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ABSTRACT 

RƵƚŝůĞ͕ TŝOϮ ŝƐ ŝŶĐƌĞĂƐŝŶŐůǇ ŽǆǇŐĞŶ-ĚĞĨŝĐŝĞŶƚ ŽŶ ŚĞĂƚŝŶŐ ŝŶ Ăŝƌ ĂďŽǀĞ ΕϳϬϬ ΣC͘ TŚĞ 

ǁĞŝŐŚƚ ůŽƐƐ ŝƐ ŐĞŶĞƌĂůůǇ ƚŽŽ ƐŵĂůů ĨŽƌ ĂĐĐƵƌĂƚĞ ŵĞĂƐƵƌĞŵĞŶƚ͕ ďƵƚ ƚŚĞ ĞůĞĐƚƌŝĐĂů 

ƉƌŽƉĞƌƚŝĞƐ ŽĨ ƋƵĞŶĐŚĞĚ ƐĂŵƉůĞƐ ƉƌŽǀŝĚĞ Ă ƐĞŶƐŝƚŝǀĞ ƋƵĂůŝƚĂƚŝǀĞ ŝŶĚŝĐĂƚŽƌ ŽĨ ŽǆǇŐĞŶ 

ĐŽŶƚĞŶƚ ƐŝŶĐĞ ƚŚĞŝƌ ĐŽŶĚƵĐƚŝǀŝƚǇ ĐĂŶ ǀĂƌǇ ďǇ ŵĂŶǇ ŽƌĚĞƌƐ ŽĨ ŵĂŐŶŝƚƵĚĞ͘ TŚĞ ŽǆǇŐĞŶ 

ůŽƐƚ Ăƚ ŚŝŐŚ ƚĞŵƉĞƌĂƚƵƌĞ ŝƐ ĨƵůůǇ ƌĞĐŽǀĞƌĞĚ ŝĨ ƐĂŵƉůĞƐ ĂƌĞ ĐŽŽůĞĚ ƐůŽǁůǇ͘ WŝƚŚ ƌĂƉŝĚ 

ƋƵĞŶĐŚŝŶŐ͕ ďǇ ĚƌŽƉƉŝŶŐ ƐĂŵƉůĞƐ ŝŶƚŽ ůŝƋƵŝĚ NϮ͕ ƚŚĞ ŽǆǇŐĞŶ ƐƚŽŝĐŚŝŽŵĞƚƌǇ Ăƚ ŚŝŐŚ 

ƚĞŵƉĞƌĂƚƵƌĞ ŝƐ ƉƌĞƐĞƌǀĞĚ ƚŽ ĂŵďŝĞŶƚ ĂŶĚ ƚŚĞ ƌĞƐƵůƚŝŶŐ ŵĂƚĞƌŝĂůƐ ĂƌĞ ŬŝŶĞƚŝĐĂůůǇ ƐƚĂďůĞ 

ďƵƚ ƚŚĞƌŵŽĚǇŶĂŵŝĐĂůůǇ ŵĞƚĂƐƚĂďůĞ͘ TŚĞ ůĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ ŽĨ ƋƵĞŶĐŚĞĚ ƐĂŵƉůĞƐ 

ƐŚŽǁĞĚ ĂŶ ƵŶƵƐƵĂů ĚĞƉĞŶĚĞŶĐĞ ŽŶ ƋƵĞŶĐŚ ƚĞŵƉĞƌĂƚƵƌĞ ĂŶĚ͕ ďǇ ŝŵƉůŝĐĂƚŝŽŶ͕ ŽŶ 

ŽǆǇŐĞŶ ƐƚŽŝĐŚŝŽŵĞƚƌǇ͘ LĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ ŝŶĐƌĞĂƐĞĚ ǁŝƚŚ Ă ƐŵĂůů ŽǆǇŐĞŶ ůŽƐƐ͕ ɷ͖ 

ĐŚĞŵŝĐĂů ĞǆƉĂŶƐŝŽŶ ŽĨ ƚŚĞ ůĂƚƚŝĐĞ ŽĐĐƵƌƌĞĚ ĂŶĚ ŝƐ ĂƚƚƌŝďƵƚĞĚ ƚŽ ƌĞĚƵĐƚŝŽŶ ŝŶ ĂǀĞƌĂŐĞ Tŝ 

ŽǆŝĚĂƚŝŽŶ ƐƚĂƚĞ ĂŶĚ ŝŶĐƌĞĂƐĞ ŝŶ Tŝ-O ďŽŶĚ ůĞŶŐƚŚƐ͘ Aƚ ŚŝŐŚĞƌ ɷ͕ ůĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ 

ƐƚĂƌƚĞĚ ƚŽ ĚĞĐƌĞĂƐĞ ŐŝǀŝŶŐ Ă ĐŚĞŵŝĐĂů ĐŽŶƚƌĂĐƚŝŽŶ ĞĨĨĞĐƚ ĂƚƚƌŝďƵƚĞĚ ƚŽ ƉĂƌƚŝĂů ĐŽůůĂƉƐĞ 

                                                             
1 CŽƌƌĞƐƉŽŶĚĞŶĐĞ ĞŵĂŝů͗ Ă͘ƌ͘ ǁĞƐƚΛƐŚĞĨĨŝĞůĚ͘ĂĐ͘ƵŬ 



2 

 

ŽĨ ĐŽůƵŵŶƐ ŽĨ ĞĚŐĞ-ƐŚĂƌŝŶŐ TŝOϲ ŽĐƚĂŚĞĚƌĂ ŝŶ ƚŚĞ ƌƵƚŝůĞ ƐƚƌƵĐƚƵƌĞ ĂŶĚ ĞůŝŵŝŶĂƚŝŽŶ ŽĨ 

ŽǆǇŐĞŶ ǀĂĐĂŶĐŝĞƐ ďǇ ĐƌǇƐƚĂůůŽŐƌĂƉŚŝĐ ƐŚĞĂƌ ƉůĂŶĞ ĨŽƌŵĂƚŝŽŶ͘  

OǆǇŐĞŶ-ĚĞĨŝĐŝĞŶƚ ƐĂŵƉůĞƐ ƋƵĞŶĐŚĞĚ ĨƌŽŵ ĂďŽǀĞ ϳϬϬ ΣC ǁĞƌĞ Ŷ-ƚǇƉĞ͕ ĂƐ ǁĞƌĞ 

ƐĂŵƉůĞƐ ĂŶŶĞĂůĞĚ ĂŶĚ ŵĞĂƐƵƌĞĚ Ăƚ ϲϱϬ ĂŶĚ ϳϬϬ ΣC͘ SĂŵƉůĞƐ ŵĞĂƐƵƌĞĚ Ăƚ ϰϱϬ-ϱϬϬ ΣC 

ǁĞƌĞ Ɖ-ƚǇƉĞ ĂŶĚ ďĞůŝĞǀĞĚ ƚŽ ďĞ ƐůŝŐŚƚůǇ ŽǆǇŐĞŶ-ƌŝĐŚ͖ ŝƚ ŝƐ ƐƵŐŐĞƐƚĞĚ ƚŚĂƚ ŚŽůĞƐ ůŽĐĂƚĞĚ 

ŽŶ ŽǆŝĚĞ ŝŽŶƐ Ăƚ Žƌ ŶĞĂƌ ƚŚĞ ƐĂŵƉůĞ ƐƵƌĨĂĐĞ ĂƌŽƐĞ ĨƌŽŵ ƌĞĚŽǆ ĞůĞĐƚƌŽŶ ƚƌĂŶƐĨĞƌ 

ďĞƚǁĞĞŶ ƵŶĚĞƌ-ďŽŶĚĞĚ ƐƵƌĨĂĐĞ ŽǆŝĚĞ ŝŽŶƐ ĂŶĚ ĂĚƐŽƌďĞĚ OϮ ŵŽůĞĐƵůĞƐ͘ SĂŵƉůĞƐ 

ĂŶŶĞĂůĞĚ ďĞƚǁĞĞŶ ϱϱϬ ĂŶĚ ϲϬϬ ΣC ƐŚŽǁĞĚ ĐƌŽƐƐ-ŽǀĞƌ ďĞƚǁĞĞŶ Ŷ- ĂŶĚ Ɖ-ƚǇƉĞ 

ďĞŚĂǀŝŽƌ͘  

 

ϭ͘ IŶƚƌŽĚƵĐƚŝŽŶ 

TŝOϮ ŝƐ ĂŶ ŝŵƉŽƌƚĂŶƚ ĨƵŶĐƚŝŽŶĂů ŵĂƚĞƌŝĂů ǁŝƚŚ Ă ĚŝǀĞƌƐĞ ƌĂŶŐĞ ŽĨ ĂƉƉůŝĐĂƚŝŽŶƐ ŝŶ ƚŚĞ 

ĨŽƌŵ ŽĨ ĐĞƌĂŵŝĐƐ͕ ĨŝůŵƐ Žƌ ŶĂŶŽƉĂƌƚŝĐůĞƐ͘ FŽƌ ŝŶƐƚĂŶĐĞ͗ TŝOϮ ŚĂƐ ŐŽŽĚ ďƌŝŐŚƚŶĞƐƐ ĂŶĚ 

ĐĂŶ ďůŽĐŬ UV ůŝŐŚƚ͕ ǁŚŝĐŚ ŐŝǀĞƐ ŝƚ ĂƉƉůŝĐĂƚŝŽŶƐ ĂƐ Ă ĐŽŵƉŽŶĞŶƚ ŽĨ ǁŚŝƚĞ ƉĂŝŶƚƐ͖ TŝOϮ ŝƐ 

Ă ƉƌŽŵŝƐŝŶŐ ĂŶĚ ĐƌŝƚŝĐĂů ƉŚŽƚŽĂŶŽĚĞ ŽĨ DǇĞ-SĞŶƐŝƚŝǌĞĚ SŽůĂƌ CĞůůƐ ƐŝŶĐĞ ŝƚ ŚĂƐ ƵŶŝƋƵĞ 

ƉŚŽƚŽǀŽůƚĂŝĐ ĂŶĚ ƉŚŽƚŽĐŚĞŵŝĐĂů ƉƌŽƉĞƌƚŝĞƐ͖ ŝƚ ŝƐ ǁŝĚĞůǇ ĞŵƉůŽǇĞĚ ĂƐ Ă ƉŚŽƚŽ-ĐĂƚĂůǇƐƚ 

ĂŶĚ ǁĂƐ ƚŚĞ ŬĞǇ ĂĐƚŝǀĞ ĐŽŵƉŽŶĞŶƚ ŽĨ ƚŚĞ ĨŝƌƐƚ ŵĞŵƌŝƐƚŽƌ͘  ϭ-ϰ 

IŶ ŝƚƐ ƉƵƌĞ͕ ŽǆǇŐĞŶ-ƐƚŽŝĐŚŝŽŵĞƚƌŝĐ ĨŽƌŵ͕ TŝOϮ ŝƐ Ă ǁŚŝƚĞ ŝŶƐƵůĂƚŝŶŐ ƐŽůŝĚ ǁŝƚŚ Ă 

ďĂŶĚŐĂƉ ŽĨ ϯ͘Ϯ ĞV͘  OŶ ŚĞĂƚŝŶŐ͕ ŝƚ ŝŶĐƌĞĂƐŝŶŐůǇ ůŽƐĞƐ ŽǆǇŐĞŶ ĂďŽǀĞ ΕϳϬϬ ΣC ŝŶ Ăŝƌ ϱ͘ TŚĞ 

