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1 Introduction

An electrical resistance survey is a geophysi-
cal surveying method measuring the electrical re-
sistivity of material in the subsurface. Anoma-
lous features can be identified if they have con-
trasting resistive properties to the matrix surround-
ing them. Resistivity surveys are a non-intrusive
method, therefore they are useful in archaeolog-
ical sites where the site is protected and excava-
tion is not an option. Furthermore, surveys take
less time and are more cost effective than exca-
vations, which can be time-consuming, depending
on the size of the site, the manpower available,
and the accessibility (Kivnek 2017). In this pa-
per, resistivity surveys of cairns and other struc-
tures, namely an arrow-shaped rock formation, in
the Pacific Northwest will be examined. A cairn
is a mound of rough stones built as a memorial or
a landmark. Different groups have used cairns to
mark different landmarks. In northern Greece, re-
sistivity surveys were applied to Tumuli, which are
man-made mounds filled with earth and stones to
cover a grave or graves. The authors were able to
identify several layers of the tumuli, and archae-
ologically significant tombs (Papadopoulos et al.
2010). This paper will be exploring multiple ques-
tions; firstly, the limitations of resistivity survey-
ing in near-surface geophysics; conducting a re-
sistivity survey is heavily dependent on the com-
promise between quantity and quality. Running
a survey across a vast area can yield a solid gen-
eral understanding of the region, however, it may
not be possible to collect smaller features. In con-
trast, running small surveys with very short lines
can result in a higher resolution imaging, but there
is a chance that the larger scope of the survey area
will be unclear and the connection between struc-
tural features will be overlooked. Surveying cairns
of different sizes and shapes challenged the tech-
nique and creativity involved in running resistivity
surveys. Second, the surveys will provide further
support to the work of archaeologists and whether
there is sufficient evidence to further explore the
region and analyze the significance of cairns in the
area, and study the building structure of the arrow-
shaped formation. Successfully exploring the sub-
surface below the cairns using this technique can

set a precedent for Electrical Resistivity Tomog-
raphy (ERT) being used on archaeological sites
where the artifacts are penetrating the surface and
surveying over them is not feasible.

2 Method
In order to collect data, resistivity lines were set

up around the cairns and in some cases over the top
of the cairns (some cairns had been defaced and
the rocks on the surface had been removed). On
our site, there were three main areas. Since the site
we were studying was on a slope and there were
altitude differences between the specific areas we
were surveying, we named the areas Top, Middle,
and Bottom.

2.1 Top

Figure 1: Top-view visual representation of the site.
Pink circles indicate cairn locations. Orange repre-
sents a log. The numbers indicate length in meters.

Figure 2: Plotting total station values of each elec-
trode.

In this area, we collected data from three re-
sistivity lines. R1 was an 11.5m line with 0.5m
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spacing between electrodes, going over two small
cairns. R2 was a shortened version of R1, only
covering 5.75m with 0.25m spacing for better res-
olution over the first cairn. R3 perpendicular to the
first two lines. It intersected R1 at 3.85m, and it
was 5.75m long with 0.25m electrode spacing.

2.2 Middle

Figure 3: Top-view visual representation of the site.
Pink circles indicate cairn locations. Blue line indicat-
ing point which the cairn ends. The numbers indicate
length in meters.

Figure 4: Plotting total station values of each elec-
trode.

The Middle area consisted of a large cairn that
we were interested in studying. Unlike the cairns
in the Top area, this one did not appear disturbed.
Since the cairn was still intact it was not possible to
have resistivity lines running through it. Therefore,
lines were set up along 3 sides of the cairn. Two
lines ran parallel on either side of the cairn in the

east-west direction (R3 and R4 in Figure 3) and
the third line (R5 in Figure 4) ran perpendicular to
the first two. R5 intersected R4 at 1.5m and R5
at 3.5m. All lines were 5.75m long with 0.25m
spacing between electrodes.

2.3 Bottom

Figure 5: Hand drawn representation of the site.

Figure 6: Plotting total station values of each elec-
trode.

The Bottom section included an arrow shaped
structure as shown in Figure 5 and a structure re-
sembling large steps. There were no cairns in this
area. Four lines were set up in the area. Two lines
(R6 and R7) parallel, one on each step, and two
lines (R8 and R9) starting at the same point and
crossing R6 and R7 at different point. All lines
were 11.5m long with 0.5m spacing between elec-
trodes.
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3 Results and Discussion

Figure 7: Dipole-Dipole array R1

In Figure 7, we see resistivity values that are
higher than typical soil values near the surface.
This can be due to various reasons. One reason-
able explanation is that the moss covering the soil
is absorbing most of the rainwater hence leaving
the soil beneath it extremely dry. In some instances
when we removed the moss, the soil appeared to
have a similar texture to powder or sand. Around a
meter deep, the resistivity values decrease by fac-
tors of 5 and 6. This could be indicative of ground
water, especially since the site is in the vicinity of
a shoreline. Highest resistivity values are recorded
between 0.5m to a 1m deep. In the region where
the 2nd cairn is marked, there is a block of rela-
tively high resistivity and this may be an indica-
tion that the cairn is extending deeper into the sub-
surface. Since the site has been disturbed in the
past (rocks dedicated to cairns have been moved
and there are indications that this site may have
been utilized for logging at some point) the block
of high resistivity may be due to a buried cairn or
a zone of unconsolidated material.

Figure 8: Schlumberger array R1

This line is the same as the line in Figure 7,
however resistivity measurements were taken us-
ing the Schlumberger array. In this figure, the
region containing the first cairn has a distinctly
higher resistivity than its surroundings, and the
area of high resistivity extends deeper, dissecting
the typical transition to a lower resistivity else-

where in the figure.

Figure 9: Dipole-Dipole array R2

R2 is perpendicular to R1 at the point indicated
on Figure 7. It further supports the findings in
R1. It seems like that the region of high resistiv-
ity spreads in all directions and its not a specific
tunnel.

Figure 10: Schlumberger array R3

In R3, we see more typical soil resistivity val-
ues closer to the surface. In the area encompass-
ing the cairn, higher resistivity values are recorded.
Again this can be due to unconsolidated material or
the extension of the cairn deep into the ground.

Figure 11: Dipole-Dipole array R3

Figure 12: Dipole-Dipole array R4

Similar to Figure 10, Figures 11 and 12 also
shows a transition to higher resistivity values. Both
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these lines however show a region of very high re-
sistivity between the 1m to 2m points. The dipole-
dipole of R3 shows very extreme values (20000
ohm-m). This may be due to erroneous data col-
lection, as its not shown on the data collected using
the schlumberger array.

Figure 13: Dipole-Dipole array R6

Figure 14: Dipole-Dipole array R8

Figure 15: Dipole-Dipole array R9

Investigating the resistivity lines from the Bot-
tom area, the most interesting feature observed in
the data was a region of very high resistivity right
along where R8 and R9 intersect R6. This block of
high resistivity in R8 and R9 shown in 14 and 15
at around the point labelled ‘R6’ are translated to
an elongated tunnel shaped feature in line 6 shown
in Figure 13 underneath the point label ‘R8’ and
we can observe a large region of high resistivity
between 4m and 9m at about 1m depth.

4 Conclusion
There were several resistivity lines set up in and

an around cairns in order to image the subsurface

efficiently and precisely. Various features were ob-
served in the resistivity images. A common fea-
ture observed in all the lines was a layer of high
resistivity approximately 40cm thick and approxi-
mately 20cm below the surface. After that there is
a large gradient as the resistivity values drop drasti-
cally. This could point to ground water in the area.
Largely, there werent any differences in the resis-
tivity values in areas where cairns were present.
In some of the lines there were some indications
of higher resistivity values near cairns but there
were also other anomalous blocks of high resistiv-
ity. Using very short lines resulted in very pre-
cise resistivity images that can help identify small
changes in resistivity. To improve upon this re-
search a more extensive study of the geology of
the area is beneficial. Furthermore, having resistiv-
ity lines with larger spacing could present a larger
scope of the subsurface and it will be easier to
identify larger distinctive features such as whether
that layer of high resistivity is encompassing the
whole area or whether its only in feature.
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1. Introduction 
 
It is important to analyze whether geophysical 
parameters can represent some of the 
mineralogical and geotechnical parameters in 
order to minimize risk for the follow-up 
exploration progress. Density, resistivity, and 
compressional wave velocity data were obtained 
from boreholes in the Athabasca Basin. However, 
the obtained data provides no information for the 
shear wave velocity. Without information from 
the shear wave velocity, it is impossible to 
calculate the elastic properties precisely since they 
all depend on this variable. In order to provide an 
estimate of the elastic properties of the host rocks 
in the Athabasca Basin with the absence of the 
shear wave velocity, we conducted error analysis 
on these elastic moduli. The significance of 
estimating these elastic properties is to provide 
essential information on whether the follow-up 
exploration process would be attainable. 
 
 
2. Methods 
 
2.1 Theory 
 
Wave velocities and density can be used to 
calculate some of the elastic properties of the rock. 
Young’s Modulus, which describes the tensile 
elasticity or the stiffness of a rock, are derived 
from wave velocity and density. Other properties 
such as Shear Modulus, Bulk Modulus, and 
Poisson’s Ratio can be derived from the same 
parameters. 
 
Table 1. Equations for elastic modulus such as 
Poisson’s Ratio, Yong’s Modulus, Shear Modulus 
Bulk Modulus, and Seismic Parameter 

 

2.2. A three-parameter configuration framework 
 
To visualize and interpret the geophysical data, we 
used a three-parameter configuration framework shown 
in a 3D plot. A three-parameter configuration 
framework provides a comprehensive visualization for 
the relationship between density, seismic velocities, and 
elastic modulus such as Bulk Modulus, Young’s 
Modulus, and Poisson’s Ratio.  A surface representing 
the Bulk Modulus is calculated using the empirical 
relationships between density (r), seismic velocities 
(sp) and Bulk Modulus (k). The benefit of using such a 
framework is that the data obtained from all types of 
minerals, including the high-density ones such as iron-
oxides and massive sulfides, all fall on this 
theoretically surface.  
 

However, these constants cannot be obtained 
with the absence of shear wave velocity (Vs) 
measurements since the calculation of the seismic 
parameter needs both information from the shear wave 
velocity and compressional wave velocity (Vp). With the 
datasets missing shear wave measurements, the task is to 
carry out an error analysis and conduct a relative range 
for elastic modulus, which are essential for geotechnical 
purposes. We achive this by adding a variable Vp/Vs 
range to the three-parameter plot. 
 

An estimate for the Vs values is derived from 
the empirical ratio of compressional wave velocity and 
shear wave velocity. Typically, the Vp/Vs ratio ranges 
from 1.5 to 5.0, but it can range up to 8.0 for very soft 
materials. Using the estimated Vs, the data can be 
plotted onto the surface, with an error bar representing 
the range of the estimated elastic modulus.  
 
2.3. Example 
 
To demonstrate how this three-parameter framework 
looks like, some common igneous, metamorphic rocks 
and some common sulfides are projected onto a 
theoretical surface in a three-parameter framework (r-
sp-k) shown in Figure 1.  
 

Values of Vp, Vs, and r for these rocks are 
from Schmitt et. al. (2003). All values are measured at 
200 MPa and room temperature. Common igneous and 
metamorphic rocks are shown in green, and common 
sulfides are shown in blue. All data points fall onto the 
surface. 
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2.4 Error bars 
 
In order to study how the geotechnical parameters 
such as Bulk Modulus, Young’s Modulus, and 
Poisson’s Ratio get influenced due to uncertainties 
in shear wave velocities, error bars are plotted 
onto this theoretical surface.  
 

We first look at some specific rocks 
including some common igneous and 
metamorphic rocks, and common sulfides. 
Information from Vp, Vs, and r for these rocks are 
provided in the tables from Schmitt et. al. (2003). 
Assigning a percentage uncertainty x% to some Vs 
enables it to range from +/- x% of its original 
value (ie. 10% uncertainty for Vs = 3 allows Vs to 

range from 2.7 to 3.3). This uncertainty in Vs results in 
an error in the seismic parameter, Young’s Modulus, 
and Poisson’s Ratio. Equations provided in Table 1 are 
used to calculate these uncertainties. Plotting these 
uncertainties as error bars assists us to find a trend 
between the seismic parameter and each of these 
elastic parameters, and examine how sensitive these 
elastic parameters are for different rock types. 
 

This error analysis procedure is slightly 
trickier for data obtained from boreholes located in the 
Athabasca Basin. As mentioned in the previous section, 
data obtained from boreholes did not provide useful 
measurements about the shear wave velocities, so we 
cannot simply assign an error percentage to it and do 
trend analysis like what we did previously.  

