run of 50-hour duration was 

conducted with three samples using 1) Ni-NiO, 2) 

Mn2O3-Mn3O4, 3) Mo-MoO2 buffers. The third run of 

24-hour duration was conducted with three samples 

using 1) Co-CoO,  2) Mn2O3-Mn3O4, 3) Mo-MoO2 

buffers. 

 The assembly was prepared as follows. A 100 

mg mixture of the buffer was put in a silica tube, and 

covered with coarsely crushed silica. A small Au 

capsule containing a ~2.5 mm Ir wire and the prepared 

melt was placed on top of the silica. It was then 

vacuum-sealed using a blowtorch, and put in a 1 atm 

furnace at 1000C.   

Following completion, the sample was 

removed and the buffers were analyzed using XRD to 

confirm the presence of both phases. The AuSol1 

sample was mounted and analyzed using LA-ICPMS. 

Runs two and three were analyzed using Solution ICP-

MS Standard Addition. The samples were digested in 

1 mol/L of HCl.  4 tubes of the 5 mL of solution were 

prepared and a 5 ppm precious metals spike was added 

in increasing amounts to three of the tubes. A few 

samples were mounted in epoxy for analysis by SEM, 

and a few were analyzed using XRD.   

  

 

 

3. Results  

 

3.1 Piston Cylinder Results 

 

The in-situ LA-ICPMS time-resulted spectrum for 

experiment PtSol3 is shown in Figure 2. The varying 

signal indicates probable Pt contamination and/or 

extreme phase heterogeneity, which is demonstrated in 

Figure 3. 

 

 
Figure 2:  LA-ICPMS time-resulted spectrum of 

ablation spot 3 from experiment PtSol3. 
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Figure 3: Back scattered electron image of carbonate 

melt crystal from AuSol1 experiment. Lighter areas 

are more Na rich and darker areas are more Ca rich. 

It is apparent that the laser ablation marks crossed 

different field areas.  

 

 

3.2. 0.1 MPa Experiments Results 

 

The solution ICP-MS results of the solubility of Au 

and Ir in carbonate melts are shown in Figures 4 and 5, 

respectively.  

 

 
Figure 4: Graph of Au (log ppm) vs. log fO2. Results 

from this study (pink), from Borisov and Palme, 1996 

(green), and the anomalous results for Au solubility for 

the Mn2O3-Mn3O4 buffer experiments (blue). 

 

 
Figure 5: Graph of Ir (log ppb) vs. log fO2 

 

The SEM investigation into the anomalous results for 

Au solubility for the Mn2O3-Mn3O4 buffer is shown in 

Figure 6.  

 

 

4. Discussion 

 

The first attempts by in situ LA-ICPMS produced 

results that were not possible to quantify, owing to 

extreme phase heterogeneity and Pt contamination. 

Carbonate melt is very soft, and when the epoxy mount 

was polished the Pt in the sample smeared all over the 

slide. The piston cylinder experiments were thus 

abandoned and a  

 

 
Figure 6: Back scattered electron image of carbonate 

melt fragment from the 50 hour Mn2O3-Mn3O4 buffer 

experiment. Note the significant textural changes 

within the fragment. 
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new strategy for measuring solubility was pursued. 

Analysis by Standard Addition Solution  ICP-MS was 

proposed to be a viable solution to the textural 

heterogeneity issues.  

Graph 4 shows that Au solubility is linearly 

dependent on the fO2 - as oxygen fugacity decreases, 

Au solubility also decreases. The 0.28 slope of the 

solubility vs. log fO2 trend line shows that Au probably 

dissolves as Au+1. Using the equilibrium equation from 

O’Neill et al. (1995):  

Au(metal) + x/4O2(gas)   AuOx/2(melt) (1) 

where x = valence of dissolved metal species, the 

dissolved metal species in the carbonate melt from 

these experiments is assumed to be Au2O.  

Almost all the experimental results fall on a 

line with a slope of 0.28 (the results from the tubes with 

the Mo-MoO2 buffer were averaged). This indicates an 

Au+1 valence state in the melt. However, the tubes 

containing the Mn2O3-Mn3O4 buffer did not fall 

anywhere near the line. As two runs were done using 

this buffer, the results were considered reproducible, 

and errors in the sample preparation were not 

considered to be the cause. Further steps were taken to 

investigate the anomalous result.  