ĞůĞĐƚƌŽŶƐ ƚŚĂƚ ĂƌĞ ƌĞůĞĂƐĞĚ ĞŶƚĞƌ ƚŚĞ Tŝ ϯĚ ĐŽŶĚƵĐƚŝŽŶ ďĂŶĚ͕ ĂƐ ƐŚŽǁŶ ďǇ Ă ůĂƌŐĞ 

ŝŶĐƌĞĂƐĞ ŝŶ ĞůĞĐƚƌŽŶŝĐ ĐŽŶĚƵĐƚŝǀŝƚǇ͕  ĞŝƚŚĞƌ ďǇ ĚŝƌĞĐƚ ŵĞĂƐƵƌĞŵĞŶƚ Ăƚ ŚŝŐŚ 

ƚĞŵƉĞƌĂƚƵƌĞ Žƌ ďǇ ŵĞĂƐƵƌŝŶŐ͕ Ăƚ ůŽǁĞƌ ƚĞŵƉĞƌĂƚƵƌĞƐ͕ ƚŚĞ ĐŽŶĚƵĐƚŝǀŝƚǇ ŽĨ ƋƵĞŶĐŚĞĚ 

ƐĂŵƉůĞƐ͘ FŽƌ ŝŶƐƚĂŶĐĞ͕ ĐĞƌĂŵŝĐƐ ƋƵĞŶĐŚĞĚ ĨƌŽŵ ϭϯϬϬ ΣC ĂƌĞ ŐŽŽĚ Ŷ-ƚǇƉĞ 

ƐĞŵŝĐŽŶĚƵĐƚŽƌƐ ǁŝƚŚ ƚǇƉŝĐĂů ĐŽŶĚƵĐƚŝǀŝƚǇ ϭϬ-ϭ SĐŵ-ϭ ĂŶĚ ĂĐƚŝǀĂƚŝŽŶ ĞŶĞƌŐǇ Ϭ͘Ϭϭ ĞV 

ŽǀĞƌ Ă ǁŝĚĞ ƚĞŵƉĞƌĂƚƵƌĞ ƌĂŶŐĞ ĚŽǁŶ ƚŽ ϮϬ K͘ MŽƌĞ ĞǆƚĞŶƐŝǀĞ ŽǆǇŐĞŶ ůŽƐƐ ŽĐĐƵƌƐ ŽŶ 

ŚĞĂƚŝŶŐ ŝŶ Ă ƌĞĚƵĐŝŶŐ ĂƚŵŽƐƉŚĞƌĞ ŐŝǀŝŶŐ ƌŝƐĞ ƚŽ ƐŽ-ĐĂůůĞĚ ďůĂĐŬ ƌƵƚŝůĞ͘ ϲ  
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CƌǇƐƚĂůůŽŐƌĂƉŚŝĐ ƐŚĞĂƌ ;CSͿ ƐƚƌƵĐƚƵƌĞƐ ŝŶ ŶŽŶ-ƐƚŽŝĐŚŝŽŵĞƚƌŝĐ ƌƵƚŝůĞ ǁĞƌĞ ĨŝƌƐƚ 

ĨŽƵŶĚ ďǇ ƚŚĞ MĂŐŶĠůŝ ŐƌŽƵƉ͘ϳ TŚĞǇ ƌĞƉŽƌƚĞĚ ƚŚĂƚ ĐĞƌƚĂŝŶ ƚƌĂŶƐŝƚŝŽŶ ŵĞƚĂů ŽǆŝĚĞƐ͕ 

ŝŶĐůƵĚŝŶŐ TŝOϮ͕ WOϯ ĂŶĚ MŽOϯ͕ ĨŽƌŵĞĚ ŚŽŵŽůŽŐŽƵƐ ƐĞƌŝĞƐ ŽĨ CS ƐƚƌƵĐƚƵƌĞƐ͕ ƌĂƚŚĞƌ 

ƚŚĂŶ ĐŽŶƚŝŶƵŽƵƐ ƐŽůŝĚ ƐŽůƵƚŝŽŶƐ͕ ŽŶ ƌĞĚƵĐƚŝŽŶ͘ TŚĞŝƌ ĚŝƐĐŽǀĞƌǇ ŚĂĚ Ă ƐƚƌŽŶŐ ŝŵƉĂĐƚ ŽŶ 

ƵŶĚĞƌƐƚĂŶĚŝŶŐ ƚŚĞ ĐƌǇƐƚĂů ĐŚĞŵŝƐƚƌǇ ĂŶĚ ĚĞĨĞĐƚ ƐƚƌƵĐƚƵƌĞƐ ŽĨ ŶŽŶ-ƐƚŽŝĐŚŝŽŵĞƚƌŝĐ 

ĐŽŵƉŽƵŶĚƐ͘ HĞĂǀŝůǇ-ƌĞĚƵĐĞĚ ƌƵƚŝůĞ ĨŽƌŵƐ Ă ŚŽŵŽůŽŐŽƵƐ ƐĞƌŝĞƐ ŽĨ CS ƉŚĂƐĞƐ ŽĨ 

ŐĞŶĞƌĂů ĨŽƌŵƵůĂ TŝŶOϮŶ-ϭ͘ TŚĞ ŽǆǇŐĞŶ ǀĂĐĂŶĐŝĞƐ ƚŚĂƚ ĨŽƌŵ ŽŶ ŝŶŝƚŝĂů ƌĞĚƵĐƚŝŽŶ ĂƌĞ 

ƐƵďƐĞƋƵĞŶƚůǇ ĞůŝŵŝŶĂƚĞĚ ďǇ Ă ƉĂƌƚŝĂů ĐŽůůĂƉƐĞ ŽĨ ƚŚĞ ƐƚƌƵĐƚƵƌĞ ƚŽ ĨŽƌŵ CS ƉůĂŶĞƐ͘ A 

ƐƚƵĚǇ ŽĨ ůŝŐŚƚůǇ-ƌĞĚƵĐĞĚ ƌƵƚŝůĞ ďǇ ƚƌĂŶƐŵŝƐƐŝŽŶ ĞůĞĐƚƌŽŶ ŵŝĐƌŽƐĐŽƉǇ͕  TEM͕ ƐŚŽǁĞĚ ƚŚĞ 

ƉƌĞƐĞŶĐĞ ŽĨ ƌĂŶĚŽŵ CS ƉůĂŶĞƐ ŝŶ Ă ƐĂŵƉůĞ ƋƵĞŶĐŚĞĚ ĨƌŽŵ ϭϬϱϬ ΣC ĂŶĚ ĂŶŶĞĂůĞĚ Ăƚ 

ůŽǁĞƌ ƚĞŵƉĞƌĂƚƵƌĞ͘ϴ  

TŚĞ ƉƌĞƐĞŶƚ ǁŽƌŬ ĂƌŽƐĞ ĨƌŽŵ Ă ƐƚƵĚǇ ŝŶƚŽ ƚŚĞ ĞĨĨĞĐƚ ŽĨ ĂĐĐĞƉƚŽƌ ĚŽƉĂŶƚƐ ŽŶ ƚŚĞ 

ĞůĞĐƚƌŝĐĂů ƉƌŽƉĞƌƚŝĞƐ ŽĨ ƌƵƚŝůĞ͘ IŶ ƉĂƌƚŝĐƵůĂƌ͕  ƚŚĞ ĚŽƉĞĚ ŵĂƚĞƌŝĂůƐ ĐŽŵŵŽŶůǇ ƐŚŽǁĞĚ 

Ɖ-ƚǇƉĞ ĞůĞĐƚƌŝĐĂů ĐŽŶĚƵĐƚŝǀŝƚǇ ĂŶĚ ŝƚ ǁĂƐ ŽĨ ŝŶƚĞƌĞƐƚ ƚŽ ĚĞƚĞƌŵŝŶĞ ƚŚĞ ĐŽŶĚŝƚŝŽŶƐ͕ ŝĨ 

ĂŶǇ͕  ƵŶĚĞƌ ǁŚŝĐŚ ƵŶĚŽƉĞĚ ƌƵƚŝůĞ ŵĂǇ ĂůƐŽ ƐŚŽǁ Ɖ-ƚǇƉĞ ďĞŚĂǀŝŽƌ͘  AƐ ƉĂƌƚ ŽĨ ƚŚŝƐ ƐƚƵĚǇ͕  

ƚŚĞ ůĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ ŽĨ ƌƵƚŝůĞ ƋƵĞŶĐŚĞĚ ĨƌŽŵ ǀĂƌŝŽƵƐ ƚĞŵƉĞƌĂƚƵƌĞƐ ǁĞƌĞ ƌĞĐŽƌĚĞĚ 

ŝŶ ƚŚĞ ĂŶƚŝĐŝƉĂƚŝŽŶ ƚŚĂƚ ĐŚĞŵŝĐĂů ĞǆƉĂŶƐŝŽŶ ĞĨĨĞĐƚƐ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ŽǆǇŐĞŶ ůŽƐƐ ŵĂǇ 

ďĞ ŽďƐĞƌǀĞĚ͘ TŚĞ ƐƵƌƉƌŝƐŝŶŐ ƌĞƐƵůƚ ǁĂƐ ŽďƚĂŝŶĞĚ ƚŚĂƚ ŝŶĚĞĞĚ͕ ĐŚĞŵŝĐĂů ĞǆƉĂŶƐŝŽŶ 

ĚŽĞƐ ŽĐĐƵƌ ŝŶŝƚŝĂůůǇ ďƵƚ ŝƐ ƌĞƉůĂĐĞĚ ďǇ ĐŚĞŵŝĐĂů ĐŽŶƚƌĂĐƚŝŽŶ Ăƚ ŚŝŐŚĞƌ ŽǆǇŐĞŶ ůŽƐƐ͘ TŚŝƐ 

ĂŶŽŵĂůŽƵƐ ǀĂƌŝĂƚŝŽŶ ŝŶ ůĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ ŝƐ ĂƚƚƌŝďƵƚĞĚ ƚŽ Ă ĐŽŵďŝŶĂƚŝŽŶ ŽĨ ƚǁŽ 

ĐŽŵƉĞƚŝŶŐ ĞĨĨĞĐƚƐ͗ ŽǆǇŐĞŶ ůŽƐƐ ĂŶĚ CS ƉůĂŶĞ ĨŽƌŵĂƚŝŽŶ͘  

 

Ϯ͘ EǆƉĞƌŝŵĞŶƚĂů 

TŝOϮ ;ƌƵƚŝůĞ͕ фϱ ʅŵ ƉĂƌƚŝĐůĞ ƐŝǌĞ͕ шϵϵ͘ϵй ƉƵƌŝƚǇ͕  AůĚƌŝĐŚ͕ UK͖ ĂŶĂůǇƚŝĐĂů ĚĂƚĂ ĂƌĞ ŐŝǀĞŶ 

ŝŶ TĂďůĞ Sϭ͘Ϳ ƉŽǁĚĞƌƐ ǁĞƌĞ ƵƐĞĚ ĂƐ ƌĞĐĞŝǀĞĚ͘ IŶŝƚŝĂůůǇ͕  ƐĂŵƉůĞƐ ǁĞƌĞ ŚĞĂƚĞĚ Ăƚ ϵϬϬ ΣC 

ĨŽƌ ϲ Ś ƚŽ ƌĞŵŽǀĞ ĂŶǇ ǀŽůĂƚŝůĞ ŵĂƚĞƌŝĂů ĂŶĚ ĐŽŶǀĞƌƚ ĂŶǇ ĂŶĂƚĂƐĞ ƉĂƌƚŝĐůĞƐ ƚŽ ƌƵƚŝůĞ͘ 

SŵĂůů ƋƵĂŶƚŝƚŝĞƐ ǁĞƌĞ ƚŚĞŶ ŚĞĂƚĞĚ ŝŶ Pƚ ĞŶǀĞůŽƉĞƐ ŝŶ Ă ǀĞƌƚŝĐĂů ƚƵďĞ ƋƵĞŶĐŚ ĨƵƌŶĂĐĞ 
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ŝŶ ĂŶ ĂƚŵŽƐƉŚĞƌĞ ŽĨ ĞŝƚŚĞƌ Ăŝƌ Žƌ NϮ ĨŽƌ ϭ Ś ďĞĨŽƌĞ ƋƵĞŶĐŚŝŶŐ ŝŶƚŽ ůŝƋƵŝĚ NϮ͘ CŽŽůŝŶŐ 

ƌĂƚĞƐ ĂƌĞ ĞƐƚŝŵĂƚĞĚ ĂƐ ΕϱϬϬ ΣC ƐĞĐ-ϭ͘ FŽƌ X-ƌĂǇ ĚŝĨĨƌĂĐƚŝŽŶ͕ XRD͕ Ă STOE-STADI CƵ PSD 

ĚŝĨĨƌĂĐƚŽŵĞƚĞƌ ǁŝƚŚ Sŝ ŝŶƚĞƌŶĂů ƐƚĂŶĚĂƌĚ ǁĂƐ ƵƐĞĚ͘ XRD ĚĂƚĂ ĂƌĞ ƐŚŽǁŶ ŝŶ FŝŐ Sϭ ĨŽƌ 

