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Investigating the origin of a Greenland ice core geochemical 

anomaly near the Bølling-Allerød/Younger Dryas boundary 

Charlotte E. Green 

 

The source of a platinum peak identified in the Greenland Ice Sheet Project 2 

(GISP2) ice core that occurs almost synchronously with Younger Dryas (YD) 

cooling is poorly understood. The GISP2 Pt spike is associated with high 

platinum/iridium (Pt/Ir) and platinum/aluminium (Pt/Al) ratios, and previous 

research attributed the anomaly to an unusual iron-rich Ir-poor meteorite impact. 

The Pt spike timing is also broadly contemporaneous with the Laacher See 

eruption (LSE), Germany, suggesting a possible source. However, this link is 

understudied because of perceived chronological mismatches (reconciled 

recently), and the lack of Pt and Ir data from the Laacher See tephra (LST). To 

explore this link further, proximal tephra deposits from the LSE were sampled at 

localities around the volcano and the relevant geochemistry analysed. This report 

presents evidence that the LSE is not the Pt spike source because: i) the LST has 

low Pt concentrations, ii) the LST’s geochemical ratios are dissimilar to the GISP2 

Pt spike and iii) conversion of the Pt spike timing to the newest ice core age-depth 

model shows a chronological offset of ~60 years between the two events. Further 

comparison of the Pt spike’s geochemical ratios against magmas and meteorites, 

YD Boundary sediments and others suggests that the Pt spike geochemistry is 

incomparable to any known source. Therefore, the Pt spike origin is interpreted as 

either: i) a noncataclysmic impact of an undiscovered iron meteorite or ii) an 

unidentified Pt-rich volcanic eruption contemporaneous with the anomaly, whose 

aerosol fractionated in the atmosphere or ice. This report supports the LSE as the 

simplest explanation for the YD trigger, because the LSE was synchronous with 

Greenland Stadial-1 (GS-1) and contained enough sulfur to cause substantial 

cooling. The event resulting in the Pt spike occurred ~60 years after GS-1 cooling, 

and was therefore not the primary trigger. The Pt spike may however represent a 

subsequent radiative cooling event that prolonged the YD.  
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1. Introduction 

During the last deglaciation, the period ~12.9-11.7 ka BP was characterised 

by an abrupt return to cold conditions across the North Atlantic and Europe known 

as the Younger Dryas (YD) climate anomaly (Rasmussen et al, 2006; Carlson, 

2013). A reduction in North Atlantic deep-water (NADW) formation (Boyle & Keigwin, 

1987; Lowe & Walker, 2014) coupled with sea ice growth may explain much of the 

YD’s climate signature, but the trigger of this reorganisation is poorly understood 

(Broecker, 2006a, Broecker et al. 2010). The most extensively studied hypothesis 

involves a meltwater pulse that caused Atlantic Meridional Overturning Circulation 

(AMOC) weakening by halting NADW formation in the northern North Atlantic (e.g. 

Johnson and McClure, 1976; Rooth, 1982; Broecker et al., 1989; Berger, 1990; 

Alley, 2000; Broecker et al., 2010). Another hypothesis first introduced in the late 

1980s is that the sulfur-rich Laacher See eruption (LSE) in Germany catalysed rapid 

climate shifts in the YD (van den Bogaard et al., 1989; Berger, 1990). However, 

perceived chronological mismatches (Hajdas et al., 1995; Brauer et al, 1999a, b) 

and the widespread acceptance of the meltwater pulse hypothesis at the time meant 

that the LSE hypothesis was quickly discarded (Baldini et al, 2018). Around a 

decade ago, Firestone et al. (2007) proposed the YD impact hypothesis (YDIH), 

which argues that at ~12.9 ka BP one or more bolides struck or exploded over the 

Laurentide Ice Sheet. Subsequent research supports a bolide impact by presenting 

more apparent evidence derived from terrestrial sediments, lake cores, and ice 

cores (e.g., Kennett et al. 2009; Kinzie et al. 2014; Moore et al., 2017; Wolbach et 

al. 2018a, b). However, the YDIH has drawn much criticism (e.g. Daulton et al., 

2010; Pinter et al., 2011; Van Hoesel et al., 2014; Holliday et al., 2016, Sun et al., 

2018). The LSE YD hypothesis regained traction in 2018 following: i) an updated 

Meerfelder Maar lake core tephrochronological framework by Lane et al. (2015), ii) 

a proposed explanation for delayed YD onset in Europe compared to Greenland 

Stadial 1 (GS-1) in the Greenland ice cores (Lane et al., 2013; Rach et al., 2014) 

and iii) the discovery of a potential LSE volcanogenic sulfur spike in the Greenland 

Ice Sheet Project 2 (GISP2) ice core (Baldini et al., 2018). The sulfur spike was 

indistinguishable from the start of GS-1 within the same ice core and correlated 

precisely with GS-1 onset in the NGRIP ice core as well (Baldini et al., 2018). 

Understanding the cause of the YD is crucial, particularly with modern climate in a 

state of change enhanced by anthropogenic forcing. Climate feedback is mostly 

unpredictable and a catastrophic event such as AMOC weakening, a large, sulfur-
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rich eruption or large bolide impact(s) could “tip” the climate, as it may have ~12900 

years ago. 

Petaev et al. (2013) discovered a platinum (Pt) anomaly in the GISP2 ice 

core, which occurs almost synchronously with the YD onset. Despite Pt being 

depleted in the continental crust (Wedepohl, 1995), but enriched in chondritic 

meteorites (Anders & Grevesse, 1989), the GISP2 Pt spike is associated with a high 

Pt/Ir and Pt/Al ratio that is difficult to link to magma and meteorite geochemistry in 

the literature. Therefore, Petaev et al. (2013) attribute the Pt anomaly to an unusual 

highly differentiated, iridium-poor iron meteorite, but the precise nature of the 

possible impactor remains unknown. Petaev et al. (2013) do not consider volcanism 

as the source, despite the Pt anomaly’s age broadly coinciding with the LSE. The 

chronological mismatches discussed previously, combined with a lack of Pt and Ir 

analyses of the Laacher See tephra (LST), complicate establishing a definitive link. 

A number of terrestrial sediments across Europe and North America also contain Pt 

spikes at the YD boundary layer. For example, Wolbach et al. (2018a, b) identify 26 

YD boundary sites with high Pt concentration, some with other potential impact-

related proxies, and attribute the anomaly to a bolide impact that triggered 

catastrophic biomass burning and ultimately led to the YD climate shifts. Wolbach 

et al. (2018a, b) consider volcanism as the Pt anomaly’s origin, but ultimately 

disregard this because previous research (Firestone et al., 2007; Moore et al., 2017) 

detected no volcanic tephra in the North American terrestrial samples. Wolbach et 

al. (2018a, b) directly considered Laacher See as the Pt origin, but use of out-of-

date age constraints for the LSE (that placed it ~200 years too early) and because 

one distal sample of LST suggested Pt is below detection limit (0.1 ppb), this concept 

was dismissed.  

However, research shows that well-defined Pt concentration peaks 

correspond to recent volcanic eruptions. Platinum concentrations in Greenland ice 

cores, analysed alongside other typical “volcanic” elements, suggest that the Pt 

anomalies originated from the 1991 eruptions of nearby Hekla volcano (Iceland) ash 

fallout and potentially the more distal Mt Pinatubo (Philippines) (Gabrielli et al., 

2008). Similarly, Soyol-Erdene et al. (2011) discovered Pt spikes in Antarctic snow 

linked to several 20th century volcanic eruptions, with the most prominent peak 

coinciding with the 1991 Cerro Hudson (Chile) eruption. A recent study of well-

stratified North American terrestrial deposits contains characteristic Pt peaks 

relating to three late Holocene explosive eruptions: Laki, Iceland (CE 1783-1784), 
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Kuwae, Vanuatu (CE 1452-1453), and Eldgjá, Iceland (CE 934) (Tankersley et al., 

2018). Considering evidence on Pt-rich volcanism in ice cores and terrestrial 

sediments, clear potential exists for a volcanic source of the Pt anomaly in the 

GISP2 ice core – the Laacher See eruption. The missing link is a detailed analysis 

of the LST for Pt and other elements studied by Petaev et al. (2013).  
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2. Background 

2.1. The Last Deglaciation and the Younger Dryas 

The peak of the Last Glacial Maximum (LGM) ~26.5 ka to ~20 ka years ago 

was characterised by vast ice sheets covering large areas of the Northern 

Hemisphere (NH) (Denton et al., 2010). The oscillating build-up of NH ice sheets to 

a maximum volume was followed by a short warming period influenced by orbitally 

induced NH (65°N) summer insolation increase (Alley & Clark, 1999; Denton et al., 

2010). Seasonal insolation anomalies are controlled by orbital cycles of eccentricity, 

precession and obliquity (the ‘Milankovitch’ cycles), which occur on 100 ka, 41 ka 

and 23 ka cycles respectively and force natural climate change (Denton et al., 2010; 

Clark et al., 2012). The initial NH summer insolation increase induced the last 

deglaciation of the Late Quaternary period, and subsequent climate feedback 

triggered substantial reduction of ice volume from ~20 ka BP to ~7 ka BP (Clark et 

al., 2009; Denton et al., 2010). As the ice sheets melted and surged, sea-level rose 

by ~120m, global atmospheric CO2 increased by ~100ppm and methane (CH4) 

levels rose, further raising surface temperatures and propelling the climate into 

interglacial conditions (Denton et al., 2010; Clark et al., 2012). Within this period, 

several millennial-scale cold, dry periods (stadial) and warm, wet periods 

(interstadial) punctuated the climate. These mechanisms are characteristic of the 

Late Quaternary period, where a recurring pattern of ice sheet growth and decay 

tipped the climate from glacial to interglacial and vice versa (Denton et al., 2010).  

 

2.1.1. Younger Dryas Climate in the Northern Hemisphere 

More abrupt than the last deglaciation itself, although not a complete reversal 

to glacial conditions, a millennial-long period of cold, dry conditions known as the 

Younger Dryas stadial marked the end of the Pleistocene period. In comparison to 

the preceding warm period (the ‘Bølling-Allerød’ interstadial), climatic extremes in 

the YD were heightened around North Atlantic margins, resulting in colder summers 

and severely cold winters (Rasmussen et al., 2014; Lowe & Walker, 2014). 

Greenland ice cores best express NH climate at the time - the renewed cooling 

period is referred to as GS-1 in the Greenland ice cores (Rasmussen et al. 2006, 

2014; Lowe & Walker, 2015). As such, in this report, when discussing the Greenland 

ice cores the terminology GS-1 is used, but in reference to the wider North Atlantic 

region for the cold period that started ~12.9 ka and terminated ~11.7 ka, the term 
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YD is used (Rasmussen et al., 2006, 2014; Carlson, 2013). GS-1 is marked by a 

shift in δ18O isotopic values in Greeenland ice cores reflecting Arctic sea ice 

changes, and thus moisture availability and decreasing temperatures (Lowe & 

Walker, 2014; Sime et al., 2019). A review of wider YD paleoclimate records 

suggests ~5°C cooling in high latitudes and ~2°C in mid latitudes (Shakun & 

Carlson, 2010), and cooling was accompanied by increasing dust content and thus 

increased windiness (Mayewski et al., 1994), and decreasing Greenland Ice Sheet 

accumulation (Cuffey & Clow, 1997; Alley, 2000). Despite a rapid decrease in 

surface air temperatures, the YD is warmer than the previous stadial GS-2.1a 

around 17.5ka to 14.7ka (or in less archive-specific context, ‘Heinrich Stadial 1’; 

HS1). This is expressed by NGRIP δ18O (see Rasmussen et al., 2014), and recent 

research on nitrogen isotopes (δ15N) in three Greenland ice cores (North Greenland 

Eemian Ice Drilling; NEEM, GISP2 and NGRIP) combined with simulations inclusive 

of a coupled ocean-atmosphere climate model suggest the YD was 4.5 ± 2°C 

warmer than HS1 (Buizert et al., 2014). Furthermore, the Bølling-Allerød to YD 

transition is one of many interstadial-stadial transitions of the Last Glacial period 

(see Rasmussen et al., 2014) – the nature of the YD and its climatic conditions are 

not necessarily uncommon in the last glacial cycle.  

 

2.1.2. Younger Dryas Climate in the Southern Hemisphere and Tropical 

Regions 

The Southern Hemisphere (SH) exhibits warming over the NH YD period, 

reflected by increasing δ18O and deuterium excess (δD) in Antarctic ice cores 

(EPICA Community Members, 2006), as opposed to cooling; this anticorrelation in 

temperature during millennial-scale climate change between the NH and SH is 

referred to as the bipolar see-saw (Carlson, 2013). SH mid to high latitude warming 

during this period was ~1°C – a much smaller amplitude than NH cooling (Shakun 

& Carlson, 2010). Increasing localised SH rainfall is shown by a speleothem isotopic 

time-series from northern Australia; higher summer monsoon rainfall corresponds 

with the YD and other Quaternary stadials, while decreased summer monsoon 

rainfall coincides with interstadials (Denniston et al 2013; Lowe & Walker, 2014). In 

tropical regions, temperature anomalies were less pronounced and average 0°C in 

both hemispheres (Shakun & Carlson, 2010). Temperature anomalies (>2°C) are 

focused around the North Atlantic region at deepwater formation sites with 
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associated sea ice feedback. Shakun and Carlson (2010) estimate a global mean 

cooling of ~0.6°C during the YD. 

 

2.2. Causes and Mechanisms of the Younger Dryas 

The precise cause of the rapid climate changes discussed above is poorly 

understood. Although it is widely accepted that suppression of NADW formation 

(Boyle & Keigwin, 1987; Denton et al., 2010) and weakening of the AMOC (Lane et 

al., 2013) coupled with sea ice growth may explain much of the YD climate change, 

the catalyst of this major oceanic reorganisation remains under debate (Broecker, 

2006a, Broecker et al., 2010). The three hypotheses introduced in Chapter 1: i) a 

meltwater pulse, ii) bolide impact(s) and iii) the Laacher See eruption, are all 

plausible explanations as triggering events during a sensitive and unstable 

deglaciation climate feedback system, and as such warrant further discussion in this 

section.  

 

2.2.1. The Meltwater Pulse Hypothesis 

The most extensively studied YD trigger hypothesis is the meltwater pulse 

hypothesis: a North Atlantic meltwater injection on a sufficient scale and time period 

to promote AMOC weakening (or halting) by slowing NADW formation rate 

(Broecker et al., 1989; Lowe & Walker, 2014). The NADW is an enormous source 

of heat for the North Atlantic region’s atmosphere, therefore, the shutdown caused 

North Atlantic atmospheric temperatures to decrease and promoted sea ice growth 

(Lowe & Walker, 2014).   

The idea of pulsed meltwater input to explain deglaciation in YD Europe was 

discussed in the 1960s (e.g. Olausson, 1963; Mercer, 1969). Mercer (1969) 

suggested the YD was triggered by warm water addition to Arctic regions, causing 

abrupt Arctic ice shelf melting. Johnson and McClure (1976) argued that warm water 

introduction into Arctic region waters began earlier than proposed by Mercer (1969), 

and that Arctic ice would not have accumulated to such a degree because of polar 

region oceanic and atmospheric forcing. Instead, Johnson and McClure (1976) 

suggested that Great Lakes drainage rerouting from the Mississippi River to St. 

Lawrence Valley reflected glacial front retreat in the St Lawrence River area, 

subsequently increasing central northern Atlantic glacial meltwater input, reducing 

surface salinity and hence water density, and prompting pack ice growth. Further 
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research attributed the Great Lakes catastrophic drainage to a large glacial lake 

(Lake Agassiz) that formed along the southwestern front of the Laurentide Ice Sheet 

(LIS) during ice sheet decay (Rooth, 1982; Broecker et al., 1989). Prior to LIS 

retreat, Lake Agassiz meltwater overspilled to the Gulf of Mexico via the Mississippi 

River (Broecker et al., 1989). According to this hypothesis, LIS retreat opened 

channels leading to the Lake Superior basin, driving Lake Agassiz water eastward 

to the northern Atlantic, through the Great Lakes and St Lawrence Valley (Broecker 

et al., 1989). This is supported by oxygen isotope and radiocarbon measurements 

on planktonic foraminifera in marine cores, revealing a notable meltwater flow 

decrease from the Mississippi River outlet (Kennett & Shackleton, 1975; Broecker 

et al., 1989). Approximately 30,000 m3s-1 water was rerouted, causing Lake Agassiz 

water level to drop ≥40m (known as the Moorhead phase) – a hypothesis supported 

by exposed lake bottom material radiocarbon dated to the YD (Broecker et al., 1989; 

Teller & Leverington, 2004).  Alternatively, the meltwater may have followed 

another, more northern route to the North Atlantic – the Mackenzie River – as 

supported by geological and modelling evidence (Condron and Winsor, 2012; 

Murton et al., 2010).  

Although rerouting of meltwater was an attractive explanation for NADW 

slowdown, decreasing meltwater input from other LIS fronts and the Fennoscandian 

Ice Sheet (FIS) may have offset the YD meltwater pulse through St Lawrence valley 

(Broecker et al., 1989; Muschitiello et al., 2015). Muschitiello et al. (2015) dated a 

FIS meltwater pulse ending at 12.880 ka BP, therefore indicating YD cooling and 

related positive feedback may have reversed insolation-controlled FIS melting. 

Secondly, a similar meltwater diversion dated to ~10,000 radiocarbon yr BP 

unsuccessfully fabricated another YD equivalent cold snap (Broecker et al., 1989). 

Despite these issues, the meltwater pulse hypothesis remained prominent in YD 

research (e.g. Berger, 1990; Alley, 2000), and the compatibility of estimated 

meltwater volume outflow to the North Atlantic with model estimates required to 

affect ocean circulation supported this (Teller & Leverington, 2004). Lowell et al. 

(2005) challenged the accuracy of radiocarbon measurements of terrestrial 

macrofossils within Lake Agassiz lake sediments. Later radiocarbon age testing 

confirmed that Ojata Beach sediments, representing the low-water Moorhead 

phase, were younger than previously assumed, and the deposits reflect YD 

termination lake level transgression as opposed to YD onset lake level regression 

(Fisher et al., 2008). Furthermore, no geomorphic evidence was discovered along 
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the Gulf of St Lawrence or a northern route to the North Atlantic to suggest a 

significant meltwater pulse around the YD onset (Lowell et al., 2005; Broecker et al., 

2010; Petaev et al., 2013). Therefore, a later deglaciation was suggested, thus 

questioning the timing of Lake Agassiz eastern outlet’s opening and assuming that 

catastrophic drainage occurred as a flood because the eastern outlet remained 

blocked by the LIS (Lowell et al., 2005; Teller et al., 2005). However, significant 

AMOC strength reduction and thus North Atlantic cooling on a thousand-year scale 

is unlikely to arise from floodwaters (Clark et al., 2001; Meissner and Clark, 2006), 

and recent surface exposure ages indicate an ice-free eastern outlet (Leydet et al., 

2018). Strong evidence from Icelandic sediments implies that stadial cooling 

commenced before iceberg discharges, therefore ruling out iceberg-sourced 

freshwater input as a YD trigger (Barker et al., 2015). There is evidence of a final, 

catastrophic drainage of Lake Agassiz through the Hudson Strait ~8200 years ago, 

around the onset of the North Atlantic climate anomaly, perhaps even more sudden 

than YD onset (Broecker et al., 2010). For this reason, Broecker et al. (2010) argued 

that “the YD was an integral and inevitable part of the deglaciation sequence of 

events”, as opposed to a sudden, unexpected climatic event.  

2.2.1.1. Climate Effects of a Meltwater Pulse 

Whether sudden and unexpected or a natural, predestined climatic event, a 

large meltwater pulse directed to the North Atlantic is likely to have suppressed 

NADW formation to some degree. Freshwater input from glaciers reduces sea 

surface salinity, preventing the exchange of cold deep waters for warm surface 

waters (Olausson, 1965), weakening (or completely disrupting) AMOC by reducing 

cross-equatorial heat import and ultimately impacting the “global heat loop” (Berger, 

1990). Freshwater input also encourages formation of extensive sea ice cover, 

blocking the release of ocean heat and increasing albedo, eventually causing a 

hemispherical drop in NH atmospheric temperatures (Broecker et al., 2010). Some 

anomalies include the YD European summer temperatures, which remained fairly 

warm, possibly offset by cold westerly wind obstruction over Fennsocandia (Schenk 

et al., 2018). Further climate feedbacks include sea ice growth directing westerlies 

to a southern path (e.g. Brauer et al., 2008) and southward displacement of the 

Intertropical Convergence Zone (ITCZ), which causes weakening of the East Asian 

and Indian Monsoons and eventually Antarctic warming - all characteristic of the YD 

(Lowe & Walker, 2014; Baldini et al., 2018).  
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2.2.2. The Younger Dryas Impact Hypothesis 

Firestone et al. (2007) hypothesised that rapid YD cooling, megafaunal 

extinction, human cultural changes, and a prompt post-Clovis culture decrease of 

some human populations was triggered by “multiple extra terrestrial (ET) airbursts 

and surface impacts” over the LIS and its related catastrophic biomass burning. 

Some evidence interpreted as impact markers includes: i) magnetic microspherules, 

ii) magnetic grains, iii) iridium (up to 117ppb) and nickel, iv) soot and polycyclic 

aromatic hydrocarbons, v) carbon spherules, vi) Fullerenes and ET helium (3He) 

and vii) glass-like carbon (Firestone et al., 2007). Concentration peaks of the 

markers were discovered within a thin sedimentary layer at 10 sites – nine in North 

America and one in Belgium, and extending across 15 Carolina Bays – underlying 

a carbon-rich black layer dated to 12.9 ka that was previously identified in sediments 

at >50 sites across North America (Haynes, 2005; Firestone et al., 2007). A lack of 

traditional impact markers in the terrestrial record such as shocked minerals, 

breccias, tektites and craters cast doubt upon the YDIH (Kennett et al., 2009), but 

lead to the suggestion of impact by an already fragmented ET object, similar to the 

1908 Tunguska (Central Siberia) explosion where a stony asteroid exploded at 

~10km altitude, releasing 10-20 Mt (high explosive equivalent) of energy (Chyba et 

al., 1993; Kennett et al., 2009). Secondly, YDIH advocates argued an impact to the 

LIS’ surface would preserve little evidence (Pinter et al., 2011).  

Kennett et al. (2009) discovered peaks of nanometer-sized impact diamonds 

(nanodiamonds), consistent with the n-diamond polymorphs found in meteorites 

(lonsdaleite), in Younger Dryas Boundary (YDB) sediments dated to 12.9 ka BP 

across North America. Formation of nanodiamonds may occur through two 

processes: i) impact-induced shock-modification of graphite or ii) if found with silicon 

carbide, accretion of diamond on substrates containing silicon through an interfacial 

layer of silicon carbide, in a mechanism pertaining to chemical vapour deposition 

(Hough et al., 1997). Nanodiamonds peaked at ~ >1 billion diamonds per cm3 in 

sediments at Lake Hind, Canada, Bull Creek, Oklahoma and Murray Springs, 

California (Kennett et al., 2009). Furthermore, nanodiamonds are observed in YDB 

sediments at the latter two sites outside of carbon spherules, with concentrations up 

to ~200 ppb (Kennett et al., 2009).  

In addition to Ir analysis, Firestone et al. (2010) assessed major and trace 

elements of a number of impact markers at the YDB, suggesting they were unlike 

most known ET and terrestrial rocks, but somewhat aligned with lunar KREEP – a 
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potassium-rare earth element (REE)-phosphorous-rich geochemical component of 

some lunar rocks observed in meteorite SAU-169, which potentially struck Oman 

within the YD (Gnos et al., 2004; Firestone et al., 2010). The geographical 

distribution and composition of magnetic grains, and high water content in the ejecta 

indicates an airburst over the LIS (Firestone et al., 2010). Four “holes” in the Great 

Lakes region are proposed impact sites (Firestone et al., 2010), although these are 

not dated (Pinter et al., 2011). 