 
 

Figure 1. 3D framework for density, seismic parameter and bulk modulus with some common igneous and 
metamorphic rocks (green), and common sulfides (blue) plotted. 
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Instead, the strategy here is to make use 
of certain empirical relationship between Vp and 
Vs. Typically, for most consolidate rocks, the ratio 
of Vp/Vs can range from 1.5 to 3, but for materials 
that are very soft like dry sand, this ratio can go 
up to 8 or even higher. Given some fixed Vp value, 
if we assign some maximum and minimum values 
to limit the Vp/Vs ratio, then we can get an 
estimate of some range for the Vs value (ie. if a < 
Vp/Vs < b, then Vp/b < Vs < Vp/a). Now with this 
estimated range of Vs, we can plot error bars for 
all those elastic parameters like before. 
 
 
3. Results 
 
Both Figure 2 and Figure 3 showed error trends 
plotted with a 20% uncertainty in the shear wave 
velocities for common igneous and metamorphic 
rocks and common sulfides. Error trends for the 
Athabasca datasets was plotted using a Vp/Vs ratio 
range of 1.5 to 5. The extension in the error bars 
represents how much the Bulk Modulus varies 
due to those uncertainty constrains for different 
rock types. As shown in those figures, the Bulk 
Modulus is positively related to the seismic 
parameter and the trends extend farther for higher 
density and higher seismic parameter materials. 
This means that Bulk Modulus is more sensitive 

for rocks with higher seismic parameter and higher 
density values. 
 

The corresponding values of the Young’s 
Modulus are represented by the color coding in Figure 
2 along the error bars. The color shows that Young’s 
Modulus is negatively related to the seismic parameter 
and it is also more sensitive for materials with higher 
seismic parameter and higher density values. 
 

Color coding from Figure 3 shows how the 
Poisson’s Ratio varies along the error bars. Similar to 
Bulk Modulus, Poisson’s Ratio also has a positive 
correlation to the seismic parameter. 
 
 
4. Discussion 
 
Materials with high density and high seismic parameter 
value tend to be more sensitive to uncertainties in shear 
wave velocities. From Figure 2, it appears that the 
variations in Young’s Modulus for the Athabasca data 
is relatively small even for a 1.5 to 5 Vp/Vs ratio. In 
fact, this is a relatively pessimistic estimation of the 
Vp/Vs ratio range since it covers a wide range of 
different rock categories. This is good news since even 
if we cannot obtain shear wave velocities from 
boreholes and we have to deal with large uncertainties 
in the Vs value, an estimation of Young’s Modulus 
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with small error is still attainable. This result 
provides some hope in conducting further 
explorations within this area.  
 
5. Concluding remarks 
 
The three-parameter framework is advantageous 
in visualizing rock characterization for various 
types of minerals. The error analysis in Bulk 
Modulus, Young’s Modulus, and Poisson’s Ratio 
due to uncertainties in shear wave velocities 
provides a proxy for the realistic ranges of the 
attainable values in these elastic constants for 
different rock types. Both the Bulk Modulus and 
Poisson’s ratio are positively related to the 
seismic parameter, whereas Young’s Modulus is 
negatively related to the seismic parameter. Errors 
in these elastic parameters due to uncertainties in 
shear wave velocities are more sensitive to high 
density and seismic parameter materials. The 
results provide useful information for its 
practicability in mineral exploration purposes. 
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1. Introduction 
 

Melt inclusions are small droplets of melt 
that were trapped within a mineral as it crystallized 
(Sorby, 1858). The study of melt inclusions is an 
important part of igneous petrology as they provide 
a window into the history of the magama as it 
crystallized (Frezzotti, 2001). Through the analysis 
of melt inclusions, this study aims to determine the 
source and destination of highly siderophile 
elements(HSEs) including Pd, Pt, and Au in 
volcanic rocks from Chichijima, an island that is a 
part of the Izu-Bonin-Mariana (IBM) arc system 
(Stern et al., 2003). Chichijima is composed 
primarily of boninites, volcanic rocks high in MgO 
and SiO2 and depleted in TiO2(Cameron et al., 
1983). They form as a result of fluid flux melting 
of the sub-arc mantle wedge which has already 
been depleted by melting events (Hickey and Frey, 
1982). Chichijima is part of the forearc of the IBM 
arc system (Stern et al., 2003). The IBM is an intra-
oceanic convergent margin, a collision between the 
Pacific plate and the Philippine Sea Plate (Stern et 
al., 2003). 

Developments in LA-ICPMS have allowed 
for more accurate and simplified analysis of melt 
inclusions in rocks (Halter et al. (2002), Zajacz and 
Halter (2007)). These techniques have been applied 
to the samples of interest in order to provide 
accurate data on low concentration elements in 
melt inclusions. Quantification of major element 
composition was done using the EPMA. Further 
analysis of melt inclusions was done using Raman 
spectrometry to determine the oxidation state of 
sulfur. Measuring these HSEs and tracking their 
trends with the crystallization history of the magma 
provided more data for future development of the 
work done by Mungall et al. (2008).  

Melt inclusions from three samples were 
analyzed. The samples are called CH-4, CH-5, and 
CH-7, they are all high-Ca boninites (Mungall, 
unpublished data). 
 
2. Methods 
2.1 EPMA 

Melt inclusions in the three samples were not 
homogeneous and so needed to be homogenized 
for measurement on the EPMA. This was 
accomplished by heating the samples at 1250°C for 
five minutes each under atmospheric pressure. This 
temperature was chosen as it comes close to the 

eruption temperature calculated by Dobson et al. (2006) 
and it resulted in homogenization of the melt inclusions 
without obvious incorporation of the host. 

Inclusions were measured for the major elements 
plus SO3 and Cl. The host crystals were also measured 
for their major elements. All of the inclusions were 
hosted in orthopyroxene. Spot sizes were a minimum of 
10μm. 
 
2.2 LA-ICPMS 

Samples were measured for 32 elements 
including the major elements, Pd, Pt, Au, and S. To 
account for interferences on Pd, Pt, Au, and Ag caused 
by oxides produced during analysis, a variety of 
minerals and glasses were analyzed as well. These 
minerals and glasses were known to have no Pd, Pt, Au, 
or Ag and had high concentrations of the interfering 
element so the oxide productions could be measured by 
calculating the ratio between the counts of the element 
of interest to the counts of the interfering element. 
Measurements of these oxide production rates were 
done at the beginning and end of each batch of analysis 
to account for drift. These oxide production rates were 
then used to adjust the signal of the standards and the 
samples to remove the interference and provide more 
accurate and reliable analyses. 

Melt inclusions greater than 40μm in diameter 
were chosen when inclusions were plentiful as in 
samples CH-4 and CH-7, but when inclusions were 
sparse, they were analyzed as small as 25 m. 

Melt inclusion signals were deconvoluted from 
the host signal using the methods outlined in Zajacz and 
Halter (2007). Al2O3 measurements from the 
microprobe were used as internal standards for these 
calculations. Al2O3 was chosen due to its low standard 
deviation and general absence from the host 
orthopyroxenes. 

 
2.3 Raman 

Melt inclusions from one crystal noted for their 
high S concentrations were analysed using Raman 
spectrometry. The beam used had a power of 20mW and 
a wavelength of 532nm. The inclusions measured were 
less than or equal to the aperture size used (25μm). The 
host was also measured to see which parts of the signal 
in the inclusions are due to interference by the host. 

 
3. Results 
3.1 Major Elements 

Major element measurements on the EPMA 
showed a relatively narrow range of composition. Most 

Highly siderophile elements in melt inclusions from Chichijima volcanic rocks 
Sabastien Dyer 
Department of Earth Sciences, University of Toronto    March 2018 
 
 
 



2                                Dyer: Highly siderophile elements in melt inclusions from Chichijima volcanic rocks 

were boninitic, and the SiO2 ranged from 52 to 62 
wt%. Plotted on a TAS diagram (Fig. 1), the melt 
inclusions show a trend that implies a normal 
evolution of these rocks from more mafic to 
felsic. 

 
3.2 Pd, Pt, Au 

Of these three, Pd ended up being the best 
element for measurement with the most values 
measured above detection limit. Au is low in the 
bulk rock compositions and was expected to be 
low in the melt inclusions. As a result there were 
not as many measurements of Au. Pt was the most 
unreliable. 

Since Pt concentrations were so low, it was 
rare that they were above detection limit. There 
were obvious occurrences worth noting where the 
Pt was very high, up to 2 μg/g. This was evidently 
a result of Pt nuggeting, the signal is shown in 
figure 2. The presence of these nuggets means that 
any measurement of Pt might be skewed by 
unnoticeable smaller nuggets coentrapped with 
the melt inclusion. What is interesting about these 
is that they show no correlation with sulfur, 
indicating that these are pure Pt. For these nuggets 
to form would require very low amounts of sulfur 
in the magma, and a high oxidation state of the 
sulfur that is present, both conditions we see. 
While Pd and Au are partitioning into these 
nuggets, it does not appear to have a significant 
effect on the Pd and Au concentrations. 

 Since the compositions of the melt inclusions 
ended up being as narrow a range as they did, it was 
difficult to see many trends in the data. There were a 
few relationships that appeared to be present. One such 
relationship appears between Pd and Au (Fig. 3), this is 
to be expected as Pd and Au are very close chemically 
and would be expected to exhibit similar behaviors 
(Brenan et al., 2016).  

Another possible trend is seen in the Cr/Ni vs Pd 
graph (Fig 4). It shows a a general trend of increasing 
Pd with decreasing Cr/Ni. There are several possible 
explanations for this, which ought to be explored with 
future modelling. The most reasonable explanation is 
that as the system evolved and crystallized more and 
more pyroxene, the Cr partitions into it while the Ni 
remains within the melt (Kan et al., 2010). Pd being an 
incompatible element to silicate minerals, also remains 
in the melt and becomes more concentrated as the 
system continued to evolve. A similar trend can be 
seen with C  u. 

 
3.3 Sulfur state 

Raman spectra collected show small peaks 
which match up with gypsum. These peaks are not 
present in the spectra of the host. While the major 
gypsum peak overlaps with a major pyroxene peak, 
this is still strong evidence that sulfate is present in 
melt inclusions. This means that the magma had a high 
fO2, further evidenced by the complete lack of sulfides 
in these samples. 
 
 

 
Fig 1: EPMA data plotted on a TAS diagram with bulk rock composition (BRC) from Mungall, 

unpublished data. The dashed blue arrow shows the general trend of evolution that these rocks exhibited 
as the system developed. 
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4. Conclusion 

 

Melts enriched in Pd, Au, and Pt were generated 
in an oxidized mantle wedge (Mungall, 2002). These 
melts were likely initially depleted in sulfur due to the 
oxidation and remained oxidized throughout their 
evolution. Due to high oxidation state, sulfides were 
never able to form in the magma forcing a magma 
saturated in Pt to exsolve it in its pure form. From the 
data, it seems that while Pd and Au did partition strongly 
into them, it did not affect the concentration of these 
elements significantly. This is likely due to there being 
too few nuggets compared to the Pd and Au 
concentrations.  

Further analysis is needed to determine exactly 
what form the Pd and Au ended up in. The only 
conclusions that can be drawn from the data regarding 
Pd and Au is that they are becoming more concentrated 
as pyroxene crystallizes in the melt. 

This study has definitively shown that HSEs can 
be reliably measured with LAICPMS. 
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Fig 2: Raw signal data from the LA-ICPMS. 

The y axis is counts per second. Al27 is shown 
to emphasize where the melt inclusion is, the 

region of the melt inclusion is also highlighted. 
Pt has a very strong signal that extends past the 
melt inclusion which suggests that it was a co 
entrapped phase that extended deeper than the 
rest of the melt inclusion. Pd and Au signals 

match the shape of the Pt signal which means 
that these elements are partitioning into these 
nuggets exhibited as the system developed. 

 

 
Figure 3: LA-ICPMS data plotting Pd against Au 
with bulk rock composition (BRC) from Mungall, 
unpublished data. The dashed blue line shows a 

general trend identified qualitatively exhibited as 
the system developed. 

 

 
Figure 4: LA-ICPMS data plotting Pd against 
Cr/Ni with bulk rock composition (BRC) from 

Mungall, unpublished data. The dashed blue line 
shows a general trend identified qualitatively. 
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1. Introduction 
 
Sulfur is correlated with the enrichment of 
porphyry ore deposits due to its ability to form 
complexes with the ore metals (e.g. Au and Cu) 
and the precipitation of metal sulfides from 
andesitic magmas (Zajacz et al., 2017; Sillitoe, 
2010).  The volatile phase is key in predicting the 
locality of sulfur enrichment because of the 
phases separation between vapor and liquid 
(Wilkinson, 2013; Blundy et al., 2015). The 
definite variance in the physical properties of the 
two phases would determine the migration 
behaviors of the fluid. The more saline liquid is 
heavier leading it to pool and spread laterally 
within the lower regions of the magma chamber 
whereas the lighter vapor will rise and expand, 
forming a plume higher in the chamber. If 
volcanic degassing occurs for the magmatic 
system, the vapor phase will defuse out of the 
system. Therefore, understanding the vapor and 
liquid partitioning of sulfur could estimate the 
cause of its saturations which in turn relates to the 
precipitation of porphyry ore deposits.  