ƐĂŵƉůĞƐ ƚŚĂƚ ŚĂĚ ďĞĞŶ ŚĞĂƚĞĚ Ăƚ ϭϯϬϬ ΣC ĂŶĚ ĞŝƚŚĞƌ ĐŽŽůĞĚ ƐůŽǁůǇ Žƌ ƋƵĞŶĐŚĞĚ ŝŶƚŽ 

ůŝƋƵŝĚ NϮ͘  TŚĞƐĞ ƚŚĞƌĞĨŽƌĞ ƌĞƉƌĞƐĞŶƚ ƚŚĞ ĞǆƚƌĞŵĞƐ ŽĨ ŽǆǇŐĞŶ ĐŽŶƚĞŶƚ ƚŚĂƚ ĐŽƵůĚ ďĞ 

ĞǆƉĞĐƚĞĚ ŝŶ ƚŚĞ ƐĂŵƉůĞƐ ƐƚƵĚŝĞĚ ŚĞƌĞ͘ BŽƚŚ ƉĂƚƚĞƌŶƐ ĂůƐŽ ĐŽŶƚĂŝŶ ƉĞĂŬƐ ĂƐƐŽĐŝĂƚĞĚ 

ǁŝƚŚ Sŝ ŝŶƚĞƌŶĂů ƐƚĂŶĚĂƌĚ͖ Ăůů ƌĞŵĂŝŶŝŶŐ ƉĞĂŬƐ ǁĞƌĞ ŝŶĚĞǆĞĚ ŽŶ ƚŚĞ ƚĞƚƌĂŐŽŶĂů ƌƵƚŝůĞ 

ƵŶŝƚ ĐĞůů ĂŶĚ ůĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ ŽďƚĂŝŶĞĚ ďǇ ůĞĂƐƚ ƐƋƵĂƌĞƐ ƌĞĨŝŶĞŵĞŶƚ͘ 

FŽƌ ĞůĞĐƚƌŝĐĂů ƉƌŽƉĞƌƚǇ ŵĞĂƐƵƌĞŵĞŶƚƐ͕ ƉĞůůĞƚƐ ;ϴ ŵŵ ĚŝĂŵĞƚĞƌ ĂŶĚ ϭ-Ϯ ŵŵ ƚŚŝĐŬͿ 

ǁĞƌĞ ƉƌĞƉĂƌĞĚ ďǇ ĞŝƚŚĞƌ ƵŶŝĂǆŝĂů ƉƌĞƐƐŝŶŐ Žƌ ĐŽůĚ ŝƐŽƐƚĂƚŝĐ ƉƌĞƐƐŝŶŐ ĂŶĚ ƐŝŶƚĞƌĞĚ Ăƚ 

ϭϮϱϬ ΣC ĨŽƌ ϴ Ś ƚŽ ŐŝǀĞ Ă ĨŝŶĂů ĚĞŶƐŝƚǇ ŽĨ ΕϵϮй͘ EůĞĐƚƌŽĚĞƐ ǁĞƌĞ ĨĂďƌŝĐĂƚĞĚ ŽŶ 

ŽƉƉŽƐŝƚĞ ƉĞůůĞƚ ĨĂĐĞƐ ƵƐŝŶŐ Pƚ ƉĂƐƚĞ ;Cϯϲϱϳ ĐŽŶĚƵĐƚŽƌ ƉĂƐƚĞ͕ HĞƌĂĞƵƐ DĞƵƚƐĐŚůĂŶĚ 

GŵďH Θ CŽ͘Ϳ ǁŚŝĐŚ ǁĂƐ ĚĞĐŽŵƉŽƐĞĚ ĂŶĚ ŚĂƌĚĞŶĞĚ ďǇ ŚĞĂƚŝŶŐ Ăƚ ϵϬϬ ΣC ĨŽƌ Ϯ Ś͘ TŚĞ 

ƉĞůůĞƚƐ ǁŝƚŚ ĞůĞĐƚƌŽĚĞƐ ĂƚƚĂĐŚĞĚ ǁĞƌĞ ƉůĂĐĞĚ ŝŶ ĂŶ ŝŶ-ŚŽƵƐĞ ĐŽŶĚƵĐƚŝǀŝƚǇ ũŝŐ ŝŶƐŝĚĞ Ă 

ŚŽƌŝǌŽŶƚĂů ƚƵďĞ ĨƵƌŶĂĐĞ͖ ŝŵƉĞĚĂŶĐĞ ŵĞĂƐƵƌĞŵĞŶƚƐ ǁĞƌĞ ŵĂĚĞ ŝŶ ĞŝƚŚĞƌ Ăŝƌ͕  NϮ Žƌ OϮ 

ƵƐŝŶŐ Ă ĐŽŵďŝŶĂƚŝŽŶ ŽĨ AŐŝůĞŶƚ ϰϵϴϬA͕ MŽĚƵůĞůĂď XM SŽůĂƌƚƌŽŶ ĂŶĚ SŽůĂƌƚƌŽŶ SI ϭϮϲϬ 

ŝŶƐƚƌƵŵĞŶƚĂƚŝŽŶ͘ A ŶŽŵŝŶĂů ĂĐ ǀŽůƚĂŐĞ ŽĨ ϭϬϬ ŵV ǁĂƐ ƵƐĞĚ͘ IŵƉĞĚĂŶĐĞ ĚĂƚĂ ǁĞƌĞ 

ĐŽƌƌĞĐƚĞĚ ĨŽƌ ŽǀĞƌĂůů ƐĂŵƉůĞ ŐĞŽŵĞƚƌǇ ĂŶĚ ƌĞƐŝƐƚĂŶĐĞ ǀĂůƵĞƐ ĂƌĞ ƚŚĞƌĞĨŽƌĞ ƌĞƉŽƌƚĞĚ 

ǁŝƚŚ ƵŶŝƚ ŽĨ ŽŚŵƐ Đŵ͘ 

MŽƐƚ ŽĨ ƚŚĞ ŝŵƉĞĚĂŶĐĞ ƌĞƐƵůƚƐ ƌĞƉŽƌƚĞĚ ŚĞƌĞ ĂƌĞ ĨŽƌ ƚŚĞ ƐĂŵĞ ƐĂŵƉůĞ ƚŚĂƚ ǁĂƐ 

ĞƋƵŝůŝďƌĂƚĞĚ ƐĞƋƵĞŶƚŝĂůůǇ ŝŶ OϮ͕ Ăŝƌ ĂŶĚ NϮ ĨŽƌ ϯ Ś Ăƚ ĞĂĐŚ ƚĞŵƉĞƌĂƚƵƌĞ ƉƌŝŽƌ ƚŽ 

ŝŵƉĞĚĂŶĐĞ ŵĞĂƐƵƌĞŵĞŶƚƐ͘ MĞĂƐƵƌĞŵĞŶƚƐ ĐŽŵŵĞŶĐĞĚ Ăƚ ϳϬϬ ΣC ĂŶĚ ǁĞƌĞ ƌĞƉĞĂƚĞĚ 

ŽŶ ƐƚĞƉǁŝƐĞ ĐŽŽůŝŶŐ Ăƚ ϱϬ ΣC ŝŶƚĞƌǀĂůƐ ŽǀĞƌ ƚŚĞ ƌĂŶŐĞ ϳϬϬ-ϰϱϬ ΣC͘ SĞƉĂƌĂƚĞ ƚĞƐƚƐ 

ƐŚŽǁĞĚ ƚŚĂƚ ƚŚĞ ŽďƐĞƌǀĞĚ ĐŚĂŶŐĞƐ ŝŶ ĐŽŶĚƵĐƚŝǀŝƚǇ ŽŶ ĐŚĂŶŐŝŶŐ ƉOϮ ǁĞƌĞ ĞƐƐĞŶƚŝĂůůǇ 

ƌĞǀĞƌƐŝďůĞ ĂŶĚ ƚŚĂƚ Ă ƐƚĞĂĚǇ ƐƚĂƚĞ ǁĂƐ ƌĞĂĐŚĞĚ ĂĨƚĞƌ ϭ-Ϯ Ś͘ 

 

ϯ͘ RĞƐƵůƚƐ ĂŶĚ DŝƐĐƵƐƐŝŽŶ 
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ϯ͘ϭ LĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ 

LĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌ ĂŶĚ ƵŶŝƚ ĐĞůů ǀŽůƵŵĞ ĚĂƚĂ ĨŽƌ ƌƵƚŝůĞ ƉŽǁĚĞƌƐ ŚĞĂƚĞĚ Ăƚ ĚŝĨĨĞƌĞŶƚ 

ƚĞŵƉĞƌĂƚƵƌĞƐ ŝŶ ĞŝƚŚĞƌ Ăŝƌ Žƌ NϮ ĂŶĚ ƋƵĞŶĐŚĞĚ ŝŶƚŽ ůŝƋƵŝĚ NϮ ĂƌĞ ƐŚŽǁŶ ŝŶ FŝŐƵƌĞ ϭ͘ 

DĂƚĂ ĂƌĞ ĂůƐŽ ƐŚŽǁŶ ĨŽƌ Ă ƐĂŵƉůĞ ƚŚĂƚ ǁĂƐ ƐůŽǁ-ĐŽŽůĞĚ ĨƌŽŵ ϭϮϱϬ ΣC ŝŶ Ăŝƌ͘  Aůů ƚŚĞ 

XRD ƉĂƚƚĞƌŶƐ ƚŚĂƚ ǁĞƌĞ ƵƐĞĚ ƚŽ ĐĂůĐƵůĂƚĞ ƚŚĞƐĞ ůĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ ƐŚŽǁĞĚ ŶŽ 

ĚŝƐĐĞƌŶĂďůĞ ĚŝĨĨĞƌĞŶĐĞƐ ĨƌŽŵ ƚŚĂƚ ŽĨ Ă ƐƚĂŶĚĂƌĚ ƌƵƚŝůĞ ƉĂƚƚĞƌŶ͕ ĂƉĂƌƚ ĨƌŽŵ ƐŵĂůů 

ǀĂƌŝĂƚŝŽŶƐ ŝŶ ƉĞĂŬ ƉŽƐŝƚŝŽŶƐ͘ AƐ ĞǆĂŵƉůĞƐ͕ ƚǁŽ ƉĂƚƚĞƌŶƐ ƚŚĂƚ ƌĞƉƌĞƐĞŶƚ ƚŚĞ ĞǆƚƌĞŵĞƐ 

ŽĨ ŽǆǇŐĞŶ ĐŽŶƚĞŶƚ ɷ͕ ĨŽƌ ƐĂŵƉůĞƐ ƚŚĂƚ ǁĞƌĞ ĞŝƚŚĞƌ ƐůŽǁ-ĐŽŽůĞĚ ŝŶ Ăŝƌ Žƌ ƋƵĞŶĐŚĞĚ ŝŶƚŽ 

ůŝƋƵŝĚ NϮ͕ ĂƌĞ ƐŚŽǁŶ ŝŶ FŝŐƵƌĞ Sϭ͘ TǁŽ ƚǇƉĞƐ ŽĨ ďĞŚĂǀŝŽƌ ĐĂŶ ďĞ ĚŝƐƚŝŶŐƵŝƐŚĞĚ͕ ĨŽƌ 

ƐĂŵƉůĞƐ ƋƵĞŶĐŚĞĚ ĨƌŽŵ ϳϬϬ-ϭϬϬϬ ΣC ĂŶĚ ĨŽƌ ƐĂŵƉůĞƐ ƋƵĞŶĐŚĞĚ ĨƌŽŵ ϭϮϬϬ-ϭϯϬϬ ŽC͘ 

OŶ ƋƵĞŶĐŚŝŶŐ ĨƌŽŵ ϳϬϬ-ϭϬϬϬ ΣC͕ ƚŚĞ ƉĂƌĂŵĞƚĞƌƐ ŝŶĐƌĞĂƐĞĚ ƌĂƉŝĚůǇ ǁŝƚŚ ƋƵĞŶĐŚ 

ƚĞŵƉĞƌĂƚƵƌĞ͕ FŝŐƵƌĞ ϭ͘ Aůů ƚŚĞ ĚĂƚĂ ǁĞƌĞ ƌĞĐŽƌĚĞĚ Ăƚ ƌŽŽŵ ƚĞŵƉĞƌĂƚƵƌĞ ĂŶĚ 

ƚŚĞƌĞĨŽƌĞ͕ ƐŚŽƵůĚ ŶŽƚ ƐŚŽǁ ĞĨĨĞĐƚƐ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ƐƚĂŶĚĂƌĚ ƚŚĞƌŵĂů ĞǆƉĂŶƐŝŽŶ͘ TŚĞ 