Subsequent research highlighted problems with the YDIH, for example, 

Daulton et al. (2010) found no  evidence of nanodiamonds at Murray Springs 

(Arizona, USA) and proposed they were misidentified, instead suggesting they were 

graphene/graphane-oxide aggregates at the YDB layer, which are not characteristic 

“impact markers”. Furthermore, Pinter at al. (2011) produced a critical analysis of 

the impact markers proposed by YDIH advocates, an example of which is the iridium 

peaks identified by Firestone et al. (2007). The source of Ir “peaks” were lab 

separates of microspherules and magnetic grains, not bulk sediment, and therefore 

Ir is potentially concentrated by a factor of 59 to >3000 (Pinter et al., 2011). 

Concentrations in bulk sediment were below detection limit at six out of 10 sites, 

with a maximum of 3.8 ppb at the remaining four sites and thus Firestone et al. 

(2007) hypothesised an Ir-poor impactor. Paquay et al. (2009) reported some 

Platinum Group Element (PGEs; ruthenium, rhodium, palladium, osmium, iridium, 

platinum) concentrations at the YDB (including some of the Firestone et al., 2007 

sites), however they did not find elevated Ir concentrations and attributed small 

osmium (Os) and iridium peaks to natural authigenic enrichment.  

Later research by Petaev et al. (2013) found a Pt spike in the GISP2 ice core, 

with a lack of Ir, leading the authors to suggest a Pt rich, Ir-poor bolide in agreement 

with Firestone et al. (2007).  A “preliminary impact model” on the nature and 

mechanism of impact using YDB evidence was created (Wittke et al., 2013), and 

Wu et al. (2013) suggested an impact site on the LIS southern margin, specifically 

the 1.5 Ga Quebeca terrain, northeastern North America. Recent research focused 

on Pt enrichment in YDB sediments – Moore et al. (2017) identified Pt in bulk 

terrestrial sediments across 11 sites in North America. Recently, Wolbach et al. 

(2018a, b) report elevated Pt concentrations at 26 YDB sites, with a suggested 

cosmic origin, and evidence of extensive impact-induced global wildfires, including 

peaks in combustion aerosols ammomium, nitrate, oxalate, acetate and formate 

present in ice cores, and charcoal and soot in marine cores, lake cores and 
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terrestrial sequences. The fragments of a “disintegrating ≥100km diameter comet” 

are suggested as the biomass burning trigger leading to an “impact winter” (Wolbach 

et al., 2018a, b). The impact and biomass burning is recently supported by further 

evidence in Patagonia, southern Chile (Pino et al., 2019). Some prominent issues 

with the YDIH include: i) a lack of chronological control between YDB sites (Meltzer 

et al., 2014), ii) problems with impact marker reproducibility (Holliday et al., 2016; 

Sun et al., 2018) and iii) misunderstanding of airburst physics in regards to the 

nature of impact, for example, iron meteorites explode too low (or not at all) to cause 

atmospheric distribution of the object following widespread air shocks (Chyba et al., 

1993; Boslough et al., 2013). However, a recent discovery of a large impact crater 

beneath Hiawatha Glacier in NW Greenland interpreted as the mark of a >1km 

diameter iron meteorite has brought recent attention to the YDIH, although the age 

of the impact crater is poorly constrained (Kjaer et al., 2018).  

2.2.2.1. Climate Effects of a Meteorite Impact 

Nonetheless, if an impactor did strike the Earth as proposed by Firestone et 

al. (2007), there is potential for resulting climate effects (Table 2.1). The following 

possibly occurred after the hypothesised YD impact: i) ozone depletion caused by 

nitrogen compounds (NOx) impacting wind patterns and atmospheric circulation, 

and with time, allowing increased harmful UV radiation to reach the surface 

(although a sustained sulfate aerosol haze could reverse this) (Toon et al., 1997), 

ii) widespread wildfires, burning 9% of global biomass (Wolbach et al., 2018a, b) 

releasing soot, sulfates, dust and NOx into the atmosphere which causes climate 

cooling by scattering incoming solar radiation and secondary impacts such as 

photosynthesis cessation and increasing toxicity in surface waters and soils 

(resulting in poisoning of plant and animal life), iii) introduction of vast amounts of 

water vapour and ice into the atmosphere, increasing cloudiness and forming 

noctilucent clouds, reducing solar irradiance (particularly at high latitudes) and 

ultimately causing climate cooling and iv) impact-induced destabilisation of the LIS, 

triggering a meltwater pulse and causing climatic effects discussed in Section 2.2.1 

(Toon et al., 1997; Firestone et al., 2007). Acting independently these factors would 

influence climate on a year-scale, but to cause millennial-scale climate perturbation 

observed in the YD, initial impacts require amplification by climate-feedback 

mechanisms. For example, persistent noctilucent cloud cover reduces solar 

insolation in high latitudes, increases snow accumulation, which increases albedo 
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and reduces heat exchange between the surface and the atmosphere, thus causing 

atmospheric cooling (Toon et al., 1997; Firestone et al., 2007). 

 

Table 2.1: Potential Environmental Perturbations of a Meteorite Impact (adapted from 

Toon et al., 1997). 

Agent Environmental effect Timescale Geographic scale 

Injection of Nitrogen 

compounds (NOx) 

into the atmosphere 

Ozone depletion 

Acid rain 

Cooling 

Years 

Months 

Years 

Global 

Regional 

Global 

Biomass burning – 

injection of soot and 

other pyrotoxins into 

the atmosphere 

Acid rain 

Soot cooling 

Months 

Months 

Global 

Global 

Dust loading Cooling 

Cessation of 

photosynthesis 

Years 

Months 

Global 

Global 

Toxic chemicals – 

heavy metals into 

soils and 

watercourses 

Increased toxicity Years Global 

Sulfur dioxide (SO2) 

injection into the 

atmosphere and 

sulfur into oceans 

Cooling 

Acid rain 

Ocean acidification  

Years 

Years 

 

Global 

Global 

CO2 injection into 

the atmosphere 

Warming Decades Global 

Water vapour/ice 

particles into the 

atmosphere  

Warming or cooling  Months Global 

Impact with Earth’s 

surface 

High winds/shock wave Instantaneous Regional 

Earthquake Ground shaking Instantaneous Regional 

Tsunami Flooding Instantaneous Regional 
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2.2.3. The Laacher See Hypothesis 

2.2.3.1. The Laacher See Eruption 

The Laacher See volcano is located in western Germany (Fig. 2.1) and is 

part of the East Eifel volcanic field which is fed by the Central European intraplate 

alkaline province (Reide, 2016). The East Eifel volcanic field became active around 

0.7 myr ago following uplift caused by seismotectonic activity in the West European 

Rift Zone (Baales et al., 2002). The VEI 6 eruption, similar in magnitude to the 1991 

Mt Pinatubo eruption, produced approximately 6.3 km3 of sulfate-rich evolved 

phonolite and sulfide-rich mafic phonolite magma and 20 km3 pumice and ash, from 

a compositionally zoned magma chamber, that covered >230, 000 km2 of Europe 

(Bogaard & Schmincke, 1985; Harms & Schmincke, 2000; Baales et al., 2002; 

Baldini et al., 2018). A lake was left in its wake (Fig. 2.1) through which intraplate 

mantle plume activity, recently modelled by seismic tomography methods (Zhu et 

al., 2012), is reflected by degassing of CO2 promoting ‘bubbling’ in certain areas of 

the lake. Underlying country rock comprises Devonian slate and greywacke, 

overlain by tertiary basalts and quaternary phonolites, leucitites and trachytes 

(Schmitt et al., 2010). 

The eruption timing is well constrained, dated at ~12.880±0.040 ka BP 

through varve-counting methods of regional lake deposits such as the Meerfelder 

Maar (MFM) (e.g. Brauer et al., 1999a; Lane et al., 2015). Laacher See erupted in 

alternating Plinian and phreatomagmatic phases, emplacing widespread fallout 

deposits and medial base surge and pyroclastic flow deposits, and producing three 

major compositionally different tephra sequences based upon contrasts in eruptive 

and depositional processes, lithology and geochemistry: i) the Lower Laacher See 

Tephra (LLST); ii) the Middle Laacher See Tephra (MLST) and iii) the Upper 

Laacher See tephra (ULST) (Bogaard & Schmincke, 1985). The eruption comprised 

the following main phases (Fig. 2.2): i) initial phreatic-phreatomagmatic blast, ii) first 

Plinian phase, iii) major hiatus with conduit collapse and crater shift (the ‘big bang’), 

iv) transitional mud rain phase and column collapse, v) further column collapse and 

ash fountaining, vi) pyroclastic Plinian phase (max eruption rate), vii) pyroclastic-

phreatomagmatic phase, viii) final phreatomagmatic phase and chamber wall 

subsidence and ix) waning and post-eruptive erosional phases (Schmincke et al. 

1999; Schmincke, 2004; Park & Schmincke, 2019 in press).  
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Figure 2.1: (a) Digital Elevation Model (DEM) of the local area around Laacher See with localities discussed in this report and (b) wider 

location of the field area within NW Europe (red box indicates the local area of the Laacher See). DEM is modified by “Sonny”, available from 

http://data.opendataportal.at/dataset/dtm-Germany; satellite imagery sources: (a) Esri, HERE, Garmin, Intermap, increment P Corp, GEBCO, 

USGS, FAO, NPS, NRCAN, GeoBase, IGN, KadasterNL, Ordnance Survey, Esri japan, Esri China (Hong Kong), © OpenStreetMap 

contributors and the GIS User Community; (b) Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, 

AeroGRID, IGN and the GIS User Community. 

http://data.opendataportal.at/dataset/dtm-Germany
http://data.opendataportal.at/dataset/dtm-Germany
http://data.opendataportal.at/dataset/dtm-Germany
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The LSE was unusually sulfur-rich, and recent estimates suggest ~83 Mt 

sulfur dioxide (SO2) was released into the atmosphere (Baldini et al., 2018). This 

value is ~4x the SO2 released by the 1991 Mt Pinatubo eruption (~20 Mt) and 

perhaps higher than the 1815 Tambora eruption (~70 Mt) (Shinohara, 2008). The 

LSE’s sulfur-rich nature in comparison to its magnitude meant that, despite having 

the same magnitude as the 1991 Mt Pinatubo eruption, amplified climate cooling 

was entirely possible because SO2 release controls cooling effects more so than 

magnitude (Rampino and Self, 1982; Robock and Mao, 1995). The nature, timing 

and location of the LSE would have amplified its climate forcing potential, and thus 

its likelihood as a YD cooling catalyst. 

 

 

Figure 2.2: Schematic stratigraphic log of the Laacher See tephra with eruption phases 

(Park & Schmincke, 2019 in press). 

 



22 

 

2.2.3.2. A Review of the Laacher See Hypothesis  

The link between the LSE and the YD was first introduced in the late 1980s, 

where it was suggested the LSE potentially caused at least 0.5°C of short-term 

surface cooling, and thus may have dramatically affected NH climate (van de 

Bogaard et al., 1989). At the time, the 14C (radiocarbon) age of the LSE was 

estimated ~11,000 BP (van den Bogaard and Schmincke, 1985) – coincident with 

decreased tree ring thickness of fossils firs (van den Bogaard et al., 1989), implying 

shorter growing seasons and a cooler, drier climate (Fritts, 1966). Van den Bogaard 

et al. (1989) acknowledged the LSE’s sulfur-rich nature, and the potential climate 

impact from a sulfur-rich aerosol injected into the atmosphere. The climatic impact 

of sulfur-rich volcanism was discussed in the early 1980s using the historical 

eruptions of Mt Agung, Indonesia (1963) and El Chichón, Mexico (1982) as 

examples of small-volume eruptions producing significant stratospheric sulfuric acid 

aerosol clouds that caused atmospheric effects (Rampino and Self, 1982). However, 

quantification of the climate effects of volcanic eruptions did not occur in detail until 

after the 1991 Mt Pinatubo eruption (Baldini et al., 2018). Later research on the YD 

suggested a volcanic trigger, particularly in unstable deglaciation conditions, could 

interfere with the complex climate feedback system and acknowledged the LSE 

occurred close to YD onset (Berger, 1990). Despite this, the hypothesis was 

dismissed considering the meltwater pulse hypothesis’ (Section 2.2.1) wide 

acceptance. Furthermore, subsequent dating of the LSE in varved lake sediments 

(e.g. MFM, Soppensee, Holzmaar and Schalkenmehrener Maar) implied the 

eruption occurred ~200 years before evidence of the YD transition in Europe in the 

same lake sediments (Lotter et al., 1992, 1995; Hajdas et al., 1995; Brauer et al., 

1999a; 1999b) and therefore could not have triggered the YD (Schmincke et al., 

1999). Additionally, estimates of SO2 injection into the atmosphere from the early 

phase LSE were estimated at 15 ± 5 Mt using Mt Pinatubo as an analogy (Graf and 

Timmreck, 2001), which is far from recent estimates of ~83 Mt (Baldini et al., 2018). 

The suggested climate impact was restricted to “midlatitude continental winter 

warming” with the chronological mismatches making it difficult to suggest the LSE 

triggered the YD (Graf and Timmreck, 2001). 

An updated chronological framework of the MFM was produced using the 

discovery of the Vedde Ash in the varved lake sediments and subsequent 

correlation with Greenland ice core chronology, which also contains the Vedde Ash 

(Lane et al., 2013; 2015). Furthermore, a decrease in hydrogen isotope values (δD) 
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of both aquatic and terrestrial lipid biomarkers at 12.85 ka BP in the MFM (Rach et 

al., 2014) implied cooling synchronous with abrupt Greenland cooling shown in the 

ice cores at 12.846 ka BP (Rasmussen et al., 2014; Fig. 2.3). Rach et al. (2014) 

also found another reduction of δD ~170 years after the initial drop, but mostly in 

aquatic lipids and less so in terrestrial lipids. Moisture pathway alterations over time 

can affect δD at mid- to high-latitudes (Gat, 1996; Rach et al. 2014), and therefore 

a δD decrease may suggest atmospheric circulation reorganisation (Rach et al., 

2014). A suggested cause is a time-lag between initial YD cooling and hydrological 

and environmental changes in western Europe caused by sea-ice expansion which 

forced the westerlies southward (Lane et al., 2013; Rach et al., 2014; Baldini et al., 

2018). Therefore, recent research has shown the LSE as synchronous with GS-1 

cooling, and biomarkers show immediate changes following the eruption in western 

Europe (Fig 2.3). 

Further evidence favouring the LSE hypothesis are volcanic ‘signatures’ 

found in European sediments at the Bølling-Allerød to Younger Dryas transition 

~12.9 ka BP, with the LSE as a suggested source (Andronikov et al., 2014; 2015; 

2016). More recently, a large volcanogenic sulfate peak in the GISP2 ice core was 

attributed to the LSE because the timing (12.867 ka BP) was synchronous with the 

LSE in MFM sediments (Baldini et al., 2018). The spike is coetaneous with a drop 

in δ18O values in the NGRIP ice core, marking GS-1 onset. However, Baldini et al. 

(2018) acknowledge a large sulfate spike is not indicative of the source and could 

result from a proximal eruption, possibly from Iceland (Coulter et al., 2012). 

Furthermore, particular focus is given the relationship between Pt and the YD 

because of the YDIH (Petaev et al., 2013; Moore et al., 2017; Tankersley et al., 

2018; Wolbach et al., 2018a, 2018b), as discussed in Section 2.2.2.1, but the LSE 

was briefly considered as a source of Pt (Moore et al., 2017). Perceived 

discrepancies with the YD chronology and a lack of Pt data in the LST meant the 

LSE hypothesis is often dismissed as a plausible explanation for the YD trigger 

(Moore et al., 2017; Wolbach et al., 2018a).  
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Figure 2.3: Comparison of δD values (‰) in MFM lake sediments and δ18O values 

(‰) in the NGRIP ice core or the period ~12.5 ka BP to 13.1 ka BP. The black dot 

indicates the timing of the LSE dated in MFM lake sediments, and the grey line 

shows the correlation between the LSE, δD and δ18O at 12.88 ka BP. Values for 

δ18O are from Seierstad et al. (2014) and references therein, δD values are from 

Rach et al. (2014) and the LSE date is from Lane et al. (2013).  

 

2.2.3.3. Climate Impact of the LSE 

Considering the explosive and sulfur-rich nature of the LSE, considerable 

amounts of sulfur-rich volatiles were likely delivered to the stratosphere in the form 

of sulfur dioxide (SO2) or hydrogen sulfide (H2S), causing atmospheric effects 

(Rampino and Self, 1984). A sulfuric acid vapour (H2SO4) of low volatility is formed 

when the sulfur-rich gases are oxidised, which then reacts with water and 

condenses to create a sulfate aerosol haze (Robock & Mao, 1995; Robock, 2000). 
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The volcanic aerosols are carried around the globe in a few weeks by lower 

stratospheric zonal winds then pushed equatorward or poleward by atmospheric 

circulation, where they remain in the atmosphere for approximately 1-3 years, 

although this varies between eruptions depending on a number of factors (Robock 

& Mao, 1995; Robock, 2000; Baldini et al., 2018). Volcanic aerosols cause direct 

implications on the Earth’s radiative budget by backscattering incoming solar 

radiation to space (Robock and Mao, 1995), and indirect effects on atmospheric 

circulation which influence the Earth’s surface temperature (Robock, 2000). These 

short-term effects are well studied for the tropical 1991 Pinatubo and 1982 El 

Chichón eruptions (Rampino and Self, 1984; Robock, 2000, 2002), and it is 

commonly suggested that tropical eruptions have a greater climatic impact (Robock, 

2000) owing to greater global advection of aerosols and a longer stratospheric 

residence time (Schneider et al., 2009). However, recent research suggests 

confinement of volcanogenic aerosol to one hemisphere (in this case, the NH) 

results in radiative impact amplification, and NH extratropical eruptions cause up to 

80% more time-integrated radiative forcing than their tropical counterparts (Toohey 

et al., 2019). 

In addition to sulfate aerosol, eruptions may release volcanogenic halogens 

that deplete stratospheric ozone (Cadoux et al., 2014). Ozone loss may result in 

surface cooling by negative radiative forcing and amplification of volcanic sulfate 

aerosol radiative effects, because ozone absorbs thermal infrared and solar 

ultraviolet radiation (Cadoux et al., 2014; Baldini et al., 2018). 

Long-term climate effects are less recognised, owing to the complex 

interaction between short-lived volcanic aerosols and the ocean-atmospheric 

system. A well-studied example is the anomalously cold summers of Little Ice Age 

(LIA; ~1400 – 1700 AD) that were possibly triggered by four NH explosive sulfur-

rich volcanic eruptions with global sulfate loading >60 Mt (equivalent to ~40 Mt SO2) 

over a period of 50 years (Miller et al., 2012). The repeated explosive volcanism 

occurred during low summer insolation across the NH, particularly in the Arctic 

where solar insolation decrease is largest, leading to climate change amplification 

by strong positive feedbacks (Serreze and Francis, 2006; Miller et al., 2012). 

Reduction of solar radiation reaching the Earth’s NH caused by the volcanic aerosol 

leads to cooler sea surface temperatures (SSTs), which allows for Arctic sea ice 

expansion (Miller et al., 2012).  An extension of sea ice areal extent results in higher 

surface albedo and less insolation absorption, reducing heat flux between the 
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ocean-atmosphere system and thus causing lower surface air temperatures and sea 

level pressure (SLP) anomalies, eliciting further cooling and more sea-ice growth 

(Broecker, 2006b; Serreze and Francis, 2006; Lehner et al., 2013). As sea ice 

extends southward into warmer waters, it melts and causes a surface temperature 

and salinity decrease, thereby increasing ocean stratification and weakening 

oceanic circulation – a feedback mechanism demonstrated by modelling of the 

Barents Sea’s role in LIA cooling (Lehner et al., 2013). This also mimics the 

previously discussed NADW shutdown that is significant in YD cooling, and there is 

evidence for sea-ice growth following GS-1 (Broecker, 2006b; Baldini et al., 2015b). 

A NADW shutdown would cause AMOC weakening (McManus et al., 2004) in the 

same way as a meltwater pulse (Section 2.2.1). Warm water delivery to the North 

Atlantic is impacted by AMOC weakening, as the AMOC comprises thermohaline 

and wind-driven elements (Baldini et al., 2018).  

Asymmetric volcanogenic sulfate loading may also induce atmospheric 

circulation effects, for example, the forcing of Intertropical Convergence Zone (ITCZ) 

migration away from the eruption’s hemispheric origin which causes Asian monsoon 

deterioration, Hadley circulation cell changes and a cascade of climate impacts 

globally (Chiang et al., 2014). Southward ITCZ migration may also further amplify 

NH atmospheric circulation alteration, by extending the NH polar cell and forcing the 

NH polar front towards the SH, leading to southward extension of sea ice and thus 

initiating further cooling and AMOC weakening (Baldini et al., 2015a, 2018). A 

combination of radiative forcing, AMOC weakening and atmospheric circulation 

perturbation is consistent with simulations of YD cooling (Renssen et al., 2015). 

At the time of YD onset, the fragility of the deglacial climate likely contributed 

to amplification of initial volcanic eruption-induced climate perturbations (Rampino 

and Self, 1982; Zielinski et al., 1996). Ice sheets of intermediate volume appear to 

respond more readily to environmental perturbations; Baldini et al. (2018) assessed 

55 stadial initiations against ice volume (drawn from Red Sea sea level), finding that 

most cooling episodes occurred across 40% of sea level range, at a sea level of 

~68m below modern sea level. Zhang et al. (2014, 2017) made similar observations, 

however they highlight the complexity of the ocean-atmosphere system, namely 

atmospheric CO2 and the influence of ice volume on AMOC stability (Zhang et al., 

2017; Baldini et al., 2018).  

Considering the timing, magnitude and sulfur dioxide release from the LSE, 

it is likely the eruption caused long-term climatic effects. Baldini et al. (2018) propose 
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that, during intermediate ice volume conditions, a release of ~83 Mt SO2 into the 

atmosphere created a sulfate aerosol-veil that was advected around the globe and 

caused preferential NH cooling, offsetting hemispheric temperature balance. 

Immediate cooling caused by volcanogenic aerosol could have triggered long-term 

positive feedback within the climate system, promoting sea-ice growth and 

impacting AMOC, whilst forcing NH mid-latitude westerlies and the ITCZ southward 

(forcing further cooling in the NH), prompting Hadley circulation cell changes and 

causing SH warming (Rampino & Self, 1984; Broecker, 2006b; Serreze and Francis, 

2006; Miller et al., 2012; Lehner et al., 2013; Chiang et al., 2014; Baldini et al., 

2015a; 2018). The LSE was the “only known sulfur-rich, high-latitude eruption 

coinciding with the most sensitive ice volume conditions during the last deglaciation” 

(Baldini et al., 2018 pg 11), and therefore the most likely source of the sulfate spike 

at 12.867 ka BP. However, smaller, local Icelandic eruptions, that are less 

climatologically significant, preferentially contribute sulfate to the Greenland Ice 

Sheet, and are therefore a potential source of sulfate peaks in the Greenland ice 

cores and so further research is required to distinguish between distal and local 

sources (Baldini et al., 2018). 

 

2.2.4. Summary 

The three main hypotheses of the YD trigger have been discussed in 

previous sections, including (i) the meltwater pulse (Section 2.2.1), (ii) the YDIH 

(Section 2.2.2) and (iii) the Laacher See eruption (Section 2.2.3). Some other 

hypotheses include an abrupt, significant reduction in solar irradiance as a trigger 

for YD cooling, perturbing NADW through precipitation increase and iceberg release 

(Renssen et al., 2000) and possibly through wind shifts associated with ice sheets 

and the cryosphere-atmosphere interaction (Wunsch, 2006; Renssen et al., 2015). 

Recent YD research has focused on Pt because of the YDIH. As previously 

discussed, Petaev et al. (2013) found a Pt spike of ~82 ppt in the GISP2 ice core, 

occurring almost synchronously with GS-1 onset (characterised by a shift in δ18O), 

with an unusually high Pt/Ir and Pt/Al ratio that they attribute to numerous injections 

of Pt-rich dust as result of an iridium-poor iron meteorite impact. Platinum, Ir, and 

the other PGEs are highly depleted in the Earth’s upper crust (Wedepohl, 1995) and 

therefore their presence in sedimentary sequences, ice cores, lake cores, and other 

palaeoclimate archives indicates another source. PGE enrichment may occur from 

the following sources: (i) extraterrestrial (meteorites, asteroids, comets or cosmic 
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dust), (ii) volcanoes (aerosols, ashes, exhalative hydrothermal processes, mafic and 

ultramafic rocks and associated ore deposits), (iii) precipitation from seawater 

(particularly in anoxic conditions), (iv) biological processes (microbial enhancement 

and remobilisation of PGEs), and (v) post-depositional processes (Sawlowicz, 

1993).  