Recent studies agree on sulfur preferential 
enrichment in the vapors for reduced magmas, 
facilitating the increase in the metals transport 
(Zajacz et al. 2017; Pokrovski et al., 2007). 
Increased acidity in the melt and the abundance of 
reduced sulfur ligands would also significantly 
influence the solubility and the complex formed 
between sulfur and the ore minerals respectively. 
However, there are particularly a lot of debate 
regarding the enrichment of sulfur in andesitic 
magmas due to lack of information on the 
physiochemical behavior of sulfur, also limiting 
our understanding of porphyry ore deposits 
enrichment in different arc magma settings 
(Moune et al., 2009; Mavrogenes and Blundy 
2017; Blundy et al., 2015). There are numerous 
studies investigating the partitioning behavior of 
the element but constraining the variabilities in 
the natural system is difficult, hindering the 
understanding of sulfur precipitation (Wilkinson, 
2013). 

Thus, this study will explore the 
partitioning behaviors of sulfur under various 
magmatic conditions. The experiments were 
systematically carried out to investigate the effect 
of acidity and oxygen fugacity to sulfur 
partitioning. The pressure is also manipulated to 

demonstrate any trends when the salinity contrast 
between the vapor and liquid is smaller. For this 
reason, new experimental methods are incorporated 
into the study to produce cleaner fluid inclusions for 
more accurate data quantification. 

 
 
2. Methods 
 
2.1. Experimental Approach 
 
We used synthetic fluid inclusions to trap the fluid 
phase corresponding to the P-T conditions of interest 
(Bodnar, 2003). The fluids were equilibrated in Au 
capsules under two different oxygen fugacity 
conditions using Re-ReO2 and Ni-NiO (NNO) buffers 
in cold seal pressure vessels. The Re-ReO2 buffer was 
used to promote the predominance of oxidized sulfide 
species, SO4

2- and HSO4
-, during the experiment and 

the Ni-NiO buffer for the predominance of reduced 
sulfur species, H2S (Binder et al., 2018). Aside from 
the ability of H2S to efficiently form complexes with 
porphyry ores, enabling them to be transported (Zajacz 
et al., 2017),  the “oxidizing conditions” was chosen to 
replicate oxidized andesitic magmas that can 
effectively precipitate metal sulfides (Sillitoe, 2010). 
The starting fluid composition were constructed to 
achieve density and salinity (i.e. NaCl eq.) ratio in 
vapor and liquid similar to typical porphyry ore fluid 
composition (Driesner and Heinrich, 2007; Zajacz et 
al., 2017). For the purpose of this study, we will be 
referring to liquid inclusions as brines. Pure quartz was 
used as the host for the fluid inclusions, thus, the bulk 
fluid composition is precisely known.  

The chosen magmatic systems for comparisons 
are H2SO4-NaCl-KCl-H2O and H2SO4-NaCl-KCl-HCl-
H2O under pressure and temperature represented by T 
= 800°C, P = 120 MPa and T = 900°C, P = 130MPa, 
160MPa and 180MPa. Magmatic systems at 800°C is 
more applicable to natural porphyry ore deposits, 
however, the production of vapor inclusions at lower 
temperature is very poor (i.e. contaminated, small 
vapor inclusions) (Sillitoe, 2010; Bodnar, 2003). 
Therefore, the results of the experiment are compared 
to the 900°C experiment to allow for the application of 
the trends found in the 900°C to the 800°C temperature 
condition. Other thoughts behind the experimental 
design is to also investigate the different magmatic 
systems of porphyry ore deposits and to find any trends 
in sulfur partition coefficient as the pressure rises. 
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the Genesis of Porphry Ore Deposits 
Nuur Fahima Husna Ghazali 
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When there are no apparent distinctions between 
the different systems regarding the element’s 
partitioning, the partition coefficient is not 
investigated at higher pressures and are 
generalized to the H2SO4-NaCl-KCl-H2O system.    
 
2.2. Quantification of fluid analysis 
 
The analysis of the fluid inclusion was determined 
using Laser Ablation Inductively Coupled Mass 
(LA-ICPMS) Spectrometry at the University of 
Toronto. The major difficulties in carrying out 
experiments related to fluid inclusions are the 
ability to generate consistently “clean” vapor 
inclusions partly due to the constant intermingling 
between the fluid and the quartz slab (Bodnar, 
2003). We develop a new experimental method 
that will decrease this interaction by lowering the 
mobility of the fluid. This method includes adding 
generous amounts of zircon powder into the gold 
capsule and tilting the capsule at a higher 
inclination when running the experiments. Zircon 
being chemically stable under high pressure and 
temperature allows for its addition without 
disrupting the chemical composition of the fluid 
(King, 2008). To investigate the effectiveness of 
zircon addition to the capsule preparation, two 
experiments of the same parameters and 
condition, H2SO4-NaCl-KCl-H2O system under 
900°C, 130 MPa and fO2 = NNO -1, were carried 
out with zircon encapsulated in one of the 
capsules. We also incorporated methods from 
Zajacz et. al. (2017) by defining the starting 
solutions close to the vapor limbs of the NaCl 
solidus (refer to Fig. 1 from Zajacz et. al., 2017). 
The resulting vapor/liquid mass ratio will be high, 
ensuring less liquid contamination in the vapor. 
Boron is also incorporated into the starting 
solution because of its vapor and brine 
partitioning coefficient being close to 1, allowing 
us to use its concentration as the internal standard 
when quantifying the vapor inclusions (Zajacz et 
al., 2017). The experiments were studied based on 
their oxygen fugacities to eliminate the 
variabilities brought on by the behaviors of 
different sulfur species. 

 
 
3. Results 
 
3.1. Fluid inclusions petrography 
 
We carried out the analysis of the fluid inclusions 
using LA-ICPMS. Boron as the internal standard 
for the quantification of vapor inclusions and 
concentration of Na for the brines. With the 

addition of zircon, the amount of vapor inclusions of 
large sizes (i.e. 30-40 µm in diameter) was discovered 
to be significantly more abundant. No apparent 
differences in the inclusions’ signals was witnessed, 
however, the occurrence of brine inclusions was 
reduced.  

At higher pressures, the immiscibility of the 
fluid decreased, leading to higher vapor salinities with 
values corresponding to the SoWat algorithm for pure 
NaCl-H2O system (Driesner and Heinrich, 2007). 
There were no visible trends in the vapor salinity in the 
presence of HCl. 
 
3.2. Sulfur partitioning and apparent solubility 

Fig.1. The concentration of sulfur in vapor (orange 
square) and brine (blue circles) under reducing 
conditions with their respective distribution coefficient 
in between for different magmatic conditions. 

Fig.2. The concentration of sulfur in vapor (orange 
square) and brine (blue circles) under oxidizing 
conditions with their respective distribution coefficient 
in between for different magmatic conditions. 



   2 

The analysis of the distribution coefficient, Dliq/vap, 
for the systems under reducing conditions showed 
preferential partitioning of sulfur into the vapor 
phase (Fig. 1). The immiscibility of the fluid is 
higher in lower temperatures (i.e. going from 
900°C to 800°C) but the same trends persist. 
Thus, patterns discovered for systems at 900°C 
could be applied to 800°C systems. Surprisingly, 
with the same amount of sulfur in the starting 
fluid, the partitioning of sulfur under oxidizing 
condition is not as strong. The concentration of 
sulfur in the brines is close to the amount in vapor 
with distribution coefficient > 0.7 compared to 0.5 
< in reducing conditions (Fig. 1; Fig. 2). The 
addition of HCl under the same temperature and 
pressure for both conditions did not significantly 
affect this value, however, the solubility of sulfur 
in both phases was lowered. For both conditions, 
increasing the pressure also significantly 
enhanced sulfur partitioning into the liquid phase, 
which could be attributed to the decrease in fluid 
immiscibility as the fluid composition goes up the 
NaCl solidus (refer to Fig. 1 from Zajacz et. al., 
2017). 
 
3.3 Au partitioning and apparent solubility 
 
Even though the partitioning of Au favors the 
liquid phase in both reducing and oxidizing 
conditions, the solubility of Au for both 
conditions have contrasting trends in the presence 
of HCl. In the H2SO4-NaCl-KCl-H2O system at 
low oxygen fugacity, Au solubility is high, > 142 
µg/g in the vapor and > 931 µg/g in the brine, and 
this decreases with the addition of HCl. However, 
the opposite is true with the dominance of HSO4

- 
species. Nevertheless, Au sequestration was 
enhanced with an increase in pressure for both 
conditions, also leading to the decrease in Au 
immiscibility. 
 
 
4. Discussion 
 
4.1. Solubility and partitioning of sulfur in 
reducing conditions 
 
The tendency for sulfur to partition into vapor 
adheres to previous studies carried out in the 
natural system with similar conditions (Wilkinson, 
2013). Despite the distribution coefficient of Au 
favoring the liquid phase during initial 
sequestration, documented evidence of Au 
efficiently forming complexes with the element, 
explains the occurrence of fertile porphyry ore 
deposits in the vapor phase instead of the brine 

(Zajacz et al., 2017). Sulfur-Au complexes allow for 
effective transport into the lighter vapor phase, such 
that ~ 90% of Au concentrated into the vapor phase in 
natural systems (Pokrovski et al., 2008; Zajacz et al., 
2017). Due to sulfur immiscibility decreasing at higher 
pressures conditions, Au transport by vapor phase will 
be more pronounced under low pressures. In addition, 
with raised vapor salinity at pressures > 130 MPa, Au 
partitioning between vapor and brine was reduced. 
Elevated amounts of charged complexes with higher 
density stabilized Au complexes, leading to elevated 
concentration of Au in the vapors (Zajacz et al., 2017; 
Pokrovski et al., 2005).   

The solubility of sulfur in both brines and 
vapors is higher in the absence of HCl. The addition of 
HCl increase the fractionation of sulfur from the fluid 
and thus, less sulfur is sequestered (Blundy et al., 
2015). This is reflected by lowered Au solubility in the 
volatile phases despite already elevated concentration 
of Au under high pressure. Thus, confirming reduced 
sulfur being the dominant Au transport under low 
oxygen fugacity.  
 
4.2. Solubility and partitioning of sulfur in oxidizing 
conditions 
 
The fluid immiscibility of sulfur under oxidizing 
conditions was previously thought to produce barren 
sulfur brines (Blundy et al., 2015). Thus, when 
proposing theories for the sequestration of sulfur in 
oxidizing condition, the main focus was the 
introduction of rich sulfide fluid to barren deposits by 
later vapor phases. This explanation is particularly 
dominant for the precipitation of anhydrite deposits in 
the liquid phase which requires a high concentration of 
sulfur. The presence of HCl responsible for the 
extensive precipitation of copper would also 
fractionate sulfur from the brines extensively. 
Therefore, the discovery of low sulfide immiscibility in 
the oxidizing conditions and solubility even in the 
presence of HCl then proves later vapor transport is not 
crucial for the precipitation of sulfur in the liquid 
phase. The presence of more stable HSO4

- induced by 
the high oxygen fugacity present in arc magmas could 
also account for the acidic alteration critical in the 
anhydrite magmas. Future studies regarding porphyry 
ore deposits would then need to be carry out with new 
perspectives. 
 Low solubility of Au in the H2SO4-NaCl-KCl-
H2O system shows that Cl-Au complex could be the 
dominant form of Au transport in oxidizing condition 
instead of sulfur. This is further demonstrated by the 
increase in Au solubility under lowered sulfur 
solubility in the presence of HCl. Therefore, further 
studies concerning oxidized sulfur systems, could be 
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directed more on anhydrite magmas instead of 
porphyry ore transport. 
 
 
5. Concluding remarks  
 
Porphyry ore deposits are rich with volatiles and 
thus will be significantly affected by fluid phase 
immiscibility (Sillitoe, 2010). The presence of 
sulfur in the volatile phases would then control the 
mineralization styles of porphyry ore deposits due 
to the efficiency of certain sulfide ligands to 
transport porphyry ores and the precipitation 
metal sulfides in anhydrites (Sillitoe, 2010; Zajacz 
et al., 2017). This findings in this study agrees 
with previous literatures regarding reduced sulfur 
preferential partitioning into vapor, confirming 
dominant sulfide transport of Au in neutral 
systems (Zajacz et al., 2017). However, the 
presence of HCl will greatly reduce sulfur 
solubility and more studies need to be carried out 
for magmatic systems with both sulfur and HCl 
occurrences. We discovered sulfur partitioning is 
shown to differ under contrasting oxygen 
fugacities where sulfur approximately partitions 
equally in brines and vapor under oxidizing 
condition. Thus, the initial perception of sulfur 
fractionating into the vapor could not be 
generalized to all arc magmas. Au solubility was 
also found to be significantly low in oxidized 
magmas. Therefore, the dominant Au transport in 
this system could be Cl-Au complexes instead of 
sulfur.  
 
