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Suitability of Magnetometry in Detecting Clandestine Buried Weapons 
	INTRODUCTION

Geophysical techniques in conjunction with other methods 
help law enforcement in providing understanding of 
existential evidences of buried clandestine objects, for instant 
weapons, and sometime illegal disposal of hazardous materials 
that are not environmental friendly where perpetrators evade 
the cost of proper disposal of such materials (Pringle et al. 
2012). As Pringle and Hansen. (2012) put it, “forensic 
geophysics is the application of geophysical and 
environmental techniques in forensic investigations that often 
lead to credible evidences that can be presented in the court 
of law as part of a rightful criminal conviction.” In the same 
regard, geophysics has developed into a very crucial tool for 
forensic uses (good review of geoscience is in forensic is seen 
in Pringle et al.,2012c) and other several studies focussed on 
clandestine graves. 

In the past, other methods have been used in various cases to 
determine the suitability of forensic geophysical methods in 
detecting various objects.  Rezos et al (2010 and 2011) used 
an all-metal detector to determine the locations of small and 
large firearms buried at various depth and observed that the 
metal detector was able to locate large firearm to depth 
of .55m and small firearm only to a depth of 0.25m, however 
they observed that metallic composition does not play any 
significant role. Dionne et al. (2011) used Electromagnetic 
(EM) conductivity and found that it can detect large firearms 
up to 0.75m and the small firearm only to a depth not more 
than 0.5m below the ground level, however the metallic 
composition becomes a factor when using EM. In magnetics 
searches a metallic object such as a gun has both 
permanent/remnant and induced magnetic property that acts 
as a dipole. Rezos et al. (2011). 

This project will examine the suitability of using 
magnetometer to detect buried clandestine weapons. We 
developed a model to determine parameters that match the 
shallow burials and use those to calculate the expected field 
measurements above the deeper burials. The model 
will transform equations published in Seleznyova et al. (2016); 
for a long dipole to enable calculation of the anomalies 
expected for handguns and rifles at different depths, various 
azimuths and inclinations. The goal is to show if data 
processing can detect the deep burials in this specific data set 
and more generally to determine the detection limits for a 
weapon and its depth of burial using a magnetometer in 
forensic investigations. 

METHOD 

In our study we develop a new interpretational model for 
estimating depth and characterizing the target’s spatial 
orientations. Due to the complexity of the length of a rifles it 
precludes the use of a simple dipole model. 

We use formulae by Seleznyova et al. (2016) who provides the 
B-field of a long dipole in cylindrical coordinates linked to 
direction of dipole and expresses it in a tangential component 
as shown Fig1); 

 

  

Fig 1) Radial and vertical components of magnetic field for a 
long-dipole. Seleznyova et al. (2016) 

We then convert this equation into Cartesian coordinate 
system to allow for superposition with earth magnetic field 
and so we can match in a more intuitive way with our 
experimental setup (locating depth of the weapon)  

Our Cartesian coordinate system is define as X=east,Y=north 
and Z=vertical as well as the weapon length, azimuth and 
plunge. For the weapon modeling (dipole) we used (x,y,z) 
where x,y=spatial orientation, z=depth to dipole center. From 
these we then calculated (x,yz) positions of the two ends and 
unit vector describing the direction of weapon. 

we calculate the three distances to the measurement point on 
the surface (two ends and center of weapon), as well as the 
angle between the magnetic direction of the weapon and the 
line connecting this measurement point to the center of the 
weapon; the three distances and the angle allow us to calculate 



the B-field in cylindrical coordinates (i.e the magnitudes of 
B_r and B_z). We then calculate the direction of the radial B 
component (which is the unit vector perpendicular to the 
direction of the weapon and also lies in the plane described i.e 
connecting weapon and measurement point).We then do 
vector addition of the two values (for B_r and B_z) to the 
background field B_E, determine the magnitude of that 
resulting vector, and subtract this magnitude from the 
background magnitude. This is the magnetic anomaly we 
measure at that point. 

We then calculate gradient by subtracting total field values for 
two heights (bottom sensor from the top sensor) 

Below are develop representative dipole models at varied 
spatial orientations. 
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Calculated total field anomalies for representative weapon 
scenarios  

Fig 2) show representative models at different horizontal 
orientation, different plunging angles, different azimuths and 
at different depths where handgun (2a, 2b) at horizontal and 
vertical orientation respectively and rifle (2c, 2d) at slanting 
and rotated orientation respectively. For all the dipole  model 
we assume magnetic components values representative for 
Toronto (Ft=5300, I =70, D =-45). A deeper weapon will 
produce an anomaly with smaller amplitude. Larger weapons 
are characterized by spatially separate anomalies. 

 

 

	



DATA	

We collected data at a rural forensic site near Bolton, Ontario 
about 40km NW of Downtown Toronto, where the ground is 
made up of sandy loam (Hoffman and Richards, 1953) and 
the ground freezes to about 1.5 m depth annually (Urecon, 
2015). We used the GEM-Systems GSM-19GW Over Hauser 
gradiometer that measures total magnetic field and vertical 
gradient i.e taking measurement every second with a built-in 
GPS that gives point locations with around .5m distance 
between top/bottom sensors. The data was collected in 
October 2015 with the parameters shown (fig3), vertical lines 
spaced 25 cm apart, and measurements taken every 10 cm 
along a line. The shallow and intermediate rifle produce 
clearly visible anomalies (Fig 4 & 5)   

  

 Fig 3) Experimental setup 

Sketch showing 3 decommissioned handguns and 3 rifles 
buried at 0.6, 1.2, and 1.8 m depth beneath a concrete patio. 

 

Fig 4) Extracted profile of measure gradient along Y = 6m. 

 

Fig 5) the data 

	RESULTS	

Extracted profiles of both data and the model at Y=3.5m (e 
of a rifle). Difference between model and the data (Fig g). 
Profile of how the model match with data shown in (Fig h). 

 

 6 e). 
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6 h) 

Fig 6) Comparison between model and measured data for a 
shallow rifle. This focusses on the shallow rifle and the dipole 
model (6e) matches the data (6f) reasonably well as seen in 
(fig 6g & 6h). 

INTERPRETATION	

Given the shape of the weapon it’s possible that either the 
induced magnetization is small compare to its remnant 
magnetization hence makes it negligible or this magnetization 
is along the length of the weapon i.e makes it 
indistinguishable. Nevertheless, our model provides a close 
match for the real data despite of many other site factors both 
known and unknown that interfere with the measured 
responses.  

It is clear from the data both handguns and rifles show 
descendible magnetic anomalies, however the large anomalies 
(at the corners) result from the buried metal drums and posts 
impeded the data interpretation. Equations of long dipole 
seem to reasonably approximate magnetic anomalies of 
weapons. 

Both the remnant and induced magnetization will align along 
the axis of the weapon 

This study used real weapons, not replicas, Rezos et al. (2011) 
argued against using magnetometers, but in that study they 
used replicas guns instead. One should use a detection limit of 
above +/- 2 nT/m to account for noise level. The ability to 
detect weapons: applying the same magnetization one sees in 
the data to model deeper weapons it seems that rifles can be 
detected to a depth of 2 m, but handguns only to 0.5 m. 

In our study we assume that all the 3 rifles are of the same 
type and that their anomalies result will be separate i.e the 
anomalies don’t superimpose on each other and also we 
notice that at a depth of about 2m the model show that 
amplitude almost flatten out and the anomaly decrease in size. 

In summary: magnetometry can be a useful tool to detect 
buried weapons in addition to other methods used by law 
enforcement. 
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1. Introduction 
 
Platinum Group Elements (PGEs; a group of 
elements composed of platinum, palladium, 
iridium, osmium, rhodium, and ruthenium.) have 
long had economic significance due to their 
unique properties such as resistance to oxidation 
and corrosion, high melting points, electrical 
conductivity and catalytic activity (Sullivan, 
Zajacz and Brenan 2018). PGEs are highly 
calcophile and tend to form complexes with 
elements such as chlorine and sulfur rather than 
being coordinated by oxygen (Sullivan, Zajacz 
and Brenan 2018). 

Conventional knowledge of PGE deposits 
focuses on massive sulfides typically found in 
mafic and ultramafic lithologies (Sullivan, Zajacz 
and Brenan 2018). The vast majority of 
economically viable PGEs are extracted from 
Layered Mafic Intrusions (LMIs) such as the 
Bushveld Complex in South Africa and the 
Stillwater Complex in the United States. 
Hydrothermal alteration from extremely high 
salinity brines (>80 wt% NaCl) are thought to be 
the likely concentration mechanism for these PGE 
reefs (Hanley, Mungall, et al. 2005). Because of 
the limited number of these deposits, the need for 
new mineable locations is a critical focus of 
modern economic geology. Recent advances in 
extraction technologies have allowed exploration 
efforts to expand to high level Au-Cu porphyry 
deposits for trace concentrations of PGEs 
(Eliopoulos, Economou-Eliopoulos and 
Zelyaskova-Panayiotova 2014). Despite these 
advances, elevated levels of PGEs are 
conspicuously absent in most porphyry 
environments and the mechanism for depletion is 
poorly understood. 

High level Au-Cu porphyry deposits 
typically form in collisional tectonic environments 
where a dense slab of lithosphere subducts in to 
the Earth’s mantle. The subducting slab releases 
water during metamorphism that is enriched with 
volatiles (CO2, Cl, S, K) which causes flux 
melting of the overlying mantle wedge at depths 
of roughly 100 km (Richards 2011). The magma 
generated in this process is water and alkali rich 
with a relatively high fO2 (Richards 2011). In 
typical subduction zones, the magma generated at 
this depth exsolves an immiscible sulfide melt and 
the highly calcophile elements (PGEs and Au) 

will partition strongly in to this phase (Richards 2011). 
Due to density contrasts, the dense sulfide phase stays 
trapped in the upper mantle while the buoyant silicate 
melt begins to rise in to the lower crust. During 
ascension, the magma reaches several density barriers 
where it stalls and assimilates felsic crustal material 
until it is sufficiently buoyant to continue its path to the 
upper crust (Hildreth and Moorbath 1988). At roughly 
5-7 km, the magma reaches the most important of these 
density barriers where P-T conditions are suitable to 
allow the exsolution of an aqueous phase enriched in 
chloride and sulfur compounds (Richards 2011).  The 
salinity of this exsolved fluid varies based on many 
factors, but typically includes 2-13 wt % NaCl 
(Richards, 2011). Au and Cu, if available in the silicate 
melt, readily form chloride complexes in this dilute, 
highly mobile aqueous phase and are carried to the 
upper crust where they are emplaced as mineralized 
porphyry and epithermal deposits (Zajacz, et al. 2010). 

 With this knowledge in mind, there are two 
possible explanations for the absence of PGEs in the 
majority of porphyry environments. The immiscible 
sulfide phase produced during partial melting of the 
mantle wedge would effectively deplete the melt of 
calcophile PGEs. However, multiple studies have 
shown that an immiscible sulfide phase is not always 
produced during mantle melting (Sullivan, Zajacz and 
Brenan 2018) and there are several porphyry deposits 
that do contain elevated levels of PGEs (Economou-
Eliopoulos and Zelyaskova-Panayiotova 2014). The 
second possible explanation is that PGEs do not 
effectively partition in to the dilute, saline fluids that 
are associated with typical porphyry emplacements. 
While it is well established that Au and Cu are 
effectively complexed as chloride compounds in these 
aqueous fluids, little is known about the behavior of 
PGEs (including Pd). It is crucial to understand why 
PGEs are present only in certain porphyry 
environments such as the highly alkaline Coldillera of 
British Columbia if new deposits are to be discovered. 

This study presents new data that determines 
the solubility of Pd in fluids of varying chloride 
concentrations at T = 900 °C, P = 2000 bars, and fO2 
= 0.6 log units below the NiNO mineral redox buffer 
(simulating conditions typical of alkaline arc magmas 
and their fluids). Additionally, partition coefficients for 
Pd and Au between the silicate melt and aqueous fluid 
phase are calculated to determine the compatibility of 
Pd. 
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2. Methods 
 
2.1 Experimental Methods 
 
In order to sample the fluid at run conditions, the 
synthetic fluid inclusion technique (SFI) (Sterner 
and Bodnar 1984) was used. Several modifications 
to this method similar to those used by Zajacz, et 
al. 2010 and Zajacz, et al. 2011 were included in 
order to more accurately constrain the experimental 
conditions. A cylindrical quartz chip was placed 
inside a 6 mm long and 2.2 mm diameter capsule 
made of Au80Pd20 (mass proportions) alloy which 
imposed a constant Pd activity of 0.13198 and an 
Au activity of 0.47227 (calculated using FactSage). 
Additionally, an aqueous solution containing 
varying concentrations of NaCl and HCl (with a 
constant ratio of 9:1) was pipetted in to the AuPd 
capsule. Experiments involving the solubility of Pd 
and Au in the silicate melt phase functioned much 
the same way except for the addition of 5 mg of 
pre-prepared dacite powder. The capsule was 
placed in a molybdenum-hafnium carbide (MHC) 
pressure vessel and subsequently placed in a 
rotating furnace assembly. An oxygen fugacity 
roughly 0.6 log units below the Ni-NiO buffer 
(NNO-0.6) is thought to be typical of oxidized arc 
magmas (Zajacz, et al. 2010) and was imposed by 
adding H2 gas to the pressure vessel in addition to 
the inert Ar gas used to pressurize the system. After 
heating and pressurizing to run conditions, the 
system was allowed to equilibrate for 
approximately 24 hours. To capture the now 
supercritical fluid, the furnace assembly was 
rotated and the capsule dropped to the water cooled 
end of the MHC vessel. The furnace assembly was 
then rotated 180° to drop the capsule back in to the 
hot end of the furnace. The thermal shock created 
a network of cracks in the quartz chip that trapped 
the supercritical fluid and subsequently healed over 
as the capsule is returned to the hot end of the 
vessel-furnace assembly. After fracturing, the 
system was allowed to re-equilibrate for an 
additional 24 hours to ensure maximum healing of 
the fractures. After the experiment, quartz chips 
were mounted on glass slides in epoxy and sanded 
flat in preparation for laser ablation-inductively 
coupled mass spectrometry (LA-ICPMS) analysis. 
 
