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Abstract 

In eastern Kansas, twelve kimberlites and two lamproites constitute the southern portion 

of a ~5000 km stretch of Mid-Cretaceous-age alkali magmatism in central North America. Four 

main geodynamic models have been proposed to explain the formation of this alkaline igneous 

corridor including entrainment by mantle plumes, subduction of the Farallon plate, large low 

shear velocity provinces, and edge-driven mantle convection cells. Each of these models has 

temporal constraints that can be used to evaluate their viability. The emplacement ages for the 

Kansas kimberlites were previously reported by Blackburn et al. (2008) as 110-85 Ma, with a 

younger hydrothermal reheating event recorded at ~65 Ma. K-Ar geochronology conducted on 

the Kansas lamproites by Zartman et al. (1967) suggest they are younger than most of the 

kimberlites, with an age of ~90-88 Ma. However, the limited amount of data and their 

uncertainty make it difficult to assess the relationship between the two magmatic events. To 

better constrain the timing of emplacement, we conducted in situ U-Pb perovskite geochronology 

on the Hills Pond and Rose Dome lamproites, along with reanalysis of the Tuttle and Bala 

kimberlites. Perovskite was chosen for analysis because it is one of the few primary phases that 

occurs in both rock types AND has survived the pervasive alteration observed. Our age data for 

the Kansas kimberlites and lamproites are consistent with previous studies. The Tuttle 

perovskites yield an age of 105.6 ± 1.9 Ma, which agrees well with the 106.6 ± 1 Ma age 

determined by Blackburn et al. (2008) using Rb-Sr on megacrystic phlogopite and 

clinopyroxene. In contrast, the Bala kimberlite yields two arrays on the Tera-Wasserburg 

concordia diagram, one with an age of 59.6 ± 7.4 Ma and the other 81.7 ± 8.6 Ma. Blackburn et 

al. (2008) also report two ages for this kimberlite. Their younger age of 64.3 ± 7.5 Ma, based on 



  

(U-Th)/He in apatite, is within error of our new perovskite age. However, their older age of 

103.0 ± 7.5 Ma, based on (U-Th)/He in magnetite separated from a calcite vein, is more than 20 

m.y. older than our older perovskite age. Our petrologic data, in combination with the two 

perovskite age populations, suggest in contrast to Blackburn et al. (2008), that the Bala 

kimberlite site sustained reoccurring magmatism for at least ~22 m.y., and possibly longer.  

The Hills Pond and Rose Dome perovskites yield ages of 86.8 ± 3.5 and 97.1 ± 12.6 Ma, 

respectively. Thus, the emplacement of the Kansas kimberlites and lamproites overlap in time, 

but with the initiation of kimberlite magmatism preceding that of the lamproites by at least 8 

m.y. The significant time span for the kimberlite and lamproite magmatism is most consistent 

with an edge-driven convection model of formation. 
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Chapter 1 - Introduction 

Lamproites and kimberlites are known for providing petrologic and geochemical 

information on Earthôs mantle through the study of the xenoliths they entrain and the nature of 

their unusual, trace-element-enriched compositions (Kopylova and Caro, 2004; Kjarsgaard et al., 

2017; Liu et al., 2018). In addition to their scientific significance, these rocks are of economic 

importance as they are the primary host of diamonds (Kjarsgaard and Levinson, 2002; Mitchell, 

2020). They also contain high concentrations of critical elements such as Ni, Cr, and V, which 

are used in numerous energy storage technologies, as well as mantle-incompatible elements (Nb, 

Nd, Ce, La, Y, Ta, Hf, Ti, Sm, Zr, and Rb) (Fig. 1) (Cullers and Berendsen, 2011; Kempton et 

al., 2019b; Lee et al., 2020) that are vital to numerous modern technologies because of their 

unique properties of magnetism, oxidation-reduction, and luminescence (Wall et al., 2017). 

However, lamproite and kimberlite formation is still poorly understood, because the rocks are 

often intensely and pervasively altered. This also makes them difficult to date, because most of 

the primary minerals are altered to serpentine, calcite, and/or chlorite (Heaman et al., 2019). 

Lamproites are known to form in both intraplate (e.g., Leucite Hills, Wyoming, USA; 

Baifen, China) and converging plate margins (e.g., most Mediterranean localities), with the two 

tectonic settings producing rocks that are compositionally distinct (Kononova et al., 2011; 

Mitchell, 2020). Lamproites from convergent margin settings typically show strong depletion in 

high field strength elements (e.g., Ti, Nb, and Ta), typical of the subduction environment (e.g., 

Casalini et al., 2022), whereas the intraplate lamproites commonly contain high SiO2 and low 

concentrations of CaO, Al2O3, and Na2O at high K2O/Al2O3 ratios (Kononova et al., 2011). 

Cratonic (intraplate) lamproites typically form within Proterozoic to early Phanerozoic accreted 
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mobile belts, regions of thick lithosphere (> 150-200 km) (Mitchell and Bergman, 1991; 

Kononova et al., 2011). 

 

Figure 1. Average Kimberlite and Lamproite Whole Rock Trace Element Diagram 

A primitive mantle normalized incompatible element plot displaying the difference between the global average 

kimberlite in blue (Wedepohl and Muramatsu, 1979), and the global average lamproite in orange (Karlmalkar et al., 

2014). 

 

Similarly, kimberlites typically occur within or near Archean cratons, as lithospheric 

thickness in these localities (> 150-200 km) provides adequate pressure (> 6 GPa) and 

temperature (> 1,400 ęC) conditions conducive for the formation of kimberlite melts of varying 

composition and volatile contents (Fig. 2a) (Gaetani and Grove 1998; Priestly et al. 2006; 

Sparks, 2013; Tappe et al., 2018). However, the kimberlites in Kansas, USA, are not near an 

Archean craton but rather within a region of Proterozoic basement rocks accreted to Laurentia 

approximately 1.6 to 1.7 b.y. ago (Sims et al., 1987; Berendsen, 2011). The atypical location of 

the Kansas kimberlites, in addition to their association with other North American kimberlites, 
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has led to several research efforts to better understand their formation (Brookins, 1970; 

Blackburn et al., 2008; Cullers and Berendsen, 2011; Cullers et al., 2012; Kempton et al., 

2019a,b; Lee, 2023, and references therein). 

 

Figure 2. Pressure-Temperature Phase Diagrams 

a) Simple pressure-temperature phase diagram of the carbonated mantle (CMAS-CO2) illustrating conditions 

necessary for kimberlitic melt formation. Figure modified from Sparks (2013) with the approximate location of 

lamproite melt generation from Foley (2011). b) A pressure-temperature phase diagram comparing reduced 



4 

(CH4 + H2O; after Taylor and Green, 1988; Green and Falloon, 1998) and oxidized (CO2 + H2O; Foley et al., 2009) 

melting curves. Arrows indicate an increase in aH2O, and UML stands for ultramafic lamprophyre. Figure from 

Foley (2011). 

 

 

Figure 3. Distribution of Alkaline Igneous Rocks Within North America 

A map, adapted by Kempton et al. (2019b) and modified from Currie and Beaumont (2011) and Schaeffer and 

Lebedev (2014), displaying the location of the alkali igneous corridor also known as the ñKimberlite Corridorò (pale 

yellow) within North America. The shapes plotted on this diagram represent the locations of known kimberlites 

(stars), lamproites (circles) and other alkali igneous rocks (squares). The color within these shapes describes whether 

the rocks are Cretaceous in age (yellow) or not (white). Locations of Archean cratons are dark purple, the Basin and 

Range in dark orange, and the late Cretaceous plate margin in light brown. Black dashed line represents the location 

of the North American craton today. The two grey dotted lines denote the approximate location of the border 

between a deep, sharply defined lithosphere-asthenosphere boundary (LAB) to the east and a shallow, roughly 

defined LAB to the west. Red dotted line depicts the position of the leading edge of the subducting Farallon around 

~100 Ma (after Spasojevic et al., 2009, and Kjarsgaard et al., 2017). The Juan de Fuca plate (JDF) is last remaining 

(unsubducted) section of the subducted Farallon plate. 
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In this context, it has been noted that the Kansas lamproites and kimberlites make up the 

southern end of a north-south trending Mid-Cretaceous ócorridorô of alkaline igneous rocks (Fig. 

3) (Kjarsgaard et al., 2017). Various models have been proposed for their formation including 

association with mantle plumes (Heaman and Kjarsgaard, 2000; Heaman et al., 2003 and 2004; 

Chu et al., 2013), subduction-related processes (Currie and Beaumont, 2011; Duke et al., 2014), 

and edge-driven mantle-convection cells (EDC) (Kjarsgaard et al., 2017; Kempton et al., 

2019a,b). Each of these models has temporal constraints. As such, accurate information on the 

age of emplacement is essential for evaluating the viability of each model. Blackburn et al. 

(2008) determined the emplacement ages of five of the twelve Kansas kimberlites (Tuttle, 

Stockdale, Baldwin Creek, Bala, and Leonardville) through the (UïTh)/He method applied to the 

minerals apatite, titanite, zircon, magnetite, and garnet. Their work yielded dates ranging 

between 110 and 103 Ma for most kimberlites, with one locality (Baldwin Creek) possibly as 

young as 85 Ma (see detailed review in Section 2.6). However, age constraints for the Kansas 

lamproites are more limited and less precise, including only three K-Ar analyses of biotite 

macrocrysts separated from the Hills Pond and Rose Dome localities (Zartman et al., 1967). 

Therefore, in order to better understand the geodynamic setting responsible for the southern 

portion of the North American Mid-Cretaceous corridor, better geochronological constraints are 

needed, particularly for the Kansas lamproites but also for the kimberlites. In this study we 

present new in situ laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

U-Pb ages on perovskites from the Kansas lamproites and kimberlites, focusing primarily on the 

lamproites as less age data has been published for these localities. We are using perovskites 

because (a) they are present in both the kimberlites and the lamproites, making age comparison 

between the two rock types more straightforward; and (b) they are one of the few primary phases 
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to survive the extensive alteration experienced by both rock types. Based on our new data, we 

have been able to show that (1) the timing of emplacement of Kansas kimberlites and lamproites 

overlap, but with the earliest kimberlites preceding lamproites by at least 8 m.y., and (2) an edge-

driven convection model for the origin of the kimberlites and lamproites is most consistent with 

available geochronological data. Collectively, these data provide new insights into the origin of 

alkaline igneous rocks in central North America.  
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Chapter 2 - Background 

 2.1 What are Lamproites and Kimberlites? 

The name kimberlite was coined by Henry Carver Lewis in 1887 to describe the 

diamond-bearing rocks mined in Kimberley, South Africa (Dawson, 1980; Mitchell, 1995). 