ŝŶĐƌĞĂƐĞƐ ŝŶ ůĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ ĂƌĞ ŝŶƐƚĞĂĚ ĂƚƚƌŝďƵƚĞĚ ƚŽ ĐŚĞŵŝĐĂů ĞǆƉĂŶƐŝŽŶ 

ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ůŽƐƐ ŽĨ ŽǆǇŐĞŶ ǁŝƚŚ ŝŶĐƌĞĂƐŝŶŐ ƋƵĞŶĐŚ ƚĞŵƉĞƌĂƚƵƌĞ͕ ĞƋ͛Ŷ ;ϭͿ͕ ƚŽ ŐŝǀĞ 

ŶŽŶ-ƐƚŽŝĐŚŝŽŵĞƚƌŝĐ ƌƵƚŝůĞ͕ ǁŝƚŚ ŽǆǇŐĞŶ ǀĂĐĂŶĐŝĞƐ͕ ŽĨ ŐĞŶĞƌĂů ĨŽƌŵƵůĂ TŝOϮ-ɷ͘ 

O୓ൈ ՞ V୓ƔƔ ൅ ʹeᇱ ൅ ଵଶ Oଶሺgሻ                 ;ϭͿ 

A ĐŽŶƐĞƋƵĞŶĐĞ ŽĨ ŽǆǇŐĞŶ ůŽƐƐ ŝƐ ƚŚĞ ƌĞůĞĂƐĞ ŽĨ ĞůĞĐƚƌŽŶƐ ǁŚŝĐŚ ĞĨĨĞĐƚŝǀĞůǇ ƌĞĚƵĐĞ 

ƐŽŵĞ Tŝϰн ƚŽ Tŝϯн͘ A ĐŽŵďŝŶĂƚŝŽŶ ŽĨ ƚŚĞ ůĂƌŐĞƌ ƌĂĚŝƵƐ ŽĨ Tŝϯн͕ Ă ǁĞĂŬĞƌ Tŝ-O ďŽŶĚ 

ƐƚƌĞŶŐƚŚ ĂŶĚ ĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ĂǀĞƌĂŐĞ Tŝ-O ďŽŶĚ ůĞŶŐƚŚ͕ ƐŝŵŝůĂƌ ƚŽ ƚŚĂƚ ƌĞƉŽƌƚĞĚ ǁŝƚŚ 

ŽƚŚĞƌ ŽǆŝĚĞƐϵ͕ϭϬ͕ ůĞĂĚƐ ƚŽ ĐŚĞŵŝĐĂů ĞǆƉĂŶƐŝŽŶ͘  

OŶ ƋƵĞŶĐŚŝŶŐ ĨƌŽŵ ĂďŽǀĞ ϭϬϬϬ ŽC͕ ůĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ ĚŝĚ ŶŽƚ ŝŶĐƌĞĂƐĞ ĂŶǇ 

ĨƵƌƚŚĞƌ ďƵƚ ŝŶƐƚĞĂĚ͕ ƌĞĂĐŚĞĚ Ă ŵĂǆŝŵƵŵ ĂŶĚ ƚŚĞŶ ĚĞĐƌĞĂƐĞĚ͕ ĞƐƉĞĐŝĂůůǇ ĨŽƌ ƐĂŵƉůĞƐ 

ĂŶŶĞĂůĞĚ ŝŶ NϮ͘ TŚĞ ŽǆǇŐĞŶ ůŽƐƐ ƌĞƉƌĞƐĞŶƚĞĚ ďǇ ĞƋ͛Ŷ ;ϭͿ ŝƐ ĞǆƉĞĐƚĞĚ ƚŽ ĐŽŶƚŝŶƵĞ ǁŝƚŚ 

ŝŶĐƌĞĂƐŝŶŐ ƚĞŵƉĞƌĂƚƵƌĞ͕ ĞƐƉĞĐŝĂůůǇ ŽŶ ƌĞĚƵĐŝŶŐ ƚŚĞ ŽǆǇŐĞŶ ƉĂƌƚŝĂů ƉƌĞƐƐƵƌĞ ŝŶ ƚŚĞ 

ƐƵƌƌŽƵŶĚŝŶŐ ĂƚŵŽƐƉŚĞƌĞ ĂŶĚ ĚŝƐƉůĂĐŝŶŐ ƚŚĞ ĞƋƵŝůŝďƌŝĂ ƚŽ ƚŚĞ ƌŝŐŚƚ͘ AŶ ĂĚĚŝƚŝŽŶĂů 
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ĨĂĐƚŽƌ ŵƵƐƚ ƚŚĞƌĞĨŽƌĞ ŝŶĨůƵĞŶĐĞ ƚŚĞ ůĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ ĂŶĚ ĐĞůů ǀŽůƵŵĞ ŽĨ ƐĂŵƉůĞƐ 

ǁŝƚŚ ůĂƌŐĞƌ ɷ ǀĂůƵĞƐ͘ WĞ ĚŝĚ ŶŽƚ ŽďƚĂŝŶ ůĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌ ĚĂƚĂ ĨŽƌ ƐĂŵƉůĞƐ ĂŶŶĞĂůĞĚ 

Ăƚ ŚŝŐŚ ƚĞŵƉĞƌĂƚƵƌĞ ŝŶ ŽǆǇŐĞŶ͕ ďƵƚ ŝƚ ŝƐ ĂŶƚŝĐŝƉĂƚĞĚ ƚŚĂƚ ƚŚĞƐĞ ǁŽƵůĚ ůŽƐĞ ůĞƐƐ ŽǆǇŐĞŶ 

Ăƚ ŚŝŐŚ ƚĞŵƉĞƌĂƚƵƌĞƐ ĂŶĚ ƚŚĞ ĚĞĐƌĞĂƐĞ ŝŶ ůĂƚƚŝĐĞ ƉĂƌĂŵĞƚĞƌƐ ǁŽƵůĚ ƚŚĞƌĞĨŽƌĞ ďĞ ůĞƐƐ 

ƚŚĂŶ ƚŚĂƚ ŽĨ ƐĂŵƉůĞƐ ĂŶŶĞĂůĞĚ ŝŶ Ăŝƌ͘   

Iƚ ŝƐ ǁĞůů-ĞƐƚĂďůŝƐŚĞĚ ƚŚĂƚ CS ƐƚƌƵĐƚƵƌĞƐ ĨŽƌŵ ŝŶ ŵĂƚĞƌŝĂůƐ ƐƵĐŚ ĂƐ 

ĂĐĐĞƉƚŽƌ-ĚŽƉĞĚ TŝOϮ͕ NďϮOϱ͕ MŽOϯ ĂŶĚ WOϯ ĂƐ Ă ŵĞĂŶƐ ŽĨ ĞůŝŵŝŶĂƚŝŶŐ ŽǆǇŐĞŶ 

ǀĂĐĂŶĐŝĞƐ͘ TŚŝƐ ůĞĂĚƐ ƚŽ Ă ƉĂƌƚŝĂů ĐŽůůĂƉƐĞ ŽĨ ƚŚĞ ĐƌǇƐƚĂů ƐƚƌƵĐƚƵƌĞƐ ƚŽ ĨŽƌŵ CS ƉůĂŶĞƐ͘ 

WĞ ĐŽŶƐŝĚĞƌ ŝƚ ŚŝŐŚůǇ ůŝŬĞůǇ ƚŚĂƚ ƐŝŵŝůĂƌ CS ƉůĂŶĞƐ ĨŽƌŵ ŝŶ ŽǆǇŐĞŶ-ĚĞĨŝĐŝĞŶƚ ƌƵƚŝůĞ ĂƐ 

ƚŚĞ ĚĞŐƌĞĞ ŽĨ ŽǆǇŐĞŶ-ĚĞĨŝĐŝĞŶĐǇ ŝŶĐƌĞĂƐĞƐ͖ ƚŚĞ ŽďƐĞƌǀĞĚ ĚĞĐƌĞĂƐĞ ŝŶ ůĂƚƚŝĐĞ 

ƉĂƌĂŵĞƚĞƌƐ ĂŶĚ ĐĞůů ǀŽůƵŵĞ ŝƐ ĂƚƚƌŝďƵƚĞĚ ƚŽ ƚƌĂŶƐĨŽƌŵĂƚŝŽŶ ŽĨ ĞĚŐĞ-ƐŚĂƌŝŶŐ 

ŽĐƚĂŚĞĚƌĂ ƚŽ ĨĂĐĞ-ƐŚĂƌŝŶŐ ŽĐƚĂŚĞĚƌĂ ŝŶ ƚŚĞ CS ƉůĂŶĞƐ͘ Aƚ ƚŚŝƐ ƐƚĂŐĞ͕ ǁĞ ŚĂǀĞ ŶŽ ĚŝƌĞĐƚ 

ĞǀŝĚĞŶĐĞ ŽƵƌƐĞůǀĞƐ ĨŽƌ ƚŚĞ CS ƉůĂŶĞƐ͕ ŶŽƌ ǁŚĞƚŚĞƌ ƚŚĞǇ ĂƌĞ ƌĂŶĚŽŵ ƉůĂŶĂƌ ĚĞĨĞĐƚƐ ŝŶ 

ƚŚĞ ƌƵƚŝůĞ ůĂƚƚŝĐĞ Žƌ ĨŽƌŵ ŽƌĚĞƌĞĚ MĂŐŶĞůŝ ƐƚƌƵĐƚƵƌĞƐ͘ TŚĞƌĞ ŝƐ͕ ŚŽǁĞǀĞƌ͕  ĐůĞĂƌ 

ĞǀŝĚĞŶĐĞ ŝŶ ƚŚĞ ůŝƚĞƌĂƚƵƌĞϴ ŽĨ CS ƉůĂŶĞ ĨŽƌŵĂƚŝŽŶ ŝŶ ƐĂŵƉůĞƐ ŽĨ ĐŽŵƉŽƐŝƚŝŽŶ TŝOϭ͘ϵϵϳϬ 

ǁŚŝĐŚ ǁĞƌĞ ƋƵĞŶĐŚĞĚ ĨƌŽŵ ϭϬϱϬ ΣC ĂŶĚ ƐƵďƐĞƋƵĞŶƚůǇ ĂŶŶĞĂůĞĚ Ăƚ ůŽǁĞƌ 

ƚĞŵƉĞƌĂƚƵƌĞ͘ FƌŽŵ ƚŚĞ ĚĂƚĂ ƐŚŽǁŶ ŝŶ FŝŐƵƌĞ ϭ͕ ŝƚ ĂƉƉĞĂƌƐ ƚŚĂƚ CS ƉůĂŶĞƐ ƐƚĂƌƚ ƚŽ ĨŽƌŵ 

ŝŶ Ăŝƌ Ăƚ ƚĞŵƉĞƌĂƚƵƌĞƐ ĂƐ ůŽǁ ĂƐ ϭϭϬϬ ΣC ǁŚĞƌĞ ƚŚĞ ůĂƚƚŝĐĞ ĞǆƉĂŶƐŝŽŶ ĚƵĞ ƚŽ ŽǆǇŐĞŶ 

ůŽƐƐ ďĞŐŝŶƐ ƚŽ ďĞ ŽĨĨƐĞƚ ďǇ ƚŚĞ ůĂƚƚŝĐĞ ĐŽŶƚƌĂĐƚŝŽŶ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ CS ƉůĂŶĞ ĨŽƌŵĂƚŝŽŶ͘ 

 

ϯ͘Ϯ EůĞĐƚƌŝĐĂů ƉƌŽƉĞƌƚŝĞƐ  

Iƚ ŝƐ ǁĞůů-ĞƐƚĂďůŝƐŚĞĚ ƚŚĂƚ ƌƵƚŝůĞ ůŽƐĞƐ ĂŶ ŝŶĐƌĞĂƐŝŶŐ ĂŵŽƵŶƚ ŽĨ ŽǆǇŐĞŶ ǁŝƚŚ ŝŶĐƌĞĂƐŝŶŐ 