2.2 Analytical Methods 
 
 The fluid inclusions were analyzed by LA-ICPMS 
in the experimental geochemistry lab at the 
Department of Earth Sciences, University of 
Toronto. An NWR-193 UC Laser Ablation system 
attached to an Agilent 7900 quadrupole mass 

spectrometer was used to analyze the fluid inclusions. 
Fluid inclusions were analyzed in one hour blocks 
bounded by external standard analyses. NIST-610 glass, 
Y bearing garnet, and Sr bearing glass were used as 
external standards. Rb/Cs ratios as well as Na 
concentrations within the inclusions fit well with the 
concentrations in prepared fluid indicating that the data 
is of good quality. 
 
 
 3. Results 
 
3.1 The Apparent Solubility of Pd and Au as a 
Function of Chloride Concentration 
 
It is important to emphasize that due to the reduced 
activity of Pd and Au imposed by the capsule alloy, all 
solubilities quoted in the results are apparent 
solubilities. This means that, assuming Henrian 
behavior, the true solubilities would be 7.5x higher for 
Pd and 2.1x higher for Au.  

 
Figure 1: Log-log plot of Pd concentration vs chloride concentration 

 
Figure 2: Log-log plot of Au concentration vs chloride concentration 

 
Figure 1 shows the strong, positive correlation between 
Pd solubility and chloride concentration in the fluid 
phase. Pd concentrations were below detection limits 
in the most dilute solutions (~10 wt% NaCl) and 
reached a maximum concentration of 167.7 μg/g in the 
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high salinity solutions (~60 wt% NaCl). This 
relationship is highlighted by the strong linear 
correlation (R2 = 0.96) between log cPd and log 
cCl. Figure 2 shows a similar trend for Au. 
Concentrations were at a minimum of 15.4 μg/g in 
10 wt% NaCl fluids and reached a maximum of 
2280.6 μg/g in the 60 wt% NaCl solutions. Again, 
there is a strong linear correlation displayed on the 
log-log plot (R2=0.99).  
 
3.2 Partitioning Coefficients of Pd and Au 
 

Element and cCl  Fluid 
(μg/g) 

Silicate 
Melt 

(μg/g) 

Dfluid/melt 

Pd (4 mol/kg H2O) 1.28 1.28 1.00 
Pd (32 mol/kg H2O) 167.71 2.39 70.17 
Au (4 mol/kg H2O) 169.04 0.27 626.07 
Au (32 mol/kg H2O) 2280.59 0.53 4303 
Table 1: Pd and Au solubility in the silicate melt and fluid phases 

 
At dilute conditions relevant to typical porphyry 
fluids, Pd shows no partitioning preference 
between the silicate melt and fluid phases 
(emphasized by the Dfluid/melt value of 1.00). In high 
salinity aqueous fluids, Pd strongly partitions in to 
the aqueous phase (Dfluid/melt = 70.17). In contrast, 
Au is extremely compatible in dilute porphyry 
fluids and partitions strongly in to the aqueous 
phase (Dfluid/melt = 626.07). The trend holds for high 
salinity fluids with Au being 4303x more 
compatible in the fluid phase (Dfluid/melt = 4303). 
 
 
4. Discussion 
 
There are many examples of PGE enriched 
porphyry deposits around the world. The most 
famous of these include the Afton porphyry in 
central British Columbia and a variety of deposits 
in the Balkan Peninsula (Eliopoulos, Economou-
Eliopoulos and Zelyaskova-Panayiotova 2014). 
As discussed in Section 1, the mechanisms for 
enrichment (and subsequent depletion in other 
porphyries) is uncertain. Several theories have 
been put forth that include enrichment of the 
parent magma as well as shallow crustal 
hydrothermal processes (analogous to those that 
transport Au and Cu as chloride complexes) 
(Auge, Petrunov and Bailly 2005; Eliopoulos, 
Economou-Eliopoulos and Zelyaskova-
Panayiotova 2014). The data shown in Section 3 
provides crucial new information on the 
mechanisms of PGE deposition in alkaline 
porphyry environments.  

The 5-10 wt% NaCl fluids associated with 
most porphyry deposits (Richards, 2011) limited ability 
to transport Pd as chloride complexes (and certainly 
not in economically viable quantities). Assuming that 
the parent magma had not been stripped of calcophile 
elements by an immiscible sulfide phase (see Section 
1), it seems likely that the aqueous fluids exsolved at 
~7 km depth would not partition Pd effectively enough 
to carry Pd complexes to surface deposition levels (~2-
3 km depth). It is possible that PGEs would simply 
become trapped in the cooling intrusion at inaccessible 
depths.  

In contrast, high salinity experiments (45-60 
wt% NaCl) suggest that enrichment of Pd in selected 
porphyry deposits may be due to the exsolution of an 
anomalously saline aqueous phase at depth. 
Concentrations of up to 169 μg/g Pd were observed in 
high salinity fluid inclusions with Dfluid/melt values of 
roughly 70. This suggests that, in the right conditions, 
high salinity porphyry fluids would be an affective 
transportation mechanism for PGE complexes. It is 
difficult to corroborate this experimental evidence with 
samples from the previously mentioned PGE enriched 
porphyries. The highly alkaline rocks of the Afton and 
Balkan Peninsula deposits show little to no quartz 
veining, which subsequently means there are no 
suitable hosts for in-situ fluid inclusions (Auge, 
Petrunov and Bailly 2005). However, there is indeed 
evidence for porphyry deposits associated with 
extremely saline aqueous fluids (>90 wt% NaCl) such 
as the Cerro de Pasco deposit in Peru (Rottier, et al. 
2016). This proves that it is at least possible (if 
uncommon) for porphyries and hyper saline fluids to 
coexist. The Cerro de Pasco deposit does not display 
PGE mineralization which could be a result of the 
parent magma being previously depleted of calcophile 
elements, but more study would be required to confirm 
this.  

The high salinity experiments are also 
applicable to ore deposit modelling in LMIs such as the 
Stillwater Complex. There is significant debate on the 
degree of hydrothermal fluid involvement in the 
formation of PGE reefs in LMIs and many features 
have been identified that are in conflict with a purely 
magmatic model (Hanley, Mungall, et al. 2005). The 
high salinity experiments conducted in this project 
corroborate other research that show hypersaline fluids 
as effective carriers for PGE complexes (Hanley, 
Mungall, et al. 2005; Hanley, Pettke, et al.) and likely 
significantly involved in the mineralization process. 

The data in Section 3 also confirms results from 
many other fluid inclusion studies that Au is effectively 
transported as chloride complexes in low salinity 
porphyry fluids (Zajacz, et al. 2010; Frank, et al. 2001; 
Mungall and Brenan 2013; Sullivan, Zajacz and Brenan 
2018). Concentrations of 15.42 μg/g were reported in 
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the 9 wt% fluids with concentrations steadily 
increasing and eventually exceeding 2000 μg/g in 
high salinity experiments. Contrary to the behavior 
of Pd, the large partition coefficients of Au even in 
dilute fluids show that Au, if available in the 
magma, will be easily removed  and transported by 
aqueous fluids 
 
5. Conclusions 
 

I. Pd is not sufficiently soluble at magmatic 
conditions in dilute porphyry fluids. 
Another mechanism is needed to explain 
PGE enriched porphyries 

II. Pd Dfluid/melt = 1.0 in dilute fluids, meaning 
that it is unlikely to partition out of the 
silicate melt phase if present. 

III. High salinity fluids (> 40 wt% NaCl) 
show the ability to effectively dissolve 
appreciable concentrations of Pd at 
magmatic conditions. This data can be 
used to explain a possible mechanism for 
PGE enriched porphyries 

IV. Pd partitioning in to high salinity fluids 
(Dfluid/melt = 70.17) suggests that 
hydrothermal processes are likely an 
important factor in the development of 
PGE reefs in LMI deposits. 

V. Au is strongly soluble in dilute porphyry 
fluids at magmatic conditions. Solubility 
of Au increases with increasing salinity. 
This confirms previous research and helps 
solidify models for Au rich porphyry 
genesis.  
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1. Introduction 
 
Ureilites are the second largest achondrite group 
and their elusive characteristics result in competing 
theories of petrogenesis and evolution. They are 
ultramafic rocks that require high-temperature 
conditions, typical of differentiated bodies, and 
composed predominately of olivine and low-Ca 
clinopyroxene, with interstitial metals and the C 
polymorphs, diamond, graphite, and amorphous 
carbon (Mittlefehldt et al, 1998). They are derived 
from the interior silicate portions from the mantle 
of a disrupted asteroidal Ureilite Parent Body 
(UPB) evident from a lack of plagioclase, 
incompatible trace element depletion, and 
fractionated rare earth element (REE) and highly 
siderophile element (HSE) patterns (Day et al., 
2017; Mittlefehldt et al, 1998). Yet, O-isotopic 
signatures are heterogeneous which suggests 
primitive (undifferentiated) nebular processes on 
the UPB (Nagashima et al, 2012).  

Highly siderophile elements, as well as 
being metal loving, are highly refractory rendering 
them excellent tracers of cosmochemical processes 
(Harvey et al, 2016). They are highly compatible in 
metals and sulfides making them particularly 
valuable for the study of ureilites as first melts 
generated from the partial melting of the chondritic 
body are Fe-Ni-S-rich (Harvey et al, 2016; 
Rankenburg et al, 2008). This group of elements 
include Os, Ir, Ru, Pt, Rh, and Pd, in addition to Re 
and Au, which are typically more incompatible 
during melting and crystallization (Day et al, 
2016). During early planetary formation and 
differentiation, the HSE elements should migrate 
towards, and reside within, the iron-rich cores (Day 
et al., 2016). Osmium is an excellent geotracer due 
to its highly refractory nature whose resistance to 
heat preserves information about early Solar 
System conditions (Goderis et al, 2015). 

This study seeks to further constrain the 
petrogenesis of, and to identify a possible reservoir 
source for, ureilites through the analysis of five 
ureilite samples with particular focus on Nova 018. 
The use of an extended suite of ureilites is two-fold. 
First, to discuss the distribution of HSE elements 
by analyzing the carefully selected sample set that 
provides a range of carbon modal abundances and 
shock stages. Second, to position Nova 018 within 

a broader ureilitic context while simultaneously 
constraining its unique characteristics. 
 
 
2. Samples & Methods 
 
2.1 Samples 
 
All five meteorite samples are held at the Royal Ontario 
Museum (ROM) (Table 1). Nova 018 (Nova) and North 
West Africa (NWA) 11951 are both diamond-rich and 
have high shock stages. Nova is a coarse-grained, desert 
find meteorite predominately composed of forsterite (70 
modal %), pigeonite (27 modal %), and minor 
interstitial carbon and metals (3 modal %). Northwest 
Africa 7059 is graphite-rich exhibiting cumulate 
texture. NWA 11950 contains roughly equal amounts of 
diamond and graphite. Northwest Africa 7630 is a 
graphite-rich dunitic ureilite. The samples’ shock stage 
were classified using shock features in minerals, such as 
planar fractures and deformation features, undulatory 
extinction, (Stoffler et al., 1991), the transformation of 
graphite into diamond (McSween, 1987) and the degree 
of reduction around silicate cores (Rubin, 2006). 
	
Table	1	
Ureilite	samples	analyzed	in	this	study	

Sample	Name	 Dominant	C	phase(s)	 Fo	#	 Shock	Stage	
Nova	018	 Diamond	 76	 High	
NWA	7059	 Graphite	 77	 Mod	
NWA	7630	 Graphite	 79		 Low	
NWA	11950	 Diamond	+	Graphite	 79	 unknown	
NWA	11951	 Diamond	 80	 High	

Fo	#	=	[Mg	/	(Mg	+	Fe)	*	100].	 
 