Kimberlites are classified as potassic, ultrabasic, volatile-rich (dominantly CO2), silica-

undersaturated igneous rocks (Woolley et al., 1996; Blackburn et al., 2008; Kononova et al., 

2011; Kjarsgaard et al., 2017). Previously, kimberlites were divided into two groups, based in 

part on their isotopic compositions (Fig. 4). Group I (archetypal) kimberlites exhibit Sr- and Nd-

isotope compositions that suggest contributions from bulk silicate earth (BSE), enriched mantle I 

(EMI), and/or depleted mantle (DM) reservoirs in their formation, consistent with derivation 

from asthenospheric mantle (Mitchell and Bergman, 1991; Woolley et al., 1996; Mitchell, 2008; 

Kononova et al., 2011). Group II kimberlites and orangeites have recently been reclassified as 

lamproites and lamproite var. Kaapvaal, respectively, due to the similarity in their Sr- and Nd-

isotope signatures to bona fide lamproites (Kononova et al., 2011; Scott Smith et al., 2018; 

Pearson et al., 2019; Mitchell, 2020). The larger range in Sr- and Nd-isotope ratios among 

lamproites (Fig. 4) suggests derivation from mantle sources that exhibit time-integrated 

enrichment in Rb relative to Sr (high Sr-isotope ratios) and Nd relative to Sm (low Nd-isotope 

ratios). Such time-integrated enrichment requires a reservoir that has been isolated from the 

convecting mantle for long periods of time and is often attributed to lithospheric mantle 

(Mitchell and Bergman, 1991; Mitchell, 2008; Kononova et al., 2011; Mitchell, 2020). 
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Figure 4. ŮNdïŮSr Diagram 

A comparison of lamproite and kimberlite ŮNdïŮSr values by Kononova et al. (2011)  

 

The term ólamproiteô was first introduced into the literature by Niggli (1923). He derived 

the name from the Greek root, ɚɎÕˊɟɞɠ, meaning glistening, which refers to the abundance of 

phlogopite phenocrysts within the rocks (Mitchell and Bergman, 1991; Lustrino et al., 2016; 

Mitchell, 2020). Despite the definition of lamproite evolving over time, and not every lamproite 

containing phlogopite, the term has remained in geologic literature (Mitchell and Bergman, 

1991; Mitchell, 2020). Today, lamproites are classified as ultrapotassic, peralkaline, 

undersaturated, and volatile-rich (dominantly H2O) igneous rocks (Woolley et al., 1996; Mitchell 
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and Chakhmouradian, 1999; Fritschle et al., 2013). Compared to kimberlites, lamproites are a 

more diverse rock group characterized by wide variations in geochemistry, mineralogy, and 

texture caused by derivation from a variably metasomatized (lithospheric) mantle source, 

variations in the depth and extent of partial melting, the differing degrees of fractionation they 

undergo prior to final crystallization, and the number of phases that crystallize from such diverse 

melts (Woolley et al., 1996; Kononova et al., 2011; Mitchell, 2020). As mentioned above, the 

wide variation in Sr- and Nd-isotopic compositions, as well as elevated 87Sr/86Sr ratios, indicates 

they are sourced from the heterogenous non-convecting lithospheric mantle (Fig. 4) (Mitchell 

and Bergman., 1991; Mitchell, 2008; Kononova et al., 2011). Moreover, lamproite enrichment in 

potassium and incompatible trace elements suggests derivation from K-Ti-Ba-REE rich veins, or 

metasomes, within the subcontinental lithospheric mantle (SCLM) (Mitchell and Bergman, 1991; 

Mitchell, 2020; Sarkar et al., 2022). A singular simple petrogenic model cannot be devised for 

lamproite formation, as each lamproiteôs geologic location differs according to its tectonic 

setting and geochemical evolution. Each lamproite field reflects the age, modification, and 

variability of the metasomatic source; as well as the variable partial melting processes and 

contributions of asthenosphere, lithosphere, and/or recently subducted (Tertiary) material 

(Mitchell, 2020).  

Unlike most rocks, lamproites and kimberlites cannot be identified in the traditional sense 

through simple modal bulk mineralogical assemblages due to their fine-grained textures and 

complex mineralogy that includes a plethora of xenocrystic and cryptogenic material (Mitchell, 

2008; Mitchell, 2020). Instead, these hybrid rock types are discerned via mineralogical-genetic 

classification schemes (e.g., Scott Smith and Skinner, 1984; Mitchell and Bergman, 1991; 

Woolley et al., 1996; and Tappe et al., 2005) that focus on the primary mineral assemblages 
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whose compositions reflect their parental magma (Mitchell, 2020). This includes minor, trace, 

and accessory phases. Due to their complex hybrid nature, propensity for alteration, and history 

of locality specific names, the identification and distinction between these rock types, in addition 

to other rare alkaline rocks (leucitite, minette, and lamprophyres), has been, and still remains, 

difficult (Mitchell, 2020). 

 2.2 Pressure, Temperature, and Compositional Conditions of Formation for 

Lamproites and Kimberlites 

The pressure and temperature conditions required for formation of kimberlitic and 

lamproitic melts, as well as the parental compositions of both kimberlites and lamproites, remain 

subjects of debate. Mitchell and Bergmann (1991) believe that phlogopite lamproites are closest 

in composition to a lamproite parental magma, whereas Foley (2011) proposed that olivine 

lamproite represents the most unevolved lamproite composition. Figure 2b suggests that olivine 

lamproite melts can be produced under reducing conditions at pressures Ó 4 GPa and 

temperatures Ó 1050 ęC, indicating melting can occur anywhere between 120-300 km (Foley, 

2011). In contrast Figure 2a suggests that kimberlitic melts are produced under oxidizing 

conditions at pressures Ó 6 GPa and temperatures Ó 1500 ęC (Sparks, 2013). However, addition 

of volatiles, such H2O or F, or mantle compositions that are more Fe, P or alkali (Na, K) rich, 

can lower the solidus by ~100ęC, simulating conditions more consistent with the base of the 

continental lithosphere (i.e., depths of about 150 km and temperatures: 1,350-1,450ę C) (Gaetani 

and Grove, 1998; Priestly et al., 2006; Sparks, 2013). 

 2.3 Perovskite 

Perovskites with the ABO3 structure (i.e., oxide single perovskites) are the most abundant 

naturally occurring species of the perovskite supergroup and are common within undersaturated 
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alkaline rocks (Mitchell et al., 2017; Locock and Mitchell, 2018). Although they are considered a 

ubiquitous accessory phase within kimberlites, perovskites are only found within the olivine and 

madupitic lamproite varieties (Mitchell and Reed, 1988; Mitchell and Chakhmouradian, 1999). It 

typically occurs throughout the crystallization sequence as discrete groundmass grains; however, 

they can also be found as poikilitic plates or intergrowths with other oxide minerals (Mitchell, 

1996; Tappe and Simomnetti, 2012). Within alkaline rocks, perovskite group minerals serve as 

the primary host for REE, especially LREE. While lamproite and kimberlite perovskites have 

similar REE distribution patterns, those within lamproites tend to have higher Sr and Ce contents 

(Mitchell and Bergman, 1991 (Fig.5). The higher Sr contents are due to the preference of Sr to 

partition into carbonates. Therefore, alkaline silicate rocks which lack primary carbonates, such 

as lamproites, are able to contain Sr-rich perovskite (Mitchell, 1997; Mitchell and 

Chakhmouradian, 1999). 

As a result of the perovskite structureôs tolerance to distortions, extensive solid solution is 

possible on the A (Ca, Sr, Na, K, REE, Ba, Pb, Th, Y) and B (Ti, Zr, Nb, Sn, Si, Mg, Al, Sc, Cr, 

Mn, Fe, Hf, Ta, U) cation sites (Mitchell, 1996; Locock and Mitchell, 2018). This results in wide 

compositional variations, especially within the tausonite-perovskite-lueshite-loparite (SrTiO3-

CaTiO3-NaNbO3-REETi2O6) quaternary system, which serve as sensitive indicators of magmatic 

differentiation (Fig. 6) (Mitchell and Vladykin, 1993; Mitchell and Chakhmouradian, 1999; 

Locock and Mitchell, 2018). Perovskite compositions are typically depicted in the following 

subsystems: (1) lueshite-loparite-perovskite, (2) perovskite-loparite-tausonite, and (3) lueshite-
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loparite-tausonite (Mitchell, 1996). The latter ternary is rarely used, as there is little to no known 

solid solution between lueshite and tausonite or lueshite and loparite (Mitchell, 1996). 

 

 

Figure 5. SrO vs Ce2O3 Diagram 

Variation of SrO vs Ce2O3 wt% within perovskites from kimberlites and lamproites, modified from Mitchell and  

Bergman (1991). 

 

 Natural perovskites within the perovskite-tausonite-lueshite ternary system have not yet been 

found. Figure 6 illustrates that kimberlite perovskites tend to have Ó 90 mol% CaTiO3 with 

minor cation substitution, resulting in < 7 mol% of other endmembers, mainly lueshite and 

loparite (Chakhmouradian and Mitchell, 2000). In contrast, perovskites from more evolved 

alkaline rocks exhibit extensive solid solution (Fig. 6). 

Perovskite has been used for the U-Pb geochronology of kimberlites and other alkaline 

rocks as (1) it is typically an early crystallizing groundmass phase and, thus, records the primary 

geochemical and isotopic signature of the alkaline magma (Wu et al., 2010; Tappe and 
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Simomnetti, 2012); (2) it contains an abundance of U (20ï200 ppm) and Th (>500 ppm), ideal 

for U-Pb dating (Heaman et al., 2019); (3) it is unlikely to originate from entrained crustal 

material due to its paucity in crustal rocks (Heaman et al., 2019); and (4) its relative abundance 

in alkaline rocks allows it to be dated in situ via LA-ICP-MS (Li et al., 2010). 

