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    Introduction: Aguas Zarcas is a new meteorite that 

fell in Aguas Zarcas district, San Carlos, Alajulea, Costa 

Rica on 23 April 2019 at 21:07 local time [1]. The fire-

ball broke up into hundreds of pieces in the atmosphere 

and fell to the SW with an entry angle of 73o relative to 

the ground [1] (Fig. 1). The preliminary elements of the 

bolide were determined to be: semi-major axis 2.7 AU, 

eccentricity 0.63, inclination 3.09°, pericenter longitude 

of 185.3° and ascending node 33.4° [1] (Fig. 2).   

 The Aguas Zarcas sample used in this study was do-

nated to NASA JSC’s Astromaterials Research and Ex-

ploration Science by Robert Ward. Here, we present 

spectroscopic and mineralogical analyses of Aguas Zar-

cas. Tying spectroscopic to mineralogical analyses in 

carbonaceous chondrites, like Aguas Zarcas, allows us 

to develop robust quantitative indicators useful for in-

terpreting spectra of primitive asteroids, from ground- 

and space-based observations, and therefore constrain-

ing the environments and conditions in which these as-

teroids formed and evolved (e.g., [ 2, 3]).  

 

 
 

 

 

 

 

 

 

 

 

 

Figure 1. Aguas Zarcas fell to the SW in Costa Rica 

with an entry angle of 73o relative to the ground. The 

length of the ground track is exaggerated for clarity. 

 

 
 

Figure 2. The orbit of Aguas Zarcas object. This plot 

was generated by Marina Brozovic (JPL). 

 

 

 

Vacuum NIR Spectroscopy of Aguas Zarcas: We 

ground a chip of Aguas Zarcas into a ~150 mg powder. 

Bidirectional reflectance spectra (incidence=15°, emis-

sion=45°, phase angle=60°) of Aguas Zarcas were col-

lected at the Laboratory for Spectroscopy under Plane-

tary Environmental Conditions (LabSPEC) at the Johns 

Hopkins University Applied Physics Laboratory (JHU 

APL). Spectra were recorded under vacuum- and ther-

mally-desiccated conditions, following the methodol-

ogy in [2] and [3]. Spectra were measured from ~0.8 to 

~8 μm using a high-vacuum chamber system (10−6 to 

10−7 Torr) with a Bruker Vertex 70 FTIR spectrometer 

and an external liquid‑nitrogen cooled MCT detector. 

The Aguas Zarcas sample was placed in an aluminum 

sample cup that was placed in a copper holder with the 

sample retained in place with a 1 mm-thick MgF2 win-

dow. A diffuse gold plate mounted immediately below 

the sample holder was used as the IR reflectance stand-

ard, and a thermocouple embedded in the sample pro-

vided accurate temperature measurements. After plac-

ing Aguas Zarcas powder in the holder and securing the 

window over the sample, the holder was installed onto 

the cryostat inside the chamber. We first measured a 

spectrum of Aguas Zarcas under ambient conditions, 

with the sample exposed to the laboratory environment. 

Then, the chamber was sealed and evacuated and spec-

tra of the initially desiccated sample were obtained. 

However, significant adsorbed water remained in the 

sample, so it was baked out overnight at ~80C with a 

resistive heater warming the back of the copper holder 

to drive off adsorbed water. The following day, the 

heater was turned off and spectra were taken again un-

der vacuum after the sample had cooled. Fig. 3 shows 

the final spectrum of Aguas Zarcas (in black). Aguas 

Zarcas exhibits strong absorption features ~0.7 µm at-

tributed to a Fe2+
 → Fe3+ charge transfer in (e.g., [6]) 

and ~2.78 µm attributed to ν1 symmetric OH stretch in 

phyllosilicates (e.g., [4,5]) and a weak  3.4-3.5 µm ab-

sorption feature, attributed to C-stretching of aliphatic 

organic compounds (e.g., [7]). 

PSD-XRD patterns of Aguas Zarcas: The same 

Aguas Zarcas powder studied by NIR spectroscopy was 

used for position-sensitive detector X-ray diffraction 

(PSD-XRD) measurements at Kingsborough Commu-

nity College. PSD-XRD allowed the characterization 

and quantification of bulk mineralogy of the sample. 

The ratio of total phyllosilicate to total anhydrous sili-

cate provides a direct measure of the proportion of the 

bulk that has been converted to phyllosilicates [8].  
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The determined phyllosilicate fraction (PSF) yields 

a classification scheme where samples are linearly 

ranked from type 3.0, corresponding to a phyllosilicate 

fraction of < 0.05, to type 1.0, corresponding to a total 

phyllosilicate fraction of > 0.95. While numerous scales 

to classify individual groups of chondrites are available 

(e.g., [9]), we are using a petrology- and mineralogy-

based aqueous alteration scale derived from these PSD-

XRD analyses. This scale is applicable to all groups of 

carbonaceous chondrites and can be tied to NIR spectral 

features and therefore will allow us to determine to 

which degree the meteorite analogs and their parent 

bodies (i.e., asteroids) have been affected by aqueous 

fluids. The bulk mineralogy of Aguas Zarcas revealed 

by PSD-XRD analyses show that this sample is domi-

nated by cronstedtite (37%) and Mg/Fe serpentine 

(40%). The derived PSF [total phyllosilicate / (total an-

hydrous silicate + total phyllosilicate)] = 0.81 (Table 1).  

This bulk mineralogy is typical of CM2 chondrites.  

 

Table 1. PSD-XRD results for Aguas Zarcas 

Total Anhydrous Silicate 17.0% 

Total Phyllosilicate 77.8% 

PSF 0.81 

Petrological sub-type 1.4-1.3 

 
 

 
Figure 3. The 0.7-µm and 3-µm bands in Aguas Zarcas, 

suggesting the sample experienced aqueous alteration. 

The 3-µm spectra of Aguas Zarcas are consistent with 

spectra of Bells (an ungrouped carbonaceous chon-

drite). Spectra of Aguas Zarcas match spectra of some 

C-type asteroids (e.g., 121 Hermione). 

 

Combining Spectroscopy and Mineralogy of 

Aguas Zarcas: Vacuum NIR reflectance spectra of the 

sample showed strong 0.7-µm absorption feature and 3-

µm band, centered at ~2.78 µm consistent with CM2 

chondrites (as for the bulk mineralogy determined by 

XRD). The determined PSF = 0.81 corresponds to pet-

rological sub-type = 1.4-1.3 on the scheme of [6] also 

consistent with CM2 chondrites (Fig. 4).  

 

 
Figure 4. Aguas Zarcas has a PSF of 0.81 and a 3-µm 

band center ~2.78 µm, consistent with CM2 chondrites. 

In this figure, we are also showing spectral [4, 5] and 

mineralogical [8, 10] data from previously studied car-

bonaceous chondrites.   

 

The spectroscopic and mineralogical analyses sug-

gest that Aguas Zarcas is consistent with ‘group 2’ stud-

ied by [4]. This group (e.g., Bells, Fig. 3) is thought to 

have experienced a moderate degree of aqueous altera-

tion with a 3-µm band (ν1 symmetric HOH and ν3 asym-

metric OH stretch in phyllosilicates) center that varies 

from 2.76 to > 2.80 µm.  Aguas Zarcas is also consistent 

with the ‘sharp’ group of primitive asteroids (e.g., 121 

Hermione, Fig. 3) studied using ground-based tele-

scopes [11]. The sharp group was found to be located in 

the 2.5 < a < 3.5 AU region with OH-bearing minerals 

on their surfaces. 
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