2.2. Methods 
 
A Horiba LabRAM Aramis micro-Raman spectrometer 
was used at the ROM to confirm silicates and 
carbonaceous phases. Major- and minor-element 
mineral compositions were acquired using a JEOL JXA-
8320 Electron Probe Micro-Analyzer (EPMA) at the 
University of Toronto. High-resolution 
cathodoluminescence images were acquired at the 
Zircon and Accessory Phase Lab, University of Western 
Ontario, using a Hitachi SU6600 field emission gun 
Scanning Electron Microscope (SEM).  Electron Back 
Scatter Diffraction (EBSD) SEM was also performed to 
analyze the crystal lattice structures of forsterite and 
carbon. Trace and HSE element abundances were 
measured in grain boundary metals using Laser 
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Ablation Inductively Coupled Plasma Mass 
Spectrometry (LA-ICP-MS) at Scripps Isotope 
Geochemistry Laboratory (SIGL), La Jolla, CA.  

Selected bulk-rock fragments were 
sampled away from the fusion crust to minimize 
terrestrial and weathering products in the aliquots 
and homogenized into a fine powder. Bulk rock 
major- and minor-element abundances were 
analyzed using prepared stock solutions in 
pressure-assisted digestion at SIGL by Isotope 
Dilution Inductively Coupled Plasma Mass 
Spectrometry (ID-ICP-MS). Approximately 50 mg 
of powders were digested in 0.5 mL Teflon 
distilled HNO3 and 2 mL Teflon distilled 
concentrated HF on a hotplate at 150 °C for > 72 
hours. The samples were subsequently dried down 
and diluted with concentrated HNO3 to remove 
fluorides, then spiked with indium to monitor 
instrumental drift during analysis. Major- and 
trace-element analyses were conducted on a 
ThermoScientific iCAP qC ICP-MS and results 
were standardized to SiO2 abundances obtained 
from previously collected EPMA data. Osmium 
isotope and HSE abundance analysis were 
performed at SIGL using the digestion technique 
described in Day et al (2016) and measured using a 
ThermoScientific Triton Plus thermal ionization 
mass spectrometer (TIMS). 
 
3. Results 
 
3.1. Major Elements  
 
The fayalite number (Fa #) [Fe / (Mg + Fe) * 100] 
is an indicator of FeO-variation in olivine core 
compositions suggesting variable redox conditions 
during petrogenesis (Day et al., 2017). Olivine 
cores measure between Fa16-28 (average Fa24) with 
greater heterogeneity exhibited in the rims (average 
Fa16) (Fig. 1). Microprobe analyses indicate that 
Nova is within the expected range for ureilites, it is 
among one of the more reduced samples (higher Fa 
#). The abundance of FeO decreases from 22.1 avg. 
wt.% in cores to 15.7 avg. wt.% in rims. 
Conversely, MgO increases from 39.2 avg. wt.% in 
cores to 44.3 avg. wt.% in rims. Pigeonite cores 
measure Fs21Wo10 (Fig. 1) and exhibit similar 
reversed zonation patterns, from core to rims, with 
increased abundances of MgO (25.9 to 30.6 wt.%) 
and decreases in FeO (12.1 to 6.7 wt.%). 
 
3.3. Identification of carbon phases 
 
Carbon appears as clustered lath-like domains < 
700 µm between silicate phases but appears to have 
a higher affinity to pigeonite and is nearly always 

 
Fig.	1:	(a)	Pyroxene	quadrilateral,	(b)	olivine	forsterite	content,	and	
(c)	 olivine	 forsterite	 content	 histogram	 diagram	 for	 Nova	 018.	
Adapted	from	Day	et	al	(2017).	

 
found within the reduction rims (Fig. 2). Raman 
analyses confirmed the presence of diamond, graphite, 
and amorphous carbon. 
 
3.4. Bulk rock compositions 
 
Bulk rock HSE patterns were measured by ID-ICP-MS 
and are similar to previously reported data. 
Incompatible trace element show varying degrees of 
fractionation with two sets of similar sample pairs: Nova 
and NWA 11951; and NWA 11950 and NWA 7059. 
Silicate REE contents are similar to previously reported 
ureilites, though Nova 018 and NWA 11951 have super-
chondritic abundances and all samples have flat to 
positive Eu anomalies likely due to terrestrial 
contamination. The REE and HSE abundances of metal 
grains were measured by LA-ICP-MS and show high 
HSE abundances of ~ 0.5-1.8 x Carbonaceous Ivuna 
(CI) chondrite with similar bulk rock patterns, but with 
higher absolute abundances. These data are consistent 
with material derived from melt-depleted residue (Day 
et al., 2017).  

Bulk rock HSE patterns are similar to other 
ureilites with marked depletion of Re (Fig. 3a). This 
manifests as strongly fractionated 187Re/188Os (0.208), 
which is significantly lower than most ureilites or 
chondritic materials (Fig. 4b). The 187Os/188Os (0.126) is 
similar to other measured ureilites and carbonaceous 
chondrites (CC) (Fig. 3b). 
 
 Oxygen isotope analysis gives mean Δ17O of -
0.327 ± 0.007‰ with δ17O = 4.192‰ and δ18O = 
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8.580‰ positioning Nova near the isotopically 
‘heavy end’ of the known ureilite group (Fig. 5). 
 
 
4. Discussion 
 
4.1. Nova 018 is highly shocked  
 
The shock features preserved in silicates provide an 
accurate shock pressure estimation which can 
ultimately be used to constrain critical pressure and 
temperature conditions (Stoffler et al., 1991). 
Using experimentally derived analyses, Nova has 
experienced pressures between < 4-5 to 35 GPa, 
characterized by the presence of mosaicism, 
undulatory extinction, planar and irregular 
fractures in the silicates, and the presence of 
mechanical fractures (Fig. 2). The presence of 
graphite and diamond further constrains shock 
pressures to ~ 15 to 35 GPa (Stoffler et al, 1991). 
These shock features are common among ureilites 
and are consistent with a hypervelocity impact 
event (Rubin, 2006). Moreover, the wide reduction 
rims around olivine grains and, to a lesser extent, 
around pigeonite confirm  
 

 
Fig.	2:	Backscatter	electron	image	of	an	olivine	grain	in	Nova	
018.	Silicate	darkening	is	visible	around	the	perimeter	of	the	
grain	 where	 reduction	 has	 produced	 many	 Fe	 metal	 blebs.	
Grain	boundary	metal	(white)	and	carbon	(black)	occur	within	
fractures	and	along	grain	boundaries.	A	mechanical	fracture	
crosscutting	two	reduced	fractures	is	visible	at	the	top-centre	
of	the	image.	

 
4.2. HSE elements & partial melting 
 
The HSE element abundances can be used to model 
the degree of partial melting and removal of S-rich 
metallic melts in the UPB which is believed to have 

a CC starting composition (Day et al., 2016). The 
earliest melts to form from chondrite partial melting are 
rich in Fe-Ni-S into which the HSE preferentially 
partition (Day et al., 2017). Models of olivine core Fo 
content versus Pt/Os suggest that samples with the 
highest Mg #, high Pt/Os and lowest Δ17O (a measure of 
how O-isotopically (dis)similar rocks are to terrestrial 
analogues) are among the least melted while heavily 
reduced (low Mg #) samples with lower Pt/Os and 
higher Δ17O have undergone higher degrees of partial 
melting (and subsequent S melt loss). Nova shows 
evidence for considerable S melt loss and has one of the 
highest degrees of partial melting and lowest Fo in 
olivine cores among ureilites thus far (Fig. 4). Nova’s 
high degree of partial melting extends the range of 
known ureilite values where samples provide evidence 
for variable and limited partial melting and melt-
depletion (Day et al., 2017). Another sample analyzed 
in this study, NWA 11951, also shows evidence for 
considerable melting (Fig. 4) which indicates this may 
be not be a localized event on the UPB or a possible 
pairing between Nova and NWA 11951. 
 

 
Fig.	3:	(a)	CI-chondrite	normalized	HSE	abundance	patterns	for	bulk	
samples	and	Nova	018	metals	versus	other	published	ureilites.	(b)	
Re-Os	 isotope	 diagram	with	 4.558	Ga	 III	 AB	 iron	 isochron	 shown	
(Smoliar	et	al.,	1996).	CI-chondrite	normalization	from	McDonough	
&	Sun	(1995).	Ureilite	data	from	Rankenburg	et	al.	(2008).	Chondrite	
data	 from	Horan	 et	 al.	 (2003)	 and	Walker	 et	 al.	 (2002).	Adapted	
from	Day	et	al.	(2017).		
4.3. Carbonaceous pre-cursor & terrestrial 
alteration 
 
The HSE abundance patterns for Nova are sub-
chondritic which is representative among ureilites, but 
noticeable Re depletions indicate terrestrial weathering, 
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common among desert meteorites (Fig. 3a) (Day et 
al., 2017). The Re-Os isotope systematics can be 
used to differentiate among different chondrite 
groups, though there is minor data overlap (Day et 
al., 2016). The 187Os/188Os values measured in this 
study are relatively homogeneous (0.126-0.127) 
and are comparable to other published ureilites as 
well as CC (Fig. 3b). The similarity between 
ureilites and CC has been interpreted as a common 
region of formation in the solar nebula 
(Rankenburg et al., 2007). Rhenium-depletion due 
to weathering is evident by the heterogeneous 
distributions of samples along 187Os/188Os = 0.126 
and subsequently prevent accurate dating using the 
4.558 Ga III AB iron isochron (Fig. 3b). 
 

 
Fig.	 4:	 Average	 olivine	 Fo	 content	 [100	 *	Mg	 /	 (Mg	 +	 Fe)]	
versus	Pt/Os	ratio	for	samples	versus	other	published	ureilites.	
Decreasing	Pt/Os	ratios	are	correlated	to	increasing	degrees	
of	S	melt	loss.	Nova	018	and	NWA	11951	have	lower	Fo	#	and	
Pt/Os	ratio	which	suggests	higher	degrees	of	partial	melting	
and	melt	extraction	relative	to	other	ureilites	data.	Data	from	
Rankenburg	et	al.	(2008).	Adapted	from	Day	et	al.	(2017).	
 
5.  Concluding remarks 
 
Nova 018 is a highly diamondiferous ureilite that 
exhibits typical shock features between ~ 15 to 35 
GPa which is indicative of impact events. The HSE 
abundances are similar to other published ureilites, 
but Nova shows considerable depletion in Re 
which is likely due to terrestrial weathering. 
Moreover, Pt/Os versus Fo content suggests that 
Nova has among the highest degrees of partial 
melting. 187Os/188Os ratios suggests both ureilites 
and CC share common regions of formation within 
the solar nebula or that ureilites have a CC-like pre-
cursor material. Together with Nova’s ‘heavy’ O-
isotope signature, it appears that Nova is a likely 
end-member to the ureilite suite. 
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1. Introduction 
 
Airborne Electromagnetics (AEM) systems are 
useful geophysical tools that can perform 
geophysical surveys on large areas in relatively 
short periods. These systems are electromagnetic 
explorations equipment mounted onto airplanes or 
helicopters giving the system a significant 
advantage of being able to fly large areas in a 
relatively small amount of time. Another critical 
advantage of AEM systems is that they are 
capable of surveying areas which may be difficult 
to access with ground methods such as areas that 
are vegetation dense, remotely located or 
swamped. The data collected using these systems 
allows us to derive useful conductivity maps 
which provide valuable subsurface information 
for mineral exploration. For this reason, these 
systems are commonly used for base metal (Zn, 
Pb, Ag) exploration. 
 
1.2. Theory 
 
Electromagnetic systems work upon the principles 
of Farraday’s Law of induction. This law states 
that when a magnetic field is present and changed 
a voltage will be created. By passing an electric 
current through a loop of wires, we can create a 
magnetic field that propagates through space. This 
loop of wires is called the transmitter because it 
transmits our primary magnetic field. If the 
produced field travels through a conductor, eddy 
currents are induced and, in response, create a 
secondary magnetic field which is recorded with a 
receiver coil. The receiver records both the 
primary and secondary field responses, but only 
the secondary field response will carry 
information from the ground. The system also 
records the signal response through various time 
gates (channels) in order to monitor the signal 
decay over time. The value of the secondary field 
as a function of time is known as the decay 
constant and a key indicator of conductivity. 
Strong conductors will decay slowly across the 
channels, but weak conductors will drop off 
quickly. By analyzing the recorded responses and 
the response over time, we can identify the 
conductive properties of materials in the 
subsurface. 