 

 

Figure 6. Perovskite Ternary Diagrams 
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Comparison of the compositional variation (mol. %) of perovskite group minerals from a variety of rock types 

within the NaNbO3-NaREETi2O6-CaTiO3 (lueshite-loparite-perovskite) (A) and SrTiO3ïNaREETi2O6ïCaTiO3 

(tausoniteïlopariteï perovskite) (B) ternary systems from Mitchell (2017). The numbered fields in figure A are as 

follows: (1) kimberlites; (2) alkaline ultramafic rocks and carbonates; (3) Khibinia nepheline syneites and ijolites; 

(4) Lovozero nepheline syneites and urtites; (5) Burpala albitites and aegirinites; (6) Lueshe carbonatite. In figure B: 

(1) olivine lamproite; (2) Middle Table Mountain; (3) Hills Pond; (4) Oldoinyo Lengai; (5) Lovozero; (6) Khibinia; 

(7) Salitre; (8) Sarambi; (9) Murun; (10) Gordon Butte; (11) Pegmatite Peak; (12) Sover North; (13) Besterskraal. 

 

 U-Pb analysis of perovskite, however, presents two main challenges: (1) the small grain size and 

(2) the high common Pb (5-80% of total Pb) component, which can result in the age calculations 

being sensitive to the initial common Pb correction (Wu et al., 2010, Stamm et al.,2018; Heaman 

et al., 2019). 

 2.4 Kansas Lamproites and Kimberlites 

Numerous kimberlites and lamproites have been identified in eastern Kansas. In the 

northeast, twelve kimberlite pipes occur in Riley and Marshall counties, whereas to the southeast 

two lamproite localities occur between Woodson and Wilson counties (Fig. 7). Figure 8 shows 

that the kimberlites were emplaced between the Mid-Continent Rift System (MCR) (a 

Proterozoic, failed rift system that appears as a high Bouguer gravity anomaly in the sub-surface) 

and the crest of the Nemaha uplift (a late Paleozoic fold and reverse fault structure) (Bunker et 

al., 1988; Berendsen, 1997; Kempton et al., 2019a,b). The kimberlites intruded into limestones 

and shales of the lower Permian Chase group along the southeastern margin of the Abilene 

anticline (Brookins, 1970; Mansker et al., 1987; Blackburn et al., 2008). Five of the twelve 

kimberlites (Bala, Leonardville, Randolph #1 and Randolph #2, and Stockdale) are exposed at 

the surface while the rest (Tuttle, Winkler, Lonetree, Antioch, Baldwin Creek, Fancy Creek, and 

Swede Creek) are covered by glacial till and colluvium up to 7.6 m thick (Brookins, 1970; 
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Blackburn et al., 2008; Kempton et al., 2019b) (Fig. 9).The localities included in this study are 

Bala and Tuttle (Fig. 9).  

 

Figure 7. Kansas Kimberlite and Lamproite Location Map 

County map of eastern Kansas indicating the locations of the twelve Kansas kimberlites as blue and orange circles 

and stars within a blue square, and the location of the two lamproites marked by the filled in red square. The two 

kimberlites marked in orange represent the kimberlite pipes analyzed in this study, Tuttle and Bala. Figure modified 

from Berendsen (2011). 
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Figure 8. Major Geologic Structures of Kansas and Nebraska 

A map of the major structures in Kansas from Kempton et al. (2019b), modified from Steeples and Brozius (2014). 

 

 

Figure 9. Location of the Bala and Tuttle Kimberlites 

Kimberlite location map from Kempton et al. (2019b), modified from Cullers et al. (2012). The Bala and Tuttle 

localities are marked with a blue star. 
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The Hills Pond and Rose Dome lamproites occur 200 km to the SE of the kimberlites 

(Fig. 7). They intruded into and uplifted the local Upper Pennsylvanian limestones, sandstones, 

and shales, creating domal structures referred to as the Silver City Dome and Rose Dome, 

respectively (Fig. 10) (Wagner, 1995). Both domes have similar surficial morphology in that 

they are elliptical in shape (4.8 x3.2 km) and are aligned in a generally northeastern direction, 

with the major axis of the Silver City Dome trending east-northeast and the major axis of the 

Rose Dome trending northeast (Berendsen, 2011). The Hills Pond lamproite is exposed at the 

surface and is currently mined for weathered phlogopite by Micro-Lite LLC for use as Mg, K, 

and Fe supplements in cattle feed (Benedictis et al., 2008). The Rose Dome lamproite is overlain 

by Ò 5.2 m of sedimentary rocks and was discovered through the granite boulders it rafted from 

the basement to the surface as well as shallow auger and drill holes (Mitchell and Bergman 1991; 

Berendsen, 2011). 
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Figure 10. Geology Surrounding the Kansas Lamproites 

Topographic map, from Berendsen (2011), showing the general subsurface and surficial geology of the area as well 

as the location of Silver City and Rose Domes, and Hills Pond lamproite, Kansas. Crossed hammers indicate quarry 

locations, and SB stands for the Spring Branch Limestone member. On the right is the stratigraphy of the area. 

 

 2.5 Comparison of the Kansas Lamproites and Kimberlites  

  2.5.1 Structure and Facies 

Both the Kansas kimberlites and lamproites took advantage of previously established 

structural features (i.e., NNE and NW trending faults) to facilitate their injection into the crust. 

Indeed, the proximity of both rock types to the regional NNE and NW trending faults (Fig. 11), 



19 

and the reactivation of the faults throughout time suggests that both alkaline magmas utilized 

these faults for access to the surface (Berendsen, 1978; Wilson, 1979; Berendsen and Blair, 

1986). Furthermore, the trends of the structural axes of the lamproites and the ESE magmatic 

trend of the kimberlites parallel the regional fault trends (Dreyer, 1947; Cook 1995; Dowell, 

1964; Brookins, 1970; Berendsen 1978; Berendsen, 2011).  

 

Figure 11. Lineaments and Faults of Eastern Kansas 

Interpretation of the structural features, adapted from Berendsen et al. (1978) and modified from Bickford et al. 

(1979), of the Precambrian basement rocks in eastern Kansas. Blank areas represent areas where the basement rock 

composition is unknown. 
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Morphologies of emplacement for the Kansas kimberlites and lamproites differ 

significantly. In general, kimberlites occur as pipe-like bodies, and the kimberlites of Kansas are 

no exception. They can be subdivided into three facies or two subgroups (Mitchell 1986; 

Mitchell 1995; Kjarsgaard 2007; Mitchell et al., 2019) (Fig. 12). The facies approach is a 

textural-genetic classification scheme devised by Clement and Skinner (1979,1985), and 

Clement (1982). It divides the kimberlites into (i) the upper crater facies, which contains layers 

of pyroclastic and resedimented volcaniclastic rocks; (ii) the diatreme facies, a cone-shaped 

structure with steeply dipping sides (80-85ę); and (iii) the hypabyssal facies, which begins at the 

root zone where the diatreme extends into a network of sills and dikes (Mitchell 1986; Mitchell 

1995). The non-genetic approach subdivides the kimberlite into 2 groups based on the difference 

in texture and mineralogy: (i) volcaniclastic kimberlite (VK) is characterized by fragmented 

rocks and (ii) hypabyssal kimberlite (HK) is made up of non-fragmental rocks (Mitchell 1995; 

Kjarsgaard 2007). The most common facies represented in the Kansas kimberlites is the upper 

brecciated section of the diatreme facies (Blackburn et al., 2008). The two kimberlite localities 

analyzed as part of this study, i.e., Bala and Tuttle, have been previously classified as hypabyssal 

and diatreme facies, respectively (Blackburn et al., 2008). Therefore, the Bala pipe is considered 

a HK and the Tuttle pipe a VK. 
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Figure 12. Kimberlite Morphology Model  

Kimberlite morphology model divided based on the older facies approach on the left and the more modern non-

genetic approach on the right. Diagram from Kjarsgaard (2007) modified from Mitchell (1986) 

 

In contrast to kimberlite vent morphology, which is generally carrot shaped with 2-3 km 

of vertical flaring and ~ 82ę dipping margins, lamproites are typically champagne glass or funnel 

shaped with 0.5-1 km of vertical flaring and gradually dipping margins (25-60ę) (Mitchell 1986; 

Mitchell and Bergman, 1991). Mitchell and Bergman (1991) created a textural-genetic 

classification scheme for lamproites similar to the facies classification for kimberlites (Clement 

and Skinner, 1979; 1985; and Clement, 1982) and basalts (Cas and Wright, 1987) (Fig. 13). The 
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classification scheme divides the lamproites into four facies. The lava facies (1) occurs at the top. 

It is interlayered with the crater and pyroclastic facies (2), which forms early and is intruded by 

the later-stage hypabyssal facies (3). The hypabyssal facies consists of both fragmented and non-

fragmented rocks within a network of sills and dikes. The fourth, and rarest, facies is the plutonic 

facies (4); it is deepest and consists of the coarsest grained material. Both the Hills Pond and 

Rose Dome lamproites represent hypabyssal facies rocks with each locality consisting of 

multiple, stacked sills (Mitchell and Bergman, 1991).  

 

Figure 13. Lamproite Morphology Models 

Idealized morphology diagram from Mitchell and Bergman (1991) showing the relationships between the lava, 

crater and pyroclastic, hypabyssal, and plutonic facies lamproites in a few vent complexes. Also shown are models 

of lamproite vents after erosion of the maar crater. 
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Over the years various drilling projects have occurred at the Silver City and Rose Dome 

localities in order to better understand the petrogenesis of the associated lamproites as well as to 

prospect for oil. In 1958, the Kansas Geological Survey (KGS) drilled nine holes (1M-7M and 

1A-2A, Fig. 14), two of which (1A-2A) were offset, to determine the extent of the Hills Pond 

lamproite. 

 

Figure 14. Locations of the Lamproite Cores Drilled Between 1958-1998 

Map from Cullers and Berendsen (2011) of the Silver City Dome depicting and listing the Hills Pond lamproite 

cores drilled between 1958-1998. Drill hole 1A was drilled in the same location as 1M and drill hole 2A was drilled 

9m southwest of hole 2M. 
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 An additional five cores were drilled in 1967, one of which, Hase No. 1, encountered the 

thickest lamproite (58m) sill yet discovered at Silver City (Fig. 15). In the 1980ôs, due to the 

discovery of the Silver City oil field four decades earlier, 26 more oil exploration holes, 

including the Guess and Ecco Ranch cores (Table 1), were drilled along the eastern flank of the 

Silver City Dome to explore the southern extent of the oil field (Fig. 15) 

 

 

Figure 15. Map of the 1967 Cores Drilled at Hills Pond 

 Topographic map of the Silver City Dome showing the locations of drill holes and interpreted faults, modified from 

Berendsen (2011). The key drill holes mentioned in Table 1 are represented by different shapes while those not 

mentioned are represented as black dot with the total depth labeled beside it.  
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Table 1. 1967 Hills Pond Core Data 

Lamproite sills in key commercial drill holes labeled in Fig. 15, modified from Berendsen (2011). Questions marks 

indicate information that may be more imprecise than the rest. 