ƚĞŵƉĞƌĂƚƵƌĞ ĂďŽǀĞ ϳϬϬ ΣC ϱ͕ϭϭ-Ϯϭ͘ TŚĞ ƌĞƐƵůƚŝŶŐ ŵĂƚĞƌŝĂůƐ ĂƌĞ Ŷ-ƚǇƉĞ ƐĞŵŝĐŽŶĚƵĐƚŽƌƐ 

ĂƐ ƐŚŽǁŶ ďǇ ĨŝƌƐƚ͕ ĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ĐŽŶĚƵĐƚŝǀŝƚǇ ǁŝƚŚ ĚĞĐƌĞĂƐŝŶŐ ƉOϮ ŝŶ ƚŚĞ ĂƚŵŽƐƉŚĞƌĞ 

ƐƵƌƌŽƵŶĚŝŶŐ ƚŚĞ ƐĂŵƉůĞ ĚƵƌŝŶŐ ŝŵƉĞĚĂŶĐĞ ŵĞĂƐƵƌĞŵĞŶƚƐ͕ ĞƋ͛Ŷ ;ϭͿ ĂŶĚ ƐĞĐŽŶĚ͕ ďǇ Ă 

ĚĞĐƌĞĂƐĞ ŝŶ ĐŽŶĚƵĐƚŝǀŝƚǇ ŽŶ ĂƉƉůŝĐĂƚŝŽŶ ŽĨ Ă ƐŵĂůů ĚĐ ďŝĂƐ ǀŽůƚĂŐĞ ĚƵƌŝŶŐ ƚŚĞ 

ŝŵƉĞĚĂŶĐĞ ŵĞĂƐƵƌĞŵĞŶƚƐ͘ϭϭ AůƚŚŽƵŐŚ ƚŚĞ ĂŵŽƵŶƚ ŽĨ ŽǆǇŐĞŶ ůŽƐƐ ǁĂƐ ďĂƌĞůǇ 
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ĚĞƚĞĐƚĂďůĞ ďǇ ƚŚĞƌŵŽŐƌĂǀŝŵĞƚƌǇ͕  ĚƌĂŵĂƚŝĐ ĐŚĂŶŐĞƐ ŝŶ ĐŽŶĚƵĐƚŝǀŝƚǇ ǁĞƌĞ ŽďƐĞƌǀĞĚ 

ĂŶĚ ĨŽƌ ŝŶƐƚĂŶĐĞ͕ ƌƵƚŝůĞ ƋƵĞŶĐŚĞĚ ĨƌŽŵ ϭϯϬϬ ΣC ŚĂĚ ƐƚŽŝĐŚŝŽŵĞƚƌǇ ɷсϬ͘ϬϬϭ ŝŶ TŝOϮ-ɷ͕ 

ĂŶĚ Ă ĐŽŶĚƵĐƚŝǀŝƚǇ ŽĨ   ๝ϭϬ-ϭ SĐŵ-ϭ ĨŽƌ ƚĞŵƉĞƌĂƚƵƌĞƐ ĚŽǁŶ ƚŽ ϮϬ K ϱ͕ ǁŚŝĐŚ ŝƐ ŵĂŶǇ 

ŽƌĚĞƌƐ ŽĨ ŵĂŐŶŝƚƵĚĞ ŚŝŐŚĞƌ ƚŚĂŶ ƚŚĂƚ ŽĨ ŽǆǇŐĞŶ-ƐƚŽŝĐŚŝŽŵĞƚƌŝĐ TŝOϮ͘  

IŶ ƚŚŝƐ ƉĂƉĞƌ͕  ǁĞ ĨŽĐƵƐ ŽŶ ƌƵƚŝůĞ ĐĞƌĂŵŝĐƐ ƚŚĂƚ ǁĞƌĞ ĂŶŶĞĂůĞĚ ĂŶĚ ŵĞĂƐƵƌĞĚ 

ďĞƚǁĞĞŶ ϳϬϬ ĂŶĚ ϰϱϬ ΣC͘ Aƚ ϳϬϬ ΣC͕ ƚŚĞ ƐĂŵƉůĞƐ ǁĞƌĞ Ɛƚŝůů ǁĞĂŬůǇ Ŷ-ƚǇƉĞ ďƵƚ ĐŚĂŶŐĞĚ 

ƚŽ Ɖ-ƚǇƉĞ Ăƚ ůŽǁĞƌ ĂŶŶĞĂůŝŶŐ ƚĞŵƉĞƌĂƚƵƌĞƐ͘ IŵƉĞĚĂŶĐĞ ĚĂƚĂ ƌĞĐŽƌĚĞĚ Ăƚ ϳϬϬ ΣC ĂŶĚ 

ŵĞĂƐƵƌĞĚ ŝŶ ĂƚŵŽƐƉŚĞƌĞƐ ŽĨ OϮ͕ Ăŝƌ ĂŶĚ NϮ ĂƌĞ ƐŚŽǁŶ ŝŶ FŝŐƵƌĞ Ϯ͘ IŶ ŽƌĚĞƌ ƚŽ ĂĐŚŝĞǀĞ 

ŬŝŶĞƚŝĐ ĞƋƵŝůŝďƌĂƚŝŽŶ ŽĨ ƚŚĞ ƐĂŵƉůĞ ƉƌŝŽƌ ƚŽ ŵĞĂƐƵƌĞŵĞŶƚƐ͕ ƚŚĞ ƐĂŵƉůĞ ǁĂƐ ůŽĂĚĞĚ 

ŝŶƚŽ ƚŚĞ ŝŵƉĞĚĂŶĐĞ ũŝŐ ĂŶĚ ůĞĨƚ Ăƚ ϳϬϬ ΣC ĨŽƌ ϯ Ś͘ BǇ ŬŝŶĞƚŝĐ ĞƋƵŝůŝďƌĂƚŝŽŶ͕ ǁĞ ŵĞĂŶ 

ƚŚĂƚ ƚŚĞ ƐĂŵƉůĞ ƐƵƌĨĂĐĞ ŝƐ ŝŶ ĞƋƵŝůŝďƌŝƵŵ ǁŝƚŚ ŽǆǇŐĞŶ ĂĚƐŽƌƉƚŝŽŶͬŝŽŶŝǌĂƚŝŽŶͬ 

ĚŝƐƐŽĐŝĂƚŝŽŶ ƉƌŽĐĞƐƐĞƐ ƚŚĂƚ ƚĂŬĞ ƉůĂĐĞ Ăƚ ƚŚĞ ƐĂŵƉůĞ ƐƵƌĨĂĐĞ͖ ŝƚ ŝƐ ŚŝŐŚůǇ ƵŶůŝŬĞůǇ ƚŚĂƚ 

ĨƵůů ĞƋƵŝůŝďƌĂƚŝŽŶ ǁŝƚŚ ƚŚĞ ƐĂŵƉůĞ ŝŶƚĞƌŝŽƌ ŝƐ ĂĐŚŝĞǀĞĚ Ăƚ ƚŚĞƐĞ ƚĞŵƉĞƌĂƚƵƌĞƐ ĂŶĚ 

ƚŝŵĞƐ͘ 

TŚĞ ŝŵƉĞĚĂŶĐĞ ĚĂƚĂ͕ FŝŐƵƌĞ Ϯ͕ ŝŶĚŝĐĂƚĞ ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ ƚǁŽ ĚŝƐƚŽƌƚĞĚ ĂƌĐƐ ŝŶ ƚŚĞ 

ĐŽŵƉůĞǆ ƉůĂŶĞ ƉůŽƚƐ ;AͿ ǁŚŝĐŚ ĂƌĞ ĂƚƚƌŝďƵƚĞĚ ƚŽ ďƵůŬ ĂŶĚ ŐƌĂŝŶ ďŽƵŶĚĂƌǇ ƌĞƐŝƐƚĂŶĐĞƐ͕ 

Rϭ ĂŶĚ RϮ ƌĞƐƉĞĐƚŝǀĞůǇ͘  IŶ Ăůů ĐĂƐĞƐ͕ Ăƚ ϳϬϬ ΣC ƚŚĞ ƌĞƐŝƐƚĂŶĐĞƐ ŽĨ ďŽƚŚ ĐŽŵƉŽŶĞŶƚƐ 

ŝŶĐƌĞĂƐĞĚ ǁŝƚŚ ŝŶĐƌĞĂƐŝŶŐ ƉOϮ͘ SŝŶĐĞ ƚŚĞ ĞĨĨĞĐƚ ŽĨ ŝŶĐƌĞĂƐŝŶŐ ƉOϮ ŝƐ ƚŽ ĚƌŝǀĞ ƚŚĞ 

ĞƋƵŝůŝďƌŝƵŵ ƐŚŽǁŶ ŝŶ ĞƋƵĂƚŝŽŶ ;ϭͿ ĨƌŽŵ ƌŝŐŚƚ ƚŽ ůĞĨƚ͕ ĞůĞĐƚƌŽŶƐ ĂƌĞ ƌĞŵŽǀĞĚ ĨƌŽŵ ƚŚĞ 

ƐĂŵƉůĞ ĂŶĚ ƚŚĞ ŽďƐĞƌǀĞĚ ŝŶĐƌĞĂƐĞ ŝŶ ƌĞƐŝƐƚĂŶĐĞ ƐŚŽǁƐ ƚŚĂƚ ƚŚĞ ƐĂŵƉůĞƐ ĂƌĞ Ŷ-ƚǇƉĞ͘ 

SŝŶĐĞ Rϭ ĂŶĚ RϮ ƌĞĨĞƌ ƚŽ ƐĂŵƉůĞ ďƵůŬ ƌĞƐŝƐƚĂŶĐĞƐ͕ ƚŚŝƐ ŽďƐĞƌǀĂƚŝŽŶ ŝŶĚŝĐĂƚĞƐ ƚŚĂƚ 

ĐŚĂŶŐĞƐ ƚŽ ƚŚĞ ĞůĞĐƚƌŽŶŝĐ ƐƚƌƵĐƚƵƌĞ ŝŶ ƚŚĞ ƐĂŵƉůĞ ŝŶƚĞƌŝŽƌ ĂƌĞ ĐŽŶƚƌŽůůĞĚ ďǇ ĚĞĨĞĐƚ 

ĞƋƵŝůŝďƌŝĂ Ăƚ ƚŚĞ ƐĂŵƉůĞ ƐƵƌĨĂĐĞ͘ 

TŚĞ ŝŵƉĞĚĂŶĐĞ ƌĞƐƵůƚƐ ĂůƐŽ ŝŶĚŝĐĂƚĞ ƚŚĂƚ͕ ĂůƚŚŽƵŐŚ ĐŽŶĚƵĐƚŝŽŶ ŝƐ ĞƐƐĞŶƚŝĂůůǇ 

Ŷ-ƚǇƉĞ Ăƚ ϳϬϬ ΣC͕ ƚŚĞƌĞ ŵĂǇ ĂůƐŽ ďĞ Ă ƐŵĂůů ĂŵŽƵŶƚ ŽĨ ŽǆŝĚĞ ŝŽŶ ĐŽŶĚƵĐƚŝŽŶ ƐŝŶĐĞ ƚŚĞ 

ůŽŐ C͛ͬůŽŐ Ĩ ĚĂƚĂ ;BͿ ƐŚŽǁ Ă ůŽǁ-ĨƌĞƋƵĞŶĐǇ ĐĂƉĂĐŝƚĂŶĐĞ ĂƐ ŚŝŐŚ ĂƐ ϱпϭϬ-ϳ FĐŵ-ϭ ĨŽƌ ƚŚĞ 

ƐĂŵƉůĞ ŵĞĂƐƵƌĞĚ ŝŶ NϮ͘ TŚĞ ĐŽƌƌĞƐƉŽŶĚŝŶŐ ĐĂƉĂĐŝƚĂŶĐĞ ĚĂƚĂ ŝŶ Ăŝƌ ĂŶĚ OϮ ĂƌĞ ƐŵĂůůĞƌ͘  

TŚĞƐĞ ŚŝŐŚ ĐĂƉĂĐŝƚĂŶĐĞ ǀĂůƵĞƐ ĂƌĞ ĂƚƚƌŝďƵƚĞĚ ƚŽ ƚŚĞ ƉƌĞƐĞŶĐĞ ĂŶĚ ŵŽďŝůŝƚǇ ŽĨ ŽǆǇŐĞŶ 
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ǀĂĐĂŶĐŝĞƐ ŝŶ ƚŚĞ ůŝŐŚƚůǇ-ƌĞĚƵĐĞĚ ƐĂŵƉůĞ ǁŚŝĐŚ ĂƌĞ ďůŽĐŬĞĚ Ăƚ ƚŚĞ ĞůĞĐƚƌŽĚĞƐ͘ TŚĞ 