 When analyzing data collected with AEM 
systems, we most common look at the secondary field 
response in parts per million of the primary field. The 
shape, height, signal decay of later channels of the 
response is attributed to the source. There are general 
interpretations that have been previously studied to 
develop a general glossary of signal response. (Palacky 
and West 1973).  For example, Fig. 1 displays the 
typical ideal response of a vertically oriented dipping 
plate, although it is not always the case. Due to the 
problem of non-uniqueness, it is possible to record 
similar responses from various sources. Many times 
these sources can be false conductors including 
geologic responses as well as human-made features 
such as powerlines. Powerlines are particularly 
challenging to work with because their response 
resembles the response we would expect from a perfect 
vertical conductive plate. Although most survey 
companies have powerline monitors to filter out 
common powerlines immediately, this monitor and 
filter process does not work for higher voltage 
powerlines, and pole mounted transformers (PMT) 
which can create severe noise issues for some cases 
including the one considered for this study. These 
powerlines are typically only used in less populated 
areas and are not very common, so no present work has 
been done studying their response. Here we analyze a 
severely contaminated data set with noise from 

powerlines/PMTs, seek to characterize the noise and 
pursue a successful method for removal.  
1.2 Geologic Background 
 
This study focuses on the Nash Creek deposit area 
found in northern New Brunswick. The area is covered 
in dense forests and swamps which makes AEM the 

Figure 1: An example of the expected signals from a 
horizontally dipping conductive plate and a vertically 
dipping conductive plate. (Smith and Keating 1996) 
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best method of exploration. Geologically, it is part 
of the Jacquet River Syncline.  The area around 
the deposit contains two subparallel faults that 
outline the Nash Creek Graben. The western fault, 
known as the Arleau Brook Fault runs through the 
relative center of our study area and represents a 
critical boundary between more resistive Silurian 
sedimentary rocks to the west and more 
conductive Devonian volcanic rocks to the east 
(Walker 2010). The local area around the deposit 
area contains rock units from the Ordovician, 
Silurian, Early Devonian and Carboniferous. 
These rock units are mostly marine mafic 
volcanic, or marine sediments and minor 
intermediate rocks 
 
 
2. Methods 
 
2.1 Survey Details 
 
The data used for this study was collected by 
Fugro Airborne Surveys on April 8th, 2004 using 
the MEGATEM® electromagnetic multicoil 
system mounted on a Dash 7 modified aircraft. 
The multicoil system allows for the collection of 
horizontally (x) and vertically (z) oriented 
components. The survey consisted of 34 traverses, 
each traverse being 8 kilometers long and had and 
approximate 150 meter spacing between lines. 
The survey flew a total of 272 kilometers and 
spanned an area of approximately 40 km2. (Fugro 
Airborne Surveys 2004) 
 
2.2 Data Processing  
 
The data set used for this study was pre-processed 
from its recorded form by Fugro Systems. To 
have an initial look at the data, we wrote python 
scripts to visualize the data. The data was plotted 
separately profile by profile and independently by 
component. Profiles were plotted on both linear 
and log scales to develop a better understanding of 
the overall data set and to better visualize the later 
channels. We worked with the time derivative of 
the transient magnetic field (dB/dt) of both the z 
and x component. We calculated the energy 

envelope from these two components by squaring both 
the x and z components, adding them and taking the 
square root of that value. From these profiles we were 
able to analyze signal responses and interpret their 
possible sources. Closer analysis of the certain 
responses was done improve the visualization of points 
of interest. This was done by creating enlarged images 
of targeted areas. The decay constants were plotted by 
plotting the response value at a one specific location as 
a function of time.   

To test possible filtering processes we isolated 
the z-component, Channel 6 (first off-time channel) 
response of line 100101. By isolating one singular line, 
we could consider the single line response as discrete 
spatially sample data and use a time series to test 
common time series filter applications. Line 100101 
was also used to simplify filtering because it only 
contains one simple powerline.  
In order to perform time series analysis, we first de-
trend our data by subtracting a polynomial fit of 3rd 
degree. This removed the large step caused from 
crossing the boundary between more resistive and 
more conductive areas. The resulting series was then 
centered on zero. Several time series applications were 
run in an attempt to characterize the signal. This 
included taking the Fourier transform, autocorrelation, 
wavelet transform and statistical analysis using a 
median filter. The results were all plotted for analysis. 
We confirmed that our python script provided accurate 
results by testing the scripts on sample data sets for 
which we previously knew the outcomes.  
 To create a final map, we applied the median 
filter. The filter works with a moving window to 
remove outliers. The applied window can vary in size 
which. To find the most effective for our case we used 
a trial and error method to find the best fit. Once we 
established a good fit, a median filter of the same 
window size was applied to each line of the survey. 
These filtered lines were then used to create our 
conductivity map. Our final conductivity maps were 
represented with the ratio of Channel 10 to Channel 6 
to display early channel decay constant which more 
accurately displays near surface features. 

 
 

3. Results 
 
The plotted profiles revealed response shapes that are 
normally attributed to good vertical conductors. The 
bumps contained all similar attributes including size, 
shape, and decay constant. The profiles also illustrated 
a good general idea of what the decay constant looked 
like across the profile. The plots helped us to examine 
the later channel response as well.  This is generally 
where we would find materials with higher 
conductivity. By examining the powerline monitor 

Figure 2: A profile of the energy envelope of Line 100101. It 
shows a response believe to be due to the fault present and 
the powerline response (dashed box) 
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provided with the data set were able to identify 
areas where we sound expect powerlines and 
match these with the ideal response we found. 
This exhibits the fact that powerline, in AEM 
responses acts the same way as a perfect vertical 
conductor. By establishing this, and the 
approximate locations of the powerlines, we 
found that each profile in our data set ran through 
at least one powerline. The visuals of the profiles 
allowed us to see that the responses from different 
powerlines had great similarities between we 
encouraged the idea of being able to characterize 
them.  

The results from the time series analysis 
tests gave quality insight as to which methods 
would be more likely to produce a useful filter 
and which would just not work. The results of the 
Fourier transform showed a significant overlap of 
wave numbers between and isolated powerline 
and the full signal response. This observation 
indicated that using a high pass or a low pass filter 
would not be advantageous because they would 
remove too much valuable data along with the 
powerline. More promising method approaches 
came the signal line’s autocorrelation, and 
wavelet transforms. The autocorrelation was 

smooth and well behaved which suggests that we could 
successfully remove the powerline and maintain 
valuable response information. The ability to produce a 
wavelet that shows great resemblance to our isolated 
powerline response also supports a possible successful 
method. The tests performed displays encouraging 
results, but the application of this information along 
with the development of filters was not pursued due to 
the limited time for this project. To explore one full 
application of a filter we applied and produces results 
of for the median filter.  

The resulting conductivity maps were created 
to represent the near surface because we took into 
consideration, the fact that the powerlines/PMT are 
near surface features. In the original map (Fig. 4a.) we 
can see a clear outline of the powerlines/PMT in the 
area. After applying the median filter to the flight lines, 
channel by channel (Fig. 4b) we can see that the 
powerline/PMT noise is attenuated. The resulting map 
successfully preserves the majority of the data which is 
justified by the little variation beyond the powerline 
traces in the two maps. On the filtered map the fault 
zone is still visible and alternative traces of noise 
appear. The resistive (blue) Silurian and more 
conductive (green-yellow) Devonian areas are very 
visible as well. 

 
 

5. Discussions 
 
The maps produced in this study can, after being 
filtered, be analyzed to identify targets of interest in the 
Nash Creek area. With the noise from the 
powerline/PMT attenuated, there is more confidence 
that the responses in close vicinity of the powerlines 
are due to subsurface conductive material rather than 
cultural noise. The example displayed in this study is a 
simple method that demonstrates useful results which 
implies that it is indeed possible to remove noise. 
There are still limitations on the presented example 
that would have to be further analyzed. For example, in 

Figure 3: A graph that plots the original response recorded 
(solid) from Channel 6 of Line 100101 along with the 
resulting response after the application of the median filter 
(dashed). 

a.                                                                                   b. 
Figure 4: Near-Surface conductivity maps created by taking an early channel ratio (Channel 10/6). The comparison shows the (a) raw 
data map and (b) the cleaned map after the application of the median filter to the data. The significant outline of the roads in the area 
caused by the adjacent powerlines is removed resulting in a clearer near- surface conductivity map. 
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this study, we applied a median filter with a 
window size that was chosen from the analysis of 
one line which is not an accurate representation of 
the entire data set. The line from which we chose 
our filter window size also only contains one 
powerline whereas some profiles have multiple 
closely overlapping powerlines/PMTs which 
complicate the noise removal. To improve results, 
each line would have to be examined individually 
to obtain the best window size for the entire data 
set. Expanding on the results of this study, the 
development and testing of filters based on the 
time series analysis results would also provide 
valuable insights into alternative filtering method.  
A key finding in this project is that we were able 
to identify the powerline/PMT response signal and 
recognize that this response is unique in the sense 
that it is not a typical powerline. Due to the 
limited use of these powerlines/PMTs, very little 
previous work has been done to develop accurate 
methods of removal of these specific 
powerlines/PMT. It is hoped that these results can 
contribute to significant progress in the 
development of this removal method. The few 
previous studies suggest, as an alternative option, 
to just cut out the affected areas. (Macnae 2017) 
Although this would remove the noise, it would 
require removing a substantial amount of data 
points which would impair results. By cutting out 
the powerline response, we cannot account for the 
entire widespread of the later channel response.  
Other methods of removal of significant noise are 
not publicly debated but remain confidential 
between survey companies (Macnae 2017). 
    Although in this case, we struggle with these 
unique powerline/ PMT responses, if we take into 
consideration that this survey produced a 
conductivity map of a 40 km2 area within one 
day, we can recognize the real value of AEM 
systems. The ability to produce such large scale 
maps in limited times is a game-changing asset 
can be extremely useful in areas that only have 
short weather exploration seasons. 
 In our case, we were able to, within a day, 
establish a general overview of the area and 
identify smaller targeted areas of interest.  
Unfortunately, the amount of harsh noise from the 
powerlines/PMT restrained our ability to identify 
true source targets for future investigation. With a 
well-developed method, we would be able to 
remove the noise and move forward with 
interpretation immediately. The power to 
successfully survey such vast areas is in such a 
small amount of time makes the further 
development of this geophysical method 
worthwhile.   

 
5.  Concluding remarks 
 
The resulting maps in this study show that airborne 
electromagnetics could be a useful tool for mapping 
the conductivity of materials in near sub-surface. We 
identify that the noise is a unique noise response that 
has not been previously examined. By successfully 
removing the powerline noise with the median filter we 
provide evidence that it is possible to remove this 
distinct noise but maintain surrounding information. 
Some of the time series analysis results such as the 
autocorrelation and the wavelet transform also provide 
promising possible solutions to the removal of this 
severe noise however would have to be further 
investigated. The complete development of a noise 
removal method would result in more confidence in 
flying AEM s surveys and making this geophysical 
tool even more valuable. 
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1. Introduction 
 
The Dummer Moraine has been described as a 
region of hummocky carbonate debris with large, 
angular clasts distributed on the Paleozoic rocks 
near the boundary with the Precambrian Canadian 
Shield (Eyles et al., 2018; Shulmeister, 1989). It 
extends discontinuously for 180 km between the 
Kawartha Lakes in the west and Tamworth, 
Ontario in the east (Figure 1) (Shulmeister, 1989). 
It varies in width between 6 and 24 km with the 
Precambrian/Paleozoic (P/P) boundary being the 
northern boundary and an almost imperceptible 
transition to the Peterborough Drumlin field 
(PDF) at its southern margin (Mihychuk, 1984; 
Shulmeister, 1989). The Dummer is characterized 
by hummocky topography rarely exceeding 6m in 
amplitude (Mihychuk, 1984). 

Figure 1: Location of the Dummer with respect to major cities and lakes of 
southern Ontario. Note its relationship to the Precambrian/Paleozoic 
boundary and limited East/West extent. 

It was first described by Taylor (1913) 
and has been traditionally regarded as a diffuse 
terminal moraine of the Laurentide Ice Sheet 
(LIS) which was deposited during a local re-
advance at the end of the Wisconsinan glaciation 
(Chapman & Putnam, 1966; Shulmeister, 1989). 
This interpretation has been challenged by 
Schlüchter (1979) who suggested that no 
readvance is necessary, and the Dummer moraine 
is better explained as the unique 
geomorphological representation of retreating ice 
with regard to the P/P contact. For clarity, the 
region historically mapped as the Dummer 
moraine will be referred to as the Dummer Debris 
Field (DDF) in this paper as the word moraine 
implies undo genetic meaning (Mihychuk, 1984). 
The work by Schlüchter (1979) was expanded 
upon by Gadd (1980) suggesting the DDF is 
directly linked to subglacial erosion of the 
Paleozoic’s and more correctly examined as a 
lithologic variation of till. Eyles & Doughty 

(2016) propose the Dummer till is an immature varient 
of Northern till, which is the dominant till facies 
between the DDF and the Oak Ridges Moraine (ORM). 
They suggest Northern till is generated by more 
complete mixing of the Dummer material with 
underlying glaciolacustrine and glaciofluvial facies as 
the ice moved south from the hard bed of the 
Precambrian and Paleozoics to the soft bed of the PDF 
(Eyles & Doughty, 2016).  