Drill Hole 

Name 
Location Depth (ft) 

Approximate 

Thickness 

(ft)  

T.D (ft)  
Map 

Symbol 

1 Ecco 

Ranch, Inc 

also called 

#1 ecco 

ranch 

sec. 33, T. 26 

S., R. 15 E. 

SE SE SW 

374ï400 

428ï432 

458ï484 

520ï531 

602ï616 

755ï786 

26 

4 

26 

11 

14 

31 

1291 X 

Guess No.1 

sec. 31, T. 26 

S., R. 15 E. 

S2 NW 

884-992 100-108 992 

Triangle 

Guess No.2 

sec. 31, 

T.26S., 

R.15E. 

824ï920 

1000-1023 

96-100 

23 

931 

1023? 

Guess No.3 

sec. 31, T. 26 

S., R. 15 E. 

NW SW NW 

870ï939 30- 69 939 Star 

Hase No. 1 

sec. 6, T. 27 

S., R. 15 E. 

NW NW NW 

915ï1105 190 1744 Diamond 

Ecco Ranch 

#1 

sec. 5, T. 27 

S., R. 15 E. 

SW NW NE 

49ï70.5 

255ï256 

313.5ï317.5 

408ï408.5 

577?ï583? 

691ï692 

734.5ï743 

744-745.5 

758-758.5 

771ï778.5 

781-790 

798-812 

21.5 

1? 

4 

Trace 

6 

1 

8.5 

1.5 

0.5 

7.5 

9 

14 

812 Square 

 

Lamproite sills were identified at various depths within all 26 drill holes and sill thickness was 

observed to be variable, ranging from 0.3 to 32m (Berendsen, 2011). However, there exists some 

uncertainty on the number and thickness of the sills encountered in each core because (1) the 
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lamproite was impossible to recognize on electric logs, (2) only a few geologists were trained to 

identify lamproite in the borehole cuttings, (3) the lamproites contained abundant xenoliths of the 

country rock, and (4) they were associated with a thick zone of contact metamorphism. From 

1991-1998, KGS and Micro-Lite, LLC collaborated to better understand the origin, thickness, 

and continuity of the Hills Pond sills through the drilling and coring of 52 bore holes (Fig. 14) 

(Berendsen, 2011). Based on the data collected, it was determined that the variable thicknesses 

of the sills (0.3 - 58m) have no relation to depth and are frequently displaced by high angle 

normal or reverse faults, making correlation between sills difficult. Furthermore, no appreciable 

evidence was found to show whether the sills thin or swell, although all but one sill appear to dip 

(1.5ę-5.5ę) to the north; the anomalous sill dips 2ę to the south. A project of similar extent was 

never completed at Rose Dome, as there were a limited number of oil exploration holes (Fig. 16) 

drilled and financial support was lacking. From 1964-2002 only seven drill holes (DHH1-5, and 

Eagle cores, see Table 7 from Cullers and Berendsen, 2011) on Rose Dome encountered 

lamproite sills, each with a thickness of at least 20m. 
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Figure 16. Locations of the Rose Dome Cores 

Topographic map of the Rose Dome showing the locations of drill holes and interpreted faults, from Berendsen 

(2011). The DDH 1-5 cores are labeled in green, and the Eagle cores 4,5,6, and 7 in red. 

 

 2.5.2 Mineralogy and Petrology 

The Hills Pond lamproite is porphyritic, consisting of the primary phases phlogopite, 

olivine (now totally serpentinized), diopside, K-richterite, K-Mg arfvedsonite, chrome spinel, 

sanidine, as well as the accessory phases perovskite, apatite, wadeite, magnetite, xenotime, 
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shcherbakovite, pectolite, Ca-Si zeolite, titanite (sphene), rutile, and feldspar in a serpentinized 

groundmass (Cullers et al., 1985, 1996; Cullers and Berendsen, 2011) (Fig. 17). Primary mineral 

phases at Rose Dome include serpentinized olivine and phlogopite with accessory diopside, K-

richterite, shcherbakovite, spinel, perovskite, apatite, wadeite, magnetite, ilmenite, (and garnet 

according to Coopersmith and Mitchell, 1986) in a serpentinized groundmass (Cullers et al., 

1985; Cullers and Berendsen, 2011). Xenolithic material includes fragments of the country rock 

(sandstone, shale, and limestone) as well as Precambrian granite (Wagner, 1995). The granite 

xenoliths are larger and more abundant at Rose Dome. The only mention of granite from Hills 

Pond includes a report by Wagner (1995), who describes a granite-like material in a prospect pit, 

and a paper by Berendsen and Blair (1988), who describe centimeter-sized granite xenoliths 

within a core from the NW side of the Silver City dome. Many different sill cores have been 

given different compound names, following the scheme of Mitchell and Bergman (1991) (e.g., 

Table 2) due to the varying abundance of different minerals between and among sills. The Hills 

Pond lamproite had been referred to as a richterite-diopside-madupitic lamproite (Mitchell, 

1985), madupitic-richterite-diopside-phlogopite-olivine lamproite (Cullers et al. 1985; Mitchell 

and Bergman, 1991), and olivine-phlogopite-richterite-diopside-madupitic lamproite (Mitchell 

and Bergman, 1991). Cullers et al. (1996) classified the Guess core as a sanidine lamproite and 

the Ecco Ranch Core as a richterite-sanidine or sanidine richterite lamproite. The Rose Dome 

lamproite has been referred to as a carbonated olivine-phlogopite (richterite-diopside?) lamproite 

(Mitchell and Bergman, 1991) as well as a madupitic lamproite (Bergman, 1987). For the 

purposes of this paper, we will refer to the Kansas lamproites as olivine-bearing madupitic 

lamproites, based primarily on the presence (and abundance) of poikilitic groundmass phlogopite 

(Mitchell, 1985; Bergman, 1987; Mitchell and Bergman, 1991).  
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Figure 17. Hills Pond Core Samples 

Photo of the 92-5 Hills Pond core between a depth of 71ô6ò to 80ô3ò with a quarter for scale. Notice the  

serpentinized phenocrysts in a variably altered groundmass. 

 

Table 2. Mineralogical-Genetic Classification Scheme 

Mineralogical classification scheme for lamproites with their principal minerals listed to demonstrate how they are 

used to create a modern compound name. Table modified from Mitchell and Bergman (1991) and Mitchell (2020). 

Abbreviations as follows: opx, orthopyroxene; ol, olivine; amp, amphibole; cpx, clinopyroxene; phl, phlogopite; leu, 

leucite; san, sanidine. 

 PRINCIPAL MINERALS   

HISTORICAL 

NAME 
opx ol amp cpx phl leu san Occurrence Originator Compound Name 

WYOMINGITE    X X X  
Leucite 

Hills 
Cross (1897) 

Diopside Leucite 

Phlogopite Lamproite 

ORENDITE    X X  X 
Leucite 

Hills 
Cross (1897) 

Diopside Sanidine 

Phlogopite Lamproite 

MADUPITE    X X   
Leucite 

Hills 
Cross (1897) 

Diopside Madupitic 

Lamproite 

CEDRICITE    X  X  
West 

Kimberley 

Wade and Prider 

(1940) 

Diopside Leucite 

Lamproite 

MAMILITE   X   X  
West 

Kimberley 

Wade and Prider 

(1940) 

Leucite Richterite 

Lamproite 

WOLGIDITE   X X X X  
West 

Kimberley 

Wade and Prider 

(1940) 

Diopside Leucite 

Richterite Madupitic 

Lamproite 

FITZROYITE    X X X  
West 

Kimberley 

Wade and Prider 

(1940) 

Leucite Phlogopite 

Lamproite 
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In general, the Kansas kimberlites are porphyritic with phenocrysts of forsteritic olivine 

as well as smaller amounts of pyroxene, magnetite, ilmenite, pyrope garnet, phlogopite, 

perovskite, zircon, apatite, titanite, melilite, and chromite within a serpentine and calcite 

groundmass (Brookins, 1970; Blackburn et al., 2008; Kempton et al., 2019a,b). Most olivine and 

pyroxenes have been altered to serpentine and/or calcite (Brookins, 1970; Kempton et al., 

2019a,b). Xenoliths of serpentinized peridotite, dunite, or kimberlite autoliths, as well as shale 

and limestone country rock, make up 60-70% of the material; other sedimentary or 

metasedimentary xenoliths are rare (Brookins, 1970; Cullers et al., 2012). The Tuttle kimberlite 

contains modally abundant xenoliths of all types (~70% of the mode), whereas the Bala 

kimberlite only contains moderate amounts of crustal xenoliths (Ò 20% of the mode) (Cullers et 

al., 2012, Rogers et al., in prep.) (Fig. 18). Brookins (1970) divided the Kansas kimberlites into 

two petrological groups: micaceous and non-micaceous (lamprophyric). One of each is 

represented in the two kimberlites selected for this study. The Tuttle kimberlite is classified as a 

micaceous kimberlite, whereas the Bala kimberlite is considered non-micaceous (Brookins, 

1970; Cullers et al., 2012). The micaceous variety is characterized by an abundance of primary 

phlogopite, pyrope garnet, ilmenite, anhedral to subhedral olivine, xenoliths and calcite veins as 

well as rare pyroxenes. The non-micaceous variety is characterized by an abundance of euhedral 

olivine, pyroxene, and apatite, with fewer xenoliths and calcite veins, fewer and smaller ilmenite 

crystals, and fewer phlogopite grains most of which is limited to the groundmass (Brookins, 

1970). Despite the petrologic complexity of the rocksðand the use of outdated, ambiguous 

naming conventions as described aboveðit has been demonstrated geochemically that all of the 
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Kansas kimberlites are archetypal kimberlites (Kempton et al., 2019a), i.e., those formerly 

referred to as Group I. 

 

Figure 18. Kimberl ite Core Samples 

A) Bala core photo, sample 16/39, showing the macrocrysts of olivine pseudomorphs and the lack of crustal 

xenoliths. B) Photo of the Tuttle core at a depth of 297ô 0ò, note the abundance of xenoliths and xenocrysts. Photos 

produced by KayLeigh Rogers. 