ƐŵĂůůĞƌ ĐĂƉĂĐŝƚĂŶĐĞ ǀĂůƵĞƐ ŝŶ Ăŝƌ ĂŶĚ OϮ ŵĂǇ ŝŶĚŝĐĂƚĞ ƚŚĂƚ ƚŚĞ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ŽĨ 

ŵŽďŝůĞ ŽǆǇŐĞŶ ǀĂĐĂŶĐŝĞƐ ŝƐ ƐŵĂůůĞƌ͕  ĐŽŶƐŝƐƚĞŶƚ ǁŝƚŚ ĞƋƵĂƚŝŽŶ ;ϭͿ ĂŶĚ ƚŚĞ ĞǆƉĞĐƚĂƚŝŽŶ 

ŽĨ Ă ƌĞĚƵĐĞĚ ŽǆǇŐĞŶ ǀĂĐĂŶĐǇ ĐŽŶƚĞŶƚ͕ ĞƐƉĞĐŝĂůůǇ Ăƚ ƚŚĞ ƐƵƌĨĂĐĞ͕ ŽĨ ƐĂŵƉůĞƐ ŚĞĂƚĞĚ ŝŶ 

Ăŝƌ ĂŶĚ OϮ͘ SŝŵŝůĂƌ ƌĞƐƵůƚƐ ĂŶĚ ĐŽŶĐůƵƐŝŽŶƐ ǁĞƌĞ ŽďƚĂŝŶĞĚ ĨŽƌ ƚŚĞ ƐĂŵƉůĞ ĂŶŶĞĂůĞĚ 

ĂŶĚ ŵĞĂƐƵƌĞĚ Ăƚ ϲϱϬ ΣC͘       

UƐŝŶŐ Ă ƐŝŵŝůĂƌ ƉƌŽĐĞĚƵƌĞ͕ ŝŵƉĞĚĂŶĐĞ ĚĂƚĂ ǁĞƌĞ ŽďƚĂŝŶĞĚ ĨŽƌ ƚŚĞ ƐĂŵƉůĞ 

ĂŶŶĞĂůĞĚ ĂŶĚ ŵĞĂƐƵƌĞĚ Ăƚ ϰϱϬ ĂŶĚ ϱϬϬ ΣC͖ ƚŚĞ ƌĞƐƵůƚƐ Ăƚ ϱϬϬ ΣC ĂƌĞ ƐŚŽǁŶ ŝŶ FŝŐƵƌĞ 

ϯ͘ HŽǁĞǀĞƌ͕  ƌĞƐŝƐƚĂŶĐĞƐ Rϭ ĂŶĚ RϮ ƐŚŽǁĞĚ ƚŚĞ ŽƉƉŽƐŝƚĞ ĚĞƉĞŶĚĞŶĐĞ ŽŶ ƉOϮ ĂŶĚ ǁĞƌĞ 

ŐƌĞĂƚĞƐƚ ŝŶ NϮ ďƵƚ ƐŵĂůůĞƐƚ ŝŶ OϮ͕ ĐŽŶƐŝƐƚĞŶƚ ǁŝƚŚ Ɖ-ƚǇƉĞ ďĞŚĂǀŝŽƌ͘   

IŵƉĞĚĂŶĐĞ ĚĂƚĂ Ăƚ ϱϱϬ ΣC ĂŶĚ ϲϬϬ ΣC ƐŚŽǁĞĚ Ă ĐƌŽƐƐ-ŽǀĞƌ ďĞƚǁĞĞŶ Ŷ-ƚǇƉĞ ĂŶĚ 

Ɖ-ƚǇƉĞ ďĞŚĂǀŝŽƌ͘  Aƚ ϲϬϬ ΣC͕ FŝŐƵƌĞ ϰ;AͿ͕ ĚĂƚĂ ŝŶ NϮ ĂŶĚ Ăŝƌ ƐŚŽǁ ĐůĞĂƌůǇ ĂŶ Ŷ-ƚǇƉĞ 

ƌĞƐƉŽŶƐĞ ďƵƚ Ă ƐŵĂůů ƐǁŝƚĐŚ ƚŽ Ɖ-ƚǇƉĞ ǁŚĞŶ ŵĞĂƐƵƌĞĚ ŝŶ OϮ͘ Aƚ ϱϱϬ ΣC͕ FŝŐƵƌĞ ϰ;BͿ͕ 

ƚŚĞ ƐĂŵƉůĞ ŝƐ Ɛƚŝůů Ŷ-ƚǇƉĞ ŽŶ ĐŽŵƉĂƌŝŶŐ ƚŚĞ ĚĂƚĂ ŵĞĂƐƵƌĞĚ ŝŶ NϮ ĂŶĚ Ăŝƌ͕  ďƵƚ ŝƐ ŵŽƌĞ 

ĐůĞĂƌůǇ Ɖ-ƚǇƉĞ ŝŶ OϮ͘  

TŚĞ ǀĂƌŝŽƵƐ ĐŽŶĚƵĐƚŝǀŝƚǇ ƌĞƐƉŽŶƐĞƐ ĨŽƌ ƚĞŵƉĞƌĂƚƵƌĞƐ ŝŶ ƚŚĞ ƌĂŶŐĞ ϰϬϬ-ϳϬϬ ΣC 

ĂƌĞ ŝŶƚĞƌƉƌĞƚĞĚ ƵƐŝŶŐ ƚŚĞ ƐĐŚĞŵĂƚŝĐ ǀĂƌŝĂƚŝŽŶ ŽĨ ĐŽŶĚƵĐƚŝǀŝƚǇ ǁŝƚŚ ƉOϮ ƐŚŽǁŶ ŝŶ 

FŝŐƵƌĞ ϱ ĂŶĚ ĂƐ ƐŚŽǁŶ ĞǆƉĞƌŝŵĞŶƚĂůůǇ ďǇ ŝƐŽƚŚĞƌŵĂů ŵĞĂƐƵƌĞŵĞŶƚƐ ŽĨ ĐŽŶĚƵĐƚŝǀŝƚǇ 

ǀƐ ƉOϮ Ăƚ ŚŝŐŚĞƌ ƚĞŵƉĞƌĂƚƵƌĞƐϭϲ-Ϯϭ͘ DŝĂŐƌĂŵ ;AͿ ƐŚŽǁƐ Ŷ- ĂŶĚ Ɖ- ƚǇƉĞ ƌĞŐŝŽŶƐ Ăƚ ůŽǁ 

ĂŶĚ ŚŝŐŚ ƉOϮ͕ ƌĞƐƉĞĐƚŝǀĞůǇ͘  IŶ ƚŚĞ Ŷ-ƚǇƉĞ ƌĞŐŝŽŶ͕ ƚŚĞ ǀĂƌŝĂƚŝŽŶ ŽĨ ĐŽŶĚƵĐƚŝǀŝƚǇ ǁŝƚŚ 

ƉOϮ ŵĂǇ ŚĂǀĞ ĂŶ ŝĚĞĂů ƐůŽƉĞ ŽĨ ĞŝƚŚĞƌ -ϭͬϲ Žƌ -ϭͬϰ ŽŶ ůŽŐĂƌŝƚŚŵŝĐ ƐĐĂůĞƐ ĂŶĚ Ă ƐůŽƉĞ 

ŽĨ нϭͬϰ ĨŽƌ Ɖ-ƚǇƉĞ ďĞŚĂǀŝŽƌ ϭϲ-Ϯϭ͘ IŶ ƚŚĞ ĂďƐĞŶĐĞ ŽĨ ĂŶǇ ŽǆŝĚĞ ŝŽŶ ĐŽŶĚƵĐƚŝŽŶ͕ ƚŚĞ 

ĞůĞĐƚƌŽŶŝĐ ĐŽŶĚƵĐƚŝŽŶ ĐŚĂŶŐĞƐ ĨƌŽŵ Ŷ-ƚǇƉĞ ƚŽ Ɖ-ƚǇƉĞ ŝŶ Ă ĐƌŽƐƐ-ŽǀĞƌ ƌĞŐŝŽŶ͘ AůƚŚŽƵŐŚ 

ǁĞ ĚŽ ŶŽƚ ŚĂǀĞ ĚĂƚĂ ŽǀĞƌ Ă ǁŝĚĞ ƉOϮ ƌĂŶŐĞ ĂŶĚ ŚĂǀĞ ŶŽƚ ƐƚƵĚŝĞĚ ƚŚĞ ƋƵĂŶƚŝƚĂƚŝǀĞ 

ǀĂƌŝĂƚŝŽŶ ŽĨ ĐŽŶĚƵĐƚŝǀŝƚǇ ǁŝƚŚ ƉOϮ͕ ŵĞĂƐƵƌĞŵĞŶƚƐ ŝŶ OϮ͕ Ăŝƌ ĂŶĚ NϮ͕ ǁŝƚŚ ƉOϮ ǀĂůƵĞƐ 

ŽĨ ϭ͕ Ϭ͘Ϯϭ ĂŶĚ ĂƉƉƌŽǆŝŵĂƚĞůǇ Ϭ͘ϬϬϭ ƌĞƐƉĞĐƚŝǀĞůǇ͕  ŶĞǀĞƌƚŚĞůĞƐƐ ĞŶĂďůĞ Ă ƋƵĂůŝƚĂƚŝǀĞ 

ŝŶƚĞƌƉƌĞƚĂƚŝŽŶ ŽĨ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚĂů ĐŽŶĚƵĐƚŝǀŝƚǇ ĚĂƚĂ ďĂƐĞĚ ŽŶ ƚŚĞ ƐĐŚĞŵĂƚŝĐ ĐŚĂŶŐĞƐ 

ƐŚŽǁŶ ŝŶ ;AͿ͘ TŚƵƐ͕ Ăƚ ϲϱϬ ĂŶĚ ϳϬϬ ΣC͕ ƐĂŵƉůĞƐ ĂƌĞ ĐůĞĂƌůǇ Ŷ-ƚǇƉĞ ŝŶ Ăůů ƚŚƌĞĞ 
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ĂƚŵŽƐƉŚĞƌĞƐ͕ NϮ͕ Ăŝƌ ĂŶĚ OϮ͕ ;BͿ͘ LŝŬĞǁŝƐĞ͕ Ăƚ ϰϱϬ ĂŶĚ ϱϬϬ ΣC͕ ƐĂŵƉůĞƐ ĂƌĞ Ɖ-ƚǇƉĞ ŝŶ 

Ăůů ƚŚƌĞĞ ĂƚŵŽƐƉŚĞƌĞƐ͕ ;CͿ͘ Aƚ ϱϱϬ ΣC ĂŶĚ ϲϬϬ ΣC͕ ƐĂŵƉůĞƐ ĂƌĞ ŝŶ͕ Žƌ ŶĞĂƌ͕  ƚŚĞ 

ĐƌŽƐƐ-ŽǀĞƌ ƌĞŐŝŽŶ ;ŶŽƚ ƐŚŽǁŶͿ͖ ƚŚĞǇ ĂƉƉĞĂƌ ƚŽ ďĞ ŵĂŝŶůǇ Ŷ-ƚǇƉĞ ŝŶ NϮ ĂŶĚ Ɖ-ƚǇƉĞ ŝŶ 

OϮ͕ ďƵƚ ƚŚĞŝƌ ƉƌĞĐŝƐĞ ďĞŚĂǀŝŽƌ ŝŶ Ăŝƌ ŝƐ ƵŶĐĞƌƚĂŝŶ͘  

CĂƉĂĐŝƚĂŶĐĞ ĚĂƚĂ Ăƚ ϳϬϬ ΣC͕ FŝŐƵƌĞ Ϯ;BͿ͕ ƐŚŽǁ ŚŝŐŚ ǀĂůƵĞƐ Ăƚ ůŽǁ ĨƌĞƋƵĞŶĐŝĞƐ 

ǁŚŝĐŚ ĂƌĞ ŝŶĚŝĐĂƚŝǀĞ ŽĨ Ă ĐĞƌƚĂŝŶ ĂŵŽƵŶƚ ŽĨ ŽǆŝĚĞ ŝŽŶ ĐŽŶĚƵĐƚŝŽŶ͕ ĞƐƉĞĐŝĂůůǇ ĐůŽƐĞ ƚŽ 

