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Introduction: The ~24 km-diameter Ries impact 

structure, Germany, hosts arguably the best-preserved 

impact ejecta on Earth. The ejecta is comprised of a 

melt-poor/free ballistically-emplaced impact breccia 

[1, 2] which is overlain by discontinuous impact melt-

bearing breccias (e.g., [3]). The compositionally varia-

ble and complex melt-bearing breccias record a period 

of post-impact hydrothermal activity within the crater 

and in the ejecta [e.g., 4, 5], though the mineral prove-

nance has also been suggested as ambient weathering 

processes [6]. This unit is dominated by secondary 

phyllosilicate minerals, both in the fine-grained matrix 

and infilling fractures and vesicles [6, 7]. The Ries 

impact ejecta continues to prove an invaluable ana-

logue for study and understanding of alteration assem-

blages that are widespread on other planetary bodies, 

like Mars [8]. 

One style of hydrothermalism observed in the Ries 

ejecta deposits, known as degassing pipes, has been 

suggested to be expressed as pits observed in impact 

melt-bearing deposits on Mars, Ceres, and Vesta [9-

12]. These crater-related pitted deposits are interpreted 

to result from the hot, melt-bearing ejecta emplacement 

over a colder, volatile-bearing material with subsequent 

degassing of the volatiles [e.g., 9]. The degassing pipes 

at the Ries occur as disseminated, ephemeral features 

in the impact melt-bearing breccia deposits in the crater 

interior and ejecta. Although these features have been 

long recognized [e.g., 13], the clay mineral assemblag-

es associated with the degassing pipe alteration have 

only recently been recognized and documented [14]. 

This study investigates the hydrothermal alteration 

associated with the degassing pipes using modern, 

high-resolution analytical techniques to determine their 

characteristics and origin. The composition and style of 

alteration of these features and their host deposits may 

be of relevance to altered impactites likely to be found 

by the upcoming Mars 2020 rover mission.   

Methods: Hand samples of degassing pipes, cm-

scale alteration halos, and representative bulk melt-

bearing breccias were collected from inside the crater 

rim (i.e., Aumühle quarry and Wörnitzoshtheim 1965 

core) and outside of the rim (i.e., Otting and Altenberg 

quarries). The interiors of the degassing pipes are lined 

with a very fine-grained to amorphous material that 

was extracted for analysis. Disaggregated, powdered 

sample material was isolated to the <2 μm size-

fractions by suspension and centrifugation and separate 

aliquots were saturated with Ca and K. Ca-saturated 

samples were analyzed at 54% relative humidity (RH) 

and then glycolated. K-saturated samples were ana-

lyzed at 0% and 54% RH and then dehydrated by heat-

ing at 300 oC and 550 oC. Samples were analyzed after 

each treatment using a Rigaku Rotaflex RU-200B se-

ries X-ray diffractometer, equipped with a rotating an-

ode (Co K- source operated at 160 mA and 45 kV) 

and a graphite monochromator. Scans were performed 

from 2 to 42º 2θ (Ca-glycol: 2-82º 2θ) at a step size of 

0.02º 2θ.  

Supporting analyses included: visible-near infrared 

(VNIR) and shortwave infrared (SWIR) hyperspectral 

imaging [14] and point spectrometry for spatial con-

text; Electron Microprobe Analysis (EMPA) for chem-

istry; and petrography. 
Results: The XRD analysis of preferred oriented 

samples shows that the degassing pipes are lined with 

highly disordered, complex smectitic clays containing 

hydroxyl or chloritic interlayers. Structural disorder in 

clay minerals can result from the distribution of cati-

ons, layer stacking, mixed-layers, finite crystal size, 

non-planar layers and from thermal and mechanical 

treatments [15]. The series of cation saturations and 

heating/dehydration treatments in the study exploit the 

known reordering of interlayer material to discern the 

composition of the degassing pipe material and the host 

smectitic clay. Figure 1 shows the results for one K-

saturated sample following a series of treatments to 

assess such structural disorder. When K-saturated, the 

basal (001 peak) d-spacing of the smectitic phase does 

not collapse completely to 1.0 nm upon dehydration 

(0% relative humidity [RH]; Fig.  1),  suggesting  the  

presence of hydroxyl-interlayer material [15]. Rehydra-

tion,  however,  produced smectite-like re-expansion to 

 