 

 2.5.3 Geochemistry 

The Kansas lamproites are compositionally consistent with their intraplate tectonic 

setting, displaying low CaO (<10 %) and Al2O3 (< 11.5%) concentrations (Cullers and 

Berendsen, 2011) (Fig. 19). Typical of low degree partial melts, the Kansas lamproites (and 
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kimberlites) are more enriched in light rare earth elements (LREE) relative to heavy rare earth 

elements (HREE) (Fig. 20). Figure 20 shows that the Kansas lamproites have small depletions in 

Ta and Nb, which in combination with a negative Ti anomaly, are attributed to fractionation of a 

Ti-rich mineral, e.g., perovskite. Enrichment in Ba is typical of lamproites (Pearson et al., 2019) 

and may be the result of its enrichment in the metasomatized lithospheric mantle source (Fig. 

20). 

 

Figure 19. CaO vs Al2O3 Diagram 

Whole rock compositions of Kansas lamproites in CaO vs Al2O3 space. The group 1 field corresponds to lamproites 

formed in continental settings, group 2 form in continental rift zones, and group 3 form in regions with active 

orogenies. Figure from Cullers and Berendsen (2011). 
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Figure 20. Comparison of Previously Published Trace Element Data for the Kansas 

A primitive mantle normalized incompatible element plot (normalizing values from Sun and McDonough, 1989) 

displaying the difference between the range of compositions for least contaminated Kansas kimberlites (Cullers et 

al., 2012), the average kimberlite value proposed by Wedepohl and Muramatsu (1979), the average lamproite 

composition from Karlmalkar et al. (2014), and range of Kansas lamproites (Cullers and Berendsen, 2011).  

 

Within each of the Hills Pond lamproite sills, vertical variations in composition and 

mineralogy are observed and interpreted as evidence for mineral gravity settling, flow 

differentiation, and/or volatile transport processes (Cullers et al., 1985; Cullers and Berendsen, 

2011) (Fig. 21). The Rose Dome lamproites show an increase in carbonate content and a loss of 

primary minerals toward contacts with limestone, indicating chemical alteration has occurred. 

Due to this contamination, it is difficult to interpret vertical variation based on geochemistry 

alone, but processes mineralogically similar to those occurring at Silver City appear to have 

2012) 
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occurred (Cullers et al, 1985; Cullers and Berendsen, 2011). Whole rock analyses from shallow 

(T.D: 21-89.9 m) Hills Pond cores (series 92, 97, and 98) are compositionally similar to one 

another except for concentrations of Na2O, Li, and Cs (see Table 4 from Cullers and Berendsen, 

2011).  

Figure 21. RDLE4-C442 Photomicrograph 

Rose Dome Eagle 4 thin section (RDLE4-C442) photomicrograph in plane polarized light. 

 

Samples from two deeper Hills Pond lamproite cores, referred to as the Guess (305-312 m) and 

Ecco Ranch (237.5-247.5 m) cores, have higher concentrations of K2O, Rb, Hf, Zr, Y, and LREE 

and lower concentrations of MgO and lower Mg numbers than the shallower cores (see Table 5 

from Cullers and Berendsen, 2011). Additionally, the Guess core material has higher TiO2, total 

Fe2O3, and Th, whereas the Ecco Ranch core material has higher SiO2 and Al2O3 concentrations 
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than the shallower Hills Pond samples (see Table 5 from Cullers and Berendsen, 2011). Overall, 

the Hills Pond lamproites are considered SiO2 rich and MgO poor compared to the Rose Dome 

lamproites, which is interpreted by Cullers and Berendsen (2011) as evidence for lower 

temperature melting of a higher proportion of vein material, enriched in Rb, Ba, Th, U, K, Ta, 

Nb, and the LREE, relative to lherzolite-harzburgite in the mantle source. Furthermore, the 

deeper Hills Pond cores generally have higher proportions of these trace elements than the Rose 

Dome cores (Fig. 22). However, the shallow Hills Pond cores do not display such a 

straightforward difference, as a few of these cores are lower in Th, U, Ta, Nb, and La than the 

Rose Dome cores, indicating that the metasomatized source may be compositionally 

heterogeneous and/or different magmatic processes affected the compositions (Cullers and 

Berendsen, 2011).  

The Rose Dome lamproites are most similar to the shallow Hills Pond cores; but their 

concentrations in SiO2, TiO2, Al2O3, Na2O, K2O, Hf, and Li are lower and their concentrations in 

total Fe2O3, MgO, P2O5, Th, Co, Ni, Cr, U, Y, REE, Cu, and Cs are higher (see Tables 4 and 5 

from Cullers and Berendsen, 2011). According to Cullers and Berendsen (2011), the higher 

concentrations of MgO and lower concentrations of Al2O3 and SiO2 in the Rose Dome 

lamproites relative to those from Hills Pond are a result of a lower ratio of vein material to 

lherzolite-harzburgite melted to form this lamproite. 
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Figure 22. Kansas Lamproite Spider Diagram 

A primitive mantle normalized multi-element plot of the average elemental values of the Silver City and Rose Dome 

lamproites from Cullers and Berendsen (2011). Normalizing values from McDonough et al. (1992). 

 

Due to the extensive alteration of all the Kansas kimberlites, most studies focus on the 

geochemistry of specific constituent minerals rather than whole rock analyses. However, a few 

studies have analyzed and reviewed the whole rock geochemistry either through generalization 

or focusing on the least altered of the Kansas kimberlites (Brookins, 1970; Cullers et al.,1982; 

Cullers et al., 2012). Compared to average kimberlite (Wedepohl and Muramatsu, 1979), the 

Kansas kimberlites have higher concentrations of CaO and CO2 and lower SiO2, K2O and Na2O 

due to interaction with the surrounding calcareous country rocks (Brookins, 1970; Cullers et al., 

1982). Figure 20 shows that the incompatible trace element patterns for the least altered of the 
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Kansas kimberlites are similar to the average global kimberlite composition. The concentrations 

of K and Rb are anonymously low, and this has been attributed to phlogopite, K-richterite and/or 

some other K-rich minerals mostly remaining in the source during melting (Mitchell, 1995; 

Cullers et al., 2012). In contrast, enrichments in Ba, Th, Nb, La, and Ce have been interpreted as 

evidence for there being no residual minerals retaining these elements during melting of the 

enriched source (Mitchell, 1995; Cullers et al., 2012). 

As previously stated in Section 2.5.2, the Kansas kimberlites have previously been 

divided into two groups based on their abundance of primary phlogopite: micaceous which 

include the Stockdale, Leonardville, Wrinkler, Baldwin Creek, and Tuttle kimberlites; and non-

micaceous which include the Bala, Antioch, Randolph No. 1 and 2 kimberlites (Brookins, 1970; 

Cullers et al., 1982; Cullers et al., 2012). Geochemically, micaceous and non-micaceous 

kimberlites differ in that the non-micaceous variety has higher REE, Ba, Th, Hf, Sc, and Ta 

concentrations, whereas micaceous kimberlites typically contain more CaO, CO2, and K2O. 

Contrary to expectations, given their abundance of phlogopite, the micaceous kimberlites also 

contain less H2O (Brookins, 1970; Kempton et al., 2019a). Cullers et al. (1982) suggested that 

the difference in REE contents between the two kimberlite types is due to small variations in 

small degrees of partial melting. As incompatible elements tend to decrease in concentration with 

increased melting, non-micaceous kimberlites may represent smaller degrees of melting than 

micaceous kimberlites. 

 2.6 Previous Geochronology 

Previous geochronological work on the Kansas kimberlites was conducted by Blackburn 

et al. (2008) who determined the emplacement ages of five of the twelve Kansas kimberlites 

(Tuttle, Stockdale, Baldwin Creek, Bala, and Leonardville) through the (UïTh)/He method on 



38 

apatite, titanite, zircon, magnetite, and garnet (Table. 3). He also applied the RbïSr method to 

phlogopite and clinopyroxene for the Tuttle and Baldwin Creek kimberlites to verify the 

emplacement ages with a more traditional geochronological method.  

 

Table 3. Previous Geochronology of the Kansas Kimberlites 

Summary of the various isotope systems and phases utilized by Blackburn et al. (2008) to date the Kansas 

kimberlites. 

  Method Mineral n 
Mean Age 

(Ma) 
Uncertainty 

Tuttle           

  (U-Th)/He Zircon 10 108.6 9.6 

  (U-Th)/He Apatite 9 67.2 5.1 

  (U-Th)/He Titanite 14 103.9 14.1 

  (U-Th-[Sm])/He Garnet 9 98.8 8.9 

  Rb-Sr Phlogopite/Clinopyroxene 5 and 1 106.6 1 

Stockdale           

  (U-Th)/He Titanite (not abraded) 5 102.9 11 

  (U-Th)/He Titanite (abraded) 4 106.4 3.1 

  (U-Th)/He Zircon 5 78.2 6.4 

  (U-Th)/He Apatite 9 73.4 4 

Baldwin Creek         

  (U-Th)/He Apatite 3 85.5 2.3 

Bala           

  (U-Th)/He Magnetite 11 97.1 8.7 

  (U-Th)/He Apatite 5 64.3 5.6 

Leonardville         

  (U-Th)/He Apatite 8 66.1 8 

 

They found that emplacement occurred between 110-103 Ma for most of the kimberlites, 

although the Baldwin Creek and Leonardville kimberlites yielded ages of ~88-85 Ma based on 

(U-Th)/He on apatite and RbïSr on phlogopite. However, these younger ages may be unreliable, 

as the quality of apatite from both localities was suspect and the initial Sr isotope composition of 

the phlogopite from Baldwin Creek was very high (87Sr/86Sr(i) = 0.75), indicating crustal 

contamination (Blackburn et al., 2008; Kjarsgaard et al., 2017). Additionally, Blackburn et al. 
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(2008) found that many of the apatites, which have closure temperatures around ~70 ęC, yielded 

younger ages (~65 Ma). Blackburn et al. (2008) interpreted this as evidence for a reheating event 

that reset the apatite (UïTh)/He radiogenic clock (Farley, 2000; Blackburn et al., 2008). A few 

titanite analyses from Tuttle and metamict zircons from Stockdale also yielded slightly younger 

ages at 67.2 ± 5.1 Ma and 78.2 ± 6.4 Ma, respectively, despite these minerals having slightly 

higher helium closure temperatures, i.e., titanite closing at ~200 ęC and crystalline zircon at ~180 

ęC (Reiners and Farley, 1999; Reiners et al., 2002, 2004). Therefore, they too were interpreted as 

having been affected by the reheating event. The only kimberlite of the five to not show evidence 

of a reheating event is the Baldwin Creek kimberlite (Blackburn et al., 2008; Kjarsgaard et al., 

2017).  