XRD results did not reveal any differences 

between the samples with the Mn oxide buffer vs. the 

samples with the other buffers. SEM analysis also 

showed the same phases in all the samples. However, 

there was a significant textural difference in the 

samples with the Mn oxide buffer (see Fig. 6). There 

is clearly a different reaction happening at this fO2. 

Unfortunately, further investigation was outside the 

bounds of this study.  

Au solubility in carbonate melts was 

compared with data from Borisov and Palme (1996). 

Their study experimentally determined the solubility 

of Au in silicate melts. In order to compare the two 

datasets, the silicate melt solubility had to be 

extrapolated to 1000 C using a temperature 

dependence equation they created. Figure 10 clearly 

indicates that Au is significantly more soluble in 

carbonate melts than in silicate melts.   

The solubility difference between silicate and 

carbonate melts may be due to the presence of many 

network modifying cations (like Ca) and the lack of 

network forming silicas in carbonate melts. Turchiaro 

(2013) found that the solubility of Rh and Pt increases 

with decreasing SiO2 in the melt phase, thus a high 

solvation capacity is expected for a low silica melt. 

Farges et al. (1999) have also demonstrated that high 

Ca melts (like carbonatites) have significant Pt 

solubility, as Ca2+ complexes with Pt. Based on their 

studies it is not surprising that the results from this 

study show that carbonate melts have a higher 

solvation capacity. 

While the relationship between Au solubility 

and fO2 was clearly demonstrated, the results for the 

solubility of Ir in carbonate melts are inconclusive. 

There appears to be no relationship between the 

solubility and log fO2. It is assumed that the 

concentration of Ir in the solution was below the 

detection limit of the ICP-MS (estimated to be 0.006 

ppb).  

 

5.  Conclusion 

 

While these experiments demonstrate that gold is 

significantly more soluble in carbonate melts than in 

silicate melts, the analysis has only just begun. Many 

more experiments are needed to explore the 

relationship between siderophile elements and 

carbonatites.  This study has been a promising first step 

in beginning to understand how the precious metals 

can be mobilized by carbonatites, and if carbonatites 

could be an economic source for the precious metals. 
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1.0 Introduction 

Sulfur is one of the essential volatile constituents in 

magmas. In subduction zones, the subducted slab releases 

aqueous fluids which in turn react with asthenospheric 

mantle to generate the partial melts and produce the 

hydrous oxidizing magmas (Richard J. P., 2011). These 

magmas raise to the shallow crust where they release an 

aqueous fluid phase due to decompression and 

crystallization (Richard J. P., 2011). The fluid contains 

volatile elements such as sulfur and chlorine, as well as ore 

metals in the form of chloride and various sulfur-bearing 

complexes (Richard J. P., 2011). Such fluids are essential 

contributors to the metal and sulfur budget of magmatic-

hydrothermal ore deposits (e.g. porphyry-type and 

epithermal Cu, Au, Mo deposits) magmas (Metrich et al., 

2010). The sulfur plays an important role both in metal 

transport and precipitation (Metrich et al., 2010).  

Therefore, porphyry-copper deposits are often associated 

with anhydrite-bearing, hydrous, silicic magmas (Metrich 

et al., 2010). Based on this, it is very important to 

understand the behavior of sulfur during magmatic 

evolution to be able to assess the ore fertility of various 

magmas. One way to reconstruct the evolution of sulfur 

concentrations in silicate melts is the use of silicate melt 

inclusions in minerals (Parat et al., 2011). However, such 

inclusions are not present in all extrusive rocks, and are 

missing from most intrusive rocks minerals (Parat et al., 

2011).  Fortunately, apatite can build some sulfur, chlorine 

and fluorine into its structure, and if the partitioning of 

these elements between apatite and silicate melt was well 

understood, apatite could be used to track the 

concentration of these elements during magma evolution 

(Parat et al., 2011).   

       I conducted experiments to constrain the effect of melt 

composition on the partitioning sulfur between apatite and 

various silicate melts. Peraluminous, metaluminous and 

peralkaline rhyolite melts were used. These melts were 

equilibrated with apatite in the presence of a sulfur-bearing 

aqueous volatile phase. The silicate melt and apatite 

compositions were analyzed by electron microprobe and 

laser ablation inductively coupled plasma mass 

spectroscopy. The final sulfur partition coefficient 

between melts and apatite were calculated, interpreted and 

compared to previous studies. In addition, the coupled 

substitution mechanisms between sulfur and other 

components in the apatite structure are also discussed. 