Platinum concentrations in the GISP2 ice core rise over 14 years to the peak, 

before declining over seven years (Petaev et al., 2013), and Wolbach et al. (2018a) 

propose that multiple injections are due to (i) pre-impact fragmentation of the iron 

meteorite in deep space, (ii) ejection of impact debris into the Earth’s atmosphere 

post-impact and re-entry away from the initial impact site or (iii) post-impact ejection 

of debris through the Earth’s atmosphere to create a debris ring around the planet 

(Boslough, 2001; Napier et al., 2015). Wolbach et al. (2018a) propose that these 

mechanisms could cause episodic biomass burning and thus contribute to Pt influx 

over time. Elevated Pt is found in YDB sediments in numerous studies (e.g. Paquay 

et al., 2009; Andronikov et al., 2014, 2015, 2016; Mahaney et al., 2016; Moore et 

al., 2017; Wolbach et al., 2018; Pino et al., 2019) and most infer a meteorite impact 

as the source. 

However, in the same YDB lake sediments in NW Russia, Andronikov et al. 

(2014) report enrichments in both “meteoritic” elements and “volcanic” elements 

alongside Pt peaks – the latter which they attribute to the LSE. Similar relationships 

are found in Lithuanian lake sediments (Andronikov et al., 2015), the Netherlands 

and Belgium (Andronikov et al., 2016). Furthermore, Pt spikes in Holocene Antarctic 

ice are attributed to historic volcanic eruptions (Gabrielli et al., 2008; Soyol-Erdene 

et al., 2011), even in the presence of anthropogenic catalytic convertor emissions 

that may contaminate recent ice (Rauch and Morrison, 2008). Elevated Pt values 

related to the Holocene eruptions of Laki, Iceland; Kuwae, Vanuatu and Eldgjá, 

Iceland were recently found across eight sites in the Western Hemisphere 

(Tankersley et al., 2018). However, no direct link currently exists between the Pt 

spike found by Petaev et al. (2013) within the GISP2 ice core and the Laacher See 

eruption. 

 

2.2.5. Project Aims 

The primary aim of this project is to compare LST geochemistry with GISP2 

spike geochemistry, as reported in Petaev et al. (2013), to determine if the Pt spike 

could have resulted from the Laacher See eruption. Key objectives of the research 
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were to obtain numerous LST samples and then analyse their geochemistry for the 

same elements as in the GISP2 spike. Petaev et al. (2013) highlighted the unusual 

Pt/Ir and Pt/Al ratios of the GISP2 spike ice, and this report compares the 

geochemical ratios of the LST, GISP2 Pt spike, and literature values of ET and 

volcanogenic derived rocks; if the LST is geochemically similar to the GISP2 spike, 

it provides strong evidence against the YDIH, suggesting that the Pt anomaly simply 

reflected the eruption rather than a bolide impact. If, however, the LST is not 

geochemically akin to the GISP2 spike, this would eliminate the LSE eruption as a 

possible source of the Pt, thereby supporting an alternative hypothesis (for example, 

a bolide impact) if other literature values are found to match GISP2 Pt spike 

geochemistry. A secondary aim is to re-examine the timing of the GISP2 Pt spike 

on the newest available age-depth correlation and compare to the timing of other 

events such as the LSE and the YD. Lastly, the GISP2 Pt spike and its possible 

source are discussed in the context of climate implications and the YD onset. 
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3. Site Setting 

 The Laacher See volcano (50°24’48 ”N, 7°16’19 ”E) is located in Rhineland-

Palatinate, western Germany, ~40km south of the city of Bonn (Fig. 2.1). The 

volcano is part of the active intraplate East Eifel volcanic field (Baales et al., 2002; 

Reide, 2016). Laacher See erupted explosively at 12.880±40 ka BP, producing 

sulfate-rich evolved phonolite and sulfide-rich mafic phonolite and distributing 

pumice and ash across Europe (Bogaard & Schmincke, 1985; Harms & Schmincke, 

2000; Baales et al., 2002; Baldini et al., 2018). The eruption comprised Plinian and 

phreatomagmatic eruptive phases, emplacing fallout and flow deposits categorised 

into three major tephra units (Fig. 2.2): i) the LLST; ii) the MLST and iii) the ULST 

(Bogaard & Schmincke, 1985). 
To assess the geochemistry of the Laacher See tephra, fieldwork was 

undertaken at outcrops of the eruptive products close to Laacher See. A total of 

seven localities were visited during fieldwork, and samples of juvenile material were 

taken from three sites chosen for the best exposure of the LLST, MLST and ULST 

(LST1, LST2 and LST3 respectively).  

 

3.1. LST1 

 Locality LST1 is a quarry (50°24’38” N, 7°22’31” E) ~7km east of Laacher 

See’s crater. It is a ~1.8m high outcrop of the LLST which directly overlies older 

sediments (Plate 1a, 1c). The lowermost LLST is a poorly to moderately poorly 

sorted pyroclastic fall deposit composed of cream to beige fine grained (rare coarse 

grained), sub-rounded to sub-angular, pumice lapilli up to 2cm in diameter with 

tubular vesicles, mixed with 2-5% brown to black, fine grained, sub-rounded to sub-

angular lithic clasts of Devonian slate (xenoliths) (Plate 1b). After ~1m, there is a 

gradational boundary into a diffusely bedded, moderately sorted layer (0.6m thick) 

of fine to coarse, sub-angular to angular pumice lapilli with 10-30% sub-angular to 

angular slate xenoliths (unit A; Plate 1e). A sharp boundary at ~1.6m represents a 

transition to a ~0.2m thick ‘big bang’ (BB) layer (see Section 2.2.3.1; Plate 1d), 

comprising a moderately sorted to well sorted unit of white, coarse grained, sub-

angular to angular pumice lapilli, mixed with 30-50% sub-angular to angular slate 

xenoliths. A thin layer of ash (~1cm) is visible in the centre of the BB layer. 

LST1 was chosen for its well exposed outcrop of the entire LLST, with a clear, 

thick BB layer comprising pumice and lithics which demonstrates conduit collapse 

and crater shift during the eruption, before a sharp boundary marks the MLST. 
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Plate 1: LST1: LLST (a) LLST outcrop, (b) lower LLST pumice-rich layer (~20cm from 

base of outcrop), (c) full outcrop showing sample locations for unit A, (d) ‘big bang’ layer 

in the uppermost LLST and (e) upper pumice-rich layer of unit A. 
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3.2. LST2 

 Locality LST2 is a quarry (50°24'20 "N, 7°19'31.63"E) located south of the 

town of Nickenich at ~4km SE from Laacher See’s vent. The locality provides a ~6m 

high exposure of the MLST pyroclastic fallout deposits, directly above the BB layer 

(Plate 2a). For ~2.4m, the outcrop (Plate 2a) comprises dark grey, fine, muddy ash 

layers (Plate 2b, 2c; 5-8cm thick) alternating with poorly sorted pumice rich layers 

(10-20cm thick) (unit A). The pumice rich layer (Plate 2d) is 70% white, fine to 

coarse, sub-angular to angular pumice lapilli with tubular vesicles and mixed with 

dark brown to black, fine to coarse, sub-angular to angular slate xenoliths (30%). 

Lithic content decreases up through the pumice-rich layers, and they become better 

sorted. At ~2.4m, a sharp boundary marks the transition (Plate 2e) to a large, 

moderately sorted pumice rich bed (unit B; Plate 2c), with white to cream, sub-

angular to sub-rounded pumice lapilli (more rounded towards the top), and 10-30% 

angular to sub-rounded slate xenoliths (Plate 2f). Some thin, fine-grained laterally 

discontinuous layers alternate with the pumice rich layers. The pumice lapilli 

become grey, denser and more phenocryst-rich with more rounded vesicles (Plate 

2g) at around 4.5m, before the layer transitions into soil with rare pumice and slate 

xenoliths in a mud matrix (Plate 1h). 

The locality was chosen for its accessible, clear exposure of the MLST, notably 

its thick fallout layers (for sampling), distinct boundary between LLST and MLST and 

an observable transition from lighter, cream-coloured phenocryst-poor pumice to 

denser, grey phenocryst-rich pumice that represents a compositional change in the 

magma chamber. 
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Plate 2: LST2: MLST (a) outcrop, looking west, (b) close-up of unit A, (c) fine ash layer 

above LLST ‘big bang’ layer, (d) unit A pumice-rich layer, (e) transition between unit A 

and unit B, (f) unit B pumice-rich layer, (g) grey, dense phenocryst-rich pumice in unit B 

and (h) weathered profile at the top of the outcrop.  
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3.3. LST3 

 Locality LST3 (50°23’30” N, 7°16’23” E) is near the tourist attraction 

Wingertsbergwand, north of Niedermendig and ~2km south of Laacher See’s vent. 

The locality has a large outcrop of ULST, approximately ~20m in vertical extent, 

comprising pyroclastic density current (PDC) deposits. Coarse, pumice lapilli rich 

layers are interbedded with ash layers and dune-bedded layers representing filled 

channels. Lower parts of the outcrop comprise cross-stratified layers, thin, 

moderately sorted pumice lapilli and ash layers and some dune-bedded layers (unit 

A). The middle of the outcrop comprises grey, coarse-grained poorly sorted clast 

rich layers with mixed lithologies of pumice lapilli, cumulate and plutonic rock 

fragments and slate xenoliths (unit A). The pumice is cream to grey and phenocryst 

rich. Pumice lapilli, slate xenoliths and cumulate clasts are angular to sub-rounded, 

with a maximum size of ~10cm. The upper outcrop is composed of laminated fine 

and coarse flow layers, with some thin, fine ash layers and blocks or bombs (some 

>50cm) with associated impact craters (unit B).  

LST3 was chosen for its thick, well exposed outcrop of the ULST, comprising 

primarily PDC deposits that represent the LSE’s terminal phreatomagmatic phase, 

and its accessible clast-dominated coarse layers (for sampling).  
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Plate 3: LST3: ULST (a) outcrop of ULST (approximately ~20m high), (b) close-up of 

outcrop showing sample locations, (c) close-up of outcrop showing clear laminated 

layers, (d) clast-dominated coarse layer and (e) alternating clast-rich layers with fine ash 

layers. 
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4. Methodology 

4.1. Sample Collection  

 Samples were obtained from three localities within 10km of Laacher See 

directly from the outcrop. The face of the outcrop was cleared using a plastic spade, 

which was used to excavate approximately 10-20cm into the face of the outcrop. 

This precaution was taken to remove tephra that may have been heavily 

contaminated by surface contamination, considering the location of the sites within 

quarried areas and the use of heavy machinery (excavators) with diesel engines. 

Catalytic converters in diesel engines are known to emit platinum and could interfere 

with results (Soyol-Erdene et al., 2011). Individual pumice clasts with few to zero 

visible lithics were selected and picked using nitrile gloves where possible, and were 

placed into plastic sample bags and labelled. In total, 18 sample bags were filled 

from the lower Laacher See tephra (LLST), middle Laacher See tephra (MLST) and 

upper Laacher See tephra (ULST) units. The samples collected were as follows: 

LLST: LST001, LST001A, LST002, LST002A, LST003, LST003A and LST003B; 

MLST: LST004, LST005, LST006, LST007 and LST007A and ULST: LST008. At 

least 1kg of each sample was obtained as recommended by Activation Laboratories, 

where the samples were to be analysed. To investigate element concentrations of 

the general outcrop and country rock dispersed in the eruption, bulk samples and 

samples of lithics were collected in addition to pumice. One sample of topsoil from 

the LLST outcrop was collected to investigate the potential impact of diesel engine 

excavators on surrounding exposed facies. For transport, samples were double 

bagged in plastic sample bags to reduce potential damage. 

 

4.2. Sample Preparation  

 Samples were handled with special attention towards reducing potential 

contamination, soaked for approximately two hours in glass beakers filled with 

deionised water and rinsed with deionised water in the laboratory. The samples 

were left to dry over a few days and re-bagged in labelled plastic bags, before later 

being placed on baking paper in an aluminium tray and dried overnight in a 

laboratory oven at 70°C to ensure the samples were completely dry prior to analysis. 

Nitrile gloves were used to handle the clean samples. Four extra samples labelled 

as Sample A-D were sent to the lab for quality control – Sample A was from LST003, 

B was LST007, C was LST005 and D was LST008. 
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 Activation Laboratories (ActLabs) prepared the whole rock samples through 

crushing and pulverising, and smaller samples were pulverised to 95% passing 

74μm. The topsoil sample (LST1 TS) was dried to 60°C and sieved.  

 

4.3. Sample Analysis 

The following methods used by ActLabs for sample analysis are as described 

on the “Geochemistry” section of their website (ActLabs, 2019). 

4.3.1. Fire Assay ICP-MS  

 To analyse for gold (Au), platinum (Pt) and palladium (Pd), with lower 

detection limits of 1 parts per billion (ppb), 0.1 ppb and 0.1 ppb respectively, a fire 

assay and inductively coupled plasma mass spectrometry (ICP-MS) method is used 

after Hoffman and Dunn (2002). A sample size of at least 50g was recommended, 

and this addresses a “nugget effect” that may occur with Pt distribution within a 

medium (e.g. Firestone et al., 2007; Moore et al., 2017).  

The sample is combined with fire assay fluxes (borax, soda ash, silica, 

litharge) and the mixture is placed in a fire clay crucible, with silver (Ag) included as 

a collector. The entire fusion process takes approximately 60 minutes, with the 

mixture preheated at 850°C, intermediate 950°C and finish 1060°C. The crucibles 

are extracted from the assay furnace, a lead button remaining at the bottom of the 

mould as the molten slag is poured from the crucible into a mould. The lead button 

is then positioned in a preheated cupel (cupelled at 950°C) which absorbs the lead 

and allows the Ag (doré bead) + Au, Pt and Pd to be recovered.  

 To stop the Au, Pd and Pt from adsorbing onto the test tube, the Ag doré 

bead is digested in hot HNO3 + HCl at 95°C with a special complexing agent. A 

Perkin Elmer Sciex ELAN 6000, 6100 or 9000 ICP/MS is utilised following two hours 

of cooling to analyse for Au, Pt and Pd. A tray of 42 samples includes two method 

blanks, three sample duplicates, and two certified reference materials and every 45 

samples the ICP/MS is recalibrated. Smaller sample splits are utilised for high 

chromite or sulfide samples. 

 

4.3.2. Nickel Sulfide Fire Assay INAA  

 To analyse for iridium (Ir), osmium (Os), ruthenium (Ru) and rhodium (Rh), a 

nickel sulfide (NiS) fire assay procedure and instrumental neutron activation 

analysis (INAA) technique is utilised after Hoffman et al. (1978) and Hoffman (1992) 

on samples up to 25g. Using HCl, the nickel sulfide button is dissolved, and the 
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resulting residue containing all the PGE and Au is gathered on filter paper. Two 

irradiations and three separate counts are used on the residue to measure PGE and 

Au. One batch of 34 samples includes two blanks, three certified standards and 

three duplicates. 

 The INAA analytical technique measures gamma radiation induced in the 

sample by irradiation with neutrons which are sourced from a nuclear reactor. A 

“fingerprint” of gamma radiation is released by each element which is then 

measured and quantified. Measurements are in ppb and detection limits are as 

follows: Os (2); Ir (0.1); Ru (5) and Rh (0.2). 

 

4.3.3. Lithium Metaborate/Tetraborate Fusion ICP and ICP-MS  

 A combination of lithium metaborate/tetraborate fusion ICP whole rock for 

major elements and ICP-MS for trace elements is used. 

4.3.3.1. Lithium Metaborate/Tetraborate Fusion ICP  

 A batch system is used, with each batch containing a method reagent blank, 

certified reference material and 17% replicates. Samples are fused in an induction 

furnace following mixing with a lithium metaborate and lithium tetraborate flux. A 5% 

nitric acid solution containing an internal standard is instantly mixed with the molten 

melt until the melt is completely dissolved (~30 minutes). Using a combination 

simultaneous/sequential Thermo Jarrell-Ash ENVIRO II ICP or a Varian Vista 735 

ICP, major oxides and selected trace elements are analysed in the samples. Seven 

prepared USGS and CANMET certified reference materials are used for calibration. 

For every group of ten samples, one of the seven standards is utilised during 

analysis.  

 Totals should fall between 98.5% and 101%. Sulfate or other elements like 

Li which are not commonly scanned for may result in lower totals, following this, 

samples are scanned for base metals. Low totals result in re-fusion and reanalysis 

of the samples.  

4.3.3.2. Lithium Metaborate/Tetraborate ICP-MS  

 Perkin Elmer Sciex ELAN 6000, 6100 or 9000 ICP/MS are used for analysis 

after dilution of the fused sample. Per group of samples, three blanks and five 

controls (three before sample group and two after) are analysed, and every 15 

samples the duplicates are fused and analysed. Recalibration of the instrument 

occurs every 40 samples.  
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4.4. Timing of the Pt Spike  

 Original ice-core data of Pt, Ir, Hf, Lu and Al in the GISP2 ice core was 

obtained from Petaev et al. (2013). The data used the GISP2 Meese-Sowers 

timescale (Meese et al., 1997), however to compare to other ice core records and 

sedimentary records using the most recent GISP2 chronology, it was necessary to 

convert all ice ages to the newer Greenland Ice Core Chronology 2005 (GICC05) 

composite timescale, which utilised multi-parameter counting of annual layers in the 

DYE-3, GRIP and NGRIP ice cores and an ice flow-based modelling extension; 

GICC05modelext (Andersen et al., 2006; Rasmussen et al. 2006; Svenson et al., 

2006; Vinther et al., 2006). An updated timescale (available from 

http://www.iceandclimate.nbi.ku.dk/data/) that synchronised the GRIP, NGRIP and 

GISP2 ice cores was later presented (Rasmussen et al., 2014; Seierstad et al., 

2014). The GICC05modelext timescale was utilised to convert the Pt data to the 

newest ice core chronology, with error margins of roughly ± 140 years. After 

conversion, the ‘middle’ depth of the ice samples was calculated using the top and 

bottom depth, as in Petaev et al. (2013), and the age of this was calculated using 

top and bottom ages (b2k) then converted to years BP 1950. Therefore, an age (on 

the GICC05modelext timescale) was obtained for the Pt, Ir, Hf, Lu and Al data of 

Petaev et al. (2013) and plotted onto a graph (see Chapter 5). The δ18O data in the 

GISP2 and NGRIP ice cores on the GICC05 timescale was also obtained from 

Seierstad et al. (2014; and references therein) and the volcanogenic sulfate from 

Mayewski et al. (1997) also on the GICC05modelext timescale.  

 

4.5. Limitations  

 Due to time constraints, the geochemical analysis in this study was provided 

by ActLabs – a commercial lab – and thus the detection limits of some elements 

were high in comparison to other studies discussed later in this report (see Petaev 

et al., 2013). The methods with the lowest possible detection limit were selected for 

the Platinum Group Elements (PGEs), with a focus on Pt, of which the detection 

limit of 0.1 ppb is lower than Pt crustal abundance. Most PGEs were below detection 

limit, but those with detectable concentrations were close to the detection limit and 

this suggests uncertainties within the data. Therefore, the precise concentrations of 

Pt for example are uncertain, but we can safely assume that they are very low within 

the LST. 
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5. Results 

5.1. Timing of the GISP2 Pt Spike 

 The geochemical concentrations in the GISP2 ice core presented by Petaev 

et al. (2013) were dated on the “Meese-Sowers timescale” depth-age scale (Meese 

et al., 1997). However, a newer timescale, the GICC05 composite timescale and its 

ice flow modelling extension GICC05modelext (Andersen et al., 2006; Rasmussen 

et al. 2006; Svenson et al., 2006; Vinther et al., 2006) became available, followed 

by a further development of the event stratigraphy that synchronised the GRIP, 

NGRIP and GISP2 ice cores (Rasmussen et al., 2014; Seierstad et al., 2014). 

Therefore, it is necessary to convert to the newest timescale for comparison to other 

ice cores (e.g. North Greenland Ice Sheet Project; NGRIP) and sedimentary 

successions. Furthermore, the GICC05modelext timescale is in years b2k (before 

2000) and is converted to years ka BP (before 1950) here. The steps taken during 

the conversion process are explained in detail in Chapter 4.  

 Petaev et al. (2013) measured Pt concentrations in the GISP2 ice core in the 

depth interval 1719.875 to 1709.000 m, representing the age range ~12.72 to 13.00 

ka BP (GICC05 timescale). The mean Pt concentration across this interval is ~3.6 

ppt, which is considered a ‘baseline’ for the depth interval discussed in this report. 

The minimum concentration is 0.038 ppt at ~12.89 ka BP, and the maximum Pt 

concentration of 82.2ppt, which is considered a “spike”, is recorded at GISP2 depth 

interval 1712.250 to 1712.125 m equivalent to 12.824 ka BP to 12.821 ka BP – or a 

“middle age” of 12.822 ka BP (Fig. 5.1). Elevated Pt concentrations (in respect of 

the surrounding ice baseline) are found from depths 1712.625 to 1712.000 m, which 

represents the age range 12.833 ka BP to 12.819 ka BP on the GICC05modelext 

timescale (Fig. 5.1).  

 

5.2. Comparison with Other Records 

 The GISP2 Pt spike timing was compared to select ice core records of 

volcanogenic sulfate in the GISP2 ice core and bidecadal δ18O in the NGRIP and 

GISP2 ice cores (Fig. 5.1). The LSE sulfate spike (12.867 ka BP; Baldini et al., 2018) 

and δ18O decrease in the NGRIP ice core are essentially synchronous (Fig. 5.1), 

and the Pt spike occurs ~60 years after the LSE and δ18O decline and ~20 years 

after GS-1 onset (Rasmussen et al. 2014). The GISP2 δ18O record begins to drop 

~20 years before NGRIP δ18O and the LSE sulfur spike.
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Figure 5.1: Platinum (parts per trillion; ppt) concentrations in the GISP2 ice core (Petaev et al., 2013); 

Volc. SO4 (volcanogenic sulfate, recorded in parts per billion; ppb) in the GISP2 ice core with the LSE 

sulfate spike labelled (Mayewski et al., 1997; Baldini et al., 2018) and bidecadal (20 year mean) δ18O 

(permil; ‰) in the NGRIP and GISP2 ice cores (Seierstad et al., 2014 and references therein). The grey 

box represents GS-1 onset in this age interval as defined by Rasmussen et al. (2014). 



42 

 

5.3. Geochemistry of the Laacher See Tephra 

 Whole rock geochemistry was analysed by ActLabs using fusion ICP, ICP-

MS and INAA techniques (see Chapter 4) in 17 samples of pumice and lithic clasts 

(or both; bulk samples) of the LLST, MLST and ULST units. LST geochemistry in 

this section is discussed in reference to each unit of the LST, inclusive of pumice 

samples only, unless otherwise stated. A topsoil sample from locality LST1 was also 

analysed to assess the degree of contamination by pollutants in the soil (namely 

from catalytic convertors). A full set of chemical analyses are provided in Appendix 

1, and individual elements are discussed in the sections below. 

 

5.3.1. Absolute Abundances 

5.3.1.1. Major Elements 

 The major elements analysed in this study by Fusion ICP-MS are: silicon (Si), 

measured as silicon dioxide (SiO2); aluminium (Al), measured as aluminium oxide 

(Al2O3); iron (Fe), measured as iron(III) oxide (Fe2O3); manganese (Mn), measured 

as manganese(II) oxide (MnO); magnesium (Mg), measured as magnesium oxide 

(MgO); calcium (Ca), measured as calcium oxide (CaO); sodium (Na), measured as 

sodium oxide (Na2O); potassium (K), measured as potassium oxide (K2O); titanium 

(Ti), measured as titanium dioxide (TiO2) and phosphorous (P), measured as 

phosphorous pentoxide (P2O5). All elements were measured in wt%. A summary of 

the minimum, maximum and mean values of the major elements in each unit of the 

LST and the LST in its entirety is provided in this chapter (Table 5.1). The same 

statistical analysis is applied to bulk and lithics samples (Table 5.2).
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Table 5.1: Results of geochemical analyses of major elements in the pumice samples of the LST. 