 
References 
 
Binder, B., Wenzel, T. & Keppler, H. (2018) The 

partitioning of sulfur between 
multicomponent aqueous fluids and felsic 
melts. Contrib Mineral Petrol, 173: 18. 
https://doi-org/10.1007/s00410-018-1445-6 

Blundy, J., Mavrogenes, J., Tattich, B., Sparks, S., 
& Gilmer, A. (2015) Generation of porphyry 
copper deposits by gas–brine reaction in 
volcanic arcs. Nature Geoscience, 8: 235-
240. https://doi.org/ 10.1038/ngeo2351   

Bodnar, Robert J. (2003) “Chapter 1. Introduction 
to fluid inclusions.” In Fluid Inclusions: 
Analysis and Interpretation Volume 32, 
edited by Iain Samson, Alan Anderson, and 
Dan Marshall, 1-8. Vancouver: Mineralogical 
Association of Canada. 

Driesner, T. and Heinrich, C. A. (2007) The 
system H2O-NaCl. Part I: Correlation 

formulae for phase relations in temperature- 
pressure-composition space from 0 to 1000 C, 0 to 
5000 bar, and 0 to 1 X-NaCl. Geochim. 
Cosmochim. Acta 71(20), 4880– 4901. 

Heinrich, Christoph A. 2007. “Fluid-Fluid Interactions 
in Magmatic-Hydrothermal Ore Formation.” 
Reviews in Mineralogy and Geochemistry, 65 (1): 
363-387. 

King, R. (2008) Zircon. Geology Today, 24: 195-198. 
https://doi.org/10.1111/j.1365-2451.2008.00687.x 

Liu, W., Etschmann, B., Testemale, D., Hazemann, J., 
Rempel, K., Müller, H., & Brugger, J. (2014) 
Gold transport in hydrothermal fluids: 
Competition among the cl−, br−, HS− and 
NH3(aq) ligands. Chemical Geology, 
376(Complete): 11-19. 
https://doi.org/10.1016/j.chemgeo.2014.03.012 

Mavrogenes, J., Blundy, J. (2017) Crustal sequestration 
of magmatic sulfur dioxide. Geology, 45 (3): 211–
214. https://doi.org /10.1130/G38555.1 

Moune, S., Holtz, F. & Botcharnikov, R.E. (2009) 
Sulphur solubility in andesitic to basaltic melts: 
implications for Hekla volcano. Contrib Mineral 
Petrol, 157: 691. https://doi.org/10.1007/s00410-
008-0359-0 

Pokrovski, G. S., Borisova, A. Y., & Harrichoury, J. C. 
(2008). The effect of sulfur on vapor-liquid 
fractionation of metals in hydrothermal systems. 
Earth and Planetary Science Letters, 266(3-4): 
345-362. 
https://doi.org/10.1016/j.epsl.2007.11.023 

Pokrovski G. S., Roux J. and Harrichoury J. C. (2005) 
Fluid density control on vapor-liquid partitioning 
of metals in hydrothermal systems. Geology, 
33(8): 657–660. 

Sillitoe, R. H. (2010) Porphyry Copper System. 
Economy Geology, 105: 3-41. 
https://doi.org/10.2113/gsecongeo.105.1.3 

Wilkinson, J. J. (2013) Triggers for the formation of 
porphyry ore deposits in magmatic arcs. Nature 
Geoscience, 6: 917–925. 
https://doi.org/10.1038/ngeo1940.   

Zajacz, Z., Philip, A. C, and Philip, M. P. (2017) The 
Partitioning of  Cu, Au and Mo between 
Liquid and Vapor at Magmatic Temperatures and 
its Implications for the Genesis of Magmatic-
Hydrothermal Ore Deposits. Geochimica Et 
Cosmochimica Acta, 207(Complete): 81-101. 
https://doi.org/10.1016/j.gca.2017.03.015.  

 



Extended Abstract for the Thesis Course ESS492Y: Geophysics of the Potato Patch area with focus 
on Magnetics, near Deep River, Ontario  
Norbert Kapa 
Department of Earth Sciences, University of Toronto          March 2018 
 
1.Extended Abstract  

 
1.1 Introduction 
 
Deep River 2 hours Northwest of Ottawa is host 
to the study area for upper year University of 
Toronto earth science students. The geology of 
the area is shaped by the retreat of the Laurentide 
ice sheet from about 11,500 to 6000 years ago 
which result is thick layers of glacial deposits 
consisting of sand, clay lenses and till over the 
bedrock (Nicholson). The area of study in Deep 
River of key interest in the field courses is an 
exposed area named the potato patch. The potato 
patch over the years is surveyed using various 
geophysical methods including seismic, GPR, 
resistivity and geochemical methods using 
piezometers (Figure 1). Although the potato patch 

is surveyed over the years intensely, magnetics is 
one geophysical tool that has not yet been studied 
to its full potential. In my research for this report 
I study the magnetics of the potato patch area to 
complement the geology of the area. I do so by 
first creating a magnetic topographic map to get a 
broad idea of the magnetic study area. I then use 
Ground Penetrating Radar and the total magnetic 

field to analyze subsurface features. Finally, I use 
magnetics to determine the depth to bedrock.  
 
1.2. Methods 
 
The study of the Deep River area is different then 
the studies of the Deep River area from previous 
years by undergraduate and graduate students 
alike in the sense that I focus on magnetics in each 
step of my research.  

All of the processes of my report rely on 
the use of the given data of magnetic and GPR 
processing scripts provided by Charly Bank, data 
files from the 2017 Geophysical Field 
Techniques Field course provided by Charly 
Bank, Data Master 2015 file provided by Grant 
Ferris indicating the piezometer locations and the 
base magnetometer readings of Ottawa gathered 
from http://ottawa.intermagnet.org. With these 
data files on hand I use the programming 
language of Matlab to construct and run scripts 
and the GPR processing software of Reflex-w to 
apply filters over the GPR files including AGC-
Gain, for image sharpening; timeshift, for vertical 
shifting to eliminate the static noise; and 
hyperbolic fitting, for time to depth conversion. 

In terms of the steps taken in the process 
of my research I first write a script to program a 
topographic view of the Potato Patch area. This 
map illustrates the total magnetic field of the area, 
has 3 GPR survey lines run over it and includes 
the piezometers of the area. Next, I compare the 
total field base magnetometry readings of Deep 
River to the total field base magnetometry 
readings of Ottawa to check the credibility of the 
total magnetic field. In the third step of research I 
overlay the 3 GPR files with the corresponding 
magnetic survey lines after filtering the GPR lines 
using Reflex-w. Finally, I use Charly Bank’s 
scripts to model the magnetic anomalies of GPR 
lines 35 and 36 and 6 other files that show 
magnetic anomalies when plotted. 

 

 
Figure 1: Cartoon illustration of previously collected 
data of the potato patch from piezometer data, 
resistivity, seismic and ground penetrating radar          
(Personal Communication, C. Bank, 2013). This shows 
the depths of the stratigraphy using the different 
geophysical methods (Nicholson, A Case Study of 
Geophysical Techniques on Ogilvie Lake, near Deep 
River, Ontario).  
	



1.3 Results  
 
Figure 2 illustrates the topographic magnetic map 
of the area around the Potato Patch from data 
collected on August 2017. 

The Reflex-w processing software allows 
me to construct a time to depth conversion using 
the filter of hyperbolic fitting. In doing so the 
GPR radargrams average to be 4 meters in depth. 
The resulting GPR radargrams are compared to 
the magnetic profiles meter by meter as illustrated 
in figure 3. 
 

Magnetic modelling with one of the 6 
magnetic profiles modelled in my research is 
shown in figure 4. 
 
1.4 Discussion 

 
The magnetic topographic map that I first 
construct sets a tone for the rest of the research as 
it acts a reference point to which to compare the 
data to throughout my research process. The 
topographic map shows that there are long 
wavelength regional magnetic variations from 
Southwest to Northeast. The regional variations 
are superimposed on short wavelength anomalies 
of bedrock dikes, clay lenses and boulders. From 
the topographic map I see where the Ground 
Penetrating Radar and magnetic lines overlay. 
Comparing GPR lines and the total magnetic field 
meter by meter allows me to characterize 
magnetic anomalies. In the case of Figure 3, I 
know there is a magnetic anomaly at the 45 meter 
distance mark which can either be a boulder or a 
clay lens. Analyzing the GPR radargram, I see 
that the anomaly is in fact that of a clay lens as it 
is a linear structure and not a hyperbolic structure. 
The topographic map becomes very critical too 
when it comes to the modelling of the data. From 
the topographic map I spot long wavelengths in 
the bottom left hand corner of the potato patch in 
addition to shorter wavelengths scattered 
throughout the map. Modelling long wavelengths 
suggest bedrock anomalies such as of bedrock 
dikes at about 5 meters in depth (Figure 4) 
Modelling short wavelength anomalies suggest 
near surface anomalies in the sand layer such as 
of clay lenses and boulders at depth ranges of 1 to 
2.5 meters.  

 

 
Figure 2: Total magnetic field map of the Potato Patch 
area. In addition, three GPR survey lines are drawn out 
in the map and the location of the piezometers in the 
study area.  

 
Figure 3: A meter by meter comparison of one of the 
Ground Penetrating Radar lines against the total 
magnetic field.  

	
Figure 4: Modelling result of magnetic line from 
piezometers 1 to 6. Circles are the readings of the total 
magnetic field as surveyed in the field and the red line is 
the ideal magnetic anomaly model of an object’s 
dimensions as specified by the blue figure. 	

	



1.5. Concluding remarks  

I take a different approach to the analysis of the Deep River area by means of using magnetics and this 
leads to results that both compliments and adds to the collection of data of the potato patch area. The main 
goal of this report was to determine the depth to the bedrock and much progress was achieved. The three 
magnetic lines in the bottom left hand corner of the potato patch hinted the potential of bedrock anomalies. 
Modelling scripts indicated that the source of bedrock anomalies is at 5 meters depth. I do however implore 
Ground Penetrating Radar lines to be run over them so that this can be confirmed as it may be the case that 
many boulder and clay lens anomalies constitute this region making up the anomaly phenomena. The 
topographic map shows me that further in-depth analysis needs to be done to filter out regional magnetic 
field variation to allow the analysis of the depth to bedrock to be more accurate. This can be done by doing 
a total magnetic walkmag from Southwest to Northeast and then use the time series analysis principle of 
decomposition (The Pennsylvania State University). This is a statistical operation on a set of predicable 
data which is used to break up the data into component additive units each representing an underlying 
category of patterns (The Pennsylvania State University). In this way, one can subtract an estimate of the 
regional magnetic variation from the total magnetic field walk path from Southwest to Northeast. The result 
being the residual magnetic anomaly which makes up the spectrum of shallow subsurface anomalies such 
as that of bedrock origin (Nettleton, 1962).  
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1. Introduction 
 
In northeastern New Brunswick, Canada, a 
Devonian rift basin beneath glacial sediments is 
delineated by both airborne and ground magnetic 
data. The basin is located within the Nash Creek 
property, on the south of the Chaleur Bay and 
adjacent to the Jacquet River Gorge Natural 
Protected Area. The study area is located within 
the Jacquet River Syncline which is part of the 
larger Chaleur Bay Synclinorium and bound to the 
west by the Black Point-Arleau Brook Fault 
(BPABF) (Figure 1). A ground magnetic 
investigation has been performed over this area to 
characterize the source of these regional 

anomalies. By integrating geomagnetic data sets with 
physical rock properties measured from drill core, the 
half graben model was created to delineate the BPAB 
fault dipping angles. 
 The mineralization at the study area is hosted 
in Late Silurian to Early Devonian (Figure 1) 
comprised of highly magnetic basalt, flow banded 
rhyolite, and interbedded tuffs. The stratigraphy was 
deposited in a half-graben shallow marine setting, 
where hydrothermal fluids transported sulphide 
mineralization through a fault network (Walker 2010). 
Due to a lack of outcrop and relatively flat-lying 
attitude of the geological units, petrophysics data of 
deep boreholes need to be examined to better interpret 
the geology, stratigraphy, and chronology. 