ƐĂŵƉůĞ ƐƵƌĨĂĐĞƐ ĂŶĚ ƚŚĞƌĞĨŽƌĞ͕ Ă ƐŵĂůů ĚŽŵĂŝŶ ŽĨ ĞůĞĐƚƌŽůǇƚŝĐ͕ Žƌ ƉĂƌƚŝĂů ĞůĞĐƚƌŽůǇƚŝĐ 

ďĞŚĂǀŝŽƌ ŵĂǇ ďĞ ĞǆƉĞĐƚĞĚ Ăƚ ŝŶƚĞƌŵĞĚŝĂƚĞ ƉOϮ ǀĂůƵĞƐ͕ ĂƐ ƐŚŽǁŶ ŝŶ FŝŐƵƌĞ ϱ;AͿ͕ ůŽǁĞƌ 

ĚŝĂŐƌĂŵ͘ IŶ ƚŚĞ ƉƌĞƐĞŶƚ ĐĂƐĞ͕ ǁĞ ĚŽ ŶŽƚ ďĞůŝĞǀĞ ƚŚĂƚ ƚŚĞƌĞ ŝƐ Ă ǁŝĚĞ ĞůĞĐƚƌŽůǇƚŝĐ 

ĚŽŵĂŝŶ ŽĨ ĞǆĐůƵƐŝǀĞůǇ ŽǆŝĚĞ ŝŽŶ ĐŽŶĚƵĐƚŝŽŶ ďƵƚ ŝŶƐƚĞĂĚ͕ Ă ŶĂƌƌŽǁ ĚŽŵĂŝŶ ŽĨ ƉOϮ 

ǀĂůƵĞƐ ŽǀĞƌ ǁŚŝĐŚ ŵŝǆĞĚ ĞůĞĐƚƌŽŶŝĐ ĐŽŶĚƵĐƚŝŽŶ ĂŶĚ Ă ƐŵĂůů ĂŵŽƵŶƚ ŽĨ ŽǆŝĚĞ ŝŽŶ 

ĐŽŶĚƵĐƚŝŽŶ ŽĐĐƵƌƐ͘ TŚĞƐĞ ƌĞƐƵůƚƐ ĂƌĞ ĨŽƌ ƐĂŵƉůĞƐ ƚŚĂƚ ĂĨƚĞƌ ĂŶŶĞĂůŝŶŐ ĨŽƌ ϯ Ś Ăƚ ĞĂĐŚ 

ƚĞŵƉĞƌĂƚƵƌĞ͕ ǁĞƌĞ ƉƌĞƐƵŵĞĚ ƚŽ ďĞ ŝŶ ĞƋƵŝůŝďƌŝƵŵ ĐŽŶĐĞƌŶŝŶŐ ŽǆǇŐĞŶ ŐĂƐ-ƐŽůŝĚ ŽǆŝĚĞ 

ŝŶƚĞƌĂĐƚŝŽŶƐ Ăƚ ƐĂŵƉůĞ ƐƵƌĨĂĐĞƐ͘ NĞǀĞƌƚŚĞůĞƐƐ͕ ƚŚĞ ĞůĞĐƚƌŽŶ ĚŝƐƚƌŝďƵƚŝŽŶ ĂŶĚ 

ĐŽŶĐĞŶƚƌĂƚŝŽŶ ŝŶ ƚŚĞ ƐĂŵƉůĞ ŝŶƚĞƌŝŽƌ ŝƐ ĂďůĞ ƚŽ ƌĞƐƉŽŶĚ ƚŽ ƚŚĞ ĐŚĂŶŐĞƐ ŝŶ ƐƵƌĨĂĐĞ 

ĞƋƵŝůŝďƌŝĂ͕ ĞǀĞŶ ƚŚŽƵŐŚ ƚŚĞ ŝŽŶŝĐ ĚĞĨĞĐƚ ƐƚƌƵĐƚƵƌĞ ŽĨ ƐĂŵƉůĞ ŝŶƚĞƌŝŽƌƐ ŝƐ ĞĨĨĞĐƚŝǀĞůǇ 

ĨƌŽǌĞŶ-ŝŶ͘ SƉĞĐŝĨŝĐĂůůǇ͕  ĞůĞĐƚƌŽŶƐ ŵĂǇ ďĞ ǁŝƚŚĚƌĂǁŶ ĨƌŽŵͬĂĚĚĞĚ ƚŽ ƐĂŵƉůĞ ŝŶƚĞƌŝŽƌƐ ŝŶ 

ƌĞƐƉŽŶƐĞ ƚŽ ĐŚĂŶŐĞƐ Ăƚ ƚŚĞ ƐƵƌĨĂĐĞ͘ 

The observed p-n transition is qualitatively similar to that based on defect 

equilibria calculations and detailed conductivity measurements as a function of pO2 

with transition temperatures reported variously of 1273 K at 104 Pa, 1073 K at 102 Pa 

20 and an extrapolated temperature of 515 K at 10-10 Pa O2. DŝĨĨĞƌĞŶĐĞƐ ŝŶ ƚŚĞ Ɖ-Ŷ 

ĐƌŽƐƐ-ŽǀĞƌ ƚĞŵƉĞƌĂƚƵƌĞ ƌĞƉŽƌƚĞĚ ŚĞƌĞ ĂŶĚ ƚŚŽƐĞ ŝŶ ƚŚĞ ůŝƚĞƌĂƚƵƌĞϮϬ ŵĂǇ ďĞ ĂƐƐŽĐŝĂƚĞĚ 

ǁŝƚŚ ƚŚĞ ĚŝĨĨŝĐƵůƚŝĞƐ ŝŶ ŽďƚĂŝŶŝŶŐ ƚƌƵĞ ƚŚĞƌŵŽĚǇŶĂŵŝĐ ĞƋƵŝůŝďƌŝƵŵ Ăƚ ůŽǁĞƌ 

ƚĞŵƉĞƌĂƚƵƌĞƐ͕ ĞƐƉĞĐŝĂůůǇ ĞƋƵŝůŝďƌŝĂ ŝŶǀŽůǀŝŶŐ ŝŵŵŽďŝůĞ ĚĞĨĞĐƚƐ ƐƵĐŚ ĂƐ Tŝ ǀĂĐĂŶĐŝĞƐ 

ĨŽƌ ǁŚŝĐŚ ƚŝŵĞƐ ŽĨ ĂďŽƵƚ ϭϬϬϬ Ś ĂƌĞ ƌĞƋƵŝƌĞĚ ƚŽ ĞƐƚĂďůŝƐŚ ĞƋƵŝůŝďƌŝƵŵ Ăƚ ϭϯϮϯ K ŝŶ 

ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ ϭϬ-ϮϬ ŵŝŶƵƚĞƐ ĨŽƌ ĞƋƵŝůŝďƌĂƚŝŽŶ ŽĨ Tŝ ŝŶƚĞƌƐƚŝƚŝĂůƐ ĂŶĚ ŽǆǇŐĞŶ 

ǀĂĐĂŶĐŝĞƐ ϮϬ͘   
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WĞ ŶŽǁ ĐŽŶƐŝĚĞƌ ƚŚĞ ƉŽƐƐŝďůĞ ŽƌŝŐŝŶƐ ŽĨ ƚŚĞ Ŷ- ĂŶĚ Ɖ-ƚǇƉĞ ďĞŚĂǀŝŽƌ͘  For the 

n-type materials quenched from 700 ΣC and above,5 the reported activation energy 

varied enormously between 0.67 and 0.01 eV as the degree of oxygen loss and hence 

the conductivity, increased. An Arrhenius plot showing the conductivity of samples 

quenched from temperatures in the range 700 to 1400 ΣC ŝƐ ƌĞƉƌŽĚƵĐĞĚ ŝŶ FŝŐƵƌĞ ϲ͘ϱ 

These oxygen-deficient quenched samples were all kinetically stable and did not 

undergo re-oxidation during conductivity measurements over the temperature 

ranges shown. In order to account for the large variation in activation energy with ɷ͕ 

it appears that electrons associated with oxygen loss must occupy discrete inter-gap 

states, as shown schematically in Figure 7(A). WŝƚŚ ŝŶĐƌĞĂƐŝŶŐ ɷ, discrete levels 

higher in the bandgap are increasingly occupied and the activation energy for 

conduction, which represents promotion of electrons from inter-gap states to the 

conduction band, decreases. The dark color of n-type samples quenched from high 

temperature is attributed to absorption of visible light and promotion of electrons 

from the occupied inter-gap states. The absence of occupied inter-gap states 

accounts for the white color of slow-cooled samples. 

The effect of pO2 on n-type conductivity ŝƐ ƌĞĂĚŝůǇ ĞǆƉůĂŝŶĞĚ ƵƐŝŶŐ ĞƋ͛Ŷ ;ϭͿ since 

only one variable, the number of pre-existing electronic charge carriers is involved. 

With increasing pO2, electrons are withdrawn from the sample, trapped by the 

formation of reduced oxygen species at the surface and therefore, the conductivity 

decreases. This should occur equally at all surfaces on changing pO2 and lead to a 

slight charge imbalance between sample surface and interior 22. With decreasing pO2, 

the opposite effect occurs: reduced oxygen species are desorbed from the sample 

surface, the released electrons increase the charge carrier concentration in the 

sample interior and the conductivity increases. 

A similar explanation applies, in principle, to the effect of pO2 on p-type 

conductivity, but the reactions involved are more complex since, although the 

ƐƵƌĨĂĐĞ ĞƋƵŝůŝďƌŝĂ ŝŶ ĞƋ͛Ŷ ;ϭͿ ŝŶǀŽůǀĞ ĐŚĂŶŐĞƐ ŝŶ electron concentration, the resulting 
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conductivity variation involves changes in hole concentration. Holes must therefore 

be created / annihilated in response to the changes in pO2 ŝŵƉůŝĞĚ ďǇ ĞƋ͛Ŷ ;ϭͿ͘ It is 

easy to see that, with decreasing pO2 in the p-type region, electrons are liberated 

which annihilate holes and reduce the conductivity. But, for the opposite reaction to 

occur with increasing pO2, it is necessary to have a spontaneous or facile mechanism 

of hole creation together with trapping of the liberated electrons. 

We now consider the location of holes responsible for the p-type conductivity in 

samples annealed at lower temperatures. We note that although p-type conductivity 

is widely observed in undoped materials, the origin and location of the holes in bulk 

materials is rarely discussed.  

Hole creation requires the presence of a redox-active species that can readily 

ionize. In principle, there are three possible locations of holes in rutile: Ti, impurities 

or O. First, since Ti is in its maximum possible valence state, +4, it cannot be oxidized 

further and be the source and location of holes. Second, unwanted impurities such 

as Fe could be the location of holes, but high purity, reagent grade TiO2 was used for 

the experiments, Table S1, and it is regarded as unlikely that such impurities are 

responsible. Third, oxide ions are regarded as the likely source and location of holes 

since similar observations were made, and conclusions reached, to explain p-type 

conductivity in numerous BaTiO3-related materials. 27-29 

Oxygen ions have the possibility to adopt oxidation states of -1 in either the 

peroxide ion, Oଶଶିor the Oି ion, as well as oxidation state -1/2 in the superoxide 

ion, Oଶି  Ǥ Surface science studies show the presence of ions such as superoxide and 

peroxide at the surfaces of many materials.20, 23-26 Although we have no direct data 

for the present material, the following equilibria are likely to be present at rutile 

surfaces: 

Oଶሺgሻ ଵ՞ Oଶሺadsሻ ଶ՞ Oଶି ଷ՞ OଶଶିȀOି ସ՞ Oଶିሺsurfaceሻ ହ՞ Oଶିሺbulkሻ        (2) 



12 

 

The various equilibria may be displaced to the right, by either increasing pO2 or 

application of a positive bias, both of which involve (1) removal of electrons from the 

sample and (2) increase in concentration of reduced oxygen species at the sample 

surface.  