Unit Value SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 

LLST Min. 55.92 20.59 1.92 0.42 0.07 0.40 10.18 4.88 0.14 0.01 

Max. 56.73 21.37 1.99 0.48 0.09 0.50 10.53 5.11 0.16 0.03 

Mn. 56.31 20.93 1.94 0.45 0.08 0.46 10.35 4.96 0.15 0.02 

MLST Min. 56.63 19.19 2.07 0.18 0.12 0.98 5.94 5.64 0.22 0.03 

Max. 58.72 20.60 2.93 0.27 0.37 1.91 8.74 6.59 0.54 0.09 

Mn. 57.60 20.09 2.50 0.23 0.24 1.40 7.51 6.04 0.36 0.05 

ULST Min. 54.72 17.92 3.40 0.13 0.65 5.34 4.82 6.53 0.83 0.16 

Max. 55.29 18.75 3.82 0.14 0.76 7.03 4.83 6.72 0.95 0.18 

Mn. 55.01 18.34 3.61 0.14 0.71 6.19 4.83 6.63 0.89 0.17 

LST* Min. 54.72 14.52 1.92 0.13 0.07 0.32 1.16 2.68 0.14 0.01 

Max. 68.02 21.37 6.75 0.48 1.50 7.03 10.53 6.72 0.95 0.18 

Mn. 58.52 19.24 2.93 0.29 0.39 1.53 7.36 5.25 0.39 0.07 

All values are in weight percent (wt%) to 2 decimal places (d.p.). Min. = Minimum; Max. = Maximum, Mn. = Mean value. 

*LST refers to the entire Laacher See tephra unit. 

 

Table 5.2: Geochemical analysis results for major elements in bulk and lithics samples from the LLST. 
 

Element 

Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 

LST 001A 61.73 17.65 3.24 0.38 0.55 0.65 7.11 3.83 0.33 0.08 
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Element 

Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 

LST 002A 63.57 16.88 3.53 0.37 0.61 0.58 6.82 3.64 0.34 0.07 

LST 003A 63.08 17.08 3.83 0.33 0.57 0.43 6.47 3.75 0.36 0.06 

LST 003B 68.02 14.52 6.75 0.17 1.50 0.32 1.16 2.68 0.78 0.17 

All values are in wt% (2 d.p.).  
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Figure 5.2: Bivariate plots of major elements a) Fe2O3 against SiO2 and b) Al2O3 against SiO2 (all measured in wt%) in the LST (excluding bulk and lithics). 

Circles are: green (ULST), purple (MLST) and red (LLST). Error bars show two times the standard deviation of samples with duplicates or triplicates. 

(a) (b) 
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The mean SiO2 composition of the LST increases from the basal LLST to the 

MLST, then decreases from MLST to ULST (Table 5.1). Aluminium oxide (Al2O3), 

MnO and Na2O all demonstrate decreasing trends from LLST to ULST, whereas 

Fe2O3, MgO, CaO, K2O, TiO2 and P2O5 all show a systematic increase from LLST to 

ULST. These major element trends are consistent with analysis of glass shards 

within the LST by Bogaard and Schmincke (1985). Trends in magma composition 

are affected when bulk and lithic samples are included (Table 5.3), as these 

incorporate the country rock which varies geochemically from the Laacher See 

pumice. When plotted against SiO2, Fe2O3 shows weak positive correlation between 

the LLST and MLST, however, the ULST shows no correlation (Fig. 5.2a). In 

comparison, Al2O3 against SiO2 shows strong negative correlation in all but one 

ULST sample (Fig. 5.2b). 

5.3.1.2. Trace Elements 

 The trace elements analysed in this study by ICP-MS and INAA techniques 

are: scandium (Sc); beryllium (Be); vanadium (V); barium (Ba); strontium (Sr);  

yttrium (Y); zircon (Z); chromium (Cr); cobalt (Co); nickel (Ni); copper (Cu); zinc (Zn); 

gallium (Ga); germanium (Ge); arsenic (As); rubidium (Rb); niobium (Nb); 

molybdenum (Mo); silver (Ag); indium (In); tin (Sn); antimony (Sb); caesium (Cs); 

lanthanum (La); cerium (Ce); praseodymium (Pr); neodymium (Nd); samarium (Sm); 

europium (Eu); gadolinium (Gd); terbium (Tb); dysprosium (Dy); holmium (Ho); 

erbium (Er); thulium (Tm); ytterbium (Yb); lutetium (Lu); hafnium (Hf); tantalum (Ta); 

tungsten (W); thallium (Tl); lead (Pb); bismuth (Bi); thorium (Th); uranium (U); 

osmium (Os); iridium (Ir); ruthenium (Ru); rhodium (Rh); platinum (Pt); palladium 

(Pd); gold (Au) and  rhenium (Re). A summary of the minimum, maximum and mean 

values of the trace elements in each unit of the LST (and the entire LST) is shown 

in Table 5.3. Elements below detection limit (bdl) were excluded from any statistical 

analysis, thus the datasets shown in Tables 5.3 and 5.4 are left censored.  
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Table 5.3: Results of geochemical analysis of trace elements in the pumice samples of the LST. 
 

Element Sc Be V Ba 

Values  Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST bdl bdl bdl 16 20 18 8 9 9 14 22 18 

MLST 1 1 1 3 7 5 16 43 29 85 408 220 

ULST 1 2 2 2 2 2 68 78 73 1286 1472 1379 

LST* 1 2 1 2 20 9 8 78 29 14 1472 336 

 
 

Element Zr Cr Co Ni Cu 

Values  Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST 1752 2109 1921 bdl bdl bdl 1 1 1 bdl bdl bdl bdl bdl bdl 

MLST 438 859 670 bdl bdl bdl 1 2 2 bdl bdl bdl bdl bdl bdl 

ULST 239 244 242 bdl bdl bdl 3 3 3 bdl bdl bdl bdl bdl bdl 

LST* 239 2109 989 bdl bdl bdl 1 3 2 bdl bdl bdl bdl bdl bdl 

 
 

Element Ga Ge As Rb 

Values  Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST 49 55 52 2 3 2 9 13 11 480 540 507 

MLST 23 34 29 1 2 1 7 8 8 178 306 248 

ULST 17 18 18 bdl bdl bdl bdl bdl bdl 114 116 115 

LST* 17 55 34 1 3 1 7 13 10 114 540 307 
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Element Ag In Sn Sb 

Values Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST 4.3 5.2 4.9 bdl bdl bdl 2 2 2 1.3 1.7 1.5 

MLST 1.0 2.1 1.6 bdl bdl bdl 1 1 1 0.5 0.7 0.6 

ULST 0.5 0.6 0.6 bdl bdl bdl 1 1 1 bdl bdl bdl 

LST* 0.5 5.2 2.5 bdl bdl bdl 1 2 1 0.5 1.7 1.0 

 
 

Element Ce Pr Nd Sm 

Values Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST 243.0 277.0 258.0 15.10 17.00 15.98 31.2 35.3 33.2 3.1 3.4 3.2 

MLST 152.0 174.0 162.3 10.80 12.20 11.53 23.5 32.8 27.7 2.2 4.0 3.0 

ULST 154.0 165.0 159.5 15.00 16.30 15.65 47.3 52.0 49.7 6.5 7.2 6.9 

LST* 152.0 277.0 191.3 10.80 17.00 13.53 23.5 52.0 32.8 2.2 7.2 3.7 

 
 

Element Tb Dy Ho Er 

Values  Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST 0.4 0.5 0.4 3.0 3.5 3.2 0.8 0.9 0.8 3.1 3.6 3.3 

MLST 0.3 0.4 0.3 1.9 2.5 2.1 0.4 0.5 0.5 1.6 2.0 1.8 

ULST 0.6 0.7 0.7 3.5 3.9 3.7 0.7 0.7 0.7 2.0 2.2 2.1 

LST* 0.3 0.7 0.4 1.9 3.9 2.7 0.4 0.9 0.6 1.6 3.6 2.3 
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Element Lu Hf Ta W 

Values  Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST 0.98 1.13 1.06 30.8 37.0 33.7 5.6 6.3 6.0 bdl bdl bdl 

MLST 0.35 0.55 0.46 7.6 14.8 11.4 3.8 4.9 4.3 bdl bdl bdl 

ULST 0.29 0.31 0.30 4.6 4.9 4.8 6.4 6.9 6.7 2 2 2 

LST* 0.29 1.13 0.62 4.6 37.0 17.2 3.8 6.9 5.2 2 2 2 

 
 

Element Bi Th U Os (ppb) 

Values  Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST 0.4 0.4 0.4 78.6 95.6 85.8 21.6 26.2 23.7 bdl bdl bdl 

MLST bdl bdl bdl 16.8 35.7 27.1 4.3 9.6 7.1 9 9 9 

ULST bdl bdl bdl 8.6 8.8 8.7 2.2 2.3 2.3 bdl bdl bdl 

LST* 0.4 0.4 0.4 8.6 95.6 42.3 2.2 26.2 11.5 9 9 9 

 



50 

 

 
 

Element Rh (ppb) Pt (ppb) Pd (ppb) Au (ppb) 

Values Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST bdl bdl bdl 0.2 0.2 0.2 0.1 0.1 0.1 0.7 1.0 0.9 

MLST bdl bdl bdl 0.1 0.1 0.1 0.2 0.2 0.2 0.5 1.4 1.0 

ULST bdl bdl bdl bdl bdl bdl 0.1 0.1 0.1 0.7 0.7 0.7 

LST* bdl bdl bdl 0.1 0.2 0.2 0.1 0.2 0.1 0.5 1.4 0.9 

 
 

Element Y Sr Zn Nb 

Values  Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST 27 31 29 9 14 12 210 250 228 295 352 321 

MLST 15 17 15 62 314 168 80 130 104 123 160 142 

ULST 19 19 19 1057 1217 1137 60 60 60 104 108 106 

LST* 15 31 20 9 1217 269 60 250 135 104 352 191 

 
 

Element Cs La Eu Gd 

Values  Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST 10.8 12.7 11.6 197.0 224.0 208.8 0.41 0.44 0.43 2.0 2.5 2.2 

MLST 2.1 4.9 3.6 104.0 139.0 122.6 0.40 1.01 0.67 1.4 2.5 1.9 

ULST 0.9 1.0 1.0 85.9 90.6 88.3 1.82 2.11 1.97 4.2 4.7 4.5 

LST* 0.9 12.7 5.7 85.9 224.0 143.8 0.40 2.11 0.80 1.4 4.7 2.4 
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Element Tm Yb Tl Pb Mo 

Values Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. Min. Max. Mn. 

Unit LLST 0.60 0.72 0.66 5.3 6.1 5.7 0.9 1.1 1.0 42 52 47 2 2 2 

MLST 0.28 0.36 0.32 2.0 2.9 2.5 0.2 0.6 0.4 13 25 19 3 4 3 

ULST 0.28 0.31 0.30 1.9 2.0 2.0 0.1 0.1 0.1 8 10 9 5 5 5 

LST* 0.28 0.72 0.42 1.9 6.1 3.4 0.1 1.1 0.5 8 52 26 2 5 3 

 
 

Element Ir (ppb) Ru (ppb) 

Values Min. Max. Mn. Min. Max. Mn. 

Unit LLST bdl bdl bdl bdl bdl bdl 

MLST bdl bdl bdl bdl bdl bdl 

ULST bdl bdl bdl bdl bdl bdl 

LST* bdl bdl bdl bdl bdl bdl 

All values in parts per million (ppm) unless stated otherwise, provided to the number of significant figures dictated by individual detection limits (Appendix 1). 

Bdl = below detection limit. Some samples were bdl for specific elements and this is reflected in the statistical analysis.   Min. = Minimum; Max. = Maximum, 

Mn. = Mean value.  *LST refers to entire Laacher See tephra unit. 
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Table 5.4: Results of geochemical analyses of trace elements in bulk and lithics samples from the LLST. 
 

Element 

Sample Sc Be V Ba Sr Y Zr Cr Co Ni Cu Zn Ga Ge As Rb Nb 

LST 001A 3 14 32 137 64 27 1422 40 6 bdl bdl 190 41 2 18 398 210 

LST 002A 4 12 35 140 62 27 1337 60 7 20 10 170 38 2 10 357 187 

LST 003A 5 10 38 153 41 24 1115 60 7 20 bdl 140 35 2 9 320 157 

LST 003B 14 2 96 446 85 25 187 130 18 60 20 390 19 2 9 142 11 

 
 

Element 

Sample Sn Sb Cs La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf W 

LST 001A 2 1.5 9.8 158.0 203.0 13.6 33.3 4.2 0.69 3.0 0.5 3.7 0.8 3.0 0.58 4.9 0.88 25.0 bdl 

LST 002A 2 1.4 8.8 146.0 189.0 13.2 32.3 4.2 0.75 3.1 0.5 3.6 0.8 3.0 0.56 4.5 0.81 23.6 bdl 

LST 003A 2 1.2 7.6 128.0 168.0 12.0 30.7 4.2 0.76 3.0 0.6 3.5 0.8 2.7 0.51 3.9 0.72 19.2 bdl 

LST 003B 2 0.7 4.4 41.8 82.9 9.56 35.0 6.7 1.43 5.6 0.9 5.0 1.0 2.7 0.41 2.9 0.43 5.1 bdl 

 
 

Element 

Sample Tl Pb Bi Th U Os 

(ppb) 

Ir 

(ppb) 

Ru 

(ppb) 

Rh 

(ppb) 

Pt 

(ppb) 

Pd 

(ppb) 

Au 

(ppb) 
Mo Ag In Ta 

LST 001A 0.9 45 bdl 65.0 18.1 bdl bdl bdl bdl 0.1 0.1 0.8 2.0 4 bdl 4.5 

LST 002A 0.9 37 bdl 59.3 16.2 bdl 0.2 bdl bdl 0.1 0.1 0.8 2.0 3.8 bdl 4.1 

LST 003A 0.8 27 bdl 49.1 13.4 bdl bdl bdl bdl 0.2 0.2 1.1 2.0 2.8 bdl 3.5 
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Element 

Sample Tl Pb Bi Th U Os 

(ppb) 

Ir 

(ppb) 

Ru 

(ppb) 

Rh 

(ppb) 

Pt 

(ppb) 

Pd 

(ppb) 

Au 

(ppb) 
Mo Ag In Ta 

LST 003B 0.6 15 bdl 11.1 2.8 bdl bdl bdl bdl 0.4 0.6 2.6 bdl 0.6 bdl 0.9 

All elements measured in ppm to 1 d.p. unless stated otherwise. Bdl = below detection limit. Min. = Minimum; Max. = Maximum, Mn. = Mean value. 

(a) 
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Figure 5.3: Bivariate plots of trace elements: (a) Lu against La; (b) Co against Sr and (c) Zn against Zr (all measured in ppm) in the LST (excluding bulk and 

lithics). Circles are: green (ULST), purple (MLST) and red (LLST). Error bars show two times the standard deviation of samples with duplicates or triplicates.

(b) (c) 



55 

 

Overall, most of the trace element mean concentration values decrease 

upwards through the deposit. The following elements specifically show a decreasing 

trend: Be, Zr, Zn, Ga, Ge, As, Rb, Nb, Ag, Sb, Cs, La, Ce, Yb, Lu, Hf, Tl, Pb, Th, U 

and Pt. In particular, Be, Zr, Zn, Rb, Nb, La, Ce, Hf, Pb, Th and U show a strong 

decreasing trend from the deposit base to the top. Mean concentrations increase 

for the following elements as the magma evolved from the LLST to ULST: Sc, V, 

Ba, Sr, Co, Mo and Eu. Strontium exhibits a particularly strong increasing trend from 

the basal LLST towards the ULST. Some elemental concentrations increase from 

the LLST to the MLST, then demonstrate a decreasing trend to the top of the deposit 

(ULST): Os, Pd and Au. Other mean element concentrations decrease from LLST 

to MLST, then show an increasing trend from MLST to ULST: Y, Pr, Nd, Sm, Gd, 

Tb, Dy, Ho, Er and Ta. Mean Sn concentrations decrease from the LLST to MLST, 

then remain the same concentration of 1.0 ppm from the MLST to ULST. Similarly, 

Tm concentrations decrease from the deposit base to the MLST, then remain at a 

concentration of 3.0 ppm through to the top of the deposit. Several elements were 

below detection limit (bdl) throughout the entire LST: Ir, Cr, Ni, Cu, Ln, Ru and Rh. 

Tungsten is bdl in the LLST and the MLST before rising to 2.0 ppm in the ULST as 

the magma evolved. Bismuth decreases from 0.4 ppm at the deposit base to bdl in 

the MLST, and remains bdl in the ULST. These trends are consistent with whole 

rock analyses of the LST by Wörner et al. (1983) and Wörner & Schmincke (1984). 

Compatible element concentrations (e.g. Sr, Sc, Co) increase as the magma 

evolved (Wörner et al., 1983; Wörner & Schmincke, 1984) and Co against Sr shows 

a weak positive correlation in this report (Fig. 5.3b). Whereas, incompatible 

elements (e.g. Zr, Zn, Th) decrease from the basal LLST to the ULST (Wörner et 

al., 1983; Wörner & Schmincke, 1984), and Zn and Zr show a strong positive 

correlation in this report (Fig. 5.3c). In addition, the light rare earth elements show a 

strong positive correlation with the heavy rare earth elements (Fig. 5.3a). The 

“semicomptaible” elements (e.g. Nd, Y) decrease from LLST to MLST, then increase 

again from MLST to ULST (Wörner et al., 1983). However, Hf is considered 

semicompatible in the samples analysed by Wörner et al. (1983), but in this report 

Hf is incompatible and decreases as the magma evolves. Chromium is bdl in 

samples analysed in this report, similar to that observed by Wörner et al. (1983).  

Selected Trace Elements. Platinum, Ir, Hf and Lu are discussed further, as 

these constituents were analysed in the GISP2 ice core by Petaev et al. (2013) and 

will be used for further data analysis in Section 5.3.2. 
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Platinum and Iridium. Platinum concentrations are low in the LST, close to 

the lab detection limit (0.1 ppb). The highest mean concentration is found in the 

basal LLST (0.2 ppb), and concentrations decrease upwards through the deposit 

until falling bdl in the ULST after magma evolution. Iridium is not detected in the LST 

pumice samples. 

Hafnium and Lutetium. Lutetium and Hf concentrations are well above their 

respective lab detection limits (0.01 ppm and 0.2 ppm), and both show a decreasing 

trend from the deposit base to the top. Hafnium in particular shows a strong 

decreasing trend, from ~34 ppm to ~5ppm.    

Anthropogenic Pt. The sample of topsoil (LST1 TS) had Pt concentrations of 

0.9 ppb (Appendix 1) which is above crustal abundance. This is likely a result of 

anthropogenic contamination. Remaining samples are below crustal abundance 

and thus were not exposed to contamination or surface contamination was removed 

during sample preparation. 

 

5.3.2. Geochemical Ratios 

 The elements Pt, Ir, Hf, Lu and Al, were selected for further data analysis, 

because these were analysed in the GISP2 ice core by Petaev et al. (2013). For 

comparison between the different mediums analysed in the work by Petaev et al. 

(2013), this report, and materials in the literature, geochemical ratios were used 

because absolute abundances are likely to be orders of magnitude different. Before 

the geochemical ratios were calculated, all values were converted to parts per billion 

(ppb). The geochemical ratios used are Ir/Al, Hf/Al and Lu/Al plotted against Pt/Al; 

Ir/Lu and Hf/Lu plotted against Pt/Lu and Ir/Hf plotted against Pt/Hf. Using a common 

denominator in the ratios (i.e., Al, Lu and Hf in this case) ‘straightens’ any mixing 

lines and eliminates the effect of magmatic processing. The geochemical ratios were 

calculated for each sample of the LST (Table 5.3) to represent all the LST units. 

 The values were normalised to chondrite values from McDonough and Sun 

(1995) to allow comparison between extraterrestrial and terrestrial materials. 

Chondrites are thought to represent the best mean estimates of non-volatile 

elements in the primitive solar system, prior to melting or alteration processes 

(White, 2013; Scott & Krot, 2014). By normalising to a standard, effects related to 

nuclear stability and nucleosynthesis are eliminated, smoothing the natural “saw-

tooth pattern” characteristic of decreasing abundances caused by these factors and 

highlighting any significant anomalies (White, 2013). 
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5.3.2.1. Laacher See Tephra 

 Individual elemental ratio values were calculated using the LST geochemical 

data obtained for this report (Table 5.5). The ratios Hf/Lu, Pt/Lu, Hf/Al and Lu/Al 

show a decreasing trend in the mean values from the basal LLST to the top of the 

deposit. Whereas, the ratios Pt/Al and Pt/Hf demonstrate an increasing trend in 

mean values from the LLST to the MLST. Some Pt values were bdl (Section 5.3.1) 

and therefore no ratios are available (see Table 5.5). All Ir values were bdl and thus 

some ratios discussed above are not included for the LST data. 

 

Table 5.5: Geochemical ratios for individual samples in the pumice samples of the LST. 

 Elemental ratio 

Sample no. (Hf/Lu)N (Pt/Al)N (Pt/Hf)N (Pt/Lu)N (Hf/Al)N (Lu/Al)N 

LST 001 7.82 2.95x10-

6 

5.51x10-

7 

4.31x10-

6 

5.34 0.68 

LST 002 8.07 - - 2.30x10-

7 

5.05 0.63 

LST 003 7.12 - - 2.32x10-

7 

4.50 0.63 

LST 004 6.43 - - 4.43x10-

7 

2.14 0.33 

LST 005 6.25 - - 4.43x10-

7 

2.09 0.33 

LST 006 5.74 - - 5.18x10-

7 

1.67 0.29 

LST 007 5.19 - - 6.96x10-

7 

1.18 0.23 

LST 007A 5.61 - - 6.09x10-

7 

1.40 0.25 

LST 008 3.79 - - 8.40x10-

7 

0.76 0.20 

“SAMPLE A” -LST003 7.51 - - 2.49x10-

7 

4.29 0.57 

“SAMPLE B” -LST007 5.32 - - 6.96x10-

7 

1.17 0.22 

“SAMPLE C” - LST005 6.57 1.49x10-

6 

7.13x10-

7 

4.68x10-

6 

2.09 0.32 
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 Elemental ratio 

Sample no. (Hf/Lu)N (Pt/Al)N (Pt/Hf)N (Pt/Lu)N (Hf/Al)N (Lu/Al)N 

“SAMPLE D” - LST008 3.78 - - 7.86 x10-

7 

0.78 0.21 

Mean LLST 7.63 2.95x10-

6 

5.51x10-

7 

1.26x10-

6 

4.79 0.63 

Average MLST 5.87 1.49x10-

6 

7.13x10-

7 

1.16x10-

6 

1.68 0.28 

Average ULST 3.78 - - 8.13x10-

7 

0.77 0.20 

Average LST 6.09 2.22x10-

6 

6.32x10-

7 

1.13x10-

6 

2.50 0.38 

All values are to 2 d.p. N = chondrite normalised values using values from McDonough and 

Sun (1995). The ratios Ir/Hf, Ir/Lu and Ir/Al are excluded as all Ir values were bdl (see Table 

5.3), and some Pt values were also bdl so ratios including these samples could not be 

calculated. 

 

5.3.3. Comparison to Literature Values 

 The LST values (pumice only) for the ratios discussed in Section 5.3.2 were 

compared to the Petaev et al. (2013) GISP2 spike and literature values for different 

types of rocks obtained from published articles and online databases (see Fig. 5.4). 

The data included specific volcanic deposits, sorted into ultramafic, mafic, 

intermediate and felsic volcanics, and meteorites sorted into chondrites, 

achondrites, Martian and iron classes. The values generally plot within discrete 

fields (e.g., ‘volcanics’, ‘meteors’, etc.), which facilitate intercomparison.  