Constraining a bi-modal volcanic sequence in a Devonian half-graben using multi-
parameter petrophysics on drill core 
Shuangyi Liu, Camille Hebert, Erica Veglio, Bernd Milkereit 
Department of Earth Sciences, University of Toronto    March 2018 
 

study	site 

Figure 1. Reginal Geology. The Black Point-Arleau Brook Fault (BPABF) is highlighted in red. The local 
megatem airborne magnetics in Figure 2a was done in the study site. The study site is at the east of the 
fault, within the Jacquet River Half Graben. (Wilson et al., 2012) 
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2. Methods 
 
2.1 Geomagnetic Data at Various Scales  
 
Figure 2 shows two of the geophysical magnetic 
data sets that exist for the study area, both at 
different resolutions. Figure 2a shows a compiled 
result of two local airborne magnetic surveys; a 
Megatem survey flown in 2004 and Vtem survey 
flown in 2016. Both surveys were oriented east-
west with a separation of 150 meters. The 
Megatem survey had a mean terrain clearance of 
120 meters, while the Vtem survey had an 80 
meter mean terrain clearance, with the magnetic 
sensor averaging 65 meters. Magnetic data from 
walk ground magnetic surveys were combined in 
Figure 2b, to better characterize the source of 
these regional anomalies. The ground magnetic 
surveys show that the anomalous region A is 
characterized by a magnetic field of 
approximately 54,300 nT. This ground magnetic 
data was corrected by diurnal fluctuation and it 
only emphasizes the magnetic anomalies greater 
than the surrounding area. While the airborne 
magnetic data was downward continued and all 
details matched the ground magnetic features. The 
magnetic data clearly defines the major north-
south trending fault corresponding to the 
overviewed half graben structure. 

 
2.2. Petrophysics on Drill Core 
 
The New Brunswick Government’s core storage 
facility at Madran hosts complete core from a 580-
meter-deep vintage exploration borehole probing the 
preserved basin fill. The location of the borehole is on 
the east side of BPAB fault with a 61° dipping towards 
west. The relative location of the borehole with respect 
to the three linear anomalies is indicated in Figure 2b. 
The drill core was investigated using petrophysics, 
geochemical, and geological methods, including 
magnetic susceptibility, radiometrics, density, XRF, 
trace elements, and rough lithology. 
 The magnetic susceptibility data was smoothed 
out by local regression using weighted linear least 
squares and a 2nd degree polynomial model. The 
method assigns lower weight to outliers in the 
regression and zero weight to data outside six mean 
absolute deviations. The filtered data remains the 
relative variation with less outliers. The density data 
was applied by a one-dimensional median filter with a 
window size of three. The idea of the median filter is to 
run through the data with a 1×3 window, replacing the 
noisy value with the median of neighbouring values.  
 To better characterize and differentiate the 
stratigraphy, a two-parameter color scheme was 
created (Figure 3a) by assigning magenta to the high 
values of one parameter, and red to the high values of 

BP
AB

F	

BPABF 
B	

A	

A 

B 

Figure 2. Local Megatem Airborne Magnetics and Ground Walk Magnetics. (a) Flight lines were oriented in an 
east-west direction with a separation of approximately 150 meters. The Black Point-Arleau Brook Fault (BPABF) 
is highlighted in dark blue. The two major anomalies (A and B) corresponds to the two circled anomalies in 
Ground Walk Magnetics in Fig. 2b. (b) Walk magnetics delineated 3 linear anomalies, interpreted as three north-
south oriented faults. The black line indicates the profile seen in Figure 3, approximate location of a deep borehole 
is indicated by an arrow. (Veglio et al, 2017) 

(a)	 (b)	

Borehole 
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the other. Place where both parameters have low 
values is assigned to be yellow and place where 
both have high values is assigned to be purple. 
The rest of the color variation depends of the 
different combination of the value variations of 
two parameters. With the correlation to the color 
scheme, the patterns of the value variation can be 
identified with respect to depth (Figure 3b).  
 On the same concept, a three-parameter 
color scheme was also created (Figure 3c) as a 3D 
model. Figure 3b shows the screenshots of the 
model from four viewing angles. High values of 
each parameter are assigned to white, magenta, 
and green respectively. Place where all parameters 
have low values is assigned to yellow, and place 
where all parameters have high values is assigned 
to blue. A three-parameter color scheme helps to 
identify a more comprehensive pattern of different 
combinations of three parameters.  
 
 
3. Results 
 
The compilation of various geomagnetic data sets 
at various scales was integrated with physical rock 
properties such as the magnetic susceptibility and 
the remnant magnetization to model the 
geological structure on the profile indicated by a 
black line in Figure 2b. The half graben model 
was created by fitting the predicted magnetic 
anomalies to the measured anomalies (Figure 4). 
The dipping angle of BPAB fault/dyke in the 
model was predicted to be 60° towards east.  

 With the correlation to the color schemes, 
some pseudocolor plots of coupled parameters are 
created (Figure 3b, 3c). From these pseudocolor plots, 
it is visually more straightforward to identify the local 
stratigraphy associated with the borehole. At depth 
where both parameters are high, the assigned color is 
purple or blueish; at depth where both parameters are 
low, the assigned color is yellow. Therefore, by 
identifying blue and yellow colors from the three 
pseudocolor plots, we can divide the local stratigraphy 
according to the petrophysics parameters variations. In 
Figure 3b, there are distinguishable color changes at 
approximately 100-meter depth and 480-meter depth. 
In Figure 3d, there is an obvious color change at the 
depth of 100 meters, which matches K-Th plot. At the 
depth of 200 meters, there is another severe color 
variation, which indicates the stratigraphy changes. 
 

 
Figure 4. Half Graben Structure Model. The model 
was created by fitting the magnetic anomalies with 
different fault dipping angles. (Veglio et al, 2017) 
 
 

K	–	Th 
Fe	–	Zn	–	Pb	  

x 

y 

(a) 

2	Parameter	Colour	Scheme	  

Figure 3. 2-Parameter and 3-Parameter color scheme. (a) 2-Parameter Color Scheme (b) An example of 
pseudocolor plots of coupled parameters. K is correlated to colors on the x axis and Th is correlated to colors on 
the y axis in Figure 3a. (c) 3D color scheme with each dimension represents the possible color variation of each 
parameter. (d) An example of pseudocolor plots of triple parameters. The order of parameters corresponds to x-, y-, 
z-axis in Figure 3c respectively. 

(c) (b) 
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4. Discussion 
 
Since the color changes in pseudocolor plots can 
indicate the stratigraphy variations, we can create 
a new stratigraphy which contains information 
about the local geology and geochronology 
(Figure 5). From top to bottom, the known 
lithologies include Devonian limestone, massive 
basalt flows and a thick sequence of 
predominantly flow banded rhyolite with 
associated hydrothermal alteration and 
mineralization. The new stratigraphy divides the 
thick felsic unit into five groups based on multi-
parameter petrophysics plots (Figure 5). The top 
group is characterized by the elevated potassium 
and thorium content. The second group is defined 
by elevated uranium levels within a wide 
alteration zone in the felsic volcanics. The third 
group is defined by low magnetic susceptibilities 
and intermediate density. The fourth group of the 
rhyolite sequences is characterized by low Zn and 
low Ag. The last group is distinguished by 
elevated potassium, thorium, copper and magnetic 
susceptibility. 
 
5. Conclusion 
 
The geological structure of the revised 
stratigraphy model (Figure 5) is based on the 
Half-Graben model in Fig. 4. The borehole was 
drilled through the two faults/contacts and by 

comparing the constrained lithology with the Half-
Graben model, the dip of the two faults/contacts can be 
verified. The fault/contact in yellow was set to have a 
~70-degree dipping angle towards the east. The 
fault/contact in green has a ~60-degree dipping angle. 
Where the two faults/contacts cut through the borehole 
match the observed new stratigraphy variations. One 2-
parameter example is also displayed along the borehole 
to show the spectral gamma variations with depth (i.e., 
Th and K). West of the yellow fault/contact, the deep 
borehole may have encountered Silurian felsic 
volcanics as observed on the surface geological map 
(Fig. 1, Wilson 2012 west of the surface trace of the 
basin-bounding fault (BPAB)). 
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Figure 5. Revised stratigraphy model.  



 

Introduction 
 
Serpentinization is an extremely important part of 
the earth’s processes. It is one of the most 
influential minerals when it comes to the 
hydration of the earth’s crust and arc volcanism. It 
is a hydrothermal alteration reaction between sea 
water and Olivine or Pyroxenes that forms one of 
many serpentine variations. These serpentine 
crystals are fully hydrated and carry that water 
deep under the mantle as part of the subduction 
slab (Evans, Hattori and Baronnet 2013). These 
crystals once de-hydrated release a lot of water 
that is a major contributing factor in arc-
volcanism (Power, Wilson and Dipple 2013). 
There is also the release of Hydrogen during the 
formation of the serpentine, which has been 
documented as a life forming process that has ties 
to the origins of life on earth and other planets 
(Guillot and Hattori 2013). 
 

Serpentine is the most abundant hydroxyl-
bearing mineral found on carbonaceous chondrite 
meteorites, which are the most primitive type of 
meteorite and most closely related to the solar 
nebulae. This has a huge impact on possibilities 
for different planets out there since, based on the 
processes on earth, there may be signs of 
primitive life on other planets because of it. This 
project was designed to look specifically at the 
moons of Jupiter. Thanks to spectrographic 
evidence taken from the space probe Voyager in 
1979, evidence suggests that the frozen ocean of 
Europa has magnesium sulphate (MgSO4) as one 
of the primary chemical compounds within it 
(Zolotov and Kargel 2009). 

 
The conditions on Europa are such that many 

scientists are interested in the question, is there 
possible life in the ocean underneath the ice? It 
shows specifically through ocean plumes that 
there is liquid water under the ice and the surface 
is tectonically active which leads to the thought 
that there could be serpentine formation on 
Europa. Using various lab techniques like XRD 
and SEM, I tried to answer the question does 
serpentine form on Europa like on earth and how 
could that information be used to further our 
understanding of life forming processes on 
Europa. 
 

Methods 
 
For this project, Simple lab techniques were used to 
create synthetic serpentine based on optimal serpentine 
formation temperature and pressure. Using foresterite 
crystals purchased specifically for lab work, gold 
capsules were loaded with crushed olivine powder and 
solutions of varying composition. These capsules were 
treated under 262°C of heat at 8000 psi of pressure 
using a cold seal vessel for varying amounts of time in 
order to create a wide spectra of data for analysis. 
 

The first steps were to prepare the powder and the 
solution that was to be put in the capsules itself. Using 
a mortar and pestle, the olivine crystals were ground 
into very fine powder and collected into vials at 
different sizes. In the experiments, both 35-70µm sized 
and <30µm sized powders were used to fill the gold 
capsules. For the solutions, using de-ionized water and 
mixing in varying amounts of NaCl and/or MgSO4 four 
solutions were prepared. They contained 3.5% NaCl, 
1% MgSO4 + 2.5% NaCl, 0.5% MgSO4 + 3% NaCl 
and 3.5% MgSO4. These four solutions were carefully 
measured and stored in a fridge for use as the other 
components were prepared.  

 
The next part was the creation of the gold capsule 

itself in order to put into the cold seal. Using a 4.0mm 
diameter sized gold rod, several 1.2cm and 2cm length 
capsules were cut to create the vessel for the 
experiment. Gold was specifically chosen as a material 
because it was easily sealed using an argon welder and 
it is a non-reactive substance that would allow for the 
chemical process to occur without interference. The 
gold was annealed and sealed in a Y-shape on one side. 
Using these sealed capsules two rounds of experiment 
were ran. The first round of experiments contained 
0.2mg of solution and 0.2mg of the 70µm powder. 
Three sets with each solution were placed in the cold 
seal vessel for 5 days, 15 days and 25 days.  

 
The next set of experiments were conducted in the 

exact same manner as the first except with the use of 
2cm capsules containing 0.5mg of either the pure NaCl 
or pure and 0.5mg of the <30µm powders. This was to 
ensure that there was enough powder at the end for 
additional testing as the 0.2mg was very close to 
running out. These capsules were placed in the cold 
seal for both 15 and 25 days. The end results were run 
through both XRD and SEM to look for serpentine 
growth. 

Formation of Serpentine on Europa and what implications does that have on possible 
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Results  

 
Figure 1: The 25 day experiment containing 3.5% NaCl, this XRD spectra shows there are two different compounds found within 
the powder sample. This is a positive result showing that after 25 days at optimal conditions serpentine has formed. 

 
Figure 2: The 25 day experiment containing 3.5% MgSO4. This XRD spectra shows only one type of mineralization, which is 
determined to be olivine. This shows that the olivine did not change into serpentine as was expected. 
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Discussion 
 
There were two tests ran on each sample to see if 
there was any serpentinization of the olivine 
powders. The first test that was run was the SEM 
where a very tiny amount of the sample was 
placed on a piece of carbon tape and coated with 
gold for better imaging. These samples were then 
placed in the vacuum chamber of the SEM and the 
images were viewed for any indication of 
serpentinization.  
 

