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Introduction:  Visible-near infrared hyperspectral 

imaging data returned by the CRISM instrument on-

board the Mars Reconnaissance Orbiter have revealed 

the present of hydrated phyllosilicates in Holden Crater 

and the Eberswalde delta on Mars. . The full spectral 

resolution of the CRISM instrument utilizes 544 chan-

nels to cover a wavelength range of ~0.36 – 4 !m [1], a 

range that includes fundamental and overtone absorp-

tions related to the presence of H2O and OH
-
. Phyl-

losilicates were first definitely identified on Mars using 

data acquired by the OMEGA spectrometer [2]. The 

two largest phyllosilicate deposits occur in the Mawrth 

Vallis and Nili Fossae regions [2,3], with smaller oc-

currences in Terra Tyrrhena [3,4] and other locations in 

the southern highlands. These phyllosilicate deposits 

consist dominantly Al and Fe/Mg-bearing smectites, 

though illite, muscovite, chlorite, and serpentine may 

also be present in the Nili Fossae region [3,4]. Here, we 

expand on our previous work [5] and discuss the detec-

tion of clay minerals in the layered sediments associ-

ated with Holden Crater and the nearby Eberswalde 

delta. 

Data Reduction:   The CRISM data presented here 

have been converted from raw DN to I/F (radiance at 

detector divided by solar flux), divided by the cosine of 

the incidence angle to account for illumination effects, 

and corrected for atmospheric gases. Atmospheric gas 

bands were removed by dividing each spectrum by a 

scaled atmospheric gas absorption spectrum derived 

from an observation over Olympus Mons, following the 

method of [6,7]. The data have not been corrected for 

the presence of aerosols or for thermal contributions, 

the latter of which only affects wavelengths longer than 

~3 !m. The processed data were then map-projected 

using the associated geometry files (equidistant cyclin-

drical projection). 

A set of spectral summary products, discussed in 

detail by [8], were then calculated using the processed 

spectral image cubes. Specifically, band depth values 

were calculated to compare the strengths of the 1.9 and 

2.3 um bands between stratigraphic units. The 1.9 !m 

feature is attributed to the presence of interlayer H2O, 

whereas the 2.3 !m feature is likely caused by the pres-

ence of Mg/Fe-OH. Band depth maps and RGB com-

posites were then imported into a GIS framework to 

overlay with other datasets (THEMIS, MOC, HiRISE, 

etc.). 

Three high-resolution CRISM images have been 

acquired in Holden Crater to date (Figure 1): 

HRS000030AF (~36 m/pixel), FRT0000474A (~18 

m/pixel), and FRT00004F2F (~18 m/pixel). In addition 

to these CRISM observations, the corresponding 

HiRISE images, acquired simultaneously, were also 

map-projected and aligned with the CRISM data using 

GIS. When necessary, MGS MOC images were proc-

essed and analyzed to fill gaps between HiRISE and 

CRISM data. 

 

 
 

Figure 1.  Location of 3 high-resolution CRISM im-

ages in southwest Holden Crater. The short image is a 

half-resolution short (HRS) ~36 m/pixel image, 

whereas the longer two are full-resolution target (FRT) 

~18 m/pixel images. Background is a THEMIS daytime 

IR mosaic [9]. 

 

Stratigraphy:   Holden crater is an approximately 154 

km diameter crater located at 26°S, 326°E [10,11]. The 

crater formed within the pre-existing Holden basin, 

which was part of the Uzboi-Ladon-Margaritifer 

(ULM) outflow channel system [10]. The stratigraphy 

of Holden crater is discussed in detail by [11,12] and 

can be divided into three main groups: pre-existing 

basement material or material produced by the impact 

process, a Lower Unit, and an Upper Unit. 

    The basement material contains clear examples of 

megabreccia produced by the impact process that 

formed Holden crater [11,12], with clasts that might be 

derived from the original sedimentary deposits in the 

larger Holden basin [12]. The overlying Lower Unit 

can be subdivided into three members. The lower 
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member is intermediate in albedo and consists of hori-

zontal ~1 m thick beds, the middle member is lighter-

toned and also consists of thin horizontal beds, and the 

upper member is light-toned and has thinner beds [12]. 