The focus of the research by Eyles & Doughty 
(2016) was to describe the well-exposed bed of a ice 
stream found throughout Southern Ontario and upper 
New York State and develop an Ice Stream 
Landsystem Model (ISLM) based on the 
geomophological features found in this region. The 
model describes the geomorphological features of a 
paleo-ice stream as it transitions from a hard bed to a 
soft bed (Figure 2). In this study they were unable to 
identify well defined boundaries of the Ontario Ice 
Stream (OIS) between Lake Simcoe and Trenton, 
Ontario (Eyles & Doughty, 2016). 

 
Figure 2: Taken from Eyles & Doughty (2016) this figure shows the ISLM and how it 
applies to the Precambrian/Paleozoic contact of southern Ontario. Evidence, based on 
LiDAR data, shows a connection between this model and the geomophology of the 
southern Ontario landscape, figures 5,6,8,and 9. 

Using a newly available, high resolution Light 
Detection And Ranging (LiDAR) dataset for southern 
Ontario the well defined limits of the OIS between the 
P/P boundary and the ORM were located (Figure 5). 
Geomorphological features identified in this area, 
using the LiDAR dataset and field investigations, 
support the ISLM and the connected genesis of the 
Dummer and Northern till facies. This has led to the 
development of a new model which links the enhanced 
quarrying of the Paleozoic escarpments, the DDF, and 
the tills of southern Ontario in one large scale process. 
 
 
2. Methods 
 

Enhanced subglacial quarrying by a hard-bedded ice stream crossing the Shield-
Paleozoic boundary in Southern Ontario 
Colin Roth 
Department of Earth Sciences, University of Toronto    March 2019 
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The characterization of the Dummer by 
geomorphological analysis was made possible 
through the analysis of a Digital Terrain Model 
(DTM) created from a LiDAR Point Cloud 
dataset. The DTM used in this project is a hydro-
flattened, bare earth elevation model which covers 
an area of 6,836 square kilometers (Figure 3) and 
is a 50 cm resolution gridded raster. 

 
Figure 3: Figure taken from Provincial Mapping Unit MNRF, 2018. Hatched 
polygon shows area of LiDAR coverage which was used for this study. 

The DTM for this area is a marked 
advancement in resolution when compared to the 
previously available Digital Elevation Model 
(DEM) of Ontario which was collected as part of 
the Ontario Basic Mapping (OBM) program and 
has a 30-meter grid square resolution. Figure 4 
illustrates the difference in the level of resolvable 
detail between these two datasets within the study 
area. 

The mapping of the project was done in 
ArcMap with a semi-transparent color ramp 
overlying a hillshade, as seen in figures 5,6,8, and 
9. Features were characterized based on their 
geomorphological form and compared to mapping 
of similar features done by the Ontario Geological 
Survey (OGS) (Leyland & Russell, 1981; Leyland 
& Russell, 1983; Leyland & Mihychuk, 1983; 
Finamore & Bajc, 1983; Leyland & Mihychuk, 
1984; Marich, 2016). 

 
Figure 4: This image illustrates the difference in resolution between the OBM 
DEM (left) and the LiDAR DTM (right). Both images are taken of the same 
area at the same scale. 

The mapping process also considered drift 
thickness (Gao, C et al., 2006), bedrock geology 
(Armstrong & Dodge, 2007; Ontario Geological 

Survey, 2011), and surficial lithologies (Ontario 
Geological Survey, 2010) in the classification process. 
These features were mapped individually at a scale of 
1:10,000 with preference given to the area which has 
been classified as Dummer Till by the OGS (MNDMF, 
2010). Once the individual feature mapping was 
completed the area was divided into polygons defined 
by the dominant type of paleo-glacial feature in each 
area (Figure 5). 
 
 
3. Results 
 
This project focused on the specific region of the DDF 
for which LiDAR coverage was available (Figure 3). 
Within this coverage area, mapping was focused in the 
location of the DDF and geologically relevant controls 
to its genesis. Figure 5 shows the focused area of 
investigation with the classically mapped extent of the 
DDF, done by the OGS (MNDMF, 2010), above the 
detailed results of the current mapping exercise. 

Figure 5: This figure shows the region mapped as the Dummer moraine by the OGS 
(top) and the results of the current mapping exercise (bottom). Many of the features 
noted in the mapping exercise were unable to be differentiated by the OGS due to 
limited data quality. 

The three major categories of dominant 
geomorphologies are emphasized in Figure 5 (DDF, 
Till Factory, and Paleozoic escarpments), along with 
the Mega Scale Glacial Lineation’s (MSGL’s) of the 
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PDF. Representative examples of each of these 
features are discussed in turn and related to the 
genesis of the DDF in the discussion section. 

Figure 6: This figure shows a Paleozoic escarpment along the 
Precambrian/Paleozoic boundary, surrounded by Precambrian bedrock. Note 
the Glacial Lineation’s on the top of the escarpment and the accumulation of 
separated blocky material on the lee side. 

Along the northern end of the mapping 
area, glacially lineated bedrock escarpments are 
pervasive and define the P/P boundary. They are 
however, occasionally isolated north of the 
boundary and surrounded by Precambrian bedrock 
(Figure 6). These escarpments act as the hard bed 
in the ISLM and are located at the north edge of 
the OIS. The lee slopes of the escarpments 
commonly have partially separated, ice 
perpendicular blocks which have been plucked 
and deposited in situ. These features were first 
noted by Gadd (1980) and are believed to be a 
major source of DDF material. These free-
standing, loose, tabular blocks are labelled Till 
Factories in figures 5,6 and found extensively on 
the lee side of the Paleozoic escarpments 
throughout the mapping area (Gadd, 1980).  

 
Figure 7: This shows a bed of limestone entrained in glacial till. This bed is 
proximal to its source and has yet to be fully broken up during glacial 
transport.  

During field investigations, whole sheets 
of Paleozoic limestone were found entrained in 
glacial till showing an incomplete disintegration 
of the plucked bedrock as it was moved by the 
glacier (Figure 7). 

Figure 8: This figure is an example of DDF material found near the 
Precambrian/Paleozoic contact. The material is poorly oriented and is believed to 
have been deposited by passive melt out from a glacier (Mihychuk, 1984; Shulmeister, 
1989). 

Figure 8 is a representation of the typical 
geomorphology of the DDF south of the P/P boundary. 
During the mapping exercise it was occasionally 
difficult to differentiate between the Till Factories 
noted in figure 6 and the DDF in figure 8.  

 
Figure 9: This figure is an example MSGL’s which make up the PDF. These are found 
directly south of the DDF and are the geomorphological expression of ice streams 
(King et al., 2009).  

South of the DDF is the PDF which is 
comprised of a mixture of drumlins and MSGL’s 
(Figure 9). MSGL’s are the geomorphological 
representation of an ice stream and have been well 
documented in this area (King et al., 2009; Eyles & 
Doughty, 2016). There is a strong concentration of 
MSGL’s in the region south west of the DDF which 
comprises the bed of the OIS. The limits of the OIS are 
shown in figure 5 and defined by the criteria set out by 
Stokes & Clark (1999), notably highly attenuated 
landforms (MSGL’s), regions of high topography to 
the west (Stokes & Clark, 2001), and abrupt border 
with slower moving ice, evidenced by drumlins to the 
east. 
 
 
4. Discussion 
 
The classical interpretation of the Dummer as a 
landscape of hummocky topography obscures its 
complexity and inadequately amalgamates a variety of 
geomorphological features under one simplified title. 
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As the ice flowed over this region in the main 
advance of the Wisconsinan glaciation prior to, 
and during, the Last Glacial Maximum (LGM), 
material was constantly eroded from the north 
facing Paleozoic escarpments. The escarpments 
were preferentially eroded along their lee slopes 
as the highly joined limestone is more easily 
pulled apart by the overriding ice in low pressure 
regions, then plucked in high pressure 
compressional regions. The escarpments were 
eroded throughout the Wisconsinan glaciation 
from the south towards the north, occasionally 
causing the isolation of Paleozoic ‘islands’, 
surrounded by Precambrian bedrock. This 
carbonate rich material was ground up by the 
glacier, both englacially and subglacially, and 
became the basis for the carbonate rich tills found 
to the south.  

As the glacier moved south from the P/P 
contact, the bed of the glacier transitioned from a 
hard bed to a soft bed as it overrode preexisting 
glaciolacustrine and glaciofluvial deposits (Eyles 
& Doughty, 2016). This material was mixed with 
the Dummer till resulting in a decrease in the 
carbonate content fraction of the till, forming the 
Northern till. This is evidenced by Marich (2016) 
in table 1 which shows the total percent of 
limestone decreasing between the Dummer and 
Newmarket (Northern) tills even though they both 
overlay limestone bedrock. 
 
Table 1: Taken from Marich (2016) this table shows the lithologies present in 
the pebble fraction of the tills found in the Peterborough and Lindsey 
Quaternary mapping projects done by the OGS. 

 
Marich (2016) goes on to argue the most 

effective way of differentiating the tills in situ is 
by comparing total clast content and clast 
roundness, with Northern till having less, more 
rounded, clasts. This suggests the major difference 
between these two units is the Dummer till is 
proximal to source and Northern till is distal, 
being mixed with other lithologies. 

This process of selective plucking, 
grinding, and mixing, persisted throughout the 
LGM causing the P/P contact to move south as 
more of the Paleozoic escarpment was eroded. 
This process is not likely to have been limited to 
the Wisconsinan glaciation and is believed to have 
persisted throughout the Quaternary glaciations as 
the dominant process of carbonate rich till 
genesis.  

After the LGM, during the retreat of the 
LIS, flow was concentrated within a series of ice 
streams (Margold et al., 2015). In the DDF, fast 

ice flow was concentrated in the OIS (Figure 5) before 
it switched off and annual ice velocity significantly 
decreased (Margold et al., 2015). Recessional, push 
moraines, mapped by Marich (2016) were likely 
caused by the slow retreat of ice in the region, and the 
rough orientation noted in the DDF, caused by material 
reaching the ice margin and being deposited as the OIS 
retreated. The OIS switching off significantly reduced 
the speed at which the material was being eroded from 
the P/P contact. Most of the material which was 
entrained englacially and subglacially was then 
passively melted out, being deposited on the landscape 
as the DDF. 
 
 
5. Conclusion 
 
The Dummer moraine has been under investigation as 
a major geomorphological feature of southern Ontario 
for over 100 years (Taylor, 1913). The interpretation 
has changed drastically during this time both isolating 
(Mihychuk, 1984; Shulmeister, 1989) and linking 
(Eyles & Doughty, 2016; Marich, 2016) the Dummer 
to the greater geomorphological picture of the LIS. The 
new paradigm of ice streams in southern Ontario has 
provided a new lens with which to interpret this feature 
(Eyles & Doughty, 2016; Sookhan et al., 2018). The 
model proposed here links the carbonate rich tills of 
southern Ontario and the northern U.S. with 
preferential erosion of the P/P boundary.  

Development of this model is correlated 
strongly with the availability of high-resolution LiDAR 
data through a narrow band of southern Ontario. This 
has allowed for the detailed identification and 
characterization of the OIS and proposes a link 
between the OIS, DDF, and P/P boundary. Collection 
of more LiDAR data for other regions of Ontario, 
especially the rest of the Dummer’s extent, would 
allow for further work in testing and refining this 
model. This work should be paired with field 
investigations, sedimentological and geochemical 
research to better understand the process of till genesis 
and ice sheet collapse. Understanding paleo-ice sheet 
dynamics will allow for better understanding of not 
only the modern Canadian landscape, but also the 
processes by which modern ice sheets retreat, which is 
imperative to understand in the context of modern 
climate change. 
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1. Introduction 
 
The determination of sediment porosity and water 
saturation is important to many geotechnical and 
hydrological applications. Refraction seismic 
methods are well suited to these purposes, and have 
been used for water table location for at least 60 
years (Haeni, 1986) by exploiting the commonly 
observed increased compressional (P) wave 
velocities in water saturated materials when 
compared to dry materials of the same type. 

In practice, interpretations which rely only 
on these velocities can be confounded by variations 
due to saturation, rock integrity or sediment 
compaction, among other factors. More recent 
studies attempt to overcome this limitation by 
incorporating shear (S) wave velocity data. This 
allows for the computation of Poisson's ratio (𝜎) 
which can be empirically related to properties such 
as porosity (Salem, 2000), sediment compaction 
(Almalki & El-Werr, 2011), the mineral 
assemblage of crystalline rocks (Wang, Ji, Sun, & 
Marcotte, 2009), and water saturation (Salem, 
2000). 
 Naturally, obtaining this additional 
information requires additional effort, taking the 
form of either a separate (and equally as time 
consuming) survey, or through more complex 
processing techniques which can produce 
inaccurate results when subsurface geometries are 
not simple. In this study, we examine a case study 
on a glacio-fluvial aquifer. We evaluate the utility 
of directly measured S-wave velocities in 
distinguishing between sediments with similar P-
wave velocities, estimating sediment compaction, 
and constraining bedrock lithology. 
 Our surveys took place during August 
2018 at a field area approximately 200km 
northwest of Ottawa, Ontario, Canada. The 
stratigraphy at this site generally consists of 
Pleistocene cross-bedded fluvial sands overlying 
lenses of glacial till above a Precambrian gneiss 
basement of indeterminate composition (Ontario 
Geological Survey, 1991). The sands host an 
unconfined aquifer that is of particular interest due 
to ongoing biogeochemical research (Enright, 
2015) into the iron-metabolizing bacteria which 
inhabit it. However, structural controls on flux 
through the aquifer are still not well understood, 
and distinguishing hydraulically conductive sands 

from the less conductive tills on the basis of P-wave 
velocity alone is difficult. Thus, the goal of this study is 
to perform both P and S-wave refraction surveys, and 
extrapolate these results to determine if application of 
this combined method is feasible for larger scale 
exploration of the structure of the aquifer. 
 