2.0 Methods 

 

2.1 Starting material  

Four different synthetic rhyolite-starting glasses have been 

synthetized with variable aluminum saturation index 

(ASI). Two of these glasses peralkaline rhyolites (ASI<1), 

one is a metaluminous rhyolite (ASI=1) and another one is 

a peraluminous rhyolite (ASI>1). The FeO and CaO 

concentrations are about 1 wt% in each glass, a value 

typical of natural rhyolites (Table 1). The starting mixtures 

were placed in platinum crucibles, decarbonated at 800 °C, 

fused for 1 hour at 1400 °C and followed by water 

quenching. This procedure was repeated 4 times to yield 

homogeneous glasses. 

 

 

Reconnaissance experiment on the effect of melt composition on sulfur partitioning between apatite 

and silicate melts  

Yin, Yiwei  

Department of Earth Science, University of Toronto                                                            April 2015                                  

Compositions K2O Na2O Al2O3 SiO2 FeO CaO ASI Total Na/K 

Rhyolite1 5.79 4.44 10.77 77 1 1 0.70 100 0.766 

Rhyolite2 5.18 3.97 11.86 77 1 1 0.85 100 0.766 

Rhyolite3 4.67 3.58 12.75 77 1 1 1.00 100 0.766 

Rhyolite4 4.24 3.25 13.51 77 1 1 1.15 100 0.766 

Table 1: The table shows the compositions of the 4 synthetic starting glasses. All compositions are shown in weight percent.  
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2.2 Experimental method   

The experiments were performed at 850°C and 1.2 kbar in 

cold-seal pressure vessels gold capsules  (Figure 1).  . All 

experiments were run in cold-seal pressure vessels for 3 

days in order to achieve equilibrium. The starting materials 

were loaded into gold capsules. Two inner smaller Au-

capsule were loaded with rhyolite glass, 1.5-2.0 wt% 

apatite seeds and 2.5-5.0 wt% sulfur and phosphorous in 

the form of aqueous solution of H2SO4 and H3PO4. These 

two inner smaller Au-capsules subsequently loaded into a 

larger outer capsule containing 120 mg Re-ReO2 mixture 

to buffer oxygen fugacity. This was necessary to keep S in 

S6+ oxidation state as apatite incorporates S only in this 

form.  

2.3 Analytical methods  

I used 4 different instruments to analyze the starting 

glasses and experimental run products. These included 

Figure 1: A schematic picture of the applied capsule 

load. The two inner capsules contain rhyolite glass, 1.5-

2.0 wt% apatite seeds and 2.5-5.0 wt% sulfur and 

phosphorous in the aqueous solution as H2SO4 and 

H3PO4. Two inner capsules were loaded into a larger 

outer capsule in size 15 mm length and 5 mm widths 

with Re-ReO2 oxygen fugacity buffer. 

 

Experiment# 1a 1b 2a 3a 3b 

F in apatite -0.71 3.20 2.49 -0.60 1.56 

Cl in apatite 0.06 0.07 0.34 -0.01 0.23 

Fe in apatite 4.18 0.92 0.71 4.16 0.56 

Na in apatite 0.21 0.26 0.15 0.37 0.39 

S in apatite 1.13 0.12 0.22 2.03 0.55 

      

CaO in glass 0.49 0.03 0.93 0.21 0.20 

Na2O in glass 3.02 3.78 3.99 4.29 3.85 

P2O5 in glass 3.20 0.88 0.45 0.81 0.08 

S in glass 0.0119 0.0322 0.0118 0.0279 0.0130 

Al2O3 in glass 13.10 11.78 13.14 13.58 12.69 

K2O in glass 4.23 5.45 4.43 4.60 5.21 

ASI 1.22 0.98 1.01 1.09 1.02 

DS
apatite/melt 95.17 3.79 19.01 86.11 42.52 

Table 2: The composition of the run products. Apatite compositions were determined using the energy dispersive spectrometer 

on the SEM. The shown glass compositions are from EMP analyses, except for the concentration of Na2O, which is from LA-

ICP-MS analysis. ASI=aluminum saturation index, Al/(Na+K+2Ca); DS
apatite/melt =sulfur partition coefficient between apatite 

and melt; All compositions are shown in weight percent.  
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Figure 2. Sulfur concentrations in apatite and in glasses with 

corresponding aluminum saturation indexes (ASI). The dash line 

shows the maximum S concentration in apatite from the study of 

Parat (2005).  

scanning electron microscopy (SEM), electron microprobe 

(EMP), and laser ablation inductively coupled plasma 

mass spectroscopy (LA-ICP-MS) and optical microscopy. 