The Lower Unit is capped by a thin, dark layer of poly-

gonally fractured material. Overlying this thin layer is 

the Upper Unit, which is dark-toned, has crude layer-

ing, and exhibits decameter-scale fluvial bedforms and 

cross-stratification. The Lower and Upper units are 

consistent with two phases of aqueous activity, the lat-

ter of which is associated with the breach in the crater 

wall by Uzboi Vallis [12]. In some locations it appears 

that the Upper Unit is capped by a thin dark unit, possi-

bly a late-stage lacustrine deposit. 

     CRISM Observations: CRISM multispectral ob-

servations provide larger spatial coverage but at lower 

spatial and spectral resolution [1], whereas combining 

the full-resolution CRISM and HiRISE datasets allows 

us tie mineral detections to specific stratigraphic units. 

Preliminary examination of several multispectral ob-

servations (72 channels, 100 m/pixel) suggests that 

portions of the basement and megabreccia material 

exhibit an absorption feature near 2.3 !m, indicative of 

phyllosilicates. The HiRISE data show that some of 

these regions exhibit filled fractures, in which the fill 

material is more resistant to erosion and stands out in 

positive relief (Figure 2a). Similar to fracture fill mate-

rial in other locations  [13], this morphology suggests 

fluids (e.g. water or hydrothermal fluids) circulated 

through the fractured basement material. Additional 

work and data are required to examine this hypothesis 

in detail, but it appears that fluids interacted with and 

hydrated phyllosilicates formed within the materials 

that predate the Lower and Upper units. This places the 

formation of these hydrated phases in the early to mid-

dle Noachian, consistent with the model of [14]. 

      CRISM observation HRS000030AF covers portions 

of all three member of the Lower Unit, the Upper Unit, 

and overlying eolian deposits. Band depth maps of 

spectral features near 1.9 and 2.3 !m reveal that hy-

drated phyllosilicates occur throughout the Lower and 

Upper units but are not present in the surficial eolian 

deposits (i.e. ripples and dunes) (Figure 3). The strong-

est 1.9 and 2.3 !m bands are observed in the lowest 

stratigraphic unit (lower member of the Lower Unit), 

which consists of highly fractured, intermediate albedo 

material. The middle and upper members of the Lower 

Unit also exhibit absorptions near 1.9 and 2.3 !m, but 

the strength of the 1.9 !m feature varies vertically 

within these overlying deposits (Figure 3). This may 

reflect a change in hydration state (decrease in hydra-

tion, causing a decrease in the strength of the 1.9  !m 

feature), or possibly a change in the abundance of clay 

in these materials. 

 
 

 
 

 
 

Figure 2.   Examples of A) basement material in 

Holden with filled fractures, B) a portion of the Lower 

Unit showing thin clay-bearing beds, and C) sub-

aqueous duneforms in the Upper Unit. Note the large 

meter-sized light toned clasts in C), which rules out an 

eolian origin. 

 

     CRISM image FRT0000474A covers small outcrops 

of the Lower Unit and large expanses of the Upper 

Unit. Similar to the previous observation, these data 

show that hydrated phyllosilicates are present in the 

light-toned layers of the Lower Unit (e.g. Figure 2b), 

with weaker H2O spectral features in the middle and 

upper members compared to the lower member. Phyl-
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losilicates are also present in the Upper Unit, though 

spectra for these regions often lack a clear 1.9 !m fea-

ture, indicating they are partially dehydrated.  

Examining spectra from CRISM observation 

FRT00004F2F (lower CRISM image in Figure 1) 

yields similar results and shows that the layered materi-

als underlying the large alluvial fan on the southern 

edge of Holden crater contain phyllosilicates. 

 

 

 
 

Figure 3. A) Portion of HiRISE image 

PSP_002721_1530 showing the Lower Unit. The lower 

member is darker toned and more highly fractured than 

the overlying middle and upper members. B) Overlay 

of CRISM band depth maps on HiRISE. Green regions 

indicate the presence of strong 1.9 and 2.3 !m features, 

whereas red regions indicate the presence of 2.3 !m 

band and a weak or absent 1.9 !m band. This suggests 

that clays in the middle and upper member are less 

abundant or less hydrated than those in the lower mem-

ber.  

