
vi 
 

Contents 
1 Introduction: ............................................................................................................................... 1 

2 Samples and Methods: ................................................................................................................ 7 

3 Results ........................................................................................................................................ 11 

3.1.1. Hand Sample of NWA 2364: General Characteristics .............................................. 11 

3.1.2. Host .............................................................................................................................. 12 

3.1.3. Lithic Inclusion (LI) ................................................................................................... 29 

3.1.4. LI-Host interface ......................................................................................................... 58 

3.2. Mineral Chemistry ............................................................................................................ 61 

3.2.1. Host .................................................................................................................................. 61 

3.2.1.i. Mineral chemistry of type I and type II chondrules: Olivine .............................. 61 

3.2.2 Lithic Inclusion ............................................................................................................ 86 

3.2.3. LI-Host Interface: Bulk Composition Relationships ............................................... 109 

3.3. Oxygen Isotope Composition ......................................................................................... 112 

4. Discussion ............................................................................................................................... 115 

4.1. Dark Inclusions in CV3 chondrites: A brief overview ................................................. 115 

4.2. LI alteration vs. CV3 dark inclusion alteration ........................................................... 119 

4.2.1. Major Differences and Unique Findings ................................................................. 120 

4.3. Host Chondrite vs Allende ............................................................................................. 127 

4.3.1. Major differences and unique findings .................................................................... 129 

4.3.2. Halo Regions ............................................................................................................. 131 

4.4. Alteration History of NWA 2364 and its Lithic Inclusion ........................................... 133 

4.4.1. LI alteration prior to emplacement: Evidence for Heating and Metamorphic 

Equilibration ....................................................................................................................... 135 

4.4.2. LI alteration prior to emplacement: Evidence for Aqueous Alteration .................. 137 

4.4.3. Mechanism for LI alteration- role of the fluid......................................................... 145 

4.4.4 Post-emplacement alteration of the Host and LI on the CV3 parent body .............. 147 

4.4.5 Fluid that altered host and LI post emplacement ..................................................... 148 

5. Conclusion .............................................................................................................................. 151 

References: ................................................................................................................................. 154 











28 
 

 

 

 

 

 

 

 

 

Figure 10: (A) BSE image of a region within the host NWA 2364 chondrite showing the 

relationship between the high Z halos found within the matrix and other objects within the 

host meteorite. (B) Higher magnification BSE image of the region of a halo from the area 

outlined in red in (A). The high Z zone is the prominent part of the halo with a lower porosity 

than the matrix material on either side of it. (C) Another region within the host showing the 

widespread distribution and heterogeneity of the halo features. (D) BSE image of boxed 

region (outline in red) showing the halo feature within the matrix at higher magnification. The 

halo region is much finer grained than the surrounding matrix, has a lower porosity, and 

contains sub-micron to micron high-Z and low-Z inclusions (indicated by blue arrows). The 

low Z may be very small pores, or may be inclusions of carbon-rich material.  
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3.1.3. Lithic Inclusion (LI) 

 

The LI in NWA 2364 is very large, approximately 1-1.5 cm in size and consists of 

different features to that of the host meteorite. In the hand sample, shown in Figure 1, the 

LI is a lighter tan color than the host and resembles the shape of a deformed rectangle. 

Macroscopically, the LI is finer grained, and contains a much higher percentage of fine-

grained material that the host. The matrix of the LI is finer grained than the host and has 

fewer chondrules that range from a few tens of microns to approximately 500 microns in 

diameter (Figures 1 & 2). There are also many isolated olivine grains embedded in the 

matrix that are either Mg-rich or Fe-rich, which the host lacks. Two CAIs, each about 200 

microns in size and an isolated AOA were identified in the LI. The CAIs, chondrules, 

AOA, and matrix material identified in the LI all contain features indicative of secondary 

alteration. The abundances of Ni, Fe metal and sulfides in the clast are very low (<1%). 

Like the host section, there are no visible veins of Fe-oxyhydroxide or Ca carbonate 

cutting through the section, and the LI shows minimal reddish-brown staining compared 

with the host. 

3.1.3.i. Lithic Inclusion CAIs 

  

Both CAIs in the LI are the fluffy textural type of CAI. These CAIs are similar in 

size to the smallest CAIs reported for the host. They are approximately 200 microns in 

diameter and a representative example of ones of these CAIs is seen in Figure 11a-b. 