Although the mineralogy, geochemistry, and stratigraphy of the lamproites have been 

explored (Cullers et al., 1985; Mitchell and Chakhmouradian, 1999; Berendsen, 2011; Cullers 

and Berendsen, 2011), considerably less research has been done on determining their ages, with 

most studies assuming emplacement ages similar to those of the Riley County kimberlites 200 

km to the northwest. The only geochronological work on the Kansas lamproites was done over 

50 years ago by Zartman et al. (1967), who included it as part of a broader study of alkaline 

intrusions from across the central and eastern United States, from Kansas to New Jersey. They 

reported K-Ar dates of 90-91 ± 5 and 88 ± 4 Ma for phlogopite from the Hills Pond and Rose 

Dome lamproites, respectively. However, after recalculation with updated decay constants 

following Dalrymple (1992) and Nebel et al. (2011), the Hills Pond lamproite yields an age of 

92-93 ± 5 Ma while the Rose Dome yields an age of 90 ± 4 Ma (Table 4). Unlike the other micas 

Zartman et al. (1967) analyzed, they were unable to verify the K-Ar ages of the Kansas 

lamproites using Rb-Sr geochronology, because of their very high Sr contents and, hence, low 
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Rb/Sr ratios. This suggests that the mica analyzed was partially altered. Indeed, replacement of 

mica by chlorite is common in the Hills Pond lamproite (Berendsen, 2011; Cullers et al., 1985). 

 

Table 4. Recalculated Zartman et al. (1967) Lamproite Ages 

The conversion table, from Dalrymple used to recalculate the ages reported by Zartman et al. (1967) 

with updated decay constants. The multiplication factor used was 1.026. 

Sample 

Number 
Location K2O, 

% 

Ar40* , 

ppm 
Ar40*/K40 Percent 

Radiogenic 

Age, 

Ma 

Uncertainty, 

Ma 

Recalculated 

Age, Ma 

556B Hills Pond 8.06 0.0446 0.00546 97 91 5 93 

557B Hills Pond 8.52 0.0464 0.00538 95 90 5 92 

703B 
Rose 

Dome 
7.85 0.0417 0.00527 83 88 4 90 

 

The available K-Ar dates (Zartman et al., 1967) fall within the emplacement ages 

determined by Blackburn et al. (2008) for the Kansas kimberlites (110-85 Ma). However, given 

the uncertainties on the existing ages (Table 3), it is unclear whether the lamproites were 

emplaced near the start of kimberlite volcanism or toward its end. If the lamproites are younger, 

were they emplaced concurrently and through a similar mechanism to the emplacement of the 

younger kimberlites (i.e., Baldwin Creek and Leonardville)? Was lamproite emplacement related 

in any way to the reheating event seen in the Tuttle, Stockdale, Bala, and Leonardville 

kimberlites? Alternatively, do the lamproites truly occupy the time gap between the oldest and 

youngest kimberlites? Thus, more precise geochronology is an essential first step in answering 

these questions. 
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Chapter 3 - Methods 

 3.1 Sample Acquisition and Processing  

The majority of the Hills Pond samples analyzed for this study were selected from Micro-

Lite LLCôs collection of 52 cores originally drilled between 1991-1998. At least one sample was 

collected from each of the drill holes that recovered fresh to semi-altered lamproite (i.e., 

lamproite that had not been altered significantly to clay minerals). Where whole rock 

geochemical data were available (Cullers et al., 1985, 1996; Cullers and Berendsen, 2011), 

samples were chosen from intervals with high Ti concentrations. Titanium is a major constituent 

of perovskite and, given that perovskite is the mineral of choice for this geochronological study, 

we used Ti concentration as a proxy for identifying core with a high probability of containing 

this phase. Where whole rock data were absent, samples were chosen based on how unaltered 

they appeared. The ófresherô lamproite lacked abundant fractures and was durable. Additionally, 

it was darker and blacker (more purple according to the Micro-Lite LLC workers) as opposed to 

the varying colors observed in the more altered intervals, e.g., brown, lavender, blue, cream, and 

orange. The range of colors most likely reflects varying degrees of alteration of primary minerals 

to chlorite and other clay minerals. In a few cases multiple samples were selected from a single 

drill hole due to either multiple intervals having high Ti or an area of interest having a slightly 

different texture or color. Through this initial selection process, 61 samples were collected and 

cut with a water-cooled table saw into billets (a small section of rock cut in preparation of thin 

section creation), with a few samples crumbling beyond salvage for thin section creation. Only 

22 billets were prioritized to be sent to Spectrum Petrographics, Inc, for preparation into thin 

sections, based on their dark color, durability and/or high TiO2 content. There, the thin sections 

were set in clear epoxy and cut/polished using oil due to their fragility and high content of water-
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soluble minerals. In addition to the 22 samples collected during this project, two additional 

samples and their associated thin sections, (PK-LA-MI1, PK-LA-MI2, MML, and MML1) were 

provided by Dr. Pamela Kempton of KSU. These samples were collected from the recently 

excavated surface of the Micro-Lite, LLC, mine during a student field trip in 2019, so precise 

depth and locational data are lacking, aside from being accessible at the surface from within the 

mine area.  

The Rose Dome core samples were provided by the Kansas Geological Survey (KGS). 

Samples were selected from the Eagle 4 (409-451 ft) and Eagle 5 (361-425 ft) drill holes, as they 

contained reasonably thick sections of ófreshô lamproite (Pieter Berendsen, personal 

communication). A similar selection process as was done for the Hills Pond lamproite was 

utilized here, with five samples chosen based on durability and/or high TiO2 content. Sample 

RDLE4-C442, from Eagle core 4, was chosen based on the gradient in olivine modal abundance 

observed in the core to see whether perovskite displayed a similar pattern. The five samples were 

cut into billets by KGS and sent to the Mineral Optics Laboratory for processing into thin 

sections via similar methods as Spectrum Petrographics, Inc. The locations of both the 

lamproites sampled can be found in Figure 23 and a description of their cores in Table 5. 

Photomicrographs and full petrographic descriptions can be found in Figures 21, Appendix A, 

respectively.  
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Figure 23. Map of Sampled Lamproites 

A) Topographic map of the Rose Dome with the locations of core analyzed in purple. B) Map of the NE portion of 

the Silver City Dome with the locations of the Hills Pond cores collected for this study in red and the locations of 

the cores geochemically analyzed and dated in purple. Figures modified from Cullers and Berendsen (2011). 

 

Table 5. Sampled Lamproite Descriptions 

A list of the core and hand samples collected or provided along with their depths and the number of thin sections 

created for each. Asterisks denote which core depth was made into a thin section. 

Location 
Sample Label 

(Core #/Name) 

Sample 

type 

# of Core 

Pieces/Billets 

/Samples 

Depth (ft) Rock Type 

# of 

Thin 

Sections 

Silver City 

Dome 
C91-1 

Half Core 

Piece 
1 104ô6ò-105ô1ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C91-2 

Half Core 

Piece 
1 43ô5ò-44ô0ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C91-3 

Half Core 

Piece 
1 114ô10ò-115ô5ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C91-5 

Half Core 

Piece 
1 64ô6ò-64ô9ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C91-7 

Half Core 

Piece 
1 44ô10ò-45ô2ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C91-8 

Half Core 

Piece 
1 3ô2.5ò-3ô6.5ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C91-10 

Half Core 

Piece 
2 

*22ô2ò-22ô5ò 

32ô1ò-32ô5ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C91-12 

Half Core 

Piece 
1 34ô5ò-38ô6ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C91-13 

Half Core 

Piece 
1 41-7ò-42ô0ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C91-14 

Half Core 

Piece 
1 75ô0ò-75ô4ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C92-2 

Half Core 

Piece 
1 38ô4ò-39ô3ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C92-3 

Half Core 

Piece 
1 38ô11ò-39ô7ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C92-4 

Half Core 

Piece 
1 66ô5ò-67ô3ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C92-5 

Half Core 

Piece 
2 

*78ô5ò-79ô3ò 

97ô7ò-98ô3ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C92-6 

Half Core 

Piece 
1 95ô3ò-45ô10ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C92-7 

Half Core 

Piece 
1 60ô6ò-61ô1ò 

Madupitic Olivine 

bearing Lamproite 
0 



45 

Silver City 

Dome 
C92-8 

Half Core 

Piece 
1 112ô3ò-112ô10.5ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C92-9 

Half Core 

Piece 
1 51ô6ò-52ô5ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C92-10 

Half Core 

Piece 
2 

*37ô8ò-38ô5ò 

64ô8ò-65ô3ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C92-11 

Half Core 

Piece 
2 

*63ô10ò-64ô5ò 

83ô10ò-84ô7ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C92-12 

Half Core 

Piece 
1 92ô4ò-92ô11ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C95-1 

Half Core 

Piece 
2 

64ô7ò-64ô11ò 

74ô1ò-74ô5ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C95-4 

Half Core 

Piece 
1 25ô0ò-25ô5ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C95-5 

Half Core 

Piece 
1 41ô3ò-41ô7ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C97-2 

Half Core 

Piece 
1 34ô6ò-34ô9ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C97-3 

Half Core 

Piece 
1 58ô5ò-58ô11ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C97-4 

Half Core 

Piece 
1 25ô2ò-25ô4ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C97-5 

Half Core 

Piece 
1 71ô3ò-71ô6ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C97-7 

Half Core 

Piece 
1 80ô1ò-80ô5ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C97-8 

Half Core 

Piece 
1 51ô5.5ò-51ô10.5ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C97-9 

Half Core 

Piece 
3 

31ô5ò-31ô10ò 

33ô1ò-33ô6ò 

*74ô11ò-75ô4ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C97-10 

Half Core 

Piece 
2 

*47ô10ò-48ô3ò 

90ô7ò-96ô7ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C97-11 

Half Core 

Piece 
2 

80ô5ò-82ô0ò 

145ô10ò-146ô5ò 

Madupitic Olivine 

bearing Lamproite 
2 

Silver City 

Dome 
C97-12 

Half Core 

Piece 
2 

106ô0ò-106ô5ò 

*109ô7ò-109ô11.5ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C98-1 

Half Core 

Piece 
1 97ô4ò-97ô8ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
C98-2 

Half Core 

Piece 
2 

33ô4ò-33ô8ò 

59ô9ò-60ô2ò 

Madupitic Olivine 

bearing Lamproite 
2 

Silver City 

Dome 
C98-3 

Half Core 

Piece 
2 

35ô5ò-35ô9ò 

*68ô7ò-69ô0ò 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C98-4 

Half Core 

Piece 
1 92ô5ò-92ô8.5" 