 

     The absorption features observed in spectra for 

phyllosilicate depostis in Holden crater are most con-

sistent with Mg/Fe-bearing smectites such as nontronite 

(dioctahedral) and/or saponite (trioctahedral), or possi-

bly hisingerite (Figure 4). Unlike phyllosilicate depos-

its in Mawrth Vallis and Nili Fossae, which exhibit a 

diversity in composition [3,4], the sedimentary deposits 

in Holden crater seem to be dominated solely by 

Mg/Fe-bearing phyllosilicates. We have not detected 

the presence of Al-OH (e.g. montmorillonite) materials, 

carbonates, zeolites, serpentine, chlorites, or other hy-

drated phases to date. However, only a small portion of 

the crater has been imaged by CRISM and HiRISE to 

date and future work will focus on searching for diver-

sity within the different stratigrpahic units. 

Spectra of overyling eolian deposits exhibit absorptions 

characteristic of mafic materials (pyroxene and oli-

vine), consistent with thermal emission data [15] for 

Holden and VIS-NIR observations of other eolian de-

posits. 
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Figure 4.   A) CRISM spectral ratios (clay-rich spec-

trum divided by spectrum for a ‘dusty’ region) for the 

Lower and Upper Unit deposits. The Upper Unit com-

monly lacks a strong 1.9 !m H2O feature. B) Labora-

tory spectra of various clay minerals. The best spectral 

matches are Fe/Mg-bearing phases. 
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    Clays in the Eberswalde Delta:    The Eberswalde 

delta system, first identified by [16], is located just to 

the northeast of Holden crater. Preliminary examination 

of CRISM obsevation HRS00003207 (~36 m/pixel) 

shows that the light-toned layers exposed on the edge 

of the fans exhibit both the 1.9 and 2.3 !m features 

(Figure 5), similar to the deposits in Holden crater. In 

addition to the similarity in mineralogy, the morphol-

ogy of light-toned layered materials in Eberswalde is 

also similar to portions of the Lower Unit in Holden 

crater. However, unlike the Upper Unit in Holden, the 

upper surface of the delta does not appear to have 

strong clay signatures, at least within the detection lim-

its of the CRISM instrument. Future work will focus on 

studying CRISM and HiRISE data to attempt to corre-

late the mineralogy and stratigraphy of the Eberswalde 

delta system to the sedimentary units in Holden crater. 

    Origin of Clays:   CRISM data reveal that phyl-

losilicates are present in all major stratigraphic units in 

Holden Craters, including portions of materials that 

pre-date the alluvial/fluvial and lacustrine sediments. 

This suggests that the clays in these later deposits were 

transported via alluvial/fluvial systems to their current 

locations, although in situ formation cannot be ruled 

out [3]. In addition, the strength of the clay absorption 

features, and thus their abundance, appear to decrease 

up-section. This can be explained by a decrease in the 

amount of clay in the source material, which is from 

the crater rim and walls, or a decrease in the amount of 

clay-rich material exposed in these source regions and 

available for transport. 

 Sections of the Upper Unit exhibit fluvial fea-

tures suggesting deposition during a high-energy flood-

ing event [12,14]. These include incised channels, 

cross-stratification, and subaqueous dunes expressed as 

a series of parallel ridgelines that imply a paleocurrent 

direction aligned approximately parallel to the inflow 

direction of Uzboi Vallis. These dunes contain meter-

sized light-toned clasts (Figure 2c), which excludes an 

eolian origin, and it is likely these bedforms were 

formed during a large scale flooding event associated 

with the breach in the wall of Holden crater by Uzboi 

Vallis (SW portion of  Figure 1) [11,12].  

To date, the CRISM and HiRISE data support 

the hypothesis that the majority of the phyllosilicates in 

Holden crater were formed prior to the Holden crater 

impact and were present in pre-existing Noachian 

sedimentary materials in the larger Holden basin. After 

the formation of Holden crater, the clay-rich materials 

were transported to and deposited in their current loca-

tions by alluvial/fluvial and lacustrine systems [3,12]. 

Therefore, the presence of transported clay minerals in 

the middle to late Noachian sedimentary deposits in 

Holden crater is consistent with the hypothesis of phyl-

losilicate formation in the early Noachian. 
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Figure 5. Band depth map of the 2.3 !m metal-OH feature (blue) overlaid on a MOC mosaic for the eastern edge of 

the Eberswalde delta. The strongest features are in the exposed lower layers on the edge of the fan. 
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