Scanning electron microscopy (SEM) was used to analyze 

the homogeneity of the starting glasses and the apatite 

compositions. I used SEM to determine the apatite 

compositions with external standards because of the very 

small grain size that was not observable on the in-house 

CAMECA SX-50 electron microprobe. The major 

elements and S, Cl, and F concentrations in the run product 

glasses were determined by electron microprobe (EMP). 

As sodium loss could not be completely avoided during 

SEM and EMP analysis, sodium concentrations in glasses 

were also determined using LA-ICPMS.  

3.0 Results and discussion  

3.1 Sulfur content in apatite and melt  

The sulfur content of the apatite increases with increasing 

ASI of the silicate melt (Fig. 2). The highest sulfur 

concentrations were observed in apatites that equilibrated 

with peraluminous melts. To my knowledge, the sulfur  

Figure 3: The sulfur partition coefficient between apatite and 

glass, as a function of aluminum saturation index of glass. (Fig. 

3).  

concentrations observed in the apatites exceed all 

previously reported values in the literature. The maximum 

S content in the apatites from my experiments is 2.02 wt%, 

where this value is about 10 times higher than those 

typically reported in previous studies (Parat et al., 2004, 

Parat et al., 2005, Parat et al., 2011).  

3.2 Sulfur partition coefficient 

The sulfur partition coefficients between apatite and melt 

(DS
apatite/melt) increase as the ASI increases in silicate melt  

in particular, DS
apatite/melt changes from 3.79 in peralkaline 

melt (ASI=0.98) to 19.01 in metaluminous (ASI=1.01) 

melt. This tendency is pronounced even more as the melt 

composition becomes more peraluminous, e.g. DS
apatite/melt 

~ 42.52, 86.11 and 95.17 in melts with ASI ~  

1.02, 1.09 and 1.22, respectively. Zajacz (2015) has shown 

that melt composition greatly affects the volatile/melt 

partitioning of oxidized sulfur with sulfur favouring the 

silicate melt phase the most in alkali metal rich systems. 

My experiments have shown that the melt composition 

affects the partitioning of S between apatite and melt on a 

similar manner.  I.e. sulfur dissolved in peralkaline melts 

more easily and therefore partitions into the apatite less 

strongly.   
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3.3 Substitution reaction in apatite   

The most S-rich apatites in the peraluminous systems are 

also anomalously rich in iron, which may indicate coupled 

substitution between these two elements. Based on this 

observation, three possible substation mechanisms can be 

envisaged:  

 

  (1) S6+ + Fe3+ = P5+ + 2Ca2+  

  (2) S6+ + S2− + Fe2+ = P5+ + F− + Ca2+ 

  (3) S4+ + Fe3+ = P5+ + Ca2+ 

   

 

In Eq. (1), the single Fe3+ would have to replace two Ca2+ 

in the apatite. It seems the mostly unlikely to happen as it 

would lead to the creation of site vacancies. Eq. (2) would 

require both sulfate and sulfide ions, which may coexist at 

the fO2 of my experiments but it is a triple coupled 

substitution, which may also not be very likely. Lastly, the 

Eq. (3) is the most possible reaction to happen in apatite. 

However, it requires S4+ instead of S6+, which is less 

favorable for tetrahedral coordination. Figure 4 shows that 

the molar Fe/S ratio in the apatite is often larger than 1, 

indicating that a simple Ca2+ to Fe2+ substitution acts in 

parallel. It is likely that the activity coefficient of FeO in 

peraluminous melts is higher, leading to increased Fe 

partitioning into apatite. A conclusion of this effect may be 

the enhanced S partitioning by coupled substitution 

involving iron.  

 

4.0 Conclusion  

The following three most important conclusions can be 

drawn from my experiments. 

1. Silicate melt composition strongly affects sulfur 

partitioning between apatite and melt. 

2. The more peraluminous the silicate melts is, the 

more strongly S partitions into apatite. 

3.  A new apatite variety has been synthetized that is 

anomalously sulfur and iron rich, indicating the 

coupled substitution of these elements into the 

apatite structure.  

Nevertheless, more experiments are required to establish a 

quantitative model to predict the effect of melt 

composition on S partitioning between apatite and melt. 
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