Madupitic Olivine 

bearing Lamproite 
1 

Silver City 

Dome 
C98-5 

Half Core 

Piece 
1 25ô8ò-26ô0ò 

Madupitic Olivine 

bearing Lamproite 
0 
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Silver City 

Dome 
C98-6 

Half Core 

Piece 
1 46ô5ò-46ô10ò 

Madupitic Olivine 

bearing Lamproite 
0 

Silver City 

Dome 
PK-LA-MI  

Hand 

Sample 
2 2019 Mine Surface 

Madupitic Olivine 

bearing Lamproite 
2 

Silver City 

Dome 
MML  

Hand 

Sample 
2 2019 Mine Surface 

Madupitic Olivine 

bearing Lamproite 
2 

Rose Dome Eagle 4 Billets 3 

412ô1ò 

418ô8ò 

442ô7ò 

Madupitic Olivine 

bearing Lamproite 
3 

Rose Dome Eagle 5 Billets 2 
384ô6ò 

365ô3ò 

Madupitic Olivine 

bearing Lamproite 
2 

Bala Bala 
Half Core/ 

Piece 
1 N/A 

Non-Micaceous 

Kimberlite 
4 

Tuttle Tuttle 
Half Core/ 

Piece 
1 89ô8ò-297ô0ò 

Micaceous 

Kimberlite 
2 

 

Core and thin sections for six (Antioch, Bala, Baldwin Creek, Tuttle, Winkler Crater, and 

Stockdale) of the twelve Kansas kimberlites were provided by the geology department at Kansas 

State University (KSU). Overall, the kimberlite samples are highly altered, containing 80-90% 

serpentine and calcite which occur as pseudomorphs, veins, and interstitially with only the Tuttle 

and Bala localities containing perovskite. Therefore, only thin sections from these two localities 

were utilized in this study. The locations of the kimberlites sampled can be found in Figure 9 and 

a description of their cores in Table 5. Photomicrographs and full petrographic descriptions can 

be found in Figures 24 and 25, and Appendix A, respectively. 

 3.2 Electron Microprobe 

The thin sections chosen for electron microprobe analyses (EMPA) and backscattered 

electron (BSE) imaging are listed in Table 6. Each was chosen for its high abundance and large 

size of perovskite grains (Ó 20 Õm) and/or the occurrence of perovskite grains with different 

morphologies and colors. For example, sample MLA-C97-8 was chosen because it contains an 

unusual perovskite morphology (see Section 4.1 below describing perovskite petrography), but 

these perovskites tend to be smaller than those in other samples analyzed, which resulted in a 
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smaller selection of perovskites large enough (Ó 20 Õm) for analyzing by electron microprobe. 

This smaller sample size may also have affected the precision of the U-Pb age for this sample 

(see Section 4.3 below describing perovskite geochronology). EMPA were performed using the 

JEOL JXA-8230 located at the University of Colorado (CU) Boulder. Before EMPA, the thin 

sections were cleaned with isopropyl alcohol and coated with a 20 nm film of carbon, which was 

done in-house at CU Boulder for most samples. Samples from Hills Pond and some samples 

from Bala, Tuttle, MML1, and PK-LA-MI1 thin sections were coated at the University of Iowa 

when the CU Boulder carbon coater was not operational. Major and trace elements were 

measured by wavelength dispersive spectroscopy (WDS). The beam conditions for analysis were 

15 keV and 20 nA, with a spot size of 1 µm. Element intensities were measured using analyzing 

crystals TAP for Si; TAPL for Na, Al and Mg; PETL for Th, Ca, Sr, Nb, U, and K; and LIFL for 

Fe, Ti, Mn, Ce, Cr, Ta, La, and Nd. Both the on- and off-peak counting times for the elements 

were 20 seconds. Calibration standards, from Astimex Minerals are Wilberforce apatite for Ca, 

celestite for Sr, chromite for Cr, hematite for Fe, monazite for Ce, Th, La, and Nd, olivine Fo93 

for Mg, orthoclase for K, labradorite for Al, Na, and Si, rhodonite for Mn, and rutile for Ti. Ta, 

Nb, and U metals were used as standards for their associated elements. 

Samples from Bala, Tuttle, MML1, and PK-LA-MI1 were analyzed over two separate 

sessions (September 2022 and March 2023). The first analytical session focused on collection of 

back-scatter electron images that were used to identify suitable analysis spots for the in situ U-Pb 

geochronology. During the second analytical session, perovskite compositional data were 

collected to complement the U-Pb geochronology. Ideally, EMPA were done prior to U-Pb 

geochronology, so that analysis spots could be located. However, due to time and instrument 

availability constraints, it was not always possible to do this. When U-Pb LA-ICP-MS was 
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conducted before EMPA, despite being cleaned, probe spots were not collected on or within the 

laser debris halo of the LA-ICP-MS spot. Where sector zoning was observed, probe analyses 

were done on a variety of zones, where possible, and always included the zone within which 

laser ablation analyses were conducted. In large grains where sector zoning did not occur core, 

rim and/or mantle compositions were collected. For the purposes of this study, a ócoreô refers to 

the centermost area of the grain; the órimô refers to the outermost section, and the ómantleô is the 

area in between. Therefore, the names do not necessarily represent a petrogenic core, rim, or 

mantle. If the core and rim of a single crystal were analyzed for geochronology, a corresponding 

EMPA spot was collected close by. 

  



49 

Table 6. List of the Lamproites and Kimberlites Analyzed 

List of the lamproite and kimberlite thin sections chosen for EMPA and geochronology along with the key 

characteristics that lead to their selection. 

Thin Section 

name 
Location Core Depth (ft) Key Features 

MLA -C92-9 
Silver City 

Dome 
C92-9 51ô6ò-52ô5ò 

Anhedral to cubic, brown to red brown 

perovskite 

MLA -C95-5 
Silver City 

Dome 
C95-5 41ô3ò-41ô7ò 

Anhedral to cubic brown to red brown 

perovskite 

MLA -C97-8 
Silver City 

Dome 
C97-8 51ô5.5ò-51ô10.5ò 

Predominantly anhedral, brown to red brown 

perovskite 

MLA -C98-3 
Silver City 

Dome 
C98-3 68ô7ò-69ô0ò 

Predominantly anhedral red-brown 

perovskite 

PK-LA-MI1 
Silver City 

Dome 

Hand 

Sample 
2019 Mine Surface Brown anhedral perovskite 

MML1 
Silver City 

Dome 

Hand 

Sample 
2019 Mine Surface Brown anhedral perovskite 

RDLE4-C412 Rose Dome Eagle 4 412ô1ò 
Large predominantly anhedral, golden 

brown to green-brown perovskite 

RDLE4-C418 Rose Dome Eagle 4 418ô8ò 
Large cubic dark red-brown to golden brown 

perovskite 

RDLE4-C442 Rose Dome Eagle 4 442ô7ò 
Large cubic dark red-brown to brown 

perovskite 

RDLE5-C384 Rose Dome Eagle 5 384ô6ò 
Large predominantly anhedral, golden 

brown to green-brown perovskite 

BA-62-39B Bala Bala N/A 
Cubo-octohedral to cubic perovskite, 

two petrologic textures 

TU-1A-1D2 Tuttle Tuttle 89ô8ò-297ô0ò 
Cubic perovskite, 

magmaclasts 

 

 3.3 LA -ICP-MS 

The U-Pb isotopes for geochronology and the trace elements of the perovskites were 

measured in situ via laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

using a 193-nm wavelength, 5 ns pulse length ANALYTE.G2 excimer laser connected to a 

Thermo Finnigan Element2 sector-field mass-spectrometer at the University of Kansas. Both 

analyses were carried out with a laser beam size of 20 µm. For analyses done after EMPA, the 
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carbon coat on the thin section was removed with isopropyl alcohol and/or acetone with some 

needing an additional fine polishing with 1 µm diamond slurry on a felt pad. 

 3.3.1 U-Pb Dating 

Perovskites in the Kansas kimberlites and lamproites exhibit a range of petrographic 

characteristics (see Section 4.1 on petrography). Perovskites were selected for U-Pb isotope 

analysis to encompass as much of this variety as possible in order to determine whether certain 

perovskite characteristics, such as color or crystal morphology, reflected different melt 

generations. Within the Tuttle kimberlite, perovskites were sampled from within and outside of 

magmaclasts, fluidal-shaped bodies of kimberlite produced via magma disruption before 

solidification (Webb and Hetman, 2017; 2021) (see Section 4.1 on petrography). In the Bala 

kimberlite, analyses were collected within two texturally distinct zones: (a) pyroxene 

pseudomorph (replaced by calcite) dense areas, and (b) olivine pseudomorph (replaced by 

serpentine) dense areas (see Section 4.1 on petrography). For the samples that underwent EMPA 

and BSE imaging prior to dating (i.e., Bala, Tuttle, PK-LA-MI1, and MML1), U-Pb LA-ICP-MS 

spot analyses were placed based on the sector zoning observed. However, in general U-Pb spots 

were placed on areas of the grains that had smooth surfaces and were inclusion free, at least as 

far as could be determined from surface observation. Where possible, 80 spot analyses were 

collected for each thin section in order to measure the spread of U-Pb ratios present within the 

perovskite and maximize the chance to obtain precise results. However, due to limited time and 

the small number of perovskites Ó 20 Õm, the Bala (42 spots), Tuttle (45 spots), PK-LA-MI1 (53 

spots), MML1 (13 spots), and MLA-C97-8 (31) thin sections had fewer analyses.  

The U-Pb ratios were determined following methods similar to in situ analysis of zircon 

(e.g., Condit et al. 2018). At the beginning and end of every 10 óunknownô perovskite analyses, 
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the U-Pb isotope ratios and elemental abundances were calibrated and validated using 3-4 

reference materials. Downhole fractionation, Pb isotope fractionation, drift corrections and 

baseline subtraction were done in Iolite (Paton et al., 2010; Paton et al., 2011) using NIST612 

glass as the reference material (Jochum et al., 2011). In a second step, Ice River-6 perovskite, 

which has a thermal ionization mass spectrometry (TIMS) 206Pb/238U age of 361.7 ± 1.0 Ma 

(Tappe and Simonetti, 2012) was used to calibrate the U-Pb fractionation correction. The 

reference perovskites Afrikanda-30, an óin houseô Afrikanda with a LA-ICP-MS age of 372 ± 6 

Ma (2ů) (Reguir et al., 2010), óin houseô Magnet Cove perovskite with an LA-ICP-MS age of 

85.71± 5.52 Ma were used to validate the U-Pb fractionation correction. Most analyses utilized 

all five reference materials, except for the initial runs done on Bala, Tuttle, MML1, and PK-LA-

MI1, which only included the first three reference materials. The 206Pb/238U analytical 

uncertainties of the reference materials, as well as other sources of error, were propagated into 

the results of the unknown perovskite (e.g., Li et al., 2010). 