 
Figure 1. XRD patterns are shown for a K-saturated sample 

after four treatments conducted in the following order: 0% 

RH, 54% RH, 300°C, 550°C. The change in diffraction pat-

terns appears most strongly about the basal (001) position, 

indicated as “d-spacing” in the chart. With increasing heat-

ing, the 001 peak shifts toward higher 2θ and becomes less 

broad.  
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~1.2 nm. Heating produced broad, asymmetric peaks, 

all > 1.0 nm (Fig. 1), in contrast to the sharp 1.0 nm 

diffraction expected for pure smectite. The broad peaks 

also indicate a highly disordered, poorly crystallized 

material, and the peak asymmetry is suggestive of in-

terlayered materials and turbostratic stacking [15]. Two 

peaks with a d-spacing of 0.72 nm and 0.354 nm swell 

minimally with hydration and fail to collapse upon at 

heating to 550ºC, suggesting a chloritic component.  

Bladed textures are present in electron microprobe 

images, having grown subsequent to and concurrent 

with “fuzzy” very fine-grained, nearly amorphous 

smectites; the bladed phases are interpreted as chloritic 

phases (Fig. 2). Hyperspectral imaging data (allowing 

in situ context to be preserved) supports that the degas-

sing pipes are most strongly associated with Fe-

smectites, whereas the host impact melt-bearing brec-

cias are dominated by Al-smectites [14]. 
 

 
Figure 2. (left) Electron microprobe pictograph showing that 

clays infill vesicles and pore space within a glass clast. 

(right) Subset of left image, enlarged to show the two phyllo-

silicate textures. Fe/Mg-rich material are associated with 

larger crystallites having a fibrous texture; Al-dominated 

clays are associated with a very fine-grained – nearly amor-

phous “fuzzy” texture.  

 

The XRD results for Ca-saturated samples are con-

sistent with a smectitic composition with basal (001) 

spacing at ~ 1.5 nm at 54% RH and ~ 1.7 nm when 

glycolated [14]. Further separation of the <2 µm to 

<0.2 µm size-fractions of Ca-saturated samples show a 

sharpening of 001 peak (Fig. 3). A broader and slightly 

more asymmetric 001 peak in the <2 μm size-fraction 

suggests that interlayered material with crystallites be-

tween 2 μm and 0.2 μm caused peak broadening.  

 

 

 
Figure 3. XRD patterns of preferred-oriented Ca-saturated 

<0.2 μm (top) and <2 μm (bottom) size-fractions. 

Discussion: The degassing pipes at the Ries are 

lined with complex, interlayered secondary clays (e.g., 

Fig. 1), in contrast to previous findings [e.g., 13]. The 

smectitic clays contain hydroxy-interlayer material of 

chloritic composition. Distinctly different crystal sizes 

of the phyllosilicates (e.g., Fig. 2) indicate different 

phases and/or conditions of formation.   

The degassing pipes and associated clay mineralogy 

described in this study have been observed disseminat-

ed throughout the ejecta and the crater interior. The 

mineralogy of the degassing pipes, and indeed the spa-

tial and alteration extent as an aggregate story of im-

pact-generated hydrothermal activity [e.g., 5] is only 

now being acknowledged at the Ries despite decades of 

study. An appreciation of the mineralogy, which elabo-

rates on the history of heat capacity and eH and pH 

conditions of the subsurface fluids in a hydrothermal 

system, is being elucidated through high-resolution 

analytical techniques. These techniques (e.g., clay size-

fraction separations, cation and dehydration treatments, 

and low 2θ XRD) are presently only practical in a la-

boratory setting. Such data is yet not possible to ac-

quire via field instrumentation, including those aboard 

current and planned Mars rovers (i.e., Mars 2020). For 

the Mars 2020 rover, this may become an important 

issue as materials in a deltaic environment may have 

been removed of essential context to discern prove-

nance. 

The results of this study suggest that because the 

Mars 2020 rover science does not have the advantage 

of such high-resolution analytical techniques, caution 

should be exercised when ruling out any particular 

origin hypothesis for clays (e.g., volcanic or impact-

hydrothermal alteration products; formation under ele-

vated or ambient temperature). We suggest that it is 

only upon sample return that the origin of any sampled 

clays may be determined. 
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