5.3.3.1. Laacher See Tephra 

 A majority of the LST samples did not plot in the volcanic field (Fig. 5.4), 

although with the ratios Hf/Al against Pt/Al (Figure 5.4c) and Ir/Al against Pt/Al 

(Figure 5.4a) there is some overlap between the LST and volcanic fields (particularly 

mafic or intermediate volcanics). Most of the LST sample ratios are low in respect 

to other plotted values - two orders of magnitude smaller (~102) than literature 

volcanic values – perhaps because of the LSE’s unusual composition (see Chapters 

2 and 3). Furthermore, the LST does not plot close to the GISP2 spike identified by 

Petaev et al. (2013). 

5.3.3.2. GISP2 Spike 
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 The geochemical excursion within the GISP2 ice core does not plot close to 

the meteorite, volcanic or LST fields in a majority of the elemental ratios: Hf/Al, Lu/Al 

and Ir/Al against Pt/Al, Ir/Lu against Pt/Lu and Ir/Hf against Pt/Hf (Figures 5.4a-d, f). 

For ratios involving Ir, the GISP2 spike plots closest to the meteorite field, although 

GISP2 values are orders of magnitude larger than any of the literature meteorite 

values (at least ~10x, with some values ~100x), which demonstrates the unusually 

high Pt concentrations of the ice samples compared to Ir, Hf and Lu. The exception 

is Hf/Lu against Pt/Lu, where the GISP2 spike plots very close to the meteorite field, 

and particularly close to an iron meteorite value (Fig. 5.4e). Ratios including Ir have 

a strong correlation in literature meteorite and volcanic values, however the GISP2 

spike and a majority of LST values do not plot along the same line (Figures 5.4a 

and 5.4d). These results are relatively incompatible with conclusions drawn by 

Petaev et al. (2013), who suggested an iron meteorite as the GISP2 Pt spike source.  
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Figure 5.4: Element ratios (a) Ir/Al plotted against Pt/Al; (b) Lu/Al against Pt/Al; (c) Hf/Al 

against Pt/Al; (d) Ir/Lu against Pt/Lu; (e) Hf/Lu against Pt/Lu and (f) Ir/Hf against Pt/Hf. 

Triangles represent volcanics, and circles represent meteorites. The LST values shown 

are the maximum possible values (any values bdl have been set as the laboratory 

detection limit for the purpose of the graph). All values are normalised to C1 chondrite. 

Abbreviations: GISP2 = GISP2 Pt spike; LST = Laacher See Tephra; UCC = Upper 

Continental Crust; PM = Primitive mantle. The data was obtained from the following 

databases: Geochemical Earth Reference Model (GERM, 2019), Geochemistry of Rocks 

of the Oceans and Continents (GeoRoc, 2019) and the Meteorite Information Database 

(MetBase, 2019).  
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6. Discussion 

 As discussed in Chapter 2, the origin of the Pt spike in the GISP2 ice core 

identified by Petaev et al. (2013) is unclear, and more importantly, its hypothesised 

connection to the Younger Dryas equivocal. The following possible sources of the 

Pt spike are discussed further in this chapter:  

• the LSE at 12.880±0.40 ka BP 

• a different, Pt-rich volcanic eruption occurring at a similar time 

• a meteorite impact or airburst 

• volcanic exhalations and hydrothermal fluids 

• seawater 

• possible anthropogenic contamination of the ice core sections 

• the Pt ‘nugget’ effect 

 The subsequent sections discuss two factors of the Pt spike that may provide 

a link to the sources listed above and potentially the YD – the Pt spike timing within 

the ice core and the Pt spike geochemistry (also utilising other measured elements 

in the same ice section). Importantly, atmospheric or post-depositional processes 

may alter depositional timing and the original geochemistry of the source. 

 Mechanisms of Pt enrichment in the melt and volcanic aerosol are introduced 

to explain the LST geochemistry and why it is a possible source.  

 

6.1. Timing of the Pt Spike and the LSE 

 The results in Chapter 5 demonstrate that the GISP2 Pt spike’s age (on the 

GICC05modelext chronology) of 12.822 ka BP does not coincide with the GISP2 

volcanogenic sulfate spike at 12.867 ka BP attributed to the LSE (Baldini et al., 

2018). The Pt spike occurs ~60 years after the eruption itself, dated at 12.880±0.40 

ka BP by MFM lake varves (Lane et al., 2015), and ~50 years after the interpreted 

GISP2 LSE sulfur spike. It is necessary to examine potential reasons for the 

chronological offset between the Pt spike and the LSE; in other words, if there are 

any factors that could have delayed the deposition of Pt into the GISP2 ice core for 

~60 years following the LSE.  

 

6.1.1. Atmospheric Dynamics 

 Volcanic sulfate aerosols usually persist in the atmosphere for ~1-3 years 

(Robock and Mao, 1995; Robock, 2000; Baldini et al., 2018); for example, aerosols 
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released during the AD 1991 Mt Pinatubo and AD 1980 Mt St Helens’ eruptions 

resided in the atmosphere for 3 years (Pitari et al., 2016; Diallo et al., 2017). Both 

eruptions injected considerably less SO2 into the atmosphere than the LSE, ~20 Mt 

(Baldini et al., 2018) and ~2.1 Mt SO2 respectively (Pitari et al., 2016), compared 

with the LSE’s ~83 Mt (Baldini et al., 2018) so the LSE’s sulfate aerosol could have 

resided longer (see Section 2.2.3.3). Moreover, the highest concentration of sulfur 

six months after the eruption was located over NH high latitudes, particularly 

Greenland (Fig. 6.1), and the restriction of the LSE aerosol to the NH could allow 

the sulfate aerosol cloud to linger over Greenland for longer (Pinto et al., 1989).  

 Several interactions govern the removal of volcanogenic aerosol burden on 

the atmosphere, such as particle loss from the stratosphere to the troposphere 

where wet scavenging promotes aerosol particle washout during precipitation (Pitari 

et al., 2016). Moreover, the particularly dry conditions of the YD (Mayewski et al., 

1994; see Section 2.1) perhaps prolonged the residence time of the remaining LSE 

aerosol particles after NH climate shifted towards YD conditions. The height of the 

LSE’s Plinian plume (>20 km; Harms and Schmincke, 2000) allowed for injection of 

sulfate aerosol directly into the stratosphere, thus increasing its overall residence 

time in the atmosphere (Pitari et al., 2016). The shear of equatorial zonal winds may 

also impact aerosol residence time (Pitari et al., 2016); with a frequently varying, 

complex ocean-atmospheric interaction characteristic of the stadial-interstadial 

cycles, this seems plausible. 

 On the other hand, the aerosol of the ~73 ka BP super-eruption of Toba (VEI 

8) persisted for potentially ~6-10 years (Zielinski et al., 1996; Robock et al., 2009; 

Timmreck et al., 2012), despite injecting 100-300 times the SO2 of Mt Pinatubo into 

the atmosphere. Ash aggregation during large volcanic eruptions can limit residence 

time of finer particles by impacting aerodynamic response (Costa et al., 2010; Folch 

et al., 2010). Furthermore, most of the aerosol veil fallout occurs within the first year 

of aerosol advection (Oppenheimer, 2003), and Pt is a heavy metal expected to 

fallout first. Atmospheric processing impacts aerosol residence time (Pitari et al., 

2016), however, there is no definitive evidence to suggest the magnitude of the 

eruption, amount of SO2 injection or geographical distribution of the aerosol would 

allow volcanogenic aerosol to persist in the atmosphere for longer than the average 

residence time of 1~3 years (Robock and Mao, 1995; Robock, 2000; Baldini et al., 

2018), and thus these factors do not explain the ~60-year delay between the LSE 

and deposition into the GISP2 ice core record.  
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Figure 6.1: Distribution of the LSE volcanic aerosol six months following the eruption 

(12.880 ka BP), based on 15 Mt SO2 injection (Baldini et al., 2018; modified from Graf 

and Timmreck, 2001). Further details on the model and simulation are available in Graf 

and Timmreck (2001). 

 

6.1.2. Post-depositional Processes 

 Although atmospheric input largely controls variability in particulate 

concentration, air-snow transfer and post-depositional modification may act to 

distort or filter the atmospheric signal of volcanic aerosol fallout prior to preservation 

in the ice core (Bales et al., 1992). Not only does precipitation (i.e. snowfall) deliver 

aerosol particulates to the ice core record, but particulate matter deposited by dry 

deposition – the removal of atmospheric pollutants through mass delivery to natural 

surfaces in the absence of precipitation – also contributes (Mohan, 2015). Snow 

deposition is the primary process in central Greenland in modern times, but 

deposition of aerosols by fog and dry deposition also play a significant role (Legrand 

& Mayewski, 1997). Low snow accumulation can result in surface roughness 

variability, generated by a combination of later snow accumulation, wind erosion and 

snow drift, and may cause local scale variability in particulate concentrations 

(Gabrielli and Vallelonga, 2015; Gautier et al., 2016) – problematic when only one 

ice core is considered. GISP2 accumulation rates were on average 0.07±0.01 m 



66 

 

ice/year during the YD (Alley, 2000), suggesting that dry deposition may have 

dominated as the remaining aerosol particles settled. Further large-scale variations 

in volcanic sulfate deposition are highlighted in various works (e.g. Gao et al., 2007), 

which emphasises the requirement for cross-correlation of anomalies between 

multiple ice cores.  

 Other factors impacting aerosol air-snow transfer of aerosol species include: 

i) reversible deposition (i.e. aerosol species re-enter the atmosphere), ii) chemical 

changes within the snow and iii) mobilisation within the snow (Alley, 2000). 

Interstitial air (within the porous snow and firn) exchanges with the above 

atmosphere, so air within ice bubbles is always younger than the surrounding ice 

(Goujon et al., 2003). Gas age-ice age differences (Δage) and close-off depth (firn 

to bubbly ice transition) are fairly well constrained in central Greenland (see Goujon 

et al., 2003), but do not take into account complex post-depositional processes that 

may alter snow chemistry before close-off depth is achieved. Furthermore, close-off 

depth is impacted by meteorological properties such as precipitation processes, 

wind flow velocity, solar radiation, surface air temperature and temperature gradient, 

which can also cause thermal fractionation of some gases (Bender et al., 1997; 

Salamatin & Lipenkov, 2008). In the Greenland ice sheet, pore close-off density (830 

kg m-3) is achieved at ~60m and therefore air exchange, meltwater infiltration and 

refreezing events can affect the deep firn layer (Harper et al., 2012) which may lead 

to mobilisation of trace constituents, although this process is poorly studied.  

 Petaev et al. (2013) discovered no iridium (another PGE) in the age range 

investigated, suggesting high levels of PGE fractionation. Atmospheric processing 

may play a role in fractionating the aerosol’s volatile species (sulfate) from less 

volatile species (trace constituents such as Pt), however on such long timescales 

seems unlikely. Chronological offset in ice cores exists between CO2 and the 

surrounding ice (Δage) due to post-depositional processes (Goujon et al., 2003), but 

no data exists for post-depositional fractionation of the PGEs or Pt mobilisation in 

ice cores and no plausible mechanism to explain this is currently available. 

However, a sudden increase in Pt (in comparison to older ice, although not to the 

same concentrations as the Pt spike) is observed concurrently with the LSE sulfate 

spike, suggesting the eruption is a plausible source of Pt. Therefore, another 

eruption closer to ~12.822 ka BP could cause the Pt spike, independent of 

atmospheric processing and post-depositional processes. The role of atmospheric 

and post-depositional processing in a geochemical context is discussed further in 

Section 6.2.  
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6.1.3. Alternative Explanations 

 None of the processes discussed above provide a viable explanation for the 

chronological mismatch between the Pt spike age and the LSE. Consequently, it is 

likely that the LSE occurred several decades prior to the Pt spike, and an alternative 

source was responsible for elevated Pt concentrations in the GISP2 core. The YDIH 

suggests a meteorite or airburst impacted the Laurentide ice sheet, with evidence 

including impact “markers” discovered in YDB sediments ~12.9 ka (e.g. Firestone 

et al., 2007; see Section 2.2.2 of this report). The age of the impact marker-rich YDB 

sediments is assumed fairly contemporaneous with the 12.822 ka BP Pt spike 

(Wolbach et al., 2018a), which indicates a possible extraterrestrial origin of platinum 

(Section 6.2).  

 Most YDIH sites were radiocarbon dated with reference to a carbon-rich black 

layer (“black mat”) formerly identified and cross-correlated at >50 North American 

study sites (Haynes, 2005; Firestone et al., 2007). Firestone et al. (2007) calculated 

the average age of all calibrated sites as 12.938± 0.25 ka BP, and in a later study, 

Wolbach et al. (2018b) use Bayesian analysis on the age of YDB events (i.e. bolide 

impact proxies, biomass burning proxies) across multiple climate records, 

calculating an age of 12.854±0.056 ka BP. Both ages are approximately coeval to 

the Pt spike, but a ~30-100 year offset remains. The ages in the latter study (within 

the ~95% confidence interval) range from ~12.77ka BP to ~12.98 ka BP (Wolbach 

et al., 2018b), which encompasses the 12.822 ka BP Pt spike. Moreover, a notable 

issue with the YDIH is a lack of chronological control between YDB study sites 

(Meltzer et al., 2014). Out of 29 prominent YDB sites (as of 2014), only three are 

considered to offer support to the YDIH, and problems include: i) no form of age 

control, ii) chronologically unrelated radiometric ages, iii) age-depth correlation 

issues and iv) a younger or older impact layer than ~12.9 ka (Meltzer et al., 2014). 

Therefore, it is difficult to link the YDIH meteorite impact or airburst to the Pt spike. 

However, the YDIH is discussed alongside the Pt spike in recent work (e.g. Wolbach 

et al., 2018a) and thus an attempt is made below to explain the chronological offset 

(~30-100 years) between the average age of impact marker-rich YDB sediments 

and the GISP2 Pt spike. 

 Like a volcanic aerosol, a meteorite impact or airburst could create a sulfate 

aerosol generated by sulfates contained within impacting bolides (Toon et al., 1997; 

Firestone et al., 2007). Atmospheric dust loading can also occur following impact, 
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carrying elements from the disturbed surface and the meteorite itself (Toon et al., 

1997; Firestone et al., 2007). Dry deposition as the dust settles from the atmosphere 

or wet deposition as dust particles mix with rainwater and fall as precipitation can 

transport contaminants to the Earth’s surface (Ponette-González et al., 2018) and 

could cause a slight delay in Pt deposition. Furthermore, atmospheric processing 

may affect the impact-induced sulfate or dust clouds similar to its effect on 

volcanogenic aerosol (Section 6.1.1). However, the average residence time of 

sulfate aerosol is short (Section 6.1.1), and dust is lost from the atmosphere on a 

similar timescale (Toon et al., 1997). Although impact models, particularly related to 

the Cretaceous-Paleogene boundary (~66 Ma), suggest a large meteorite impact 

can produce significant amounts of dust and aerosol (e.g. Pope, 1997), modern 

analogues of large bolide impact or airbursts (comparable to the YDIH) on Earth are 

unavailable, so there is considerable uncertainty on aerosol and dust generation. 

Poor dating accuracy of YDB sediments adds a layer of unreliability to the link 

between the GISP2 Pt spike and the YDIH suggested by some YDIH advocates 

(e.g. Wolbach et al., 2018a). Similar to volcanogenic aerosol from the LSE, the 

above processes are unable to provide a viable explanation for a ~30-100 year 

offset between YDB sediments and the GISP2 Pt spike. 

 Alternatively, if the GISP2 Pt spike is isolated as a local anomaly in contrast 

to the most recent YDIH work (Wolbach et al., 2018a), another, perhaps 

noncataclysmic meteorite impact event could explain the GISP2 Pt anomaly. The 

Cape York iron meteorite impacted Greenland, and a terrestrial age 

contemporaneous with the Pt spike is not ruled out, making it a possible origin of Pt 

(Boslough, 2013). However, Cape York is included in iron meteorite data in this 

report (Fig. 5.4a-f) and the geochemistry does not match the GISP2 Pt spike 

geochemistry (which is discussed further below). 

 

6.2. Geochemistry 

 The geochemistry of the Pt spike is unusual. Petaev et al. (2013) highlighted 

that the high Pt/Ir and Pt/Al ratios at the Pt peak are dissimilar to known terrestrial 

or extraterrestrial materials. Further work in this study also shows the GISP2 Pt 

spike geochemistry is unlike the LST and other common meteorites and magmas 

studied in the literature (Chapter 5; Fig. 5.4a-f). Furthermore, the GISP2 Pt peak 

geochemistry (specifically the Pt/Ir ratio) does not match (see Fig. 6.2): i) historic 

volcanogenic sources in snow and ice, ii) YDB sediments in North America and 
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Europe, iii) Cretaceous-Tertiary (or Cretaceous-Paleogene) boundary (KTB) 

sediments, iv) impact melt rocks in craters created by bolide impacts or iv) 

glaciofluvial sediments from the recently discovered Hiawatha Glacier crater (Kjær 

et al., 2018). The Pt/Ir and Pt/Al ratios of the GISP2 Pt spike are highly fractionated 

– a level of fractionation not observed in literature values (Fig. 6.2). Furthermore, 

aluminium (Al) is often used as an indicator of crustal dust and exists at background 

levels around the time of the Pt spike, before increasing into the YD due to increased 

windiness (Mayewski et al., 1994; Petaev et al., 2013). Therefore, the possible Pt 

spike sources highlighted earlier (Section 6.0) are discussed further with 

fractionation processes in mind, in an attempt to explain the unusual, highly 

fractionated geochemical signature. 

 

 

Figure 6.2: Pt (ppb) plotted against Ir (ppb) normalised [N] against Cl chondrite 

(McDonough & Sun, 1995), showing Pt/Ir ratios of i) historic volcanic sources in ice, 

represented by triangles and the orange field (Soyol-Erdene et al., 2011; Gabrielli et al., 

2008); ii) YDB sediments in North America and Europe, represented by crosses and the 

pink field (Firestone et al., 2007; Paquay et al., 2011; Andronikov et al., 2016; Moore et 
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al., 2017), iii) Cretaceous-Tertiary (Cretaceous-Paleogene) boundary (KTB) sediments, 

represented by stars and the green field (Evans et al., 1993b), iv) impact melt rocks in 

craters created by bolide impacts, represented by circles and the blue field (Evans et al., 

1993a; Tagle et al., 2004), v) HGC (Hiawatha Glacier crater) glaciofluvial sediments 

represented by a yellow square (Kjær et al., 2018), vi) roadside sediments from the 

Manoa and Palolo urban watersheds, Hawaii (Sutherland et al., 2007), represented by 

grey crosses, vii) seawater represented by the purple diamond (Nozaki, 1997), viii) LST 

TS – Topsoil overlying the LST from locality LST1 (this study) and IX) GISP2 – the GISP2 

Pt spike, represented by a red diamond (Petaev et al., 2013). 

 

6.2.1. A Volcanic Source: Platinum-rich Volcanism 

 Volcanic-derived Pt is found in: i) Greenland ice cores (attributed to the 1991 

eruptions of nearby Hekla volcano and potentially the more distal Mt Pinatubo) 

(Gabrielli et al., 2008), ii) Antarctic snow (credited to 20th century eruptions, most 

notably the 1991 Cerro Hudson eruption) (Soyol-Erdene et al., 2011) and iii) North 

American terrestrial deposits correlated to Laki (CE 1783-1784), Kuwae (CE 1452-

1453), and Eldgjá (CE 934) (Tankersley et al., 2018). To understand a potential 

volcanic source of the GISP2 Pt spike discovered by Petaev et al. (2013), 

mechanisms of PGE enrichment in the volcanic system are discussed below.  

6.2.1.1. PGE Enrichment in the Melt 

 The Platinum Group Elements (PGEs) are highly siderophile elements and 

exhibit a strong affinity for metals and sulfides (Lorand et al., 2008). Sulfur can exist 

in different species or valence states in a melt, determined by the magma oxidation 

state (Caroll & Rutherford, 1985). Oxidised conditions cause sulfur to dissolve as 

sulfate (S6+ in SO4
2-), and in a reducing environment, sulfide (S2-) – both are present 

in intermediate conditions (Edmonds & Mather, 2017). Sulfur species become 

concentrated in melts through crystallisation of non-sulfur bearing phases, ultimately 

reaching saturation and precipitating non-volatile, sulfur-bearing phases (Edmonds 

& Mather, 2017). In a sulfide-rich melt, PGEs preferentially form covalent bonds with 

sulfide ions over ionic bonds with oxygen ions in silicate melts (Mungall & Naldrett, 

2008), thus becoming “trapped” in sulfide liquids or alloys (Lorand et al., 2008). 

PGEs demonstrate higher mobility in fluid-rich environments, with greater transport 

efficiency of the “platinum-PGEs” (Pt, Pd and Rh) relative to the “iridium-PGEs” (Ir, 

Ru, Os) (Rehkamper et al., 1997). When the denser (respective to silicate melts) 

sulfide liquid settles, it may separate out to form PGE ore deposits (Fig. 6.3). 

Alternatively, dependant on the timing of the eruption and sulfide liquid formation, 
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the sulfide melt inclusions are erupted with the magma as observed in deposits from 

Grímsvötn volcano, Iceland (Sigmarsson et al., 2013). On the other hand, the sulfide 

liquids may completely dissolve, liberating PGE into the magma (Mungall & Naldrett, 

2008), so if the sulfide liquid was PGE-rich, the erupted rocks are probably PGE-

rich. PGE liberation into the magma can also take place pre-magma ascent, where 

high degrees of melting stimulate PGEs (particularly platinum-PGEs) to dissolve into 

the silicate melt; most significant PGE deposits are formed in this way (Mungall & 

Naldrett, 2008).  

 Furthermore, the iridium-PGEs (and Rh) are mildly compatible (i.e. less 

soluble) in a silicate melt than Pd and Pt; Os-Ir alloys form which then settle out into 

a restite phase, leaving a Pd- and Pt-rich magma during crystal fractionation or 

partial melting processes (Barnes et al., 1985; Mungall & Naldrett, 2008). PGE 

concentration and fractionation in the melt is also dependent upon other factors such 

as alteration (Barnes et al., 1985). Therefore, the above factors suggest a Pt-rich, 

Ir-poor tephra is not implausible if PGEs are liberated into the melt with ideal timing, 

and this raises volcanism as an unlikely, but possible, source of the Pt-rich, Ir-poor 

geochemical spike observed in the GISP2 ice core (Petaev et al., 2013). However, 

the results of this study show the LST is Pt-poor (Chapter 5) and below the crustal 

abundance of 0.5 ppb (Tankersley et al., 2018) despite its sulfur-rich nature, 

suggesting that Pt was not concentrated within the erupted magma at the time of 

eruption.  

6.2.1.2. PGE Enrichment in the Volcanic Aerosol  

 Despite the chronological lag of the Pt peak relative to the LSE, there is an 

initial Pt concentration increase associated with the Pt spike at 12.868 ka BP, 

contemporaneous with the LSE sulfate spike (Fig. 5.1). This observation suggests 

a possible link between the two. However, as discussed previously (Section 6.2.1.1), 

the LST is PGE-poor but sulfur-rich, which suggests either: i) the magma system 

conditions of the Laacher See were not suitable for PGE formation or ii) if PGEs 

were formed, pre- or syn- eruptive degassing of volatile gas phases could disperse 

the PGEs into the atmosphere (A Iveson, pers. comm., 19th July 2019). When sulfide 

solutions destabilise, sulfur and associated metals are transferred into the fluid 

phase (i.e. liberated into the melt or magmatic fluids); the result is sequestration or 

outgassing into the atmosphere in a volatile phase (Edmonds & Mather, 2017). The 

transport of sulfide and therefore trace metals toward the top of the magma chamber 

may also result from rising vapour bubbles carrying sulfide melt droplets in a sulfide-
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melt saturated magma (Mungall et al., 2015), increasing the likelihood of trace 

species emission.  

  

 

 

Figure 6.3: Schematic demonstrating the interaction of magmatic sulfides and 

exsolved aqueous fluids in melts through a variety of processes and their outputs 

(Edmonds & Mather, 2017). 