The first round of experiments proved that the 
powder was too large as we had no change in 
composition of any of the solutions. Based on past 
research specifically into the formation of 
serpentine, it is known that there should be some 
amount of serpentinization after 30 days so it was 
concluded that the powder was not giving enough 
surface area for the olivine crystals to come in 
contact with the solution in order for there to be a 
reaction taking place. It was then decided that the 
next experiments were to be conducted using the 
smaller powder size. 

 
This change in size produced better results as 

there was formation of serpentine in both the 15 
and 25 day experiments, but only in the NaCl 
solution. This could mean several different things 
such as; the formation of serpentine is not the 
same as on Earth as it is on Europa because 
MgSO4 does not react the same way as NaCl does 
with the olivine or, and in a more likely scenario, 
that the MgSO4 does react with the olivine, but in 
a much slower capacity so that it would take 
several times more days to go from olivine to 
serpentine. This is more likely the case as we do 
observe a surficial alteration through the SEM in 
the 25 days sample of the MgSO4. 

 
Concluding remarks  
 
Through this experiment, there is a better 
understanding that is gained on the process of 
serpentinization in extraterrestrial bodies. We 
know through spectrographic evidence that there 
is in fact MgSO4 salt as well as liquid water on 
Europa, and due to the smoothness of the surface 
there are also tectonic processes happening at the 
same time. This means that there will be some sort 
of serpentine forming, but not necessarily in the 
same time frame that it happens on earth.  
 

The evidence of serpentinization happening on 
extraterrestrial bodies is clear to see based on the 
carbonaceous chondrite evidence that so many 
meteorites found holds. Serpentinization is an 
extremely versatile process that causes arc-volcanism 
and helps drive the hydration of the earth’s mantle. It is 
not only important in the tectonic and volcanic sense, 
but with the release of hydrogen through the formation 
it also is a life forming process with ties to the first life 
on earth. This is extremely important for the case of 
Europa since it has possibly habitable conditions for 
life as its atmosphere is made of oxygen and it contains 
liquid water.  

 
As next steps for further experimentation, there 

should be MgSO4 solution samples that are left for 
longer in optimal conditions so that we can find out 
exactly how long it takes for the serpentine to form and 
if at all with the chemical make-up of the ocean. It 
would be best if we can see if it is a possibility that 
there could be life forming on other planets so that they 
could be studied to get a better understanding of how 
we came to be. 
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1. Introduction 
 
This research aims to refine the knowledge of the 
spatial and temporal associations between plutonic 
and volcanic rocks, the evolution of the Mesozoic 
continental margin, and the pace of magmatism in 
the Hong Kong region. Previous findings from 
field observations, U-Pb zircon ages, whole-rock 
geochemical data and geophysical surveys, 
suggested the plutonic-volcanic relationship in 
Hong Kong (Campbell and Sewell 1997 and Tang 
et al. 2017). This paper presents new age data for 
five samples of granitoids and volcanic rocks using 
high precision zircon U-Pb dating, which employs 
a “chemical abrasion” pretreatment to improve 
concordance. The dates are measured using Isotope 
Dilution Thermal Ionization Mass Spectrometry 
(ID-TIMS).  
 
 
2. Methods 
 
I crushed and pulverized rock samples with the jaw 
crusher and disk mill. I passed the pulverized 
samples several times over the Wilfley table to 
obtain a heavy mineral concentrate. I then carried 
out paramagnetic separation with a Frantz 
isodynamic separator. After an initial pass on the 
Frantz separator, I carried out a density separation 
using the heavy liquids methylene iodide (SG = 
3.33 kg/m3) and passed the samples through the 
Frantz separator again. From these, I picked the 
most euhedral, freshest, and least-cracked zircon 
grains without optical cores under a binocular 
microscope. I performed “chemical abrasion” by 
annealing the zircon populations in quartz crucibles 
and in a muffle furnace at 1000oC for two days to 
repair most of the radiation damage from the decay 
of U and Th in the mineral. I etched the grains with 
concentrated hydrofluoric acid for 3-6 hours in 
Teflon capsules in an oven at 200oC (CA, 
Mattinson 2005). I selected several zircon samples 
for spiking and total grain dissolution. I performed 
column chemistry to elute major cations such as Zr 
and Hf, and rare earth elements. I evaporated the 
elutions on a hot plate and loaded it on Re filaments 
for ID-TIMS analysis. I then reduced the data with 
the in-house UtilAge Program and plotted them on 
the concordia curves. 
 

To study the internal structures of zircon grains, 
I captured backscattered electrons (BSE) and 
cathodoluminescences (CL) images of several grains 
from each sample with a scanning electron microscope 
(SEM). Finally, I used energy dispersive X-ray 
spectroscopy (EDS) to investigate mineral inclusions 
found in the grains. 
 
 
3. Results 
 
All samples yielded abundant zircons. The ages of these 
samples are based on average 206Pb/238U ratios, which 
are more robust and reliable than 207Pb/235U ages for 
Mesozoic and younger samples.  
 
3.1 HK13443: Lithic-rich, crystal-bearing fine ash 
vitric tuff from Tung Lung Chau 
 
Most zircon crystals in this sample are colourless, 
euhedral, and stubby or broken with singly or doubly 
terminated tips. Inclusions and brown stains are 
commonly seen in this population. EDS analysis 
confirmed that the inclusions are apatite, quartz, and 
minor sodic feldspar. Representative grains of this 
sample show sharp, oscillatory magmatic zoning and 
well-developed sector zoning in both CL and BSE 
modes. No apparent cores are observed in SEM images 
of zircons. Four fractions (Z1, Z3, Z4, and Z5) of U-Pb 
analysis overlap one another at the concordia with a 
weighted average 206U/238U age of 143.36 ± 0.14 Ma, 
with a Mean square of Weighted Deviants (MWSD) of 
1.2 (Figure 1a). Z2 yields 206U/238U age of 142.6 ± 0.3 
Ma, which lies slightly to the left of the concordia.  
 
3.2 HK13947: Coarse Ash Crystal Tuff from Pak 
Kok Chai 
 
This tuff sample yielded abundant zircon with bimodal 
grain size distribution. Most crystals are broken or in 
short prismatic forms. They are colourless to slightly 
cloudy. EDS analysis confirmed the mineral inclusions 
are principally apatite and quartz. All representative 
zircon grains used for SEM imaging exhibit magmatic 
oscillatory zoning. The results of U-Pb analysis show a 
spread of 206U/238U ages along the concordia (Figure 
1b). Two average 206U/238U ages were calculated with 
Z2 and Z3, one based on 2σ internal errors, yielded 
146.38 ± 0.21 Ma; another based on Student’s-t 95% 
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errors, yielded 146.4 ± 1.4 Ma. The probability of 
fit of single-zircon fractions, Z2 and Z3, is 28%. 
 
3.3 HK13948: Quartz Monzonite from Buffalo 
Pass 
 
Most crystals in this monzonite are colourless to 
pale yellow, elongated with square cross-sections. 
Opaque inclusions, cracks, and brown stains are 
commonly observed in this population. According 
to the EDS analysis, the mineral inclusions are K-
feldspars, which are rare. CL responses are 
stronger than BSE, showing rounded centers and 
oscillatory zoning with various widths. The 
weighted average 206U/238U age determined from 3 
fractions (Z3, Z4, and Z5) is 140.49 ± 0.20 Ma with 
an MWSD of 0.35 and 70% probability of fit 
(Figure 1c). 
 
3.4 HK13949: Granodiorite from Round Island 
 
This sample yielded generally colourless, 
elongated, and well-faceted crystals that are almost 
inclusion-free. Mineral inclusions investigated by 
EDS are apatite and K-feldspar. In BSE and CL 
images, all grains exhibit typical magmatic 
oscillatory zoning to different extents. Three 
fractions, Z2, Z3, and Z4, overlapped closely on the 
concordia curve with a weighted average 206U/238U 
age of 164.15 ± 0.19 Ma and an MWSD of 0.84 
(Figure 1d).  
 
3.5 HK13950: Feldsparphyric Rhyolite from 
Cheung Chau 
 
Most zircon grains are colourless, euhedral with 
doubly terminated tips. Opaque inclusions are rare. 
EDS analysis confirmed the presence of fluid 
inclusions and mineral inclusions, such as apatite, 
quartz, and K-feldspar. Several zircon crystals 
exhibit complex internal growth with multiple 
irregular-shaped cores in BSE and CL images. An 
example is shown in Figure 1f. All fractions 
overlap one another on the concordia curve, with 
Z2 being slightly older (Figure 1e). Weighted 
average 206U/238U ages of this sample are calculated 
using two different sets of fractions. The analysis 
yielded an average 206U/238U age of 146.96 ± 0.23 
Ma (MSWD = 0.83, probability of fit = 36%) with 
Z1 and Z5, and an average 206U/238U age of 147.38 
± 0.18 Ma (MSWD = 0.11, probability of fit = 
90%) for Z3, Z4, and Z6. 
 
 
 

4. Discussion 
 
Precise data points in this study generally lie on the 
concordia curve. The presence of residual inheritance or 
secondary Pb loss could produce inconsistencies in 
206Pb/238U ages. 
 
4.1 HK13443: Lithic-rich, crystal-bearing fine ash 
vitric tuff from Tung Lung Chau 
 
Sewell et al. (2000) mapped this tuff as Che Kwu Shan 
Formation from the Repulse Bay Volcanic Group. Z1, 
Z3, Z4 and Z5 yielded a more precise but older age than 
Z2 (Figure 1a). There can be inheritance issues with 
these older fractions because the sample is lapilli and 
lithic-rich ash tuff with fiamme structure. Therefore, Z2 
(142.6 ± 0.3 Ma) may be grounds for correlation 
because it overlaps with the age of Che Kwu Shan 
(HK11836: 142.5 ± 0.3 Ma) (Davis et al. 1997).  
 

The absence of cores in SEM images suggests 
that the ages represent the timing of crystallization of 
discrete zircons and not due to the mixing of cores and 
mantles. With all these evidence, I infer the rock belongs 
to the Che Kwu Shan Formation from the Repulse Bay 
Volcanic Group. 
 
4.2 HK13947: Coarse Ash Crystal Tuff from Pak 
Kok Chai 
 
The source of the sample is mapped as the Lai Chi 
Chong Formation from the Lantau Volcanic Group 
(Sewell et al. 2000). The age of this sample is 
stratigraphically constrained between the Shing Mun 
Formation from the Tsuen Wan Volcanic Group 
(HK12063: 164.7 ± 0.3 Ma) and the Lai Chi Chong 
Formation from the Lantau Volcanic Group (HK12021: 
146.6 ± 0.2 Ma) (Sewell et al. 2000 and Sewell 2007).  
 

The spread on the concordia on Figure 1b can 
be due to the presence of older inherited components, 
such as discrete antecrysts from a long-lived magma 
chamber. The younger age obtained from Z2 and Z3 is 
within the analytical error of the age of the Lai Chi 
Chong from the Lantau Volcanic Group. Therefore, the 
age may represent the best estimate of the time of 
volcanic eruption.  
 
4.3 HK13948: Quartz Monzonite from Buffalo 
Pass 
 
Sewell et al. (2000) mapped the sample location as the 
monzonitic Tei Tong Tsui Formation from the Lion rock 
suite, although no age data was obtained in the past. The 
age of this sample (140.49 ± 0.20 Ma) falls within 
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analytical error of the Tong Fuk Quartz Monzonite 
(HK8758: 140.4 ± 0.3 Ma) from the Lion Rock 
suite, and the D’Aguilar Quartz Monzonite 
(HK12022: 140.6 ± 0.3 Ma) (Davis 1997 and 
Sewell 2007). However, there is no spatial 
correlation between this monzonite and the Tong 
Fuk or D’Aguilar Quartz Monzonite. Hence, I 
support Sewell et al. (2012)’s inference that this 
monzonite belongs to the Tei Tong Tsui Formation. 
 
4.4 HK13949: Granodiorite from Round Island 
 
Sewell et al. (2012) implied that this granodiorite 
belongs to the Taipo granodiorite from the “I-type” 
subsuite from the Lamma Suite (<164.6 ± 0.2 Ma), 
although no rocks of this age have been dated south 
of New Territories. The average 206U/238U age of 
this sample based on three fractions (164.15 ± 0.19 
Ma) confirmed that this unit belongs to the Taipo 
Granodiorite.  
 
4.5 HK13950: Feldsparphyric Rhyolite Dyke 
from Cheung Chau 
 
According to Sewell et al. (2000), the Cheung Chau 
Island consists of Chi Ma Wan Granite (HK8353: 
<143.7 ± 0.3 Ma with ID-TIMS; 139.6 ± 0.8 Ma 
with SHRIMP-RG) that was intruded by the Shan 
Tei Tong Rhyodacite (Davis et al. 1997 and Tang 
et al. 2017). The ages of this dyke (146.96 ± 0.23 
Ma or 147.38 ± 0.18 Ma) is older than the host 
rock, Chi Ma Wan Granite, which does not obey 
the principle of cross-cutting relationships. 
 