 
2. Methods 
 
2.1. Site Description and Survey 
 
The study site is located in a large forest clearing 
approximately 30m by 20m surrounded by trees up to 
15m in height. The ground cover in this area is short 
grass and other plants; the soil is generally sandy and 
fairly well compacted at the surface. Excavations at this 
site have indicated that at least the upper 2m of the 
subsurface consists of dry medium sand. 
 We conducted both surveys using separate 
arrays of 24 horizontal and vertical geophones 
(recording SH and P-waves, respectively) connected to 
a 24 channel Geometrics Geode seismograph. We 
placed geophones for each survey at 1m intervals in a 
linear array, aligning the horizontal geophones 
perpendicular to the survey line and ensuring they were 
horizontal by use of their integrated bubble levels. To 
improve coupling, we placed the geophones in shallow 
holes approximately 3cm in depth. Following 
completion of the survey we shifted the array down-line 
by half of its length in order to be able to simulate a 
longer array. This was accomplished by recording shots 
every 6m over the whole survey area using the first 
geophone locations, shifting the array, and repeating the 
same set of shots with the geophones in their shifted 
position. Following completion of a vertical or 
horizontal geophone survey, we replaced the array with 
geophones of the other type and repeated the survey 
with the same shot and geophone locations. 
 For both the P and S-wave survey, we used a 
steel sledgehammer as our seismic source. This hammer 
was equipped with a piezoelectric trigger which 
activates when the hammer strikes an object, and this 
trigger was connected to our seismograph so that signal 
recording would begin only when we struck the source. 
For P-waves, we used this hammer in conjunction with 
a hard plastic strike plate which we struck vertically, and 
for S-waves we struck a rectangular wooden block 
horizontally, parallel to its long axis, which was oriented 
perpendicular to the geophone array. In both cases, we 
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placed the object being struck in a trench 
approximately 5cm deep to improve ground-source 
coupling, which was often poor in the upper layers 
of the loose sandy soil. To further improve 
coupling for the SH-wave source, one or two field 
assistants stood on top of the source block to add 
weight while the block was struck from the side. 
 In order to improve signal-to-noise ratios 
in both P and SH-wave data, we added together the 
waveforms of multiple  consecutive shots at the 
same point with the same geophone configuration, 
in a process known as stacking. For P-wave 
surveys, we stacked three shots with the same sign 
for each shot location. However, for SH-wave 
surveys, we alternated the end on which the source 
block was struck for each shot, alternated the sign 
of the waveform being stacked accordingly, and 
repeated this process for three shots on each side of 
the block. This process is intended to minimize the 
impact of SH to P-wave conversions at non-
horizontal interfaces on observed first arrival times 
(Mi et al., 2015).  
 
2.2 Processing and Inversion  
 
To be able to interpret our geophone responses, we 
invert our data into a two-dimensional velocity 
tomography section. Inversion is an iterative 
computational process in which an initial model of 
the subsurface is provided by the user, the 
instrument response due to this model is calculated 
(the forward model), and this predicted response is 
compared to the observed response of the system. 
The parameters of the starting model are then 
perturbed in the direction of steepest descent for the 
“distance” between these two responses (often this 
distance is the sum of the squared differences of the 
solutions), and this perturbed model is fed in as the 
starting model for the next iteration. This process 
is repeated until a model that produces a 
sufficiently close response to the observed 
response is achieved. Care must be taken in 
interpreting inversion results, as there is an issue of 
inherent non-uniqueness of solutions (Palmer, 
2008). Without judicious application of geological 
constraints, inversion results can become largely a 
function of the starting model rather than actual 
subsurface conditions. 
 In this study we use an inversion 
developed by St. Clair (2015) which computes a 
forward model using Djikstra’s algorithm to solve 
the Eikonal equation, the solutions to which are the 
minimum travel time of a ray between a source and 
a receiver through a medium with known velocity. 
Inversions of this type can determine only 
subsurface velocities, rather than displacement 

fields within the medium as can some inversions which 
solve the full wave equation. However, they have the 
advantage of requiring only the time between a shot and 
the first arrival of waves at a given geophone as input, 
and being significantly less computationally intensive 
than other inversion types. 

We determined the first arrival times necessary 
for this inversion using a visualization known as a 
wiggle trace (see Figure 1), in which geophone 
responses are plotted against time and adjacent to one 
another on parallel axes. Picking of these arrivals was 
generally straightforward, and no application of 
frequency filters to the data was necessary. 
 
 
3.  Results 
 
For inverted tomographic sections of both P and S-
wave velocities and Poisson’s ratio, see Figures 1, 
2 and 3, respectively. These figures use 
perceptually uniform colour maps developed by 
Crameri (2018). The plots have been smoothed, and 
have an actual resolution of 1m. 
 
 
4. Discussion 
 
One of the most immediately obvious aspects of our 
results is that Poisson’s ratio shows several distinct 
features that are not apparent when we examine the P 
and S-wave velocity models independently. A similar 
effect was observed by Alam and Jaiswal (2017) due to 
differing levels of compaction within compositionally 
homogenous soils where portions had been excavated 
and subsequently backfilled. That study found 𝜎 to be 
lower in looser materials.  Poisson’s ratio has also been 
found to be inversely correlated with the porosity of 
sediments (Salem, 2000). This suggests that the regions 
of low 𝜎 found in Figure 3 may correspond to dry, 
under-compacted, highly porous sands. 
 By the same line of reasoning as above, we 
interpret the areas of higher 𝜎 to indicate sediments with 
lower porosity, an increased degree of compaction, or – 
potentially – greater water saturation (Salem, 2000). 
Since the sands closest to the surface are known to be 
dry and of relatively high porosity, we interpret these 
soils to be well compacted. A possible reason for this 
contrast is the effect of plant root systems on the upper 
layers of the soil, and this conclusion is supported by the 
increased thickness of the compacted layer towards 
either end of the profile where there is greater plant 
coverage. However, this may also be an artifact of the 
airwave velocity being greater than that of P-waves in 
very loose sands, artificially inflating the observed 𝜎. 



Stoikopoulos: Distinguishing glacial sediments   3 

  

Figure 1: P-wave velocity tomography section with approximate zone of bedrock 
fracturing indicated 

Figure 2: S-wave velocity tomography section with approximate zone of bedrock 
fracturing indicated 

Figure 3:  Poisson's ratio (𝜎) tomography section with interpreted sediment types 
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The strong contrast in Poisson’s ratio below the 
under-compacted sand layer is most likely 
attributable to the presence of less porous glacial 
till rather than a change in water saturation of the 
sand, as this would require an improbable  notched 
water table geometry. The glacial history of the 
area leads us to interpret this feature as a river 
paleochannel which was incised into the glacial till 
and later infilled by fluvial sands. That this feature 
is located near the centre of our array – where our 
model is most sensitive to velocity variations – 
leads us to have a relatively high confidence in its 
geometry. This suggests that our method could be 
able to accurately locate other such features which 
may act as structural controls on flux within the 
aquifer. 
 Due to high seismic velocities, we 
interpret the base of our model to be the 
metamorphic basement. However, we are not 
sufficiently confident in the accuracy of our 
computed 𝜎 to attempt to constrain the 
lithology of this rock as the sensitivity of our 
model is quite low at these depths. Similarly, 
our interpretation of fractured bedrock at the 
base of the paleochannel is based on a relative 
decrease in P-wave velocity, but may also 
simply be an inversion artifact. Our depth of 
investigation could be improved by increasing 
the total length of our geophone array. This 
would require the use of a higher energy or 
more efficiently coupled shear wave source to 
improve the signal-to-noise ratio at long 
offsets.  
 Conspicuously absent from our models 
is the presence of an obvious water table. 
While our method appears to succeed in 
identifying till and sand, it is unclear if this will 
be applicable in environments where the effect 
of porosity on  𝜎 may be masked by water 
saturation. Further studies in environments 
with known depth to water table would be 
necessary to confirm the efficacy of our 
method. 
  
 
 5. Conclusions 
 

I. The combination of P and S-wave data 
reveals features which are not apparent in 
either individually. 

II. Our method appears to distinguish 
unsaturated sands and glacial till. 

III. Poisson’s ratio can potentially be used to 
identify structural controls on water flow 

IV. Further investigations in known saturated 
environments are needed to confirm results. 
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1. Introduction 

The Abitibi Greenstone Belt, part of the Superior 
Craton of Canada, is a region famous for its world 
class gold and base metal deposits that have been 
important foundations to the Canadian economy. The 
area was formed during the early stages of the 
development of the Earth’s crust between 
approximately 2.75 and 2.5 Ga during the 
Neoarchean and straddles the border of Northern 
Ontario and Quebec. Through the Metal Earth 
project, new research is being conducted in the 
Abitibi to better understand the metal endowment of 
the region. The current project focuses on an area of 
the Abitibi known as the Chicobi sedimentary basin 
within the Chicobi structural domain. The origin of 
this basin represents a significant knowledge gap that 
requires delving into further, as very little data exists 
characterizing the basin despite its proximal location 
to some of the world’s largest metal deposits.  

This study provides an improved 
understanding of the Chicobi basin within the context 
of other, better-studied, important young (successor) 
basins elsewhere in the Abitibi Subprovince. The 
project investigates samples collected from the field 
in and around the Chicobi basin to be analyzed with 
U-Pb geochronology, along with mapping data and 
SEM imaging to learn more about the region’s 
geological evolution.  

Radiogenic isotope geochronology has been 
an important analytical tool for decades as it allows 
for accurate and precise absolute timing of geological 

events. Modern U-Pb analyses rely on the natural 
radioactive decay of uranium to lead to determine the 
age of minerals. Uranium is often incorporated into 
the crystal structure of minerals such as Zircon 
(ZrSiO4) as it substitutes for Zr4+ in a few 10’s or 
100’s of parts per million. Zircon is a stable, durable 
orthosilicate that can form in almost any rock type but 
is generally only found as microscopic crystals 
(Hanchar & Hoskin, 2003). Determining the ages of 
accessory phases such as zircon allows us to 
understand the amount of time that has elapsed since 
the mineral (and the rock enclosing it) crystallized.  

Two samples of intrusive rocks crosscutting 
through the Chicobi basin will be analyzed. An 
absolute precise age for these rocks can establish a 
firm temporal reference point for the evolution of 
basin formation, igneous activity and stages of 
folding and deformation.  

 
1.1 Geologic Setting 

The Abitibi Subprovince consists of several volcanic 
assemblages overlain unconformably by sedimentary 
basins (Figure 1) (Ayer et al., 2005). It is a highly 
deformed and faulted region, with large regional scale 
faults trending East-West crossing the entire 
greenstone belt (Figure 1).  The Chicobi basin is 
located to the north of two of the largest of these 
regional faults; the Porcupine-Destor Fault Zone 
(PDFZ) and the Cadillac-Larder Lake Fault Zone 
(CLLFZ). These faults are host to a large amount of 
gold and other mineral deposits. The Chicobi basin is     
flanked to the north by the Chicobi-Nord fault and to  
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Figure 1 – Geologic map of Abitibi greenstone belt (modified from Bleeker,2015). Major 
faults and deposits marked. Chicobi study area highlighted in red (approximate). 

  



the south by the Castagnier fault (Figure 2). These are 
known together as part of the Chicobi Fault Zone 
(CFZ). Crosscutting the basin in the north-west is the 
Gémini-Saint-Éloi Pluton, from which the first 
sample was obtained. The second sample was 
obtained from an unnamed gabbro cutting through the 
turbiditic sediments near the northern margin of the 
basin. The basin itself is composed mainly of wacke, 
siltstone and mudstone, and unconformably overlies 
the older mafic volcanic rocks of the Desboues 
formation.  
 

2. Methods 

Samples of syenite and gabbro were crushed and 
pulverized with conventional steel jaw crusher and 
disc mill methods, followed by heavy mineral 
concentration using a riffled shaking water (Wilfley) 
table. The concentrations were further purified using 
magnetic (Frantz) methods and a heavy liquid 
(methylene iodide, specific gravity = 3.33). Highest 
optical quality zircon crystals were handpicked using 
an optical microscope based on lack of evidence for 
cracks, cores, alterations and visible damage. 