 

 A volcanic plume is a physical mixture of gases and solid phases, and metals 

are strongly partitioned to particulate phases (Hinckley 1991). For a metal to 

incorporate into the aerosol, it must undergo volatilisation during exsolution of major 
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volatile melt components, followed by conversion from gas to the particle phase 

(Aiuppa et al., 2003; Mather et al., 2003; 2012). The chemical composition of 

volcanic aerosol also comprises elements derived from conduit wall erosion 

processes (Aiuppa et al., 2003). To transport metals, chlorine (Cl), sulfur (S) and 

fluorine (F)  behave as ligands and are therefore crucial in the exsolving gas phase 

(Aiuppa et al., 2003), as most trace metals are transported in the solid phase 

(Hinkley, 1991). Once a sulfate aerosol is formed following oxidation of sulfur-rich 

gases in the plume (see Section 2.2.3.3), atmospheric circulation advects the 

aerosol around the globe. Platinum-aerosol layers can potentially form with the 

sulfate aerosol, as metals are exhumed with more volatile species, and particles 

~0.1mm in diameter are widely distributed (Tankersley et al., 2018).  

 The Role of Halogens. Volcanic eruptions may release volcanogenic 

halogens alongside sulfate aerosol, and these are key in the degassing and 

transport of trace metal species (Crowe et al., 1987; Mather et al., 2003, 2012). For 

example, work on Kilauea (Hawaii) was key to understanding trace metal degassing 

and behaviour in the volcanic plume (e.g. Crowe et al., 1987; Hinkley, 1991; Mather 

et al., 2012). Pre- or syn-eruptive degassing of the Laacher See was possibly 

enriched in Cl but F-poor (Harms & Schmincke, 2000). Chlorine- and S-complexes 

both demonstrate the ability to carry Pt in volcanic systems (e.g. Symonds et al., 

1992; Simon & Pettke, 2009), therefore, the Cl- and S-rich volcanic plume of the 

LSE could carry Pt as S- or Cl- complexes in the aerosol phase. Furthermore, H2O 

was degassed with Cl during Plinian phases (Harms & Schmincke, 2000), which 

aids the mobility of trace metal-chlorine complexes by forming a hydration shell (A. 

Iveson, pers. comms., 19th July, 2019). The thermodynamics of the plume plays an 

important role, as condensation caused by falling temperatures will lead to fall out 

of most trace constituents perhaps before they can travel considerable distances, 

and thermodynamic processes also promote considerable fractionation of different 

trace constituents (Crowe et al., 1987). 

 Chlorine concentrations in the GISP2 ice core begin to increase toward YD 

values around ~12.85 ka BP, with a noticeable spike at ~12.84 ka BP of 72 ppb 

(Mayewski et al., 1994) – almost contemporaneous with the Pt spike and shortly 

after the LSE sulfate spike (Fig. 6.4). A sudden, smaller increase in Pt and Cl 

concentrations compared to older ice occur almost simultaneously with the LSE 

sulfur spike (Fig. 6.4). A Cl peak in the GISP2 ice core likely resulted from the LSE’s 

volcanogenic aerosol deposition, which may in turn have deposited some Pt onto 

the ice sheet. 
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Figure 6.4: The purple line represents chlorine (Cl) and the red bars represent 

volcanogenic sulfate (Volc. SO4) in ppb (Mayewski et al., 1994), and the blue line 

represents platinum (Pt) in ppt (Petaev et al., 2013). All concentrations are measured in 

the GISP2 ice core between the ages 12.60 ka BP to 13.10 ka BP. 

 

 In short, perhaps the Laacher See magma became oversaturated with 

respect to sulfide, forming sulfide liquid which then formed buoyant aggregates that 

carried sulfide and metals to the top of the magma chamber. The platinum-PGEs 

could have already fractionated from the less soluble iridium-PGEs at this point 

(Section 6.2.1.1). These aggregates then dissolve at the time of eruption, liberating 

metals into a fluid phase and very-late stage degassing delivers significant sulfur 

and trace metals into the atmosphere. However, vapour saturation would essentially 

need to happen before or simultaneously with sulfide saturation (Edmonds & 

Mather, 2017) to create the hypothetical scenario described above. Despite the 
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“ideal” geochemical conditions of the LSE (i.e. S-, Cl- and H2O-rich in Plinian 

phases), there are other factors controlling volatile phases and the mobility of metals 

including (but not limited to) pressure, temperature and oxygen fugacity (Aiuppa et 

al., 2009). Therefore, despite the Pt-poor nature of the LST, the LSE could have 

contributed small amounts of Pt to the Greenland Ice Sheet through syn-eruptive 

degassing of Pt, which is then carried in complexes with the aerosol and deposited 

onto the ice sheet. This is represented by a sudden increase in Pt coinciding with 

the LSE sulfate spike. However, despite the possibility of the LSE causing a small 

Pt spike, it is unlikely that the LSE’s volcanogenic aerosol persisted in the 

atmosphere for ~60 years after the eruption to cause the definitive GISP2 Pt spike. 

6.2.1.3. Chemical and Atmospheric Processing in the Volcanic Cloud 

 During explosive eruptions, it takes approximately ten minutes for the 

volcanic plume to reach the stratosphere, therefore limiting chemical 

transformations in the eruption cloud (plume) before this point (Textor et al., 2003; 

Langmann, 2014). Upon reaching the stratosphere, SO2 and H2S react with 

hydroxide (OH) and are oxidised to form sulfuric acid within days to weeks (Robock, 

2000; Langmann, 2014). Binary homogenous nucleation of sulphuric acid vapour 

and water vapour leads to the creation of new particles, thus converting sulfuric acid 

vapour to sulfate aerosol (Langmann, 2014). The CE 1991 Mt Pinatubo eruption is 

notable as the first opportunity during the instrumental era to study the interactions 

within a large volcanic plume as well as atmosphere-aerosol interactions. 

Volcanogenic sulfate aerosol from the 1991 Mt Pinatubo eruption reached peak 

stratospheric concentrations around three months following the eruption (Russell et 

al., 1996; Langmann, 2014). 

 In the presence of volcanic ash, large particles are subject to fast 

sedimentation, which restricts interaction between ash and volcanic gases 

(Langmann, 2014). However, sedimentation rates of smaller particles are slower 

and thus smaller particles persist in the lower stratosphere, as observed following 

the 1991 Mt Pinatubo eruption (Russell et al., 1996). Submicron ash particles in the 

lower stratospheric volcanic cloud aid condensation of volcanic gases, thus 

promoting growth of the aerosol layer (Langmann, 2014). Microphysical processes 

acting in the volcanic aerosol cloud are potentially self-limiting (Pinto et al., 1989 

and references therein). A higher concentration of sulfate aerosol results in higher 

collision rates, which creates a higher distribution of larger aerosol particles, thus 

speeding up particle fallout and reducing aerosol residence time (Pinto et al., 1989). 
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Aerosol particles also impact stratospheric photochemistry – the absorption of 

radiation by particle surfaces and subsequent local heating can impact trace 

element abundance in the aerosol because reaction rate coefficients are dependent 

upon temperature (Pinto et al., 1989). Following the 1991 Mt Pinatubo eruption, 

atmospheric dynamic response to local heating also impacted aerosol dispersal 

(Timmreck & Graf, 2004).  

 The above chemical and atmospheric processes could result in fractionation 

of Pt from Ir. However, the refractory siderophile nature of all the PGEs (Lorand et 

al., 2008; Petaev & Jacobsen, 2004) should inhibit fractionation to the extent implied 

by the GISP2 Pt spike geochemistry. Furthermore, volcanic fallout of Holocene 

eruptions in snow and ice do not show the same correlation between the two 

elements (Fig. 6.2). Enhanced sulfur loading may also act to limit the number of 

aerosol particles and increase fallout speed of particles, thus reducing the residence 

time of the LSE aerosol and making it difficult to explain the time lag between the 

eruption and the GISP2 Pt spike. A shorter residence time is consistent with 

modelling by Graf and Timmreck (2001), although a much smaller estimate of sulfur 

loading (15 Mt) was used for the simulations. A smaller Pt/Ir ratio (~30) is observed 

at the two smaller Pt peaks contemporaneous with the LSE sulfate spike, which 

seems possible considering processes operating in the melt, aerosol and 

atmosphere.  

6.2.1.4. Other Volcanic Eruptions 

 In summary, the LSE is unlikely the origin of the GISP2 Pt spike due to timing 

discrepancies and extreme geochemical fractionation of Pt, but a different volcanic 

eruption could have caused the GISP2 Pt spike. For example, a small sulfate peak 

(~80 ppb) is present in the GISP2 ice core at 12.829 ka BP (Fig. 5.1) – 

contemporaneous with the Pt peak. A smaller, local Icelandic volcano such as Hekla 

or Lake Torfadalsvatn could have caused the sulfate spike, carrying Pt within the 

aerosol. A sulfate peak at 13.03 ka BP was attributed to the proximal Hekla eruption 

(Muschitello et al., 2017), which also has a well-defined tephra layer along with the 

12.646 ±65 ka BP Lake Torfadalsvatn eruption (Mortensen et al., 2005; Abbott & 

Davies, 2012). Eruptions of other Icelandic volcanoes, Laki (CE 1783-1784) and 

Eldgjá (CE 934), contributed to elevated Pt concentrations in North American 

sediments (Tankersley et al., 2018). Quiescent degassing from local volcanoes may 

also take place, however this would likely result in multiple Pt spikes in the ice. 

Alternatively, the geochemical sulfate anomalies could result from a larger, distal 
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eruption such as Nevado de Toluca, Mexico that occurred at 12.45±0.35 ka BP 

(Baldini et al., 2018), but it is unclear if this could also explain the GISP2 Pt spike. 

In short, another volcanic eruption as the source of the GISP2 Pt spike is plausible, 

but the unusual chemistry and extreme fractionation suggests that this possibility is 

unlikely.  

 

6.2.2. An Extraterrestrial Source: Platinum-rich Meteorites 

 Meteorites are enriched in platinum (Anders & Grevasse, 1989; Sawlowicz, 

1993; McDonough & Sun, 1995; Andronikov et al., 2014, 2015, 2016) in comparison 

to the continental crust (Wedepohl, 1995), and therefore, they represent a potential 

origin of the GISP2 Pt spike (Petaev et al., 2013). Iron meteorites are core fragments 

of parent planets formed in the early solar system and are often PGE-rich as a result 

of proto-planetary and late accretion processes (e.g. Buchwald, 1975; Crocket, 

1972; Wasson, 1999, Wasson et al., 2007; Petaev & Jacobsen, 2004). The YDIH 

highlighted the Ir-rich nature of meteorites (e.g. Firestone et al., 2007; Moore et al., 

2017) however a number of iron meteorites (particularly within class IIAB and IIIAB) 

are Ir-poor and Pt-rich (e.g. Wasson, 1999; Wasson et al., 2007) due to the poorly 

understood, complex nature of metal-silicate fractionation and core crystallisation in 

parent bodies (Petaev & Jacobsen, 2004). For example, the kamacite (Fe-Ni alloy) 

meteorite Sikhote-Alin demonstrates Ir-depletion and Pt-enrichment (Petaev & 

Jacobsen, 2004), but not to the extent of the extreme fractionation observed in the 

GISP2 ice core. Limited data are available on Al concentrations in iron meteorites, 

and thus it is difficult to find an extraterrestrial source with high Pt/Ir and Pt/Al ratios 

(Fig. 5.4a-f; Fig. 6.2). Petaev et al. (2013) hypothesised an iron meteorite with 

similar composition to Sikhote-Alin and a diameter of ~0.8km could produce the Pt 

distribution and geochemical ratios akin to the GISP2 Pt spike. YDB Pt 

concentrations may also result from amalgamation of meteorite material and the 

terrestrial rocks following impact (Sawlowicz, 1993; Wolbach et al., 2018a, 2018b). 

Aside from perhaps the newly discovered Hiawatha glacier crater, of which the age 

is poorly constrained (Kjær et al., 2018), there is no typical impact crater found at 

the YDB. Therefore, similar to volcanic eruptions, fractionation processes may act 

to produce the unusual geochemistry of the GISP2 Pt spike. 

6.2.2.1. Primary Fractionation Processes in Meteorites 

 Condensation Fractionation. Meteorite impact would produce an ejecta 

cloud, with the highest temperatures located close to the impact site (Melosh, 1982). 
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Iridium and Pt have vaporisation temperatures of ~4500°C, and ~3800°C 

respectively (Hampson & Walker, 1961). Iridium would condense first, forming 

condensates with low Pt/Ir ratios, and later cloud expansion and cooling would lead 

to condensates with higher Pt/Ir ratios (Evans et al., 1993b). However, higher Pt/Ir 

ratios would likely exist at greater distances from the impact site, so if the Hiawatha 

glacier crater is assumed as the impact site, the GISP2 Pt spike geochemistry does 

not fit the model (Evans et al., 1993b). Without a definitive impact site, it is difficult 

to test whether condensation fractionation can explain the GISP2 Pt spike. 

 Oxidation Fractionation. Selective oxidation and thus fractionation of certain 

elements is possible. However there is poor understanding of important factors such 

as the PGE phase (whether PGEs are present as metals, oxides, ions or complexes) 

and their behaviour in the hot ejecta cloud, thermodynamic factors within the cloud 

such as temperature (T) gradient, relationship between T, O2 availability and altitude 

of the cloud (Evans et al., 1993b). Modelling of large bolide impacts demonstrates 

how a non-permanent cavity in the atmosphere is created, through which impact 

material is rapidly introduced to a vacuum and quenched (Koeberl, 1986; Evans et 

al., 1993b), and debris is distributed over a wide area upon re-entry to Earth 

(Melosh, 1982; Koeberl, 1986). However, a lack of O2 availability or condensation 

of the PGE-rich phase may occur prior to oxygen fugacity affecting fractionation of 

the PGEs (Evans et al., 1993a).  

 An Alternative Meteorite. The above primary fractionation processes are 

possible but theoretical (based upon modelling simulations) as no modern analogue 

of a large meteorite-generated ejecta cloud exists.  Other factors, such as the GISP2 

Pt spike’s unusual geochemical ratios dissimilar to known meteorites and the 

chronological offset between YDB sediments and the GISP2 Pt spike, complicate 

linking the hypothesised YDIH impactor as the origin of the Pt anomaly. It would 

therefore seem that the YDIH requires two meteorite impacts: one for the Pt spike 

and one for the YD trigger. The noncataclysmic entry of the Cape York meteorite is 

already proposed as a potential Pt source, however its Pt/Ir ratio is not akin to the 

GISP2 Pt spike (Boslough, 2013). Like all meteorites discovered on Earth, there is 

no detail on the heterogeneity of the pre-entry body, and no data on fractionation 

processes discussed above (and others including ablation and precipitation) 

(Boslough, 2013), thus a link between the Pt spike and the Cape York meteorite is 

elusive.  

 

6.2.3. Other Fractionation Processes 
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6.2.3.1. Alteration or Mobilisation in Snow or Ice 

 Some metals are prone to slow weathering during burial in snow or ice, or 

more rapid alteration when exposed on the ice exterior, for example there is 

evidence of Rare Earth Element (REE) mobilisation of meteorites in Antarctic ice 

(Floss & Crozaz, 1991). The iridium-PGEs, particularly Ir and Ru, are fairly inert and 

resistant to alteration or mobilisation by weathering (McCallum et al., 1976), but the 

platinum-PGEs are more mobile and so Pt could fractionate into secondary and 

heterogeneously dispersed carrier phases, resulting in Pt/Ir fractionation (Evans et 

al., 1993b). 

 The behaviour of PGEs during weathering is better researched in sediments, 

but still fairly poorly understood (e.g. Sawlowicz, 1993; Martín-Peinado & 

Rodríguez-Tovar, 2010; Moore et al., 2017). However, some natural processes such 

as “oxidation, hydration, effect of sulfuric acid generated by weathering of sulfides, 

effect of saline brines, presence of lower oxidation state oxyanions of sulfur and 

attack by organic acids” affect weathering of the PGEs and thus may contribute to 

the mobilisation of the elements post-deposition (Sawlowicz, 1993 pg 259 and 

references therein) in the snow and ice medium as well. A variable climate at the 

time of the Pt anomaly could lead to creation of ice ‘lenses” through exposure to 

higher summer temperatures igniting a process of thawing, percolation and 

solidification (Gabrielli et al., 2012; Gabrielli and Vallelonga, 2015). The influx of 

meltwater into the ice may affect concentrations of certain ionic species (particularly 

sulfate) in the natural firn layer (Eichler et al., 2001). Chlorine and fluoride also show 

depleted concentrations in upper firn layers at Vostok, Antarctica, suggesting that 

the compounds are partly discharged back into the atmosphere following deposition 

onto the ice surface (Wagnon et al., 1999; Eichler et al., 2001). If Pt was transported 

in a Cl-complex (for example), perhaps partial Pt liberation back into the atmosphere 

could occur, leading to elemental fractionation or later deposition. Furthermore, 

pressure melting point changes amplify the above mechanisms when the climate 

transitions into a temperate state (Gabrielli et al., 2012). However, these processes 

primarily impact sensitive alpine glaciers more than the remote centre of polar ice 

sheets, so the extent of disturbance on trace constituents at the GISP2 site is 

unclear (Gabrielli & Vallelonga, 2015). Little is known on PGE behaviour in the snow 

layer or ice column and thus it is difficult to determine whether processes within this 

medium could alter PGE concentrations after deposition, although it does present 

perhaps the simplest explanation for PGE fractionation.  
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6.3. Alternative Sources of Platinum 

6.3.1. Volcanic Exhalations and Hydrothermal Fluids 

 Platinum and Pd are soluble at low to intermediate temperatures in 

comparison to the other PGEs, and therefore Cl, HS- and OH- complexes hosted in 

hydrothermal ore fluids can transport Pt and Pd (e.g. Mountain & Wood, 1988; 

Sawlowicz, 1993). Mid-ocean ridge settings show high levels of PGE-fractionation 

and enrichment in Pt, Pd and Au (Sawlowicz, 1993). For example, samples of 

sulfides and hematite-magnetite±pyrite±talc mounds in the Turtle Pits hydrothermal 

field have a Pt/Ir ratio of ~110 and a Pd/Ir ratio of ~130 (Pašava et al., 2007). Local 

exhalative activity could deposit Pt onto the Greenland Ice Sheet through degassing 

to the atmosphere and subsequent deposition, or perhaps erosion of hydrothermal 

condensates and increased windiness into the YD (Mayewski et al., 1994) 

distributed Pt to the ice sheet. However, the Pt/Ir ratio of the GISP2 Pt spike is ~570 

which is approximately five times the values of Turtle Pits and therefore an 

exhalative hydrothermal source seems improbable.  

 

6.3.2. Seawater 

 The influx of extraterrestrial or terrestrial material (and associated 

degradation products) would influence the chemical composition of seawater in the 

Pleistocene, as both are sources of PGEs either in dissolved or detrital phases 

(Sawlowicz, 1993). Element distribution in North Pacific seawater in the late 1990s 

had a Pt/Ir ratio of ~300-400 (Nozaki, 1997; Pašava et al., 2007), influenced by a 

combination of various sources including anthropogenic pollution. However, this 

demonstrates how sensitive seawater composition is to external influence. In 

Greenland ice, Cl and Na represent wind-blown sea salt, therefore concentration 

increase of these elements represents increased windiness (de Angelis et al., 1997; 

Mayewski et al.,1997; Wolbach et al., 2018a). A peak in Cl and Na around ~12.84 

ka BP is observed in the GISP2 ice core, prior to general increased windiness in the 

YD (Mayewski et al., 1994; Wolbach et al., 2018a) and contemporaneous with the 

GISP2 Pt spike ~12.82 ka BP. If wind-blown sea salt is distributed to the Greenland 

Ice Sheet prior to PGEs precipitating out, then it could carry Pt to the remote ice 

sheet. This process may also lead to a lag of uncertain duration between the Pt 

source timing and the GISP2 Pt spike. However, Pt values in modern seawater 

(Nozaki, 1997) are orders of magnitude lower than at the GISP2 Pt spike (Fig. 6.2).  
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6.3.3. Contamination of the Ice 

 Platinum is a trace element in ice, and so for such a high concentration of Pt 

alongside low Ir concentrations presented by Petaev et al. (2013), contamination of 

the ice with Pt during drilling, sampling and analysis is considered as a possible 

source. However, Petaev et al. (2013) applied very high levels of quality control 

during their research, suggesting that external and internal (their laboratory) 

contamination is unlikely.  

 Corrections were made for interferences of LuO and HfO with Ir and Pt, and 

elevated concentrations occur over a range of ice depths, so the likelihood of ICP-

MS error as the Pt spike origin is unlikely (Petaev et al., 2013). “Real” ice core 

samples were cleaned prior to analysis, and composite samples that were not 

precleaned and were tested in a different analytical session also showed elevated 

Pt concentrations – an overall consistency within the ice samples provides evidence 

against contamination at laboratory level (Petaev et al., 2013). Therefore, any 

possible contamination is likely to have occurred prior to research by Petaev et al. 

(2013). However, rigorous quality control techniques are employed at each stage of 

ice core drilling to eliminate contamination, for example, drill liquid (which is used to 

prevent borehole deformation in bores >100m deep) contamination is monitored, 

and ice “sticks” are extracted from the centre of the drilled core (Warming et al., 

2013). Water alone is highly unlikely to mobilise the PGEs as they are fairly 

insoluble, and therefore drilling and slicing are unlikely contamination sources 

(Petaev et al., 2013). If the PGEs are in F-- or Cl--complexes (Section 6.2.3), they 

could mobilise readily (Eichler et al., 2001), but no data is available on this 

phenomenon during ice core drilling. Likelihood of contamination is low and is 

therefore not considered as a viable option for the GISP2 Pt spike origin.  

 

6.3.4. Pt Nugget Effect 

 Heterogeneous dispersion of Pt, Pd and Ir can occur, leading to high 

variability within any one sample even after duplicate testing – a phenomenon aptly 

named the “nugget effect” (Firestone et al., 2007; Moore et al., 2017). The nugget 

effect is more common when measuring elements at low concentrations, and 

therefore could affect Pt in the ice measured in ppt (Moore et al., 2017). However, 

the presence of consistent Pt concentrations, and importantly increasing and 

subsequently decreasing concentrations across both the precleaned “real” samples 
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and the composite samples (not precleaned) demonstrates the Pt nugget effect is 

not applicable to the GISP2 Pt spike (Petaev et al., 2013).  

 

6.4. Summary and Further Implications 

 The GISP2 Pt spike occurs ~60 years after δ18O began decreasing in the 

NGRIP ice core, marking the GS-1 (YD) onset in the north Atlantic (Fig. 5.1). The 

geochemistry of the Pt anomaly is unlike common meteorites, volcanic rocks, the 

LSE (this report), YDB sediments, KTB sediments and Holocene volcanic eruptions 

in snow and ice (Figs. 5.4a-f; 6.2). Due to the chronological offset of the LSE and 

the Pt spike, and Pt-poor nature of the LST, it is unlikely that the LSE was the cause 

of the GISP2 Pt spike. A sudden, smaller increase of Pt (two small peaks) observed 

in the GISP2 ice core is contemporaneous with the LSE sulfate spike (Figs. 6.2; 

6.4), and thus the LSE is a possible source of Pt at this particular time.  

 The geochemical ratios of the GISP2 Pt spike lie closest to meteorites (Fig. 

5.4a-f), so the suggestion of multiple injections of highly fractionated iron meteorites 

not yet observed on Earth as the Pt spike origin is not implausible (Petaev et al., 

2013), although the hypothesis of an “unknown” meteorite is untestable. A well-

constrained impact crater for the hypothesised YDIH impactor does not exist 

(Kennett et al., 2009). Although the newly discovered Hiawatha Crater dates overlap 

with the GISP2 Pt spike timing (Kjær et al., 2018), the dates have very large 

uncertainties and debate exists whether the feature beneath the Greenland Ice 

Sheet is actually an impact crater. Atmospheric processing could explain the 

extreme fractionation, either of the volcanic aerosol of a different volcanic eruption 

(i.e. not the LSE due to the discussed chronological offset), or of a meteorite impact 

of standard composition, such as the Cape York meteorite (Boslough, 2013). 