I propose that this dyke belongs to the Shan 
Tei Tong dyke swarm (HK13273: 147.3 ± 0.2 Ma) 
that intruded the South Lamma Granite (HK12075: 
148.1 ± 0.2 Ma) at Lamma Island opposite of 
Cheung Chau (Sewell et al. 2012). This is because 
the age of this dyke overlaps with Shan Tei Tong 
Rhyodacite, and they share the same trend. 
 

Note that no granitic sample hosting this 
dyke was analyzed at Cheung Chau Island. Instead 
of Chi Ma Wan Granite, the host rock can possibly 
belong to the older South Lamma Granite at 
Lamma Island. I suggest performing U-Pb analysis 
from the host granite at Cheung Chau and the dyke 
swarm at Lamma Island to confirm my hypothesis.  
 
 
5.  Conclusion 
 
I presented precise U–Pb zircon ages and had 
improved the earlier interpretations of the arc 
magmatic evolution in Hong Kong. Zircon grains 

from several samples exhibit antecrysts or xenocrysts 
that suggest a more complicated crystallization history. 
Further dating of zircon fractions from these samples 
could resolve the age more and identify structural 
relationships with other units, although the presence of 
older, inherited components will persist.  
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Figure 1: U-Pb concordia plots for all samples analyzed (a to e) and BSE (left) and CL (right) images of 
a zircon crystal from HK13950 (f). The curve for concordia is shown in all plots as a ‘band’, incorporating 
uncertainties in the 235U and 238U decay constants. All age error and error ellipse for each fraction are 
given at the 2 sigma or 95% level of confidence. Ages calculated are based on weighted average and do 
not incorporate the 238U uncertainty. The irregular bright-BSE and dark-CL patch in Figure 1f can 
possibly be a resorbed inherited core or re-digested zircon nuclei. Potential inheritance can be reflected 
by the stand-alone fraction, Z2 in Figure 1e, which suggests a more complicated crystallization history.  
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1. Introduction 
 
Recent research into the use of geophysical and 
remote sensing technologies to locate unmarked 
graves has yielded mixed, sparking debate among 
archaeological geophysicists as to whether it is 
even possible to locate graves with current 
techniques (Gaffney et al. 2015). Here, the results 
of a geophysical survey of a cemetery associated 
with the British American Institute (BAI) near 
Dresden, Ontario, Canada are presented (Figure 1). 
The BAI was a training academy that served the 
inhabitants of the Dawn Settlement, one of several 
Freedom-Seeker communities in Southwest 
Ontario. While the Dawn Settlement (and 
ultimately the Underground Railroad Movement) 
has been well researched (Hill 1981), little is 
known about this cemetery and its interments. In 
the 1960s, the graveyard was badly disturbed and 
grave markers were reconfigured in the form of a 
central monument. In 2008, Eastaugh conducted a 
magnetic gradiometer survey at the BAI cemetery 
in the hopes of locating the lost graves, but results 
were inconclusive.  
 

The purpose of our geophysical survey is to use 
a wider range of techniques (ground-penetrating 
radar, magnetic gradiometry and electrical 
resistivity) in an attempt to identify Freedom-
Seeker graves, map their configuration, and locate 
the cemetery’s boundary. We also compare the 
three geophysical techniques used to assess their 
utility in unmarked grave investigations. Our 
survey contributes a Canadian case study to the 
growing corpus of geophysical unmarked grave 
studies and represents one of the first cemetery 
investigations directly related to the Underground 
Railroad in Ontario and will assist the Ontario 
Heritage Trust in the future protection of these 
graves.  
 
 
2. Methods 
 
The BAI cemetery is approximately 50m by 30m 
and consists of well-kept lawns with few 
obstructions. It has a simple stratigraphy consisting 
of sandy-loam topsoil and subsoil layers underlain 
by clay (Doroszenko 2016). These attributes make 

the BAI cemetery a suitable location to carry out a 
geophysical unmarked grave study.  
 

Our study’s methodology is primarily modelled after 
Eastaugh’s (2008; 2011) previous surveys and other 
authors’ applications of geophysical techniques to 
locate unmarked graves (e.g. Gaffney et al. 2015). The 
GPR survey was conducted over ten days between 
November 2016 and May 2017. The area was separated 
into grids that were typically 15m by 10m. GPR 
transects were conducted southwards to intersect graves 
(Eastaugh 2011). Our GPR survey incorporated the use 
of a GSSI SIR-3000 console with a 400 MHz antenna 
mounted on a survey cart to perform the ground-
penetrating radar surveys. A reflection hyperbola fitting 
script was used to estimate the dielectric constant of the 
subsurface and convert two-way time (ns) into depth 
(m). Following Eastaugh (2011), we identified graves as 
approximately 1m x 2m positive or negative (roughly) 
rectangular GPR anomalies (Figure 2).  Finally, one grid 
was surveyed multiple times using different antennas 
(i.e. 200MHz) and different configurations over the 
course of the project to collect comparative data. 

Forgotten Souls of the Dawn Settlement: A multi-component Geophysical survey of the 
British American Institute Cemetery 
William T. D. Wadsworth 1 2, Charly Bank1 and Katherine Patton2 
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Figure 1 Recreated site map from Eastaugh (2008). BAI and 
Henson Family Cemetery near Dresden, ONT depicted. U-
shaped structure at the BAI cemetery is the central monument.  
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Magnetic gradiometry, resistivity, and total 

station surveys were also carried out on the BAI 
cemetery as part of this multi-component study. 
We conducted our magnetic survey on the north 
half of the site in order to compare our data to 
Eastaugh’s (2008) magnetic gradiometer survey of 
the BAI. We used a GEM Systems GSM-19 
overhauser magnetometer and Geometrics G-
856AX magnetic gradiometer to conduct the 
gradiometer survey. The base station 
magnetometer was set up at the northwest corner of 
the site to record diurnal variations. Electrical 
resistivity surveys were conducted on the east 
portion of the cemetery (directly east of the 
monument). Our resistivity survey was conducted 
using an IRIS Syscal Junior switch-48 with a 48-
electrode switching system. Forty-eight electrodes 
were spaced 0.5m apart spanning 23.5m. A Dipole-
Dipole and Wenner electrode arrays were used to 
obtain data from six resistivity lines. Linear 
square/rectangular anomalies in the resistivity data 
were also determined to be indicative of graves 
(Figure 2). Finally, a total station was used to 
record elevation changes and map all the points of 
our grid to fixed markers. 
 
 
 

 
3. Results 
 
3.1 Ground-penetrating Radar 
 
Forty-seven positive GPR anomalies were identified as 
potential graves because they were oriented east-west 
and were approximately 1.5m deep (Figure 3). 
Characteristic of a cemetery, the anomalies were in 
roughly three or four loosely defined rows. Although 
many grave stones have been lost, the GPR survey has 
produced a roughly consistent estimate to the 58 names 
that appear on the gravestone monument. One grid near 
the southern portion of the site was surveyed multiple 
times using different equipment and methods. It was 
determined that the 400 MHz antenna was the best for 
identifying grave-shaped anomalies at the BAI 
cemetery.  
 
 
3.2 Magnetometry 
 
Both magnetic gradient and total field data were 
collected in this survey. It was concluded that most of 
the overall changes in the data reflected the presence of 
rebar and concrete from the central monument (Figure 
3). Interestingly, there were also mild discrete anomalies 
in the earth’s magnetic field going north. When 

 

 
Figure 2 a) BAI cemetery GPR data showing what we interpret as grave-shaped anomalies (1x2m positive roughly 
rectangular positive anomalies) (outlined in pink). b) November Resistivity data depicting a yellow box-shaped anomaly 
(with a range of values) also interpreted as a potential grave-shaft. 

a) 

b) 
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modelled, many of these anomalies were too 
shallow to be associated with historical graves. In 
2008, Eastaugh believed that a high proportion of 
these shallow anomalies may have been created by 
building rubble. Our data suggests these anomalies 
may be pieces of broken gravestones. Finally, a 
thin slightly negative linear anomaly appears 
across the northern portion of the cemetery. This 
was interpreted by Eastaugh (2008) as a potential 
historic boundary for the cemetery, but both the 
GPR results and archival documents suggest that 
the cemetery continued to the north and west. 
Instead, this linear anomaly might have resulted 
from a potential destructive event or a change in 
surface or subsurface topography. 
 
 
3.3 Electrical Resistivity 
 
Our resistivity survey was able to clearly identify 
material differences in subsurface layers. The 
object of interest from the November results is the 
yellow box-shaped anomaly which appeared 
between 8.5m-10m (Figure 2). The resistance of 
this anomaly was approximately 300 Ω.m and 
appeared to be 4-6ft (approx. 1.5m) below the 
surface. When compared to the GPR results, a 
potential grave anomaly can be found at 
approximately the same location.  The April data 
showed that some of the resistivity anomalies were 
linear, which contributed to their identification as 
potential grave-shafts.  
 
 
 
 

4. Discussion 
 
Although no geophysical technique should ever be used 
alone, the results from these surveys in Dresden were 
assessed for their individual utility in locating unmarked 
graves. Expecting that grave shafts would have decayed, 
our ability to locate 47 grave-shaped anomalies required 
the higher resolution of the 400Mhz antenna. Although 
all methods were included in the site interpretation, the 
400MHz GPR results were the most informative and 
formed the crux of unmarked grave identification. 
Interestingly, our most clear results were obtained when 
there was moisture in the ground (November and April) 
as it seemed to create a larger difference between the 
grave-shaped anomalies and the undisturbed substrate. 
 

In 2008, Eastaugh found that a walking grid 
magnetometry survey provided useful information 
about the site but was unsuccessful in identifying 
graves. Our magnetometry data was instead collected at 
discrete points along grid lines allowing for more 
magnetic anomalies to be identified (Figure 3). Some of 
the modelled magnetic anomalies were interpreted as 
broken gravestones. Alternatively, these anomalies 
could represent disturbed artifacts, debris, grave 
inclusions found in African descendant burials and/or 
coffin furniture. The magnetometry results show that 
this site was not a pristine homologous cemetery plot, 
but hints at the disturbance and historical processes that 
have occurred.   
 

Several grave anomalies were identified from the 
resistivity results. One box-shaped anomaly was easily 
delineated from the November resistivity data. This 
anomaly was determined to be linear with the addition 
of the April data. These findings corresponded with 

 
Figure 3 Left) Author's interpretation of the BAI 400Mhz GPR results. Forty-seven 1.5 m deep anomalies interpreted as potential 
grave shafts are shown. Right) Our Raw magnetic gradiometry results for the north half of the BAI cemetery. It was difficult to 
interpret data near the monument and BAI sign in the center due to noise. A linear anomaly crossing the north side of the 
cemetery is also visible. 
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potential grave shaped anomalies found in our GPR 
data.  
 

Our GPR and magnetic results support the 
interpretation that a potential destructive event 
occurred at this site. Along with the understanding, 
that Dresden, Ontario was a notable hub of 
prejudice and racism in the 1960s (Alexander and 
Glaze 1996), and that there are oral anecdotes of 
bulldozer activity at the cemetery, it seems likely 
that an unsanctioned and unwanted destructive 
event initially disturbed the site causing the graves 
to become unmarked. High disturbance areas were 
excluded from our analysis but represent the 
importance of archaeological research when 
interpreting geophysical surveys. Our results also 
emphasize the importance of governing policy to 
protect these grave sites. Archaeologists and 
various levels of government have a responsibility 
to protect Freedom-Seeker graves to preserve the 
memory of these lost communities, educate the 
public on past prejudice, and connect diasporic 
communities today. Our survey has demonstrated 
the utility of geophysical techniques to cemetery 
investigations and we recommend that heritage 
organizations continue to incorporate geophysical 
field methods into preservation strategies.  A 
review and expansion of policy concerning these 
techniques could play a vital role in the future 
protection of graves. 
 