Representative zircons grains were selected 
and mounted onto conductive carbon tape and imaged 
in low vacuum mode using a backscattered electron 
(BSE) detector with a scanning electron microscope 
(SEM). Accessory phases such as titanite in the 
gabbro sample were sought for and investigated using 

energy dispersive X-ray spectroscopy (EDS), but no 
grains of interest were confirmed to be present.  

Four representative grains from the syenite 
sample and two from the gabbro sample were chosen 
as fractions for isotope dilution thermal ionization 
mass spectrometry (ID-TIMS). Zircon grains were 
penetrated by annealing in a furnace at 900˚C for 48 
hours, followed by etching in concentrated 
hydrofluoric acid (HF). Annealed and etched best 
quality grains were loaded into clean Teflon bombs 
with a 205Pb-235U spike for 3-4 days at 200˚C, then 
dried and re-dissolved in 3N HCl. U and Pb were 
isolated using ion exchange columns and loaded onto 
rhenium filaments to mount in the mass spectrometer. 
Using a strong voltage potential, isotopes of U and Pb 
atoms were accelerated down an evacuated flight 
tube, through a curved electromagnet and were 
deflected differentially depending on their mass and 
charge. Ages calculated from the mass spectrometry 
are based on weighted averages of 207Pb/206Pb 
ages(ratios).   

 
3. Results 

 
3.1 Sample Description 

Sample 1 (18-XHZ0433) is a syenite collected from 
the southern edge of the Gémini-Saint-Éloi pluton. It 
contains a distinct foliation and lineation and is coarse 
grained with large plagioclase phenocrysts.  

 

Figure 2 – Geologic map of Chicobi study area with starred collected sample locations. The 
Chicobi basin corresponds to the narrow yellow strip through the center of the map. Green 
lithologies represent mafic volcanics and pink lithologies represent intrusive plutonic 
lithologies. 

 



Sample 2 (18-XHZ0383) is an unnamed 
gabbro cutting the basin east of the Gémini-Saint-Éloi 
pluton. The rock is massive and has no distinct 
deformation textures. 

 
 

3.2 Age Results 

 

 

Figure 5 – Concordia Plot representing age of single 
fraction of massive gabbro sample (XHZ-0383). More 
fractions are needed for a more accurate constraint. 

 
 

4. Discussion 
 

4.1 Zircon Interpretations 

When examining the Concordia plot for the syenite, it 
is clear from the range of data that the data does not 
all converge at a single age. The ages of the fractions 
older than the youngest at 2710Ma are interpreted to 
be due to the syenite magma incorporating zircons 
from its country rocks before it completely cooled. 
This is reasonable considering it is a felsic intrusive 
rock intruding a sedimentary basin, rich in detrital 
zircons. The SEM images do not show evidence of 
resorption; however a zircon saturated melt may 
simply nucleate a new outer shell onto the grains. 
Ayer et. al. (2002) demonstrated that the porcupine 
basin has a large range of detrital zircon ages.  
 Only one zircon fraction was analyzed for the 
gabbro, and more results are pending. This single 
grain yielded an age much younger than the syenite 
sample at 2659.3 ± 13.9 Ma (Figure 5). This could 
mean the intrusion is related to Timiskaming 
magmatic activity, although this period is typically 
associated with alkalic and felsic intrusions. 
However, until more fractions are analyzed, this is not 
a guiding variable in the interpretation. 
 

4.2 Implications 

The 2680.9 ± 2.0 Ma result obtained from the Gémini-
Saint-Éloi syenite sample establishes a minimum age 
to the Chicobi basin sediment deposition. Ayer et al. 
(2002) conducted a detrital zircon study on a 

Figure 3 – Concordia plot showing U-Pb results 
of the syenite sample (XHZ-0433) 

Figure 4 – 1 of 13 zircon grains from sample 
XHZ-0433 photographed with Backscattered 
Electron SEM.  



sedimentary basin with similar strike and 
lithologically related to the Chicobi basin on the 
Ontario side of the Southern Abitibi. The study 
yielded an approximate maximum age of deposition 
to the basin at 2698 Ma. Using this information, the 
deposition of the basin sediments can be bracketed, 
classifying the Chicobi basin as Porcupine type 
assemblage. Timiskaming assemblage deposition is 
said to have occurred between 2676 Ma – 2670 Ma 
(Ayer et al, 2005). 
 In associating the Chicobi basin to the 
Porcupine assemblage, it can be related to major scale 
deformation and depositional events classified in 
other areas of the Abitibi. Beakhouse (2011) 
associated the Porcupine assemblage to syntectonic 
deformation period in the Ontario portion of the 
Southern Abitibi greenstone belt. Beakhouse (2011) 
determined that a later stage of deformation known as 
late-syntectonic was most likely when major stage 
gold mineralization occurred in structurally 
controlled vein deposits, which are the major deposit 
type in the Abitibi (Bleeker, 2015). This late-
syntectonic stage of deformation is most associated 
with Timiskaming type deposition (Beakhouse, 
2011). However, in determining the age of the gabbro 
sample, a minimum age of deformation is established 
at 2659 ± 14 Ma, indicating that deformation may 
have occurred until the Timiskaming or younger, 
meaning there could have been late-syntectonic 
deformation in the Chicobi region associated with 
mafic magmatic intrusions.  
 

5. Conclusion 

This study has been able to define a minimum age of 
deposition and deformation in the Chicobi basin 
based on U-Pb results of two intrusive samples. In 
classifying the Chicobi Basin as Porcupine in age, it 
is implied that it was not formed during the main stage 
of gold mineralization. This is supported when a 
regional gold showings map of the Southern Abitibi 
is examined (Figure 1). 
 The collected data and the above 
interpretations are an important step in characterizing 
the Chicobi basin and relating the area to the larger 
context of the Southern Abitibi Greenstone Belt.  
 More data needs to be collected to further 
characterize the basin and make confident 
conclusions about the age of this basin. Geophysical 
surveys would make for important data to study the 
region at depth.  
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1. Introduction 
 
The aim of this research project is to estimate the 
depth to magnetic bodies in the basement or 
bedrock in Nash Creek, which is located at 
approximately 47°53’ north and 66°06’ west and 
is around 215 kilometers north of the provincial 
capital Fredericton in the Restigouche County in 
northeast New Brunswick, eastern Canada. 
Outcrops can be rarely found in Nash Creek, only 
in some creeks during the summer. Most of the 
land in this area is covered by grass and bushes 
with shallow glacier overburden around 10m.  

Extensive drilling has been performed on 
the Nash Creek property for more than 50 years, 
which shows 3.4 Mt indicated resource estimate 
(5% Zn, 0.8% Pb, 30.9g/t Ag) (Ugalde, et al., 
2007). In general, this area consists of volcanic 
and sedimentary rocks that are mostly underlain 
by the Dalhousie Group rocks from the early 
Devonian period (412 to 418 Ma) (Brown, 2007), 
which is hosted mainly within the bimodal 
volcanism of the Archibald Settlement and 
Sunnyside Formations (Wilson, 2017). By 
combining the existing airborne magnetic data 
with the recent walking magnetic data in this area, 
a few high anomalies spots can be observed in the 
magnetic anomaly maps. The depth to magnetic 
bodies can be approximately determined based on 
a simple dipole model then applying Maximum 
Slope method (or Peter’s Half Slope method).  
 
 
2. Methods 
 
The purpose of magnetic surveys is to investigate 
subsurface geology on the basis of the magnetic 
anomalies in the earth's magnetic field (crustal 
field) that are caused by induced or remnant 
magnetism. Induced magnetic anomalies are the 
result of magnetic minerals, such as a ferrous 
body, which acquires its magnetization from an 
external field through a process known as 
“induced magnetization”. In addition, dykes, lava 
flows and faults are a few common causes of 
magnetic anomalies (Burger, 2006). 50000 
measurements based on samples from existing 
drill cores show that most rocks with high 
magnetic susceptibility in the Nash Creek deposit 
area are fresh basalt and gabbro.  

The shape of a magnetic anomaly is extremely 
variable. It not only depends on the intensity an 
inclination of the earth’s magnetic field, but also the 
orientation, geometry, size, depth, and magnetic 
susceptibility of the magnetic body (Milsom, 2003). To 
simplify the true complex magnetic field of the Earth, 
the magnetic dipole model has been built by assuming 
magnetic monopoles exist, and a dipole can be formed 
by putting two opposite monopoles close together 
(Burger, 2006). First, the magnetic potential can be 
calculated from this assumption, then by taking the 
gradient of magnetic potential, the magnetic field 
strength can be obtained, which consists of radius and 
angular components. 
 
Wdipole =  − µ

4𝜋𝑟2 𝑚𝑐𝑜𝑠𝜃    

( µ
4𝜋 is a constant, dipole moment: 𝑚 = 𝑞𝑙, q is the 

“strength” of dipole and r is the distance between the 
dipole and observing point) 
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For an inclined dipole is oriented at an angle I to the 
horizontal in the x-z plane (I is positive downwards): 
 
Bx = 𝛽[(2𝑎2 − 1)mx−3𝑎𝑚z] 
 
Bz = 𝛽[−3𝑎𝑚x+(2 − 𝑎2)𝑚z] 
 
Where mx = m cos (I), mz = m sin (I), a = x/d and β=

µ

4𝜋𝑑3(𝑎2+1)
5
2
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2
 = Bx

2 + Bz
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The depths to the tops of magnetic bodies can 
be estimated by either the Maximum Slope or Peter’s 
Half Slope method within 30% deviation. The 
Maximum slope method was applied in this research 
and by determining the horizontal gradient of the 
maximum slope of the magnetic anomaly graph, which 
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is approximately equal to the depth of magnetic 
source (shown in Figure 1) (Milsom, 2003).  

Peter’s Half Slope method is a little bit 
more complicated than the Maximum Slope 
method. First, a tangent (line 1) was drawn to the 
point of maximum slope and then a line (line 2) 
was constructed with half the slope of the 
previous tangent by a right-angled triangle 
construction. Two more lines (line 3 and 4) with 
the same shape as the line 2 were drawn on the 
magnetic anomaly graph. The horizontal distance 
between line 3 and 4 is approximately equal to 
 1.6 × 𝑑𝑒𝑝𝑡ℎ (shown in Figure 2) (Akintayo O. 
Ojo, 2014). From both methods, it is clear that 
steep gradient corresponds to shallow depth.   

The Maximum Slope method was applied to 
the magnetic dipole model with magnetic dipole 
located at 3 different depths: 20m, 50m and 130m. The 
estimated depth for 20m is 19.8m, which has 1% 
deviation, the estimated depth for 50 meters is 41,2m, 
which has 17.6% deviation and the estimated depth for 
130 meters is 107.6m, which has 17.2% deviation. All 
three tests have shown deviations that are less than 
30%, thus, the magnetic dipole is reliable and the 
Maximum Slope method can be readily applied to 
airborne magnetic and ground magnetic data in the 
Nash Creek Property.  
 
 
3. Results 
 
Total field intensity versus distance graphs have been 
plotted for the two high magnetic anomalies spots 
based on data from the NRCan airborne magnetic 
survey at the height of 130m, VTEM airborne 
magnetic survey at the height of 65m and ground 
magnetic survey. Comparing the profiles among the 
three surveys, they all show similar patterns for the 
same area, with NRCan carrying the lowest resolution, 
while the ground magnetic survey shows the most 
details.  

All profiles show a dramatic increase from low 
to high magnetic anomalies from 0 to around 250m, 
while only in VTEM and ground magnetic profiles, 
they continue to increase until approximately 500m 
(show in Figure 3). In the ground magnetic profile, a 
significant decrease can be seen near 550m with slight 
decrease after 600m, which is somewhat similar to the 
VTEM profile. In addition, there is another big drop of 
the total field intensity near the end of the ground 
magnetic profile around 880m, while another increase 
happens at approximately 950m. By applying the 

 

Figure 2 Peter's Half Slope Method (Ojo, 2014) 

 
Figure 1 Maximum Slope Method (Milsom, 2003) 

 
Figure 3 Profile 1 from 3 different surveys 
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Maximum Slope method, and determining the 
horizontal gradient, depths to some specific 
locations have been estimated (~depth/distance): 
~85m/150m, ~40m/240m, ~79m/370m, 
~30m/480m, ~12.5m/540m and ~89m/640m.  

From Figure 4, NRCan and VTEM show 
nearly constant total field intensity until 
approximately 200m. The ground survey shows a 
slight increase and a pretty steep slope around 
172m, with a big drop right after reaching the 
maximum total field intensity. The total field 
intensity starts to decrease after approximately 
200m until close to 1000m for all three profiles. 