Unlike most U-Pb analysis of zircon, analyses of perovskite need to account for common 

Pb, as it can make up to 80% of the total Pb within the mineral, which causes an offset from 

concordia (e.g., Wu et al., 2010; Abersteiner et al., 2019). This was done by plotting the 

measured values on Tera-Wasserburg diagrams in order to determine dates from discordia arrays 

between common Pb (upper intercept with concordia) and radiogenic Pb (lower intercept with 

concordia and interpreted age), similar to procedures for other minerals with higher common Pb 

content such as carbonate, titanite, apatite, or rutile (e.g., Cioffi et al., 2019; Roberts et al., 2020). 

 3.3.2 Trace Elements 

The concentrations of select trace elements (Si29, Ca44, Sc45, Ti49, V51, Cr53, Co59, Ni61, 

Rb85, Sr88, Y89, Zr90, Nb93, Cs133, Ba137, La139, Ce140, Pr141, Nd146, Sm147, Eu153, Gd157, Tb159, 
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Dy163, Ho165, Er166, Tb172, Ta181, Th232, and U238) were obtained in situ for perovskites in the Bala 

kimberlite (BA-62-39B) and lamproite samples MLA-C92-9, RDLE5-C384, and RDLE4-C418 

using the same LA-ICP-MS system at KU as used for U-Pb isotope analysis. Two samples of 

Rose Dome were selected for trace element analysis, because few geochemical analyses of this 

lamproite have been published.  

Where possible, trace element spot analyses were taken within the same area of the grains 

as analyzed for U-Pb geochronology and/or electron microprobe (EMP) major element analysis. 

Despite thin sections being cleaned after laser ablation, trace elements were never measured on 

or within the laser debris halo of a U-Pb LA-ICP-MS spot. Each thin section had around 50 spots 

measured. We used a combination of USGS basaltic (GSC-1G and GSD-1G) and NIST SRM 

high Si glass (NIST612) as the reference material for internal standard calibration with the Iolite 

software (Paton et al. 2010; 2011). Due to the unusually high variability in SiO2 (up to 1.9 wt%; 

Mitchell and Chakhmouradian, 1999) observed within the perovskites of Kansas lamproites, we 

decided to use Ca43 as the internal standard. However, due to the ease of elemental substitution 

on the perovskite A site (see Section 2.3), even the Ca concentrations were variable. Therefore, 

in cases where precise overlap in spot locations for LA-ICP-MS and EMP was not possible, we 

assigned an individual Ca wt.% value based on the EMP analyses of other areas in the same 

crystal or in other crystals in the same thin section. Backscatter images of the grains analyzed via 

electron microbe were utilized to select areas most likely to be compositionally similar to the 

analyzed LA-ICP-MS spot. Matches were defined based on utilizing (i) a different portion of the 

same grain; (ii) a grain with a similar zone/color; and (iii) a similar core/mantle/rim position 

even if of a slightly different color or zone. Criteria were applied in the order of priority listed, 

i.e. where possible, the LA-ICP-MS spot was matched with an identically defined (i.e., same 
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grain with same color zones and core/mantle/rim position) EMP analysis. As the perovskites are 

(1) small (5-800 µm; See Section 4.1); (2) complexly zoned (i.e., Hills Pond) (See Section 4.3); 

and (3) underwent U-Pb LA-ICP-MS analysis prior to trace element analysis, spot analysis could 

not always be collected within the same color zone or core/mantle/rim position as that collected 

during EMPA. Additionally, as detailed in Section 4.3.1, perovskite composition varies more by 

zone rather than core/mantle/rim position. Thus, if a match between grain and color zone could 

not be made, then an average of similarly colored zones within a matching thin section was 

utilized. In cases where no zoning was present (i.e., Bala), then a match would be made based on 

core/mantle/rim position either within an identical grain or an average of similarly positioned 

spots within a matching thin section. Unique to the Bala sample, where exact grain matches 

could not be made, an average of the composition from grains from the same age array (or 

between analyses that occurred between arrays) (see Section 4.2) was utilized. A match based on 

age array was prioritized over core/mantle/rim position for this sample. Only analysis 92-9G77 

could not be matched with a corresponding-colored zone or rim position due to the small amount 

of EMP data deemed reliable available for this sample. As a result, an average of the thin 

sections mantle EMP spots was utilized instead. 

  



54 

Chapter 4 - Results 

 4.1 Petrology 

 4.1.1 Kimberlites 

Typical of the Kansas kimberlites, both the Bala and Tuttle kimberlites are porphyritic 

with phenocrysts of olivine and pyroxene (extensively altered to serpentine and calcite) with 

minor to trace amounts of phlogopite, magnetite, ilmenite, pyrope garnet, perovskite, apatite, 

rutile, and zircon set in a fine-grained serpentine and calcite matrix (Cullers et al., 1982). The 

Bala kimberlite appears to be the densest and least brecciated of the Kansas kimberlites (Fig. 24). 

It contains abundant euhedral to subhedral olivine and pyroxene pseudomorphs (replaced by 

serpentine and calcite), <10% crustal xenoliths, few calcite veins, and trace amounts of 

phlogopite, predominantly in the groundmass, consistent with its classification as a non-

micaceous kimberlite (Brookins, 1970; Cullers et al., 2012). Of the four Bala thin sections 

available, BA-62-39B was chosen for further analyses because it displays two petrologic textures 

(Fig. 24). Most of the thin section exhibits what we refer to here as texture A, which is 

characterized by densely packed, tabular, calcite pseudomorphs after pyroxene phenocrysts 

ranging in size from 200 µm to 1.5 mm. Only 3-5% of the phenocrysts in this texture are 

serpentinized olivine. The matrix is primarily serpentine and calcite with lesser magnetite and 

ilmenite. In contrast, texture B, which comprises ~30% of the thin section, is characterized by 

densely packed serpentinized olivine with <2% altered pyroxene phenocrysts within a slightly 

more calcite-rich matrix. Serpentinized olivine ranges in size from 100 µm to 1.5 mm, with the 

olivine within texture B falling on the smaller size of the range. The zones with texture B are 

amorphous in shape and generally elongated (Fig. 24). These petrographic observations suggests 
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that flow differentiation may have occurred during transport, resulting in the different 

abundances of olivine phenocrysts observed. 

Figure 24. Photomicrograph of Balaôs Two Petrologic Textures 

Bala thin section (BA-62-39B) photomicrograph scanned in plane polarized light with areas with texture B circled in 

yellow. 

 

In comparison, the Tuttle kimberlite is more brecciated and fragmental (Fig. 25). It 

consists of abundant anhedral olivine pseudomorphs (30-40%), phlogopite (5-8%), and pyrope 

garnet (2-5%), with minor to trace amounts of clinopyroxene (typically with alteration rims of 

serpentine and calcite), apatite, zircon, and opaque minerals. Xenoliths and autoliths occur in 

abundance of up to 70% of the mode and are predominantly comprised of partially altered 

country rock and kimberlitic material, respectively. Therefore, the mineralogy of the Tuttle 
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kimberlite is consistent with its classification as a micaceous kimberlite (Brookins, 1970; Cullers 

et al., 2012). Autoliths make up 40-50% of the mode and range in size from 10 µm-1.3 cm.  

Figure 25. Tuttle Photomicrograph 

Tuttle thin section (TU-1A-1D2) photomicrograph in plane polarized light. Note that the thin section was polished 

thinner around the edges resulting in the edges of the photomicrograph being washed out. 

 

Previously, classified as pelletal lapilli by Cullers et al. (2012), these autoliths are now 

considered magmaclasts. Magmaclasts are fluidal-shaped bodies of now solidified kimberlitic 

melt formed when the magma is disrupted via ductile deformation processes, prior to 

solidification (Moss and Russel, 2011; Webb and Hetman, 2021). It is considered an interim 

term utilized until further analysis of the magmaclastôs characteristics allows it to be genetically 

classified as either (1) melt segregations, which form non-explosively via magmatic segregation 

within sub- to non-volcanic hypabyssal intrusions, or (2) melt-bearing pyroclasts, which form 

explosively during the fragmentation and rapid cooling of eruptions and occur within 
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volcaniclastic rocks. Magmaclasts consist of entrained crystal or lithic solids and a matrix 

composed of melt solidification products ± exsolved solids. Their characteristic fluidal shape is 

due to low melt viscosity and surface tension processes during eruption (Webb and Hetman, 

2021). Following the descriptive scheme for magmaclasts of Webb and Hetman (2021) shown in 

Figure 26, the magmaclasts within Tuttle are irregular to regular in shape, with relatively distinct 

margins ranging from ultra fine to very coarse (Fig. 27). Magmaclasts range from matrix to clast 

supported within a serpentine and calcite interclast matrix. Fine grained minerals such as 

perovskite and magnetite are found disseminated within both the magmaclast and interclast 

matrices. A majority of the magmaclasts are cored, possessing ultra-thin to thick complete and 

lesser incomplete, symmetrical to asymmetrical, single rims. A few multi-rimmed magmaclasts 

are also observed. The magmaclasts are non-vesicular with variable groundmass crystallinity and 

mineralogy. For example, some magmaclasts donôt seem to include phlogopite while others, 

which tend to be crypto- to poorly crystalline, donôt contain perovskite or magnetite. However, 

due to the extensive alteration of the kimberlite, it is difficult to distinguish cryptocrystalline 

magmaclasts from serpentinized olivine pseudomorphs and/or to determine whether olivine 

within the magmaclasts is of equivalent size inside and outside the magmaclast. Of the Kansas 

kimberlites only the Tuttle and Baldwin Creek localities have been observed to contain 

magmaclasts. Overall, based on the characteristics that are not obscured by alteration, the 

magmaclasts in the Kansas kimberlites can be classified as melt-bearing pyroclasts, which is 

consistent with the classification of the Tuttle kimberlite as VK by Blackburn et al. (2008). 
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Figure 26. Magmaclast Description Scheme 

Kimberlite magmaclast description scheme from Webb and Hetman (2021). 












































































































































































