Furthermore, alteration or remobilisation after deposition in snow or ice could 

fractionate the volatile PGEs to an extent not observed in the original meteoritic or 

volcanogenic source rocks (T. Meisel, pers. comm, 24th June 2019).  

 

6.4.1. The Younger Dryas 

 This study suggests the LSE is unlikely to be the GISP2 Pt spike source 

because of the chronological offset between the eruption and the GISP2 Pt spike, 

as well as geochemical differences. This study also suggests that the GISP2 Pt 

spike is not contemporaneous with the δ18O decrease in NGRIP demarcating the 
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beginning of GS-1 (Fig. 5.1), implying that the Pt spike source was not the initial 

trigger of the YD.  

 Although not the primary objective of the study, these results support a link 

between the LSE and the YD. The volcanogenic sulfate spike at 12.867 ka BP in 

the GISP2 ice core, contemporaneous with δ18O decrease in the NGRIP ice core 

(and thus GS-1 onset), is consistent with the timing of the sulfur-rich Laacher See 

eruption, as noted in previous research (Baldini et al., 2018). Sulfur-rich eruptions 

create an aerosol haze that advects around the globe, directly impacting the Earth’s 

radiative budget and indirectly influencing atmospheric circulation (Rampino & Self, 

1984; Robock & Mao, 1995; Robock, 2000). The aerosol persists for an average of 

~1-3 years (Robock & Mao, 1995; Robock, 2000; Baldini et al., 2018), although 

some may persist for longer (Robock et al., 2009; Timmreck et al., 2012). Therefore, 

the ~83 Mt SO2 released during the LSE formed a volcanogenic aerosol that feasibly 

persisted for longer than average, and the restriction of the aerosol to one 

hemisphere may have increased its residence time and almost certainly amplified 

its radiative impact (Pinto et al., 1989; Toohey et al., 2019). Volcanogenic halogens 

released by the LSE (notably Cl), could have intensified initial radiative effects 

(Cadoux et al., 2014; Baldini et al., 2018).  

 Nonetheless the initial sulfur-loading caused subsequent radiative budget 

impacts, likely leading to SST decrease (Rampino & Self, 1984; Robock, 2000, 

2002). The LSE occurred during a sensitive deglacial climate (with intermediate ice 

conditions), which perhaps exacerbated the initial forcing and catalysed positive 

long-term climate feedback (Zhang et al., 2014, 2017; Baldini et al., 2018). Lower 

SSTs lead to a series of positive feedback events including arctic sea ice expansion 

and reduced ocean-atmosphere heat flux, which eventually generates further 

cooling and sea-ice growth (Broecker, 2006b; Serreze and Francis, 2006; Miller et 

al., 2012; Lehner et al., 2013; Baldini et al., 2018). Melting of southward-extending 

sea ice results in freshwater input, ultimately causing NADW shutdown and 

subsequently weakening AMOC (Lehner et al., 2013; Baldini et al., 2018). 

Atmospheric circulation changes, including southward forcing of the ITCZ and NH 

polar front, may lead to more sea ice expansion and thus further cooling and AMOC 

deterioration (Renssen et al., 2015; Baldini et al. 2015b, 2018).  

 The same positive feedback chains, starting with short-term cooling 

generated by volcanogenic aerosol, sea-ice growth and AMOC weakening, are 

proposed for other geological periods, such as the Little Ice Age (Miller et al., 2012) 

and other Greenland stadials (Baldini et al., 2015a). The above chain of events 
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suggests that the well-constrained LSE (12.880 ka BP) is the simplest explanation 

for the initial GS-1 cooling that eventually led to the Younger Dryas cooling event. 

 Rather than requiring a cataclysmic trigger such as an impact, substantial 

research supports the YD as one of many rapid climate change events (see 

Rasmussen et al., 2016) intrinsic to “intermediate” climate states during transitions 

from glacial maxima to interglacials (e.g. Sima et al., 2004; Broecker et al., 2010; 

Baldini et al., 2018). 

 Although the Pt spike origin remains unclear, it may represent a subsequent 

radiative cooling event that could have exacerbated initial cooling forced by the LSE 

or a meltwater pulse. If the Pt spike source was an iron meteorite impacting the 

Greenland Ice Sheet (see Firestone et al., 2007; Petaev et al., 2013), the initial 

impacts may include: i) ozone depletion, ii) wildfires, iii) water vapour and ice release 

into the atmosphere and iv) destabilisation of the LIS (Toon et al., 1997; Firestone 

et al., 2007; Wolbach et al., 2018a, 2018b). Factors i), ii) and iii) could impact the 

Earth’s radiative budget which cause a cascade of climate feedbacks and ultimately 

cooling (Toon et al., 1997; Firestone et al., 2007; Wolbach et al., 2018a, b), and 

factor iv) may lead to a meltwater pulse, suppressing the NADW and weakening 

AMOC which eventually drives climate cooling (Berger, 1990; Alley, 2000; Broecker 

et al., 2010; Schenk et al., 2018; Baldini et al., 2018). However, a large iron 

meteorite impact such as that advocated by the YDIH has no modern analogue, 

therefore the climate effects are poorly understood. Furthermore, airburst physics 

relating to meteorites are complex (Chyba et al., 1993; Boslough et al., 2013) and 

this brings into question whether an iron meteorite could distribute Pt to the ice sheet 

unless it directly impacted the ice sheet, or instead, impacted continental crust and 

produced ejecta debris (and associated aerosol) that was a mixture of meteoritic 

and target rock compositions (Sawlowicz, 1993; Wolbach et al., 2018a, 2018b). A 

well-defined YDB impact crater remains undiscovered, because the Hiawatha 

glacier crater is poorly constrained (Kjær et al., 2018), and ice cores covering the 

YD interval show no evidence of a physical disturbance, suggesting that a direct, 

cataclysmic impact to the Greenland Ice sheet is an unlikely cause of the Pt spike. 

Alternatively, a noncataclysmic meteorite impact, such as the Cape York meteorite, 

could explain the Pt spike (Boslough, 2013), but would have minimal climate 

implications.  

 Although this study has no implications on the meltwater pulse hypothesis as 

there is no link between the Pt spike and a meltwater pulse, it is speculated that, 

because meltwater input indisputably occurred during the last deglacial period 
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(Baldini et al., 2018), this could have amplified climate response to catalyse the YD. 

Whether this was a catastrophic meltwater release suggested by the meltwater 

pulse hypothesis (e.g. Johnson and McClure, 1976; Rooth, 1982; Broecker et al., 

1989; Berger, 1990; Alley, 2000; Broecker et al., 2010), or freshwater input caused 

by melting of southward-extending sea ice as part of positive feedback mechanisms 

(Lehner et al., 2013; Baldini et al., 2018) following an initial trigger (i.e. the LSE or a 

bolide impact) is unclear. It is tenable that the LSE, a bolide impact and a meltwater 

pulse occurred in close proximity, reinforcing each individual event’s short-term 

climate impacts.  

 In short, this research suggests that the most parsimonious series of events 

leading to the YD were: i) the LSE triggering GS-1, alone or in combination with a 

meltwater pulse, and ii) a noncataclysmic bolide impact or a different Pt-rich eruption 

~60 years later responsible for the GISP2 Pt concentration spike. The radiative 

effects associated with the event causing the Pt spike may have contributed to the 

severity of the YD, but were clearly not the main trigger due to the chronological 

offset. 

 

6.5. Future Work 

 To provide further insight into the source of the Pt spike, more geochemical 

analyses in addition to that already conducted by Petaev et al. (2013), are required. 

The analysis of “meteoritic” elements such as Ni, Cr, Co, Cu and Ru and “volcanic” 

elements such as Ti, Zr, Ag, La, Ce, Au, Cd, Hg, Sr, Se, As, Sb, Ta, Pb and the rare 

earth elements (Sawlowicz, 1993; Gabrielli et al., 2008; Lowe et al., 2011; 

Andronikov et al., 2014, 2015, 2016) would help to “fingerprint” either a volcanogenic 

or meteoritic source of the Pt spike. The analysis of Pt, further elements analysed 

by Petaev et al. (2013), and the elements discussed above in other ice cores (such 

as NGRIP) would aid understanding of the Pt anomaly’s origin, and analysis of those 

elements across a longer time period at close sampling intervals would demonstrate 

whether the Pt peak is a unique event or not. Further studies should focus on 

determining sources of the other sulfate spikes in the GISP2 ice core, Pt-rich 

eruptions, Pt mobilisation in the volcanic aerosol, the role of atmospheric processing 

and the potential for fractionation of PGEs in the aerosol, and lastly PGE 

fractionation in the snow or ice by alteration or remobilisation after deposition. 
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7. Conclusion 

 This report has presented evidence that the LSE is not the source of the 

GISP2 Pt spike, firstly because there is a chronological discrepancy between the 

interpreted LSE sulfur spike (12.687 ka BP) and the Pt spike (12.822 ka BP) in the 

same ice core and secondly by showing that the LST has low Pt concentrations. 

The LSE formed a volcanogenic aerosol that was advected around the globe. 

Platinum aerosol layers can form within the volcanogenic aerosol, travelling in a 

volatile phase or as complexes with volcanogenic halogens (Symonds et al., 1992; 

Simon & Pettke, 2009; Mather et al., 2012; Tankersley et al., 2018). However, there 

is no evidence to suggest the LSE’s magnitude, large amount of SO2 injection 

directly into the stratosphere (as a result of plume height >20km) or restriction to the 

NH could have prolonged the volcanogenic aerosol’s lifetime beyond the average 

~1-3 years (Robock and Mao, 1995; Harms & Schmincke, 2000; Robock, 2000; 

Baldini et al., 2018). Post-depositional processes, such as snow drift, wind erosion, 

reversible deposition, infiltration and refreezing events and mobilisation or chemical 

changes in the snow may act to distort the trace element signal at the time of 

deposition or shortly after (Bales et al., 1992; Alley, 2000; Harper et al., 2012; 

Gabrielli and Vallelonga, 2015; Gautier et al., 2016). Chronological offset in ice 

cores exists between CO2 and the surrounding ice (Δage) due to post-depositional 

processes (Goujon et al., 2003), however, there is no evidence available to suggest 

PGE fractionation or Pt mobilisation occurs post-deposition into the ice core, and no 

viable process to explain such a phenomenon exists.  

 Therefore, no known mechanism exists to explain the delay of ~60 years 

between the eruption and the GISP2 Pt spike. Additionally, new detailed 

geochemical analyses of the LST (this report) demonstrate that the material has low 

Pt concentrations. Consequently, it is unlikely that the LSE is the source of high Pt 

concentrations at the GISP2 Pt spike.  
 An alternative explanation for the Pt spike is that it is derived from a large 

iron meteorite impact, as suggested by Petaev et al. (2013). Recent research on the 

YDIH links the Pt spike to the YD (e.g. Wolbach et al., 2018a, b), however, there are 

chronological discrepancies between YDB sites (the mean age of the YDB layer is 

12.938± 0.25 BP; Firestone et al., 2007) and the GISP2 Pt spike. A large bolide 

impact could generate significant amounts of dust and an aerosol akin to explosive 

volcanic eruptions (Toon et al., 1997; Firestone et al., 2007). Similar to volcanogenic 
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aerosol from the LSE, atmospheric processing and post-depositional processes do 

not provide an explanation for a ~30-100-year offset between YDB sediments and 

the GISP2 Pt spike. Therefore, it is highly unlikely the hypothesised YDIH impactor 

is the origin of elevated Pt concentrations at the GISP2 Pt spike. Alternatively, if the 

GISP2 Pt spike is considered the result of another impact with more localised 

effects, a noncataclysmic impact, such as the Cape York meteorite impact, could 

deposit Pt onto the Greenland Ice Sheet (Boslough, 2013).  

 The unusual geochemistry of the Pt spike (i.e. high Pt/Ir and Pt/Al ratios) is 

difficult to link to common meteorites or magmas (Fig. 5.3a-f). This report explored 

the potential of Pt enrichment and fractionation in the melt and volcanic aerosol, in 

reference to the LSE and other volcanic eruptions (represented by other sulfate 

spikes in the GISP2 ice core). Despite the Pt-poor nature of the LST deposits, it is 

possible that Pt-rich magma degassed volatiles and trace species prior to or during 

the eruption, aided by the sulfur-rich nature of the LSE and presence of 

volcanogenic halogens (such as Cl, forming Pt-Cl-complexes), and was transported 

to the Greenland Ice Sheet (Aiuppa et al., 2003; Mungall & Naldrett, 2008; Mather 

et al., 2012; Edmonds & Mather, 2017; Tankersley et al., 2018). Platinum 

fractionation could also occur during chemical or atmospheric processing of the 

volcanic cloud (e.g. Langmann, 2014). However, no evidence of such high levels of 

fractionation exists in other possibly Pt-rich eruptions in ice cores (Fig. 6.2).  

Although the chronological offset suggests the LSE was not the source of the GISP2 

Pt spike, the LSE may have contributed to two smaller Pt peaks in the GISP2 ice 

core, contemporaneous with the LSE sulfate spike (Fig. 6.4). However, the results 

of this report cannot confirm whether the LSE aerosol was Pt-rich, but can confirm 

the proximal tephra was not. Alternatively, the GISP2 Pt spike could result from a 

local, less explosive eruption occurring closer in time; for example, related to the 

volcanic eruption responsible for a small sulfate spike in the GISP2 ice core at 

12.829 ka BP (Fig. 5.1).  Another fractionation process includes alteration or 

mobilisation following deposition of volcanogenic aerosol onto the ice sheet. The 

possibility of fractionation of Pt due to meltwater influx, mobilisation of ionic species 

carrying Pt-complexes (e.g. Cl-) and reversible deposition (Sawlowicz, 1993; Eichler 

et al., 2001; Gabrielli et al., 2012; Gabrielli and Vallelonga, 2015) is perhaps the 

simplest explanation for the highly fractionated Pt/Ir ratio of the GISP2 Pt spike, 

however more research is required to understand the mobility of PGEs in the firn 

and ice layers. 
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 In addition to a chronological offset, early YDIH advocates suggested an Ir-

rich impactor, whereas the GISP2 Pt spike is Ir-poor (Petaev et al., 2013), and 

GISP2 Pt spike geochemistry does not match other known meteorites (Fig. 5.3a-f). 

Therefore, the hypothesised YDIH impactor as the GISP2 Pt spike origin is unlikely, 

and instead, another impact by an “unknown” meteorite, unrelated to the YDIH is a 

potential Pt source. Aside from the poorly constrained Hiawatha glacier crater (Kjær 

et al., 2018), there is currently no impact crater dated to this time period. A 

noncataclysmic entry of a meteorite body (Cape York) was previously proposed 

(Boslough, 2013), however its geochemical signature is dissimilar from the GISP2 

Pt spike. Condensation or oxidation fractionation, ablation or precipitation following 

impact could explain the extreme fractionation of Pt/Ir, however these mechanisms 

are poorly understood.  

 Alternative plausible sources of Pt were discussed, including seawater in a 

sea-salt aerosol (Nozaki, 1997), volcanic exhalations and hydrothermal deposits 

(e.g. Sawlowicz, 1993; Pašava et al., 2007), contamination of the ice and the Pt 

nugget effect (e.g. Firestone et al., 2007; Moore et al., 2017), but were ultimately 

ruled out as Pt sources.  

 This report supports the LSE as the simplest explanation for the YD cooling. 

Initial cooling was driven by the LSE aerosol and subsequent climate feedback 

within a sensitive deglacial climate prolongs the climate impacts (Baldini et al., 

2018). Changes in the Earth’s radiation budget caused by the LSE aerosol and 

leading to SST decrease (Rampino & Self, 1984; Robock, 2000, 2002) may have 

caused a cascade of climate feedbacks including sea ice growth, atmospheric 

circulation changes, AMOC weakening and ultimately cooling (Broecker, 2006b; 

Serreze and Francis, 2006; Miller et al., 2012; Lehner et al., 2013; Renssen et al., 

2015; Baldini et al., 2018). However, the possibility exists that these effects were 

extended by another event affecting the Earth’s radiative budget, which could have 

amplified the initial aerosol cooling. The Pt spike in the GISP2 ice core ~60 years 

after GS-1 onset (the cooling leading to the YD) could represent a non-cataclysmic 

bolide impact of an unknown type of iron meteorite, or an unidentified volcanic 

eruption that could have led to radiative cooling. However, as the GISP2 Pt spike 

source is still enigmatic, it is difficult to ascertain whether the elevated Pt represents 

an event that did affect the Earth’s radiative budget, and whether it had any climate 

implications. This report provides no evidence to confirm or deny the possibility of 

more than one event occurring close in time, for example, the LSE, a bolide impact 
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and a meltwater pulse, and such timing could have substantial climate 

repercussions and possibly prolong the YD.  

 Further research is required to determine the origin of the GISP2 Pt spike, 

including analysis of additional “meteoric” and “volcanic” elements in the GISP2 ice 

core, analysis of other ice cores (e.g. NGRIP) for Pt and additional elements within 

the same interval studied in the GISP2 ice core by Petaev et al. (2013), and analysis 

for Pt in older and younger sections of ice to determine whether the GISP2 Pt spike 

of 12.822 ka BP was unique or simply part of the glacial-deglacial sequence.
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Appendices 

Appendix 1: (a) lab certificate of analyses, (b) quality control and (c) full analytical results of the Laacher See tephra samples by Activation 

Laboratories (ActLabs) and spider diagrams of trace element geochemistry (provided by ActLabs).
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Appendix 1a: 
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Appendix 1b: 

Report Number: A19-02357           

Report Date: 10/5/2019           

Analyte Symbol Au Pt Pd SiO2 Al2O3 Fe2O3(T) MnO MgO CaO Na2O 

Unit Symbol ppb ppb ppb % % % % % % % 

Detection Limit 1 0.1 0.1 0.01 0.01 0.01 0.001 0.01 0.01 0.01 

Analysis Method FA-MS FA-MS FA-MS FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP 

NIST 694 Meas    11.08 1.9 0.73 0.014 0.33 42.39 0.87 

NIST 694 Cert    11.2 1.8 0.79 0.0116 0.33 43.6 0.86 

DNC-1 Meas    47.29 18.8 9.96 0.146 10.1 11.38 1.92 

DNC-1 Cert    47.15 18.34 9.97 0.15 10.13 11.49 1.89 

GBW 07113 Meas    71.26 12.7 3.14 0.138 0.14 0.59 2.48 

GBW 07113 Cert    72.8 13 3.21 0.14 0.16 0.59 2.57 

W-2a Meas    52.87 15.37 10.82 0.166 6.31 11.37 2.26 

W-2a Cert    52.4 15.4 10.7 0.163 6.37 10.9 2.14 

SY-4 Meas    50.66 20.28 6.15 0.108 0.51 8.17 6.92 

SY-4 Cert    49.9 20.69 6.21 0.108 0.54 8.05 7.1 

BIR-1a Meas    48.67 15.45 11.34 0.173 9.6 13.61 1.82 

BIR-1a Cert    47.96 15.5 11.3 0.175 9.7 13.3 1.82 

PK2 Meas 4660 4450 5590        

PK2 Cert 4785 4749 5918        

PK2 Meas 4770 4580 5700        

PK2 Cert 4785 4749 5918        

PK2 Meas 4830 4650 5730        

PK2 Cert 4785 4749 5918        

CDN-PGMS-29 Meas 93 534 689        

CDN-PGMS-29 Cert 88 550 677        
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Report Number: A19-02357           

Report Date: 10/5/2019           

Analyte Symbol Au Pt Pd SiO2 Al2O3 Fe2O3(T) MnO MgO CaO Na2O 

Unit Symbol ppb ppb ppb % % % % % % % 

Detection Limit 1 0.1 0.1 0.01 0.01 0.01 0.001 0.01 0.01 0.01 

Analysis Method FA-MS FA-MS FA-MS FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP 

CDN-PGMS-29 Meas 82 522 654        

CDN-PGMS-29 Cert 88 550 677        

LST 001A Orig 2 0.1 0.1        

LST 001A Dup 2 0.1 0.1        

LST 007A Orig 2 < 0.1 < 0.1        

LST 007A Dup 6 0.1 0.1        

LST 008 Orig    54.76 17.73 3.4 0.133 0.65 7.05 4.82 

LST 008 Dup    54.68 18.1 3.39 0.132 0.64 7 4.84 

Method Blank    < 0.01 < 0.01 < 0.01 0.003 < 0.01 < 0.01 < 0.01 

Method Blank 2 < 0.1 0.1        

Method Blank 2 < 0.1 0.1        

Method Blank 2 < 0.1 0.1        
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Report Number: A19-02357           

Report Date: 10/5/2019           

Analyte Symbol K2O TiO2 P2O5 LOI Total Sc Be V Ba Sr 

Unit Symbol % % % % % ppm ppm ppm ppm ppm 

Detection Limit 0.01 0.001 0.01  0.01 1 1 5 2 2 

Analysis Method FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP 

NIST 694 Meas 0.55 0.115 30.14     1535   

NIST 694 Cert 0.51 0.11 30.2     1740   

DNC-1 Meas 0.23 0.486 0.07   31  144 107 144 

DNC-1 Cert 0.234 0.48 0.07   31  148 118 144 

GBW 07113 Meas 5.36 0.283 0.04   5 4 < 5 501 41 

GBW 07113 Cert 5.43 0.3 0.05   5 4 5 506 43 

W-2a Meas 0.64 1.091 0.22   36 < 1 269 179 202 

W-2a Cert 0.626 1.06 0.14   36 1.3 262 182 190 

SY-4 Meas 1.69 0.283 0.12   < 1 3 6 347 1203 

SY-4 Cert 1.66 0.287 0.131   1.1 2.6 8 340 1191 

BIR-1a Meas 0.02 0.97 0.01   44 < 1 319 9 108 

BIR-1a Cert 0.03 0.96 0.021   44 0.58 310 6 110 

LST 008 Orig 6.53 0.82 0.17 3.94 100 2 2 69 1289 1046 

LST 008 Dup 6.53 0.838 0.16 3.94 100.3 1 2 68 1283 1069 

Method Blank < 0.01 < 0.001 < 0.01   < 1 < 1 < 5 < 2 < 2 
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Report Number: A19-02357           

Report Date: 10/5/2019           

Analyte Symbol Y Zr Cr Co Ni Cu Zn Ga Ge As 

Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Detection Limit 1 2 20 1 20 10 30 1 1 5 

Analysis Method FUS-ICP FUS-ICP FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

DNC-1 Meas 14 33         

DNC-1 Cert 18 38         

GBW 07113 Meas 43 387         

GBW 07113 Cert 43 403         

TDB-1 Meas   250  110 330 150    

TDB-1 Cert   251  92 323 155    

W-2a Meas 18 86 90 43 80 110 80 17  < 5 

W-2a Cert 24 94 92 43 70 110 80 17  1.2 

DTS-2b Meas   > 10000 131 3390      

DTS-2b Cert   15500 120 3780      

SY-4 Meas 111 544  2   100 36   

SY-4 Cert 119 517  2.8   93 35   

BIR-1a Meas 12 13         

BIR-1a Cert 16 18         

ZW-C Meas   60    1000 95   

ZW-C Cert   56    1050 99   

USZ 44-2007 Meas   200    550 62  44 

USZ 44-2007 Cert   200    534 64  43.7 

REE-1 Meas   280 1 30 80    115 

REE-1 Cert   277 1.58 24.7 79.7    124 

LST 008 Orig 18 241 < 20 3 < 20 < 10 50 17 < 1 < 5 
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Report Number: A19-02357           

Report Date: 10/5/2019           

Analyte Symbol Y Zr Cr Co Ni Cu Zn Ga Ge As 

Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Detection Limit 1 2 20 1 20 10 30 1 1 5 

Analysis Method FUS-ICP FUS-ICP FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

LST 008 Dup 19 237 < 20 2 < 20 < 10 60 17 1 < 5 

Method Blank 1 2 < 20 < 1 < 20 < 10 < 30 < 1 < 1 < 5 
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Report Number: A19-02357           

Report Date: 10/5/2019           

Analyte Symbol Rb Nb Mo Ag In Sn Sb Cs La Ce 

Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Detection Limit 2 1 2 0.5 0.2 1 0.5 0.5 0.1 0.1 

Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

TDB-1 Meas 20        16.4 38.3 

TDB-1 Cert 23        17 41 

W-2a Meas 19 6     0.8 0.8 10.6 23 

W-2a Cert 21 7.9     0.79 0.99 10 23 

SY-4 Meas 51 14      1.5 58.3 123 

SY-4 Cert 55 13      1.5 58 122 

ZW-C Meas > 1000 209    > 1000 4.6 264 29.8 102 

ZW-C Cert 8500 198    1300 4.2 260 30 97 

NCS DC86318 Meas 373       11 > 2000 409 

NCS DC86318 Cert 369.42       10.28 1960 430 

SARM 3 Meas  981         

SARM 3 Cert  978         

USZ 44-2007 Meas 582     115   427 1130 

USZ 44-2007 Cert 641     126   434 1000 

REE-1 Meas  > 1000      1 1760 > 3000 

REE-1 Cert  4050      1.07 1661 3960 

LST 008 Orig 114 104 5 0.6 < 0.2 1 < 0.5 1 84.8 153 

LST 008 Dup 114 103 5 0.5 < 0.2 1 < 0.5 0.9 86.9 155 

Method Blank < 2 < 1 < 2 < 0.5 < 0.2 < 1 < 0.5 < 0.5 < 0.1 < 0.1 
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Report Number: A19-02357           

Report Date: 10/5/2019           

Analyte Symbol Pr Nd Sm Eu Gd Tb Dy Ho Er Tm 

Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Detection Limit 0.05 0.1 0.1 0.05 0.1 0.1 0.1 0.1 0.1 0.05 

Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

TDB-1 Meas  23.9  2.03   6.5    

TDB-1 Cert  23  2.1   8    

W-2a Meas  12.9 3.3 1.13  0.6 3.8 0.8 2.2 0.31 

W-2a Cert  13 3.3 1  0.63 3.6 0.76 2.5 0.38 

SY-4 Meas 15.2 57.5 13.2 2.08 14.5 2.7 19.3 4.4 14.3 2.28 

SY-4 Cert 15 57 12.7 2 14 2.6 18.2 4.3 14.2 2.3 

ZW-C Meas 9.67 25.3 6.9  4.7      

ZW-C Cert 9.5 25 6.6  4.7      

NCS DC86318 Meas 757   19 > 1000  > 1000 612 > 1000 264 

NCS DC86318 Cert 740   18.91 2095  3220 560 1750 270 

USZ 44-2007 Meas 118 441 127  132 27.2 198 42.9   

USZ 44-2007 Cert 122 434 120  117 25 165 37   

REE-1 Meas  1450  24.7 439  889 211 712  

REE-1 Cert  1456  23.5 433  847 208 701  

LST 008 Orig 14.8 46.6 6.5 1.8 4.2 0.6 3.5 0.7 2.1 0.27 

LST 008 Dup 15.2 47.9 6.6 1.83 4.2 0.6 3.5 0.7 2 0.28 

Method Blank < 0.05 < 0.1 < 0.1 < 0.05 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.05 
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Report Number: A19-02357           

Report Date: 10/5/2019           

Analyte Symbol Yb Lu Hf Ta W Tl Pb Bi Th U 

Unit Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Detection Limit 0.1 0.01 0.2 0.1 1 0.1 5 0.4 0.1 0.1 

Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

TDB-1 Meas 3.2        2.6  

TDB-1 Cert 3.4        2.7  

W-2a Meas 2 0.31 2.4 0.4   8  2.1 0.5 

W-2a Cert 2.1 0.33 2.6 0.5   9.3  2.4 0.53 

SY-4 Meas 15.6 2.16 10.5    10  1.3 0.9 

SY-4 Cert 14.8 2.1 10.6    10  1.4 0.8 

ZW-C Meas    84.8 334 33.6    19.3 

ZW-C Cert    82 320 34    20 

NCS DC86316 Meas   774  6    196  

NCS DC86316 Cert   712  5.01    202  

NCS DC86318 Meas > 1000 250       65  

NCS DC86318 Cert 1840 260       67  

USZ 44-2007 Meas 141  405 125   164  200 56.5 

USZ 44-2007 Cert 123  400 123   149  202 57 

REE-1 Meas   486        

REE-1 Cert   479        

LST 008 Orig 1.9 0.29 4.6 6.4 2 0.1 8 < 0.4 8.6 2.2 

LST 008 Dup 1.9 0.28 4.6 6.4 1 0.1 11 < 0.4 8.6 2.2 

Method Blank < 0.1 < 0.01 < 0.2 < 0.1 < 1 < 0.1 < 5 < 0.4 < 0.1 < 0.1 
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Report Number: A19-02357         

Report Date: 10/5/2019         

Analyte Symbol Os Ir Ru Rh Pt Pd Au Mass 

Unit Symbol ppb ppb ppb ppb ppb ppb ppb g 

Detection Limit 2 0.1 5 0.2 5 2 0.5  

Analysis Method NI-FINA NI-FINA NI-FINA NI-FINA NI-FINA NI-FINA NI-FINA NI-FINA 

OREAS 13b (Ni-S Fire Assay) 
Meas 14 17.1 68 < 0.2 178 124 205  

OREAS 13b (Ni-S Fire Assay) Cert 12 17.9 78 43 204 134 201  

AMIS 0367 (Ni-S) Meas     1630 790 178  

AMIS 0367 (Ni-S) Cert     1800 860 180  

AMIS 0414 (Ni-S) Meas     2050 1300   

AMIS 0414 (Ni-S) Cert     2200 1370   

LST 003A Orig < 2 < 0.1 < 5 < 0.2 < 5 < 2 0.8 25 

LST 003A Dup < 2 < 0.1 < 5 < 0.2 < 5 < 2 1.5 25 

Method Blank < 2 < 0.1 < 5 < 0.2 < 5 < 2 0.8 25 
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Appendix 1c: 

Report Number: A19-
02357      

Report Date: 10/5/2019      

Analyte Symbol Re Au Pt Pd SiO2 

Unit Symbol ppb ppb ppb ppb % 

Detection Limit  1 0.1 0.1 0.01 

Analysis Method NI-FINA FA-MS FA-MS FA-MS FUS-ICP 

LST 001  2 0.2 0.1 55.92 

LST 001A  2 0.1 0.1 61.73 

LST 002  2 < 0.1 < 0.1 56.29 

LST 002A  2 0.1 0.1 63.57 

LST 003  1 < 0.1 < 0.1 56.73 

LST 003A  2 0.2 0.2 63.08 

LST 003B  4 0.4 0.6 68.02 

LST 004  2 < 0.1 < 0.1 57.25 

LST 005  2 < 0.1 < 0.1 56.88 

LST 006  2 < 0.1 < 0.1 57.4 

LST 007  2 < 0.1 < 0.1 57.79 

LST 007A  4 < 0.1 < 0.1 58.72 

LST 008  5 < 0.1 0.1 54.72 

SAMPLE A  2 < 0.1 < 0.1 56.28 

SAMPLE B  2 < 0.1 0.2 58.55 

SAMPLE C  2 0.1 < 0.1 56.63 

SAMPLE D  2 < 0.1 < 0.1 55.29 

LST1 TS  7 0.9 0.6 58.1 
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Report Number: A19-
02357      

Report Date: 10/5/2019      

Analyte Symbol Al2O3 Fe2O3(T) MnO MgO CaO 

Unit Symbol % % % % % 

Detection Limit 0.01 0.01 0.001 0.01 0.01 

Analysis Method FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP 

LST 001 20.59 1.92 0.48 0.07 0.4 

LST 001A 17.65 3.24 0.379 0.55 0.65 

LST 002 21.09 1.99 0.471 0.09 0.43 

LST 002A 16.88 3.53 0.369 0.61 0.58 

LST 003 20.68 1.92 0.42 0.09 0.5 

LST 003A 17.08 3.83 0.325 0.57 0.43 

LST 003B 14.52 6.75 0.168 1.5 0.32 

LST 004 20.6 2.26 0.272 0.18 1.01 

LST 005 20.51 2.1 0.27 0.12 0.98 

LST 006 20.08 2.45 0.241 0.21 1.27 

LST 007 19.19 2.92 0.181 0.35 1.9 

LST 007A 20.01 2.77 0.205 0.34 1.71 

LST 008 17.92 3.4 0.132 0.65 7.03 

SAMPLE A 21.37 1.92 0.424 0.08 0.5 

SAMPLE B 19.86 2.93 0.186 0.37 1.91 

SAMPLE C 20.37 2.07 0.269 0.12 0.99 

SAMPLE D 18.75 3.82 0.141 0.76 5.34 

LST1 TS 17.79 5.53 0.219 1.16 2.16 
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Report Number: A19-
02357      

Report Date: 10/5/2019      

Analyte Symbol Na2O K2O TiO2 P2O5 LOI 

Unit Symbol % % % % % 

Detection Limit 0.01 0.01 0.001 0.01  

Analysis Method FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP 

LST 001 10.53 4.89 0.138 0.02 3.58 

LST 001A 7.11 3.83 0.329 0.08 3.85 

LST 002 10.35 4.88 0.146 0.03 3.47 

LST 002A 6.82 3.64 0.339 0.07 3.7 

LST 003 10.18 4.97 0.154 0.02 3.12 

LST 003A 6.47 3.75 0.357 0.06 3.34 

LST 003B 1.16 2.68 0.778 0.17 3.73 

LST 004 8.74 5.64 0.252 0.04 3.19 

LST 005 8.67 5.67 0.219 0.03 4.03 

LST 006 7.5 5.91 0.309 0.04 3.83 

LST 007 5.94 6.5 0.532 0.08 3.32 

LST 007A 6.98 6.27 0.462 0.07 1.3 

LST 008 4.83 6.53 0.829 0.16 3.94 

SAMPLE A 10.35 5.11 0.155 0.01 3.04 

SAMPLE B 6.16 6.59 0.535 0.09 3.11 

SAMPLE C 8.58 5.72 0.221 0.03 3.75 

SAMPLE D 4.82 6.72 0.946 0.18 2.38 

LST1 TS 2.2 3.71 1.064 0.31 7.99 
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Report Number: A19-02357     

Report Date: 10/5/2019      

Analyte Symbol Total Sc Be V Ba 

Unit Symbol % ppm ppm ppm ppm 

Detection Limit 0.01 1 1 5 2 

Analysis Method FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP 

LST 001 98.55 < 1 20 8 14 

LST 001A 99.4 3 14 32 137 

LST 002 99.21 < 1 19 8 16 

LST 002A 100.1 4 12 35 140 

LST 003 98.79 < 1 16 9 19 

LST 003A 99.29 5 10 38 153 

LST 003B 99.8 14 2 96 446 

LST 004 99.44 < 1 7 20 114 

LST 005 99.48 < 1 7 16 85 

LST 006 99.24 < 1 6 25 140 

LST 007 98.72 < 1 3 42 408 

LST 007A 98.85 1 4 37 302 

LST 008 100.1 1 2 68 1286 

SAMPLE A 99.25 < 1 17 9 22 

SAMPLE B 100.3 < 1 3 43 404 

SAMPLE C 98.76 < 1 7 17 86 

SAMPLE D 99.16 2 2 78 1472 

LST1 TS 100.2 9 3 105 867 
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Report Number: A19-02357     

Report Date: 10/5/2019      

Analyte Symbol Sr Y Zr Cr Co 

Unit Symbol ppm ppm ppm ppm ppm 

Detection Limit 2 1 2 20 1 

Analysis Method FUS-ICP FUS-ICP FUS-ICP FUS-MS FUS-MS 

LST 001 9 31 2109 < 20 < 1 

LST 001A 64 27 1422 40 6 

LST 002 10 30 2045 < 20 1 

LST 002A 62 27 1337 60 7 

LST 003 13 27 1752 < 20 1 

LST 003A 41 24 1115 60 7 

LST 003B 85 25 187 130 18 

LST 004 79 17 859 < 20 1 

LST 005 62 15 854 < 20 1 

LST 006 112 15 689 < 20 1 

LST 007 313 15 438 < 20 2 

LST 007A 229 15 540 < 20 2 

LST 008 1057 19 239 < 20 3 

SAMPLE A 14 28 1778 < 20 < 1 

SAMPLE B 314 15 453 < 20 2 

SAMPLE C 65 16 858 < 20 < 1 

SAMPLE D 1217 19 244 < 20 3 

LST1 TS 486 24 341 90 15 
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Report Number: A19-02357     

Report Date: 10/5/2019      

Analyte Symbol Ni Cu Zn Ga Ge 

Unit Symbol ppm ppm ppm ppm ppm 

Detection Limit 20 10 30 1 1 

Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

LST 001 < 20 < 10 250 55 3 

LST 001A < 20 < 10 190 41 2 

LST 002 < 20 < 10 230 52 2 

LST 002A 20 10 170 38 2 

LST 003 < 20 < 10 220 51 2 

LST 003A 20 < 10 140 35 2 

LST 003B 60 20 390 19 2 

LST 004 < 20 < 10 120 33 2 

LST 005 < 20 < 10 130 34 1 

LST 006 < 20 < 10 110 30 1 

LST 007 < 20 < 10 80 23 1 

LST 007A < 20 < 10 90 26 1 

LST 008 < 20 < 10 60 17 < 1 

SAMPLE A < 20 < 10 210 49 2 

SAMPLE B < 20 < 10 80 24 1 

SAMPLE C < 20 < 10 120 33 1 

SAMPLE D < 20 < 10 60 18 < 1 

LST1 TS 40 20 100 22 1 
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Report Number: A19-02357     

Report Date: 10/5/2019      

Analyte Symbol As Rb Nb Mo Ag 

Unit Symbol ppm ppm ppm ppm ppm 

Detection Limit 5 2 1 2 0.5 

Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

LST 001 12 540 352 2 5.1 

LST 001A 18 398 210 2 4 

LST 002 10 511 337 2 5.2 

LST 002A 10 357 187 2 3.8 

LST 003 13 497 301 2 4.8 

LST 003A 9 320 157 2 2.8 

LST 003B 9 142 11 < 2 0.6 

LST 004 8 298 155 3 2.1 

LST 005 < 5 306 160 3 2 

LST 006 < 5 265 147 3 1.8 

LST 007 < 5 178 123 3 1 

LST 007A < 5 207 126 4 1.3 

LST 008 < 5 114 104 5 0.6 

SAMPLE A 9 480 295 2 4.3 

SAMPLE B < 5 184 123 3 1.2 

SAMPLE C 7 295 157 3 2 

SAMPLE D < 5 116 108 5 0.5 

LST1 TS 7 130 84 < 2 0.8 
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Report Number: A19-02357     

Report Date: 10/5/2019      

Analyte Symbol In Sn Sb Cs La 

Unit Symbol ppm ppm ppm ppm ppm 

Detection Limit 0.2 1 0.5 0.5 0.1 

Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

LST 001 < 0.2 2 1.7 12.7 224 

LST 001A < 0.2 2 1.5 9.8 158 

LST 002 < 0.2 2 1.4 11.9 210 

LST 002A < 0.2 2 1.4 8.8 146 

LST 003 < 0.2 2 1.4 11 204 

LST 003A < 0.2 2 1.2 7.6 128 

LST 003B < 0.2 2 0.7 4.4 41.8 

LST 004 < 0.2 1 0.7 4.9 139 

LST 005 < 0.2 1 0.6 4.9 138 

LST 006 < 0.2 1 0.5 3.8 126 

LST 007 < 0.2 1 < 0.5 2.1 104 

LST 007A < 0.2 1 < 0.5 2.7 109 

LST 008 < 0.2 1 < 0.5 0.9 85.9 

SAMPLE A < 0.2 2 1.3 10.8 197 

SAMPLE B < 0.2 1 < 0.5 2.2 106 

SAMPLE C < 0.2 1 0.6 4.7 136 

SAMPLE D < 0.2 1 < 0.5 1 90.6 

LST1 TS < 0.2 3 0.9 2.9 83.3 
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Report Number: A19-02357     

Report Date: 10/5/2019      

Analyte Symbol Ce Pr Nd Sm Eu 

Unit Symbol ppm ppm ppm ppm ppm 

Detection Limit 0.1 0.05 0.1 0.1 0.05 

Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

LST 001 277 17 35.3 3.4 0.44 

LST 001A 203 13.6 33.3 4.2 0.69 

LST 002 262 16.2 34 3.3 0.44 

LST 002A 189 13.2 32.3 4.2 0.75 

LST 003 250 15.6 32.2 3.1 0.44 

LST 003A 168 12 30.7 4.2 0.76 

LST 003B 82.9 9.56 35 6.7 1.43 

LST 004 174 11.6 25.5 2.7 0.48 

LST 005 172 11.1 24.2 2.2 0.4 

LST 006 164 11.1 26.1 2.7 0.56 

LST 007 152 12.2 32.8 4 1.01 

LST 007A 154 11.9 29.9 3.4 0.86 

LST 008 154 15 47.3 6.5 1.82 

SAMPLE A 243 15.1 31.2 3.1 0.41 

SAMPLE B 153 12 31.9 3.6 0.97 

SAMPLE C 167 10.8 23.5 2.5 0.43 

SAMPLE D 165 16.3 52 7.2 2.11 

LST1 TS 151 13.9 46.4 7.1 1.75 
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Report Number: A19-02357     

Report Date: 10/5/2019      

Analyte Symbol Gd Tb Dy Ho Er 

Unit Symbol ppm ppm ppm ppm ppm 

Detection Limit 0.1 0.1 0.1 0.1 0.1 

Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

LST 001 2.5 0.5 3.5 0.9 3.6 

LST 001A 3 0.5 3.7 0.8 3 

LST 002 2.1 0.4 3.3 0.8 3.4 

LST 002A 3.1 0.5 3.6 0.8 3 

LST 003 2 0.4 3 0.8 3.2 

LST 003A 3 0.6 3.5 0.8 2.7 

LST 003B 5.6 0.9 5 1 2.7 

LST 004 1.7 0.3 2 0.5 2 

LST 005 1.4 0.3 2 0.5 1.8 

LST 006 1.8 0.3 1.9 0.5 1.7 

LST 007 2.5 0.4 2.5 0.5 1.6 

LST 007A 2.2 0.4 2.3 0.5 1.7 

LST 008 4.2 0.6 3.5 0.7 2 

SAMPLE A 2 0.4 3 0.8 3.1 

SAMPLE B 2.4 0.4 2.3 0.5 1.7 

SAMPLE C 1.5 0.3 1.9 0.4 1.8 

SAMPLE D 4.7 0.7 3.9 0.7 2.2 

LST1 TS 4.9 0.8 4.5 0.9 2.6 
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Report Number: A19-02357     

Report Date: 10/5/2019      

Analyte Symbol Tm Yb Lu Hf Ta 

Unit Symbol ppm ppm ppm ppm ppm 

Detection Limit 0.05 0.1 0.01 0.2 0.1 

Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

LST 001 0.72 6.1 1.13 37 6.3 

LST 001A 0.58 4.9 0.88 25 4.5 

LST 002 0.69 5.9 1.06 35.8 6.1 

LST 002A 0.56 4.5 0.81 23.6 4.1 

LST 003 0.6 5.4 1.05 31.3 5.8 

LST 003A 0.51 3.9 0.72 19.2 3.5 

LST 003B 0.41 2.9 0.43 5.1 0.9 

LST 004 0.36 2.9 0.55 14.8 4.1 

LST 005 0.34 2.7 0.55 14.4 3.9 

LST 006 0.32 2.6 0.47 11.3 4.1 

LST 007 0.3 2 0.35 7.6 4.9 

LST 007A 0.29 2.2 0.4 9.4 4.6 

LST 008 0.28 1.9 0.29 4.6 6.4 

SAMPLE A 0.61 5.3 0.98 30.8 5.6 

SAMPLE B 0.28 2 0.35 7.8 4.9 

SAMPLE C 0.34 2.8 0.52 14.3 3.8 

SAMPLE D 0.31 2 0.31 4.9 6.9 

LST1 TS 0.38 2.6 0.43 7.5 4.6 
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Report Number: A19-02357     

Report Date: 10/5/2019      

Analyte Symbol W Tl Pb Bi Th 

Unit Symbol ppm ppm ppm ppm ppm 

Detection Limit 1 0.1 5 0.4 0.1 

Analysis Method FUS-MS FUS-MS FUS-MS FUS-MS FUS-MS 

LST 001 < 1 1.1 52 0.4 95.6 

LST 001A < 1 0.9 45 < 0.4 65 

LST 002 < 1 1.1 47 < 0.4 89.3 

LST 002A < 1 0.9 37 < 0.4 59.3 

LST 003 < 1 1 47 0.4 79.7 

LST 003A < 1 0.8 27 < 0.4 49.1 

LST 003B < 1 0.6 15 < 0.4 11.1 

LST 004 < 1 0.6 24 < 0.4 35.7 

LST 005 < 1 0.5 25 < 0.4 35.7 

LST 006 < 1 0.4 20 < 0.4 28.2 

LST 007 < 1 0.2 14 < 0.4 16.8 

LST 007A < 1 0.3 15 < 0.4 21 

LST 008 2 0.1 10 < 0.4 8.6 

SAMPLE A < 1 0.9 42 < 0.4 78.6 

SAMPLE B < 1 0.2 13 < 0.4 17.2 

SAMPLE C < 1 0.5 22 < 0.4 35.1 

SAMPLE D < 1 0.1 8 < 0.4 8.8 

LST1 TS 1 0.4 30 < 0.4 13.4 
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Report Number: A19-02357     

Report Date: 10/5/2019      

Analyte Symbol U Os Ir Ru Rh 

Unit Symbol ppm ppb ppb ppb ppb 

Detection Limit 0.1 2 0.1 5 0.2 

Analysis Method FUS-MS NI-FINA NI-FINA NI-FINA NI-FINA 

LST 001 26.2 < 2 < 0.1 < 5 < 0.2 

LST 001A 18.1 < 2 < 0.1 < 5 < 0.2 

LST 002 24.8 < 2 < 0.1 < 5 < 0.2 

LST 002A 16.2 < 2 0.2 < 5 < 0.2 

LST 003 22.1 < 2 < 0.1 < 5 < 0.2 

LST 003A 13.4 < 2 < 0.1 < 5 < 0.2 

LST 003B 2.8 < 2 < 0.1 < 5 < 0.2 

LST 004 9.6 < 2 < 0.1 < 5 < 0.2 

LST 005 9.4 < 2 < 0.1 < 5 < 0.2 

LST 006 7.4 9 < 0.1 < 5 < 0.2 

LST 007 4.3 < 2 < 0.1 < 5 < 0.2 

LST 007A 5.4 < 2 < 0.1 < 5 < 0.2 

LST 008 2.2 < 2 < 0.1 < 5 < 0.2 

SAMPLE A 21.6 < 2 < 0.1 < 5 < 0.2 

SAMPLE B 4.5 < 2 < 0.1 < 5 < 0.2 

SAMPLE C 9.4 < 2 < 0.1 < 5 < 0.2 

SAMPLE D 2.3 < 2 < 0.1 < 5 < 0.2 

LST1 TS 3.5 < 2 < 0.1 < 5 < 0.2 
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Report Number: A19-02357    

Report Date: 10/5/2019     

Analyte Symbol Pt Pd Au Mass 

Unit Symbol ppb ppb ppb g 

Detection Limit 5 2 0.5  

Analysis Method NI-FINA NI-FINA NI-FINA NI-FINA 

LST 001 < 5 < 2 0.7 25 

LST 001A < 5 < 2 0.8 25 

LST 002 < 5 < 2 < 0.5 25 

LST 002A < 5 < 2 0.8 25 

LST 003 < 5 < 2 1 25 

LST 003A < 5 < 2 1.1 25 

LST 003B < 5 < 2 2.6 25 

LST 004 < 5 < 2 1.4 25 

LST 005 < 5 < 2 1.1 25 

LST 006 < 5 < 2 0.7 25 

LST 007 < 5 < 2 1.4 25 

LST 007A < 5 < 2 0.6 25 

LST 008 < 5 < 2 < 0.5 25 

SAMPLE A < 5 < 2 < 0.5 25 

SAMPLE B < 5 < 2 0.5 25 

SAMPLE C < 5 < 2 1.1 25 

SAMPLE D < 5 < 2 0.7 25 

LST1 TS < 5 < 2 4.3 25 
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