Some specific locations’ depths have been estimated 
(~depth/distance): ~20m/30m, ~5m/140m, 
~172m/492m and ~23m/880m. From ground magnetic 
data, there was a minimum and maximum of 
53544.01nT and 53762.33nT in profile 1, providing a 
maximum variation of 218.32nT. In profile 2, the 
minimum and maximum total field intensities are 
53560.14nT and 53843.48nT respectively, providing a 
maximum variation of 283.34nT. The red arrow in 
Figure 4 profile 2 corresponds to the purple high 
magnetic anomaly area in Figure 5 red box, which has 
an approximate depth of 15~20 meters.  
 

 
Figure 4 Profile 2 from 3 different surveys 

 
Figure 5 VTEM +MegaTEM magnetic compilation (Provided by Professor Milkereit, Depart of Earth Science, University of Toronto, 
2018) 
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4. Discussion 
 
The recent ground magnetic surveys successfully 
provided more detailed information of the 
magnetic anomalies previously captured and 
identified during the airborne magnetic surveys 
performed by the Geological Survey of Canada 
and Slam Exploration. A higher resolution is 
present in both VTEM and ground magnetic 
profile than in NRCan magnetic profile. The two 
large magnetic anomalies that have been 
interpreted in this report can be seen prominently 
in Figure 5 (profile 1 by blue box and profile 2 by 
red box), and are located at an easting of 
approximately: (profile 1) 717,842m; and (profile 
2) 720,543m. The two magnetic anomalies could 
be due to magnetic intrusions. For profile 2, at the 
end of the ground magnetic anomaly figure (see 
Figure 4), it shows that there is a magnetic low 
and then a steep increase, which may be caused by 
mafic dikes. These two anomalies with sharp 
features are prime candidates for comparing 
magnetic data at different heights. Among all the 
data provided, the ground magnetic data provides 
the most useful insight for further drilling 
proposals. 
 
 
5.  Concluding remarks 
 
The research presented in this paper was focused 
on building a magnetic dipole model and then 
apply the Maximum Slope Method to estimate the 
depth to magnetic bodies in the basement or 
bedrock in Nash Creek, New Brunswick. Because 
the land in Nash Creek is mainly covered by 
forest and bushes with few outcrops, airborne and 
ground magnetic surveys were performed to 
provide more geological information. By 
comparing three magnetic surveys performed at 
different heights, they show some similar patterns 
for a few areas, while it is clear that the ground 
magnetic data preserves more details on sub-
surface structures and shows more distinct 
magnetic anomalies. From the depth estimations 
in some high magnetic anomaly areas, it provides 
insight for how deep should drill to reach 
magnetic bodies. In conclusion, the depth of 
magnetic source can be efficiently and accurately 
determined by the Maximum Slope method. This 
method does not only provide insight in 
geological science, but also can be used in other 
subjects, such as archaeology and engineering 
science. 
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1 INTRODUCTION 
In the recent decade, swarms of earthquake 

activities have flooded Oklahoma in United 
States followed by an increase of wastewater 
disposal activities due to hydraulic fracturing 
operations in the region. An important task in 
seismology is to compute the moment tensor of 
earthquake event using seismic observations. 
Moment tensor solution can provide fundamental 
information on focal mechanisms and event 
magnitude of earthquakes. Our study aims to 
conduct an updated analysis of moment tensor 
inversions for earthquakes source mechanisms in 
region nearby Pawnee that occurred from June 
2016 to September 2016 by using general “Cut-
and-Paste” (gCAP) method. Combining the 
moment tensor solution catalogue with 
wastewater injection parameters, we will better 
understand the source parameters and fault 
mechanisms of earthquake sequence occurred in 
Pawnee, Oklahoma.  

The Arbuckle Group, beneath Oklahoma, is a 
favorable formation for wastewater disposal due 
to its highly porous and low pressure sediment 
layer overlying a crystalline basement (Chen et 
al., 2017). An average of 2.3 billion barrels of 
wastewater have been injected into the basement 
since 2011 (Hincks et al., 2018). Previously 
recorded seismicities found within Pre-Cambrian 
crystalline basement suggested faults could have 
been reactivated by wastewater injection into 
Arbuckle Group (Keranen et al., 2013, 2014).  

Pawnee M5.8 earthquake is the largest 
instrumentally recorded event in Oklahoma. 
Although the foreshocks and aftershocks of 
Pawnee sequence were sparse with magnitudes 
smaller than M4, this main shock in the unusual 
sequence appears to have been induced by high-
volume wastewater disposal within 10km from 
the mainshock epicenter (McGarr et al., 2017). 
Foreshock activities within the conjugate fault 
system too have been identified with 
instantaneous response to fluctuation in injection 
rate at 95% confidence interval. (Chen et al., 
2015). Hence, analyzing source mechanism 
constitutes an essential step in characterizing the 
fracture behaviors of fault responsible for 
generating earthquakes.  

2 DATA AND METHOD 
Seismic waveforms used in our study consists 
three-component recordings from stations of 
selected telemetered networks. The distribution 
of seismic stations, ranging 30-300km from 
epicenters, shows a good azimuthal coverage 
around events of interest. Events selected for 
inversion are based on proximity to disposal 
wells and Pawnee main shock epicenter.  
 

 
Figure 1: Distribution of seismic stations 
(inverted triangles) of 4H, GS, NX, OK, XR, XR 
and ZD networks and events (colored circles 
with Mw)  
 
Table 1: Catalogue of selected events for the 
moment tensor inversion.  

Magnitude 
 (Mw)  

Event 
Time (D/T) 

Hypocenter 
depth (m) 

Epicenter  
(lat, long) 

3.6 2016-09-03 
12:58:37 

6.162 +36.423,  
 -96.909 

5.8 2016-09-03 
12:02:44 

5.557 +36.425,  
 -96.929  

3.6  2016-07-21 
21:33:30 

10.354  +36.355,   
-97.091 

3.9  2016-06-08 
16:50:41 

6.632   +36.443,  
 -96.888 

 
Moment tensor solution can be computed 

with gCAP inversion technique, which is 
developed by Dr. Lupei Zhu (Zhu & Helmberger, 



                           

1996). Seismic waveforms are cut into body/Pnl 
window (two P-wave windows on the vertical 
and radial components) and surface wave 
window (all three surface wave components). To 
optimize fitting for inversions, the Pnl and 
surface wave window are each filtered with 
different frequencies.  For pre-processing, filters 
of 0.08Hz-0.5 Hz with 35s long window length 
and 0.05 Hz-0.12Hz with 70s long window length 
are each applied to body and surface wave 
windows respectively. 

Synthetic seismograms are generated by 
Green’s functions, which are calculated by 
Frequency-Wavenumber (FK) method of Zhu & 
Rivera (2002) based on a regional 1-D velocity 
model in Chelsea, Oklahoma (Figure 2). Green’s 
functions for each stations are set with initial time 
headers to match with the event time of 
observational waveform.  The observational and 
synthetic waveforms generated from same set of 
parameters are fitted and cross-correlated. Due to 
inaccuracies in epicenter location and regional 
velocity model, Pnl waveforms and the surface 
waves are allowed to shift with respect to their 
synthetics for time windows of 2s and 5s, 
respectively.  
 

 
Figure 2: The 1-D velocity model of Chelsea, 
Oklahoma in the format of thickness(km), P-wave 
velocity(km/s), P-wave velocity/S-wave velocity, 
Density(g/cm3), Attenuation of Qs and Qp. 
 

Waveform data are requested from IRIS 
web service and formatted into Seismic Analysis 
Code (SAC) with header information (Zhu & 
Helmberger, 1996). For signal processing, 
instrument responses are deconvoluted and its 
linear trends are removed. The three-component 
seismograms are also rotated to the great circle, 
and units are converted from m/s to cm/s. 
Waveform screening is also carried out to remove 
clipped or irregular waveforms.  

A weight file consists of station 
information and weights for each different time 
windows is prepared for gCAP inversion. With 
the pre-processed waveform data, FK computed 
Green’s functions and weight file, gCAP would 

perform a grid search of source mechanism 
parameters (strike, dip, rake and magnitude) in 
specified search range and step size. This grid 
search of strike, dip and rake allows the 
assessment of the whole parameter space volume. 
Grid search for magnitude starts from catalogue 
magnitude of the event until minimum misfit is 
obtained. The entire grid search process is looped 
over a range of source depths from 2km to 7km, 
of 1km step size, to obtain best set of parameter 
values. Variance reduction, a measure of fit 
between observational and synthetics, is also 
computed for each depth. Scalar moment is then 
estimated using ratio of L2 norms of 
observational and synthetics.  

3 RESULT 
The moment tensor solution for 3rd Sept. 2016 
shows an above-average fitting between 
observational and synthetic waveforms with a 
variance reduction score of 93.7%. For 
mainshock, the moment magnitude and centroid 
depth obtained from inversion is consistent with 
that of catalogue.  
 

 
Figure 3: Sample gCAP inversion output at 
focal depth 6km for Pawnee M5.8 event.   
 

Focal mechanism solution of event can be 
represented with beach ball plot, which is located 
on upper-left corner of inversion output (Figure 
4). Focal mechanism and moment magnitude of 
inversion are resulted from best-fitting solutions 
of vertical Pnl waves (Pz), radial Pnl waves (Pr), 
vertical surface waves (Sz), radial surface waves 
(Sr) and transverse surface waves (Sz) of all 
stations, which are arranged by its epicentral 



  

distance (shown in km below the station name). 
Black traces are observed waveforms and red 
traces are predicted waveforms. The numbers 
below each waveform segment refers to the time 
shift in seconds (top), and waveform cross-
correlation coefficient in percentage (bottom). 
Stations used in the inversion process are labelled 
as red dots on the beach ball on upper left corner.  
Focal mechanisms at different focal depths are 
plotted on a misfit graph to determine the best-fit 
focal depth (Figure 5). For mainshock, inversion 
result shows that best-fit fault plane solution at its 
best-fit focal depth, 6km, has strike 286, dip 90 
and rake 0 degrees.  

Focal mechanism solutions of other 
events analyzed in this study are similar to each 
other and the obtained moment magnitudes are 
close to that of catalogue, differ approximately by 
0.1M. Results are summarized in Table 3.  

 

 
Figure 4:  Waveform misfit coefficient (y-axis) vs 
centroid depth in km (x-axis) for Pawnee 5.8M 
event.  Best fit-focal depth is determined at 6km.  
 
 
4 DISCUSSION  

The gCAP method can reduce 
uncertainties from velocity structures by 
separating the entire seismograms into Pnl and 
surface wave segments and allowing for relative 
time shift between them. Estimated centroid 
depth of the mainshock is noted similar to the 
catalogue depth; however, for smaller-magnitude 
events, the centroid depths are likely to be 
underestimated. In this study, we obtained 
reliable inversion results with high correlation 
coefficients between observational and 
synthetics. Inversion results shown in Table 3 

have variance reduction score greater than 75% at 
its best-focal depth.  
Table 2: Detailed summary of inversion results 
for 4 events analyzed in this study.  

 
 

Moment tensor solutions of all events 
analyzed in this study suggests a strike-slip 
mechanism with almost-vertical nodal planes. To 
distinguish the fault plane from auxiliary plane, 
understanding of local geological features is 
required. The Pawnee earthquake sequence 
occurred within a conjugate fault system, which 
has a fault plane of similar geometry to our west-
northwest oriented nodal plane. This fault, known 
as Sooner Lake fault, is a left-lateral almost-
vertical fault striking west-northwestward.   
 Active wastewater injection in close 
proximity to the conjugate fault system may have 
reduced effective stress and caused the 
reactivation of pre-existing faults. Small 
amplitude fluctuation in injection rate within 
10km from mainshock epicenter has been 
reported since May 2016. Rapid response to 
small fluctuations in injection rates indicates that 
the conjugate fault system is sensitive to small 
stress perturbations prior to mainshock rupture 
(Chen et al., 2017). Injection often took place at 
depth of 1–2 km within the sediment layer, while 
most of the earthquakes occurred in the deeper 
crystalline basement. However, recent study 
shows that the M5.8 accounts for nearly all of the 
accumulated moment related to wastewater 
injection (McGarr et al., 2017). Hence, Pawnee 
M5.8 mainshock is likely the destabilization of 
fault 3-4 km below the depth range where 
injection took place.  Combining fault plane 
solutions for analyzed events, it is very likely that 
the Pawnee sequence was a result of left-lateral 
slip across Sooner Lake Fault induced by 
wastewater injection.  



                           

5 CONCLUSION 
The main purpose of our study is to present 
updated source mechanism solutions for 
earthquakes source mechanisms in region nearby 
Pawnee that occurred from June 2016 to 
September 2016 by using general “Cut-and-
Paste” (gCAP) method. With observational and 
synthetic waveforms, our inversion results 
indicate the Pawnee sequence is dominated by a 
left-lateral strike-slip mechanism. The moment 
tensor solutions and location of Pawnee 
earthquake sequence suggest activation of NW-
SE striking and vertically dipping Sooner Lake 
Fault. Accurate estimation of source mechanisms 
are keys for providing insights about fracture 
behaviors, which is important for microseismic 
monitoring of hydraulic fracturing operations.  
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