 
5. Concluding remarks 
 

The combined geophysical survey at the British 
American Institute cemetery successfully located 
evidence indicating Freedom-Seeker graves. 
Specifically, the ground-penetrating radar 400MHz 
survey was able to delineate 47 possible grave-
shaped anomalies and was determined to be the 
most effective. Although more limited in scope, 
magnetic gradiometry and resistivity surveys also 
provided useful results in the location of individual 
burials and grave inclusions. The magnetic 
gradiometry survey provided information of the 
post-depositional processes of the site and 
supported the possibility of disturbance due to 
bulldozing. Resistivity was able to locate box-
shaped linear anomalies identified as potential 
graves which coincided with the 400MHz GPR 
anomalies. Supporting the consensus among 
archaeo-geophysicists (Gaffney et al. 2015), our 
study found that a multi-component methodology 
was crucial for identifying unmarked graves. 
Finally, it is recommended that future heritage and 
forensic strategies incorporate the use of 

geophysical and archaeological techniques as they have 
continued to demonstrate their efficacy in uncovering 
our shared history and helping to protect these graves 
forever.   
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1. Introduction 
 
The result of sudden release of strain accumulated 
in the crust over geological timescales, earthquakes 
are recognized as one of the great natural 
phenomenon. Over a few past decades, the rate of 
M >= 3.0 earthquakes that can be felt on the surface 
in central United States and western Canada has 
increased remarkably (Baranova et al., 1999; 
Keranen et al., 2014; Weingarten et al., 2015). 
Instead of being natural phenomena as the 
manifestations of plate tectonics, it was suspected 
the rate of earthquake was accelerated by 
anthropogenic factors This suspicion was further 
confirmed by recent evidence showing there is a 
temporal correlation between hydraulic fracturing 
activity and subsequent seismicity (Farahbod et al., 
2015; Schultz, Mei, et al., 2015; Rubinstein and 
Babaie Mahani, 2015; Hornbach et al., 2015). 

In the Western Canada Sedimentary Basin, 
the natural seismicities are sparse and inactive. The 
Duvernay Shale Formation is a Frasnian-aged, 
hydrocarbon-rich, and silica-rich sedimentary unit 
of Western Canada Sedimentary Basin, and 
contains one of the world’s largest reservoirs of 
shale oil and gas. The Duvernay Formation has 
been actively exploited by conventional and 
unconventional exploration activities (Wang et al., 
2015). Since 2013, in order to access hydrocarbon 
resources within the Duvernay Formation, 
unconventional drilling and hydraulic-fracturing 
operations, consisting of multi-staged pressure 
treatments of acid-spotted perforation intervals, 
drilling of horizontal wells and injection of water-
based fluid mixture underground, have been widely 
utilized in this region to directly access its’ 
hydrocarbon potential and stimulate production 
from the low-permeability formation. While the 
permeability and productivity of Duvernay 
Formation is greatly enhanced by hydraulic 
fracturing operations, by expanding the fracture 
network, hydraulic fracturing operations increase 
the rate of seismicities and more earthquakes of a 
magnitude 3 or larger have been reported. Thus, 
provincial protocols were later established to 
places additional restriction on hydraulic fracturing 
operations, these protocols state that hydraulic 
fracturing must be suspended upon detection of an 
earthquake of M >= 4.  

Active seismicity swarms in the Western 
Canada Sedimentary Basin are recognized and 
prominently found within central Alberta. A sequence 
of earthquakes starting from 01 December 2013 to the 
end of 2014 has been identified and found to have a 
strong temporal correlation (>99.99%) to the timing of 
hydraulic fracturing operation in the Duvernay 
Formation of the Western Canada Sedimentary Basin 
(Schultz et al., 2015). On 09 August 2014, an earthquake 
with a reported magnitude of 3.83 (Mw) was detected 
near Crooked Lake, approximately 30km west of the 
town of Fox Creek. This event was the largest 
earthquake in this sequence.  

This study presents an updated analysis of the 
earthquake source parameters from source mechanism 
inversion by using the general “Cut-and-Paste” (gCAP) 
method with data from regional networks. With results 
of source mechanism inversion, we will be enabled to 
create a better understanding of the nature of this event, 
which holds significance for industrial regulatory 
practices, regional seismic monitoring, and seismic 
hazard mitigation (Bent, 2011). 
 
2. Data and Method 
 
The seismic waveforms analyzed in this study three-
component recording from two regional telemetered 
networks (Figure 1): the TransAlta Dam Monitoring 
Network (TD) and the Regional Alberta Seismic 
Observatory for Earthquake Studied Network 
(RAVEN).  

The distances of selected seismic stations from 
the epicenter range from 11km to 163 km. The 
distribution of the seismic stations shows that most of 
the stations reside on the northwest and southeast of the 

 
Figure 1. Distribution of selected seismic stations of TD 
and RAVEN networks, and epicenter of earthquake 
(labeled in purple circle, with Mw = 3.8). 
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within Western Canada Sedimentary Basin 
Yiru Zhou and Qinya Liu 
Department of Earth Sciences, University of Toronto              March 2018 
 



2                                 

epicenter, leaving azimuth gaps towards the 
northeast and southwest. 24 out of 25 stations are 
retained after quality control.  

The gCAP inversion technique, developed 
by Dr. Lupei Zhu, breaks each waveform into a Pnl 
window and surface wave window (Zhao & 
Helmberger 1994; Zhu & Helmberger 1996). By 
doing that, filters with different frequency band are 
applied to Pnl window and surface wave window 
separately, so that the degree of fit is optimized 
during the inversion. In this study, the Pnl window 
is filtered between 0.08 and 0.4 Hz with a 35-s-long 
window length, while the surface wave window is 
filteres 0.05 and 0.12 Hz with a 70-s-long window 
length. For each set parameter combination, a set 
of synthetic waveforms are formed using Green’s 
function, which are computed with the method of 
Zhu & Rivera (2002) based on a 1-D velocity 
model consisting of 6 layers (Figure 2). This 1-D 
velocity model represents the layers of crust of the 
study area, and is based on the velocity inversion 
using P-to-S receiver function analysis (Chen et al. 
2015). The attenuation models (Qs and Qp values) 
are modified from linear inversion of seismic 
refraction data (Zelt and Ellis, 1990). Since some 
of the stations are very close to the epicenter, the 
green functions, transverse, radial, and vertical 
components for each station are cut from -30 sec to 
retain complete waveform, and to allow Pnl 
windows to shift around after filtering with 
frequency bands. The original waveform data and 
synthetic waveforms generated from a set of 
parameters are then cross-correlated. Because of 
the potential inaccuracies in the assumed velocity 
model and the location of epicenter, the synthetics 
are allowed to shift within an assigned range to 
maximize the cross-correlation coefficients and 
minimize the effect of these inaccuracies. The 
Green’s functions for each station are set with  
initial time headers to synchronize with the event 
time in the original seismic waveform data. 

The original seismic waveform data for 
selected stations is requested via IRIS web-service. 
Also, the seismic waveforms data is implemented 
with Seismic Analysis Code (SAC) headers and  

 

 
Figure 2. The 1-D velocity model of the study area. 
The model has the following format (in units of km, 
km/s, g/cm3): Thickness of each layer, S-wave 
Velocity, P-wave Velocity/S-wave Velocity, 
Density, Qs, and Qp. 

 
Figure 3. Comparison of the original waveform data 
and processed data from station TD009. 
 
converted into SAC format, so that the waveform data 
can be matched with its corresponding Green’s 
functions. Theses seismic waveform data are later 
processed in SAC commands as bash scripts. Processing 
procedures include deconvolution of the instrument 
responses based on RESP files, the rotation of three-
component seismograms to the great circle, and convert 
the unit of response from m/sec to cm/sec. A sample set 
of waveform data before and after treatment is shown in 
Figure 3. The bash scripts are written to make sure each 
set of waveform data is efficiently effectively, and 
consistently treated by same processing steps. 
 In addition to the Green’s function, treated 
waveform data, the gCAP inversion method also 
requires a weight.dat file containing station information 
and weights for different windows during the moment 
tensor inversion. Due to the strong “ringing” effect and 
bad quality of observational waveform data, some of the 
waveform segments are assigned with a lower weight, 
so that the influences of the “ringing” effects and data 
errors are reduced during inversion. 
 With the proper setup of 1) Green’s function, 2) 
treated waveform data, and 3) weight.dat file, gCAP 
performs grid search for parameters within their 
respective search range and step size (Table 1). The grid 
search is performed on the strike, dip, and rake by 
assessing them through the whole parameter space 
volume. The grid search for Mw starts from the 
catalogue magnitude for Mw, which is 3.8 for this event. 
The grid search continues with given step sizes until a 
minimum misfit is found. Moreover, this repetitive grid 
search process is repeated at all possible source depths 
within the depth range to find the best set of parameters. 
The final result of the grid search represents the 
minimum misfit with the best parameter values. 

Source inversion is a common approach being 
used in seismology to understand the nature of 

 
Table 1. Ranges and step sizes for each of the 
parameters used in the inversions. 

Parameter Range Step Size 
Mw [1, 10] 0.1 
Strike [0, 360] 1 
Dip [0, 90] 1 
Rake [-180, 180] 1 
Depth [3km, 9km] 2 km 



earthquake. There are several different 
methodologies could be used, and the full 
waveform cross-correlation method is the most 
common methodology has been utilized. However, 
this gCAP method has not been adopt in any source 
inversion on hydraulic-induced seismicities within 
Western Canada Sedimentary Basin. 
 
3. Result 
 
The inversion solution obtained from the 2014 
August 09 earthquake produces excellent 
waveform matches the recorded waveform from 
regional seismic stations (Figure 4a). This gCAP 
method yield values ranging from M3.66 to M3.80 
at different focal depth ranging from 3km to 9km 
with step size of 2km, and four inversions are done 
at focal depth of 3km, 5km, 7km and 9km 
respectively. The inversion shows that the 
magnitude is consistent with but slightly smaller 
than the catalogue magnitude M3.83. The moment 
tensor solution is displayed graphically using a so-
called beachball diagram locating on the upper-left 
of each inversion output diagram. 

Therefore, based on the grid-search 
performed for a series of focal depths ranging from 
3km to 9km, a best-fit focal depth is determined 
(Figure 4b). The best-fist focal depth is found at 
depth (h) is 3.0km. 
 

4. Discussion 
 
Since the fitting between synthetic ad observational 
waveform is calculated separately for the Pnl and S-
wave windows, gCAP method allows the usage of 
different time shifts and weights for Pnl and S-wave 
segments to reduce the uncertainties generated form 
assumed 1-D velocity model and epicenter location, and 
the skewing on results generated from inadequate 
quality waveform.  

The best-fit inversion result at best-fit focal 
depth (Figure 4a) shows the correlation coefficient is 
generally greater than 70% for Pnl windows, while the 
correlation coefficient is generally greater than 85% for 
S-wave windows. Higher correlation coefficient 
indicates better fitting between the synthetic and 
observational waveforms, which implies that the 
inversion result is reliable. 

Thus, by performing source mechanism 
inversion, we obtain moment magnitude M3.66 for the 
2014 August 09 earthquake. In this study area, the 
Duvernay Formation is commonly logged at an average 
~3400m depth, and 40m thickness (Schultz et al., 2015), 
which is consistent with our resolved depth. Aside from 
magnitude and depth of this earthquake, this source 
mechanism solution demonstrates new information 
regarding the faulting. The moment tensor solution 
suggests a thrusting mechanism with declined vertical 
and horizontal oriented fault planes. However, only one 
of these two fault planes, so-called nodal plane, is 
responsible for the earthquake, and the other being 

Figure 4. (a) A sample inversion output at focal depth = 3km. Observational waveform data (black) and 
best-fitting calculated synthetic (red) waveforms for 24 stations used for the 2014 August 09 earthquake. Phase 
segments from left to right are vertical Pnl, radial Pnl, vertical surface waves, radial surface waves and 
tangential surface waves. This means that the best-fit fault plane solution at this focal depth is strike 90, dip 30, 
and rake 48 degrees, with the axial lengths of the 1-σ error ellipsoid of 1, 3, and 4 degrees. The rest of the output 
file shows individual waveforms starting with “station name”, and “epicentral distance/ constant shift”. The two 
numbers under each segment are the time shift in seconds between the synthetic and observational waveform 
(upper) and the waveform correlation coefficient (lower; 100 means best fit). (b) Best-fit focal depth plot. The 
best-fit focal depth is 3km. 
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called the auxiliary plane. It is impossible to 
determine solely from a moment tensor solution 
which of the nodal planes is in fact the fault plane. 
In order to remove this ambiguity, other geological 
evidence is needed. According to the location of 
this 2014 August 09 earthquake, it is plausible that 
it is located within the Fault Zone of Sulphur 
Mountain Thrust, which has a fault plane with very 
similar geometry to our resolved vertical oriented 
fault. Therefore, this fault system originated as 
declined vertical plane which has strike 316.11, dip 
68.19 and rake 111.12 is very likely to be the nodal 
plane for this earthquake event. The triggering 
process along this nodal plane could be related to 
the injected fluid migration along the shallow 
fractures that potentially change the background 
stress which causes the reactivation of pre-existing 
fault. This mechanism was formerly suggested for 
the induced seismicities in North America 
(Ellsworth 2013; Rubinstein et al. 2014). 
 
5. Conclusion 
 
We determined the source mechanism solution of 
the 2014 August 09 earthquake induced by 
hydraulic fracturing operation with waveforms 
recorded by regional TD and RAVEN stations by 
implementing gCAP method. Overall, the result 
indicates it is a M3.66 earthquake that is dominated 
by thrusting environment with both compressional 
and shear components. 
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