In order to account for the facile formation of Oି ions, ionization of Oଶି ions 

ŝƐ ƌĞƋƵŝƌĞĚ͕ ǁŚŝĐŚ ĐŽƌƌĞƐƉŽŶĚƐ ƚŽ ƚŚĞ ƌĞǀĞƌƐĞ ŽĨ ƐƚĞƉ ϰ͕ ĞƋ͛Ŷ ;ϮͿ͘ The key 

consideration in this is that oxide ions, O2-, located at sample surfaces and interfaces 

may be coordinatively unsaturated and under-bonded if their immediate 

coordination environment has less effective positive charge than 2+. Consequently, 

such under-bonded Oଶି ions may ŝŽŶŝǌĞ ďǇ ƚŚĞ ƌĞǀĞƌƐĞ ŽĨ ƐƚĞƉ ϰ͕ ĞƋ͛Ŷ ;ϮͿ, which is 

driven to the left. One way in which this may happen is by reaction with 

surface-adsorbed oxygen molecules in reactions such as: 

Oଶ ൅ Oଶି ՜ Oଶି ൅ Oି                        (3) 

leading variously to species such as Oି and Oଶି  ions. Although we have no direct 

evidence for superoxide formation in the present rutile samples, it has been 

estimated that O2
- and O- ions are stable at the surfaces and bulk interior of binary 

oxides MeO26. In addition, evidence for superoxide formation and p-type 

conductivity was found in Ca-doped BaTiO3 that had been re-oxidised after high 

temperature synthesis.27,28 In that case, the concentration of superoxide ions was 

controlled by the oxygen vacancy concentration in the host lattice whereas here, we 

consider the possibility that they form more generally at sample surfaces. 

In the p-type region, an excess of oxygen is required to trap the electrons that 

are released by ionization of under-bonded O2- ŝŽŶƐ͕ ĞƋ͛Ŷ ;ϯͿ͘ CŽŶƐĞƋƵĞŶƚůǇ͕ ƚŚĞ 

samples should show a resulting small oxygen excess, TiOϮнɷ, especially at the 

surfaces. 
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Iƚ ǁĂƐ ŶŽƚ ƉŽƐƐŝďůĞ ƚŽ ŽďƚĂŝŶ ĂŶ ĂĐƚŝǀĂƚŝŽŶ ĞŶĞƌŐǇ ĨŽƌ ĐŽŶĚƵĐƚŝŽŶ ŝŶ ƚŚĞ Ɖ-ƚǇƉĞ 

ƌĞŐŝŽŶ ďĞĐĂƵƐĞ ĨŝƌƐƚ͕ ƚŚĞ ƌĞƐŝƐƚĂŶĐĞ ǁĂƐ ƚŽŽ ŚŝŐŚ ƚŽ ŵĞĂƐƵƌĞ Ăƚ ƚĞŵƉĞƌĂƚƵƌĞƐ ďĞůŽǁ 

ΕϰϱϬ ΣC͕ ĂŶĚ ƐĞĐŽŶĚ͕ Ăƚ ŚŝŐŚĞƌ ƚĞŵƉĞƌĂƚƵƌĞƐ͕ ĐŽŶĚƵĐƚŝǀŝƚǇ AƌƌŚĞŶŝƵƐ ƉůŽƚƐ ĂƌĞ 

ŶŽŶ-ůŝŶĞĂƌ ǁŝƚŚ ĂŶ ƵƉǁĂƌĚ ĐƵƌǀĂƚƵƌĞ ;ŶŽƚ ƐŚŽǁŶͿ͕ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ƚŚĞ ŽŶƐĞƚ ŽĨ 

ŽǆǇŐĞŶ ůŽƐƐ͘ HĞŶĐĞ͕ ƚŚĞ ĐĂƌƌŝĞƌ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ǁĂƐ ŶŽƚ ĐŽŶƐƚĂŶƚ ĚƵƌŝŶŐ ŝŵƉĞĚĂŶĐĞ 

ŵĞĂƐƵƌĞŵĞŶƚƐ ŽǀĞƌ ƚŚĞ ƌĂŶŐĞ ϰϱϬ-ϳϬϬ ΣC ĂŶĚ ƚŚĞ ŵĞĂƐƵƌĞĚ ĂĐƚŝǀĂƚŝŽŶ ĞŶĞƌŐǇ ǁŽƵůĚ 

ĐŽŶƚĂŝŶ ďŽƚŚ ĐĂƌƌŝĞƌ ĐƌĞĂƚŝŽŶ ĂŶĚ ĐĂƌƌŝĞƌ ŵŽďŝůŝƚǇ ƚĞƌŵƐ͘  

WĞ ƉƌŽƉŽƐĞ Ă ƐŝŵƉůĞ ďĂŶĚ ƐƚƌƵĐƚƵƌĞ ŵŽĚĞů ƚŽ ĂĐĐŽƵŶƚ ĨŽƌ ƚŚĞ Ɖ-ƚǇƉĞ ďĞŚĂǀŝŽƌ͕  

ĂƐ ƐŚŽǁŶ ŝŶ FŝŐƵƌĞ ϳ;BͿ͘ TŚĞ ĂĐĐĞƉƚŽƌ ƐƚĂƚĞƐ ĂƌĞ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ĂĚƐŽƌďĞĚ ŽǆǇŐĞŶ 

ŵŽůĞĐƵůĞƐ ŽŶ ƚŚĞ ƐĂŵƉůĞ ƐƵƌĨĂĐĞƐ͖ ƚŚĞ ŚŽůĞƐ ĂƌĞ ůŽĐĂƚĞĚ Ăƚ ƚŚĞ ƚŽƉ ŽĨ ƚŚĞ ǀĂůĞŶĐĞ 

ďĂŶĚ ŽŶ ƵŶĚĞƌ-ďŽŶĚĞĚ͕ ŶĞĂƌ-ƐƵƌĨĂĐĞ ŽǆŝĚĞ ŝŽŶƐ͘ TŚŝƐ ŵŽĚĞů ŝƐ ĞƐƐĞŶƚŝĂůůǇ Ă 

ƐƵƌĨĂĐĞ-ďĂƐĞĚ ŵŽĚĞů ƌĞƋƵŝƌŝŶŐ͕ ĂƐ Ă ĨŝƌƐƚ ƐƚĞƉ͕ ƚŚĞ ƌĞǀĞƌƐŝďůĞ ĂĚƐŽƌƉƚŝŽŶͬĚĞƐŽƌƉƚŝŽŶ 

ŽĨ ŽǆǇŐĞŶ ŵŽůĞĐƵůĞƐ ŽŶͬĨƌŽŵ ƚŚĞ ƐĂŵƉůĞ ƐƵƌĨĂĐĞ͘ SŝŶĐĞ ƚŚĞ ďŝŶĚŝŶŐ ĞŶĞƌŐŝĞƐ ŽĨ 

ĂĚƐŽƌďĞĚ ŽǆǇŐĞŶ ŵŽůĞĐƵůĞƐ ĂƌĞ ŶŽƚ ŚŝŐŚ͕ ƚŚŝƐ ŝƐ Ă ůŽǁ ƚĞŵƉĞƌĂƚƵƌĞ ŵŽĚĞů ƚŚĂƚ ŝƐ 

ƵŶůŝŬĞůǇ ƚŽ ůĞĂĚ ƚŽ ĂŶ ĞƋƵŝůŝďƌŝƵŵ ĚŝƐƚƌŝďƵƚŝŽŶ ŽĨ ĚĞĨĞĐƚƐ ƚŚƌŽƵŐŚŽƵƚ ƚŚĞ ƐĂŵƉůĞ ďƵůŬ 

ĂŶĚ ĚŝĨĨĞƌƐ ĨƌŽŵ ƚŚĞ ĐƌĞĂƚŝŽŶ ŽĨ ŝŵŵŽďŝůĞ Tŝ ǀĂĐĂŶĐŝĞƐ ƚŚĂƚ ŵĂǇ ďĞ ŐĞŶĞƌĂƚĞĚ ĚƵƌŝŶŐ 

ƉƌŽůŽŶŐĞĚ ŽǆŝĚĂƚŝŽŶ Ăƚ ŚŝŐŚ ƚĞŵƉĞƌĂƚƵƌĞƐ͘ ϯϬ 

 

ϰ͘ CŽŶĐůƵƐŝŽŶƐ 

There is already an extensive literature on oxygen non-stoichiometry in rutile 12-15 

and comprehensive fundamental studies on defect equilibria in TiO2. 
16-21 Here, we 

focus on the main defect characteristics that dominate the structural and electrical 

properties and report two new observations associated with oxygen stoichiometry 

variation and its structural consequences in rutile.  

First, in the early stages of oxygen loss, obtained by quenching samples from 

temperatures between 700 and 1000oC, chemical expansion occurs, shown by an 
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increase in lattice parameters, similar in nature to that seen in other oxides such as 

CeO2 and ZrO2.9 This expansion is attributed to weakening and lengthening of the 

Ti-O bonds on reduction.  

Second, in the later stages of oxygen loss, on quenching samples from higher 

temperature and especially, for samples heated in an atmosphere of low pO2, the 

opposite effect of chemical contraction occurs and is attributed to partial structural 

collapse associated with elimination of oxygen vacancies and CS plane formation. As 

far as we are aware, this is the first reported example of a chemical contraction 

effect. On further oxygen loss, a homologous series of more heavily-reduced Magneli 

phases of formula TinO2n-1 is expected, although was not seen here.  

The occurrence of n-type semi-conductivity and associated darkening is 

well-established in oxygen-deficient rutile. Oxygen loss commences in air at 

temperatures as low as   ๝650 ΣC ĂŶĚ ĐĂŶ ďĞ ĚĞƚĞĐƚĞĚ ďĞĐĂƵƐĞ ƚŚĞ ĐŽŶĚƵĐƚŝǀŝƚǇ ŝƐ 

ĞǆƚƌĞŵĞůǇ ƐĞŶƐŝƚŝǀĞ ƚŽ ƐŵĂůů ůĞǀĞůƐ ŽĨ ŽǆǇŐĞŶ ĚĞĨŝĐŝĞŶĐǇ. At slightly lower 

temperatures, rutile is likely to be oxygen stoichiometric, but at 450 to 500 ΣC, the 

onset of p-type semi-conductivity is observed. It is attributed to reaction of underbonded Oଶି  ions at sample surfaces with gas phase Oଶ  molecules and 

therefore, the TiO2 has a slight oxygen excess. The holes reside on oxygen, ideally as Oି ions. 

The occurrence of p-type conductivity is commonly observed in undoped 

ceramic oxides and is widely attributed in the literature to the presence of 

unavoidable impurities such as Fe. It is, of course, very difficult to avoid small 

amounts of such impurities but similar p-type behavior to that seen here has been 

reported in a range of acceptor-doped titanate ceramics prepared from high purity 

chemicals. Under-bonded oxide ions, such as those associated with either acceptor 

dopants or located at sample surfaces, are likely to have reduced ionization 

potentials. This is because the free O2- ion in the gas phase is spontaneously unstable 

and is stabilized in crystal lattices only because of the extra lattice energy associated 
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with divalent anions compared to monovalent anions. It therefore appears likely that 

holes based on oxygen may be a general feature of p-type conductivity in many 

ceramic materials. The under-bonded oxide ions that become the location of holes 

may be associated with either the presence of acceptor dopants or they could be 

oxide ions located at sample surfaces and interfaces. 

We also report ƚŚĞ ĂĚĚŝƚŝŽŶĂů ƉŽƐƐŝďŝůŝƚǇ ŽĨ ƉĂƌƚŝĂů ŽǆŝĚĞ ŝŽŶ ĐŽŶĚƵĐƚŝŽŶ͕ 

ĞƐƉĞĐŝĂůůǇ ŝŶ ƚŚĞ Ɖ-Ŷ ĐƌŽƐƐŽǀĞƌ ƌĞŐŝŽŶ ǁŚĞƌĞ ĞůĞĐƚƌŽŶŝĐ ĐŽŶĚƵĐƚŝǀŝƚǇ ŝƐ ŵŝŶŝŵŝƐĞĚ ĂŶĚ 

ŽǆǇŐĞŶ ǀĂĐĂŶĐŝĞƐ ĂƌĞ ĐƌĞĂƚĞĚ͘ A ƐŝŵŝůĂƌ ƐƵŐŐĞƐƚŝŽŶ ŚĂƐ ďĞĞŶ ŵĂĚĞ ƉƌĞǀŝŽƵƐůǇ͘ ϯϬ  
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