Based on X-ray maps and electron microprobe analyses (see Table 18), the CAI shown in 

Figure 11 is spinel-rich consisting of nodules of spinel that is are hercynitic spinel in 
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composition. Smaller amounts of perovskite in are also present. Detailed studies of these 

CAIs were beyond the scope of this study. Future work will fully characterize these CAIs 

and their alteration phases.      

 

 

Figure 11: (A) BSE image 

of a fluffy, spinel-rich CAI 

in the LI. The compositions 

of hercynitic spinel 

measured at two points by 

EPMA are shown. The 

upper composition is Her
34.1

 

and the lower one is Her
28.55.  

(B) Al-Ca-Ti RGB 

composite X-ray map of the 

same CAI, showing the CAI 

is rich in spinel (red phase) 

with some minor perovskite 

(blue phase). Numerous Ca-

rich pyroxene aggregates 

(green) occur in the matrix 

surrounding the CAI.   
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3.1.3.ii. Lithic Inclusion Chondrules and Isolated Grains 

 

In total, the LI contains 15 chondrules; 6 type IIA and 9 type IA, so the abundance 

of type IIA chondrules present is higher in the LI than in the host. All of the chondrules 

identified within the LI are porphyritic olivine chondrules. Representative examples of 

these chondrules are shown in Figures 12a-c. Surrounding many of the chondrules are 

fine-gained rims consisting of micron-sized elongate, ferroan olivine grains. The LI 

contains numerous isolated grains of Mg and Fe-rich olivine that range in size from a few 

tens of microns to ~200 microns (Figures 13a &13b). These isolated grains occur in a 

higher abundance than chondrules. The isolated grains are usually anhedral, with either 

jagged or rounded morphologies. The abundance of Mg-rich to Fe-rich isolated grains 

mimics that of the relative abundance of the type IA and type IIA chondrules.  

In both types of chondrules and isolated grains, the olivine phenocrysts are 

decorated with chromite grains, a few a few microns to ~20 microns in size. These 

chromite grains are found along the periphery of the chondrule phenocrysts, within the 

chondrule phenocrysts, within the Fe-enriched fractures in the interior of the phenocrysts, 

and within the altered chondrule mesostasis (Figure 12c). The larger chromites found are 

often subhedral and, in many cases, have fractures running through them. The smaller 

ones that occur with phenocrysts are euhedral and often occur near the edges of the 

phenocrysts and along the Fe-enriched fractures in chondrule phenocrysts and isolated 

olivine grains (Figure 18b).  
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Both types of chondrules are surrounded by distinct fine-grained rims consisting 

of elongate ferroan olivines that are heterogeneous in size; ranging from a few microns 

up to 100 microns (Figures 12b & 14a). These rims are significantly more fine-grained 

than the matrix between the chondrules. Fine-grained rims are only rarely present on 

isolated olivine grains.  

 

Figure 12: BSE images of chondrules in the lithic inclusion 

in NWA 2364. (A) BSE image of a heavily altered 

porphyritic type IA chondrule in the LI. The fine-grained 

chondrule rim are outlined in red dashed lines. (B) BSE 

image of a porphyritic type IIA chondrule in the LI. The red 

dashed lines delineate the fine-grained chondrule rim 

around the chondrule. (C) BSE image of a porphyritic type 

IIA chondrule in the LI. Insets are indicated by red dashed 

boxes.   

The red boxes are shown in the enlarged in the figures 

shown later.  
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The chondrule types and isolated grains exhibit a range of textural and 

compositional features that are indicative of secondary alteration. These features  include; 

Fe-enrichments along fractures and cracks within olivine phenocrysts, overgrowths of 

ferroan olivine along the edges of chondrule olivine phenocrysts, complete replacement 

of chondrule mesostasis, replacement of low-Ca pyroxene in chondrules by ferroan 

olivine, replacement of opaque nodules in chondrules, the development of cross-cutting 

veins within chondrule phenocrysts, and complete pseudomorphic replacement of 

Figure 13: BSE images of isolated grains in the NWA 2364 lithic inclusion. (A) Example of an Mg-rich 

isolated olivine grain in the LI. (B) High magnification view of the boxed region in (A) of the ferroan 

overgrowth (indicated by green arrows and labeled Fa) around the edge of the grain. Within the ferroan 

overgrowth, there are submicron- to micron-sized chromite grains (Chr indicated with red arrows). (C) Fe-rich 

isolated olivine grains in the LI. (D) high magnification view of the ferroan overgrowth (Fa, indicated by green 

arrows). The micron-sized chromite (Chr) grains within the ferroan overgrowth are indicated by red arrows.  


