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Fluids in Planetary Systems 
 

Megan E. Elwood Madden 
 

ABSTRACT 
 
From the early stages of planetary accretion and differentiation to the geomorphology of 
planetary surfaces and the evolution of life, fluids play an integral role in shaping 
planetary bodies. Fluid properties and processes were investigated under a range of 
planetary conditions through (1) experimental simulations of impact events and 
petrographic analysis of terrestrial impactites to determine the effects of shock 
metamorphism on fluid inclusion properties; and (2) numerical thermodynamic 
equilibrium modeling of aqueous alteration processes on Mars. 

Results of impact experiments and analyses of fluid inclusions in rocks from the 
Ries Crater and Meteor Crater indicate that fluid inclusions reequilibrate systematically 
with increasing shock pressure: stretching and decrepitating under low shock pressure 
conditions and collapsing at moderate shock pressures. Above the Hugenoit Elastic 
Limit, fluid inclusion vesicles are destroyed due to plastic deformation and phase 
transitions within the host mineral. This suggests that impact processing may result in the 
destruction of fluid inclusions, leading to shock devolatilization of target rocks. In 
addition, the absence of fluid inclusions in planetary materials does not preclude the 
presence of fluids on the meteorite’s parent body. 

Thermodynamic modeling of aqueous alteration of basalt under Mars-relevant 
conditions provides constraints on the conditions under which secondary sulfates are 
likely to have formed. The results of this study indicate that jarosite is likely to form as a 
result of water-limited chemical weathering of basalts. Magnesium sulfates are only 
predicted to form as a result of evaporation. This suggests that in order to form the 
alteration assemblages recently observed by the Mars Exploration Rover Opportunity at 
Meridiani Planum, water must have been removed from the system after a geologically 
short period of time, before fluids came into equilibrium with mafic surface materials and 
became alkaline. 



   iii

 
 

Acknowledgements 
 
 
 I would like to thank Bob Bodnar, my advisor for his superb teaching and for 
suggesting these projects and allowing me the independence to follow the research paths, 
however windy they may have seemed at the time.  I would also like to acknowledge my 
committee: Don Rimstidt, Nancy Ross, John Hole, and David Kring (University of 
Arizona) as well as Madeleine Schreiber, Patricia Dove, Barbara Bekken, and Mike 
Hochella for their advice and assistance over the last five years.   

NSF, VT ADVANCE, the Meteoritical Society, Geological Society of America, 
Graduate Student Assembly, and the Department of Geosciences have provided funding 
for research and travel. I would especially like to thank the Barringer Family Fund for 
Meteorite Impact Research for providing the funding for field work at the Ries Crater, 
Germany, as well as funding and access required for the fieldwork at Meteor Crater, 
Arizona. These field studies would not have been successful without advice and 
assistance from David Kring and Bob Bodnar (who was an excellent field assistant-- 
thanks for carrying all those rocks!). Thanks also to Fred Horz (NASA) for performing 
the impact experiments and providing access to additional samples from the Ries Crater.  

My studies here at Virginia Tech would not have been as productive or as 
enjoyable without the helpful faculty, staff, and students in this department. Thank you 
for providing a positive atmosphere and a family-friendly space. Thanks especially to 
Connie for her open door and help dealing with bureaucracy in all its forms. The graduate 
students in this department, past and present, have provided collaboration and 
camaraderie. Thanks for helping to make this a fun place to work and learn!  

My husband, Andy, deserves many pages of thanks for all he’s done over the past 
six years to encourage and support me. Thanks for being my safety-buddy through all of 
life’s adventures! Our daughter Eleanor has provided new challenges and unending 
rewards over the past year. I look forward to watching her enthusiastically explore and 
learn about the world.  

I want to thank my parents for all of our family travels; its doubtful that a girl who 
was raised on meters of loess in central Illinois would have fallen in love with rocks 
without being introduced to a few flashier varieties (Yellowstone’s hot springs, the 
towering Rockies, Precambrian rift zones…) I have wonderful memories of sorting 
through pebbles looking for geologic treasures on the shore of Lake Superior. Thanks 
also to my many wonderful teachers who helped to stoke my interests in science and 
geology.  

Finally, I would like to acknowledge my grandparents.  The value they placed on 
education in its many forms, from music lessons to family field trips and science camp, 
has allowed my brother and me to have diverse experiences and encouraged me to 
challenge myself. Thanks to my parents, grandparents, teachers, colleagues, and friends 
for encouraging me to explore the world, ask questions, and think critically about what I 
learn.  



   iv

Table of Contents 
 

Abstract............................................................................................................................. ii 

Acknowledgements ......................................................................................................... iii 

Table of Contents ............................................................................................................ iv 

List of Tables .................................................................................................................. vii 

List of Figures.................................................................................................................viii 

Chapter 1 – Introduction ................................................................................................ 1 

Chapter 2 – Jarosite as an indicator of water-limited chemical weathering on 
Mars…................................................................................................................................3 

References.........................................................................................................................9 

Figures........................................................................................................................... 13 

Chapter 3 – Geochemical constraints on the formation and preservation of 
secondary sulfate minerals on Mars.............................................................................. 15 

Abstract ......................................................................................................................... 15 

Introduction.................................................................................................................... 16 

Evidence for liquid water on the martian surface..................................................17 

Sulfur on Mars.......................................................................................................20 

Terrestrial Jarosite Formation.......................................................................................21  

Conceptual Model ......................................................................................................... 24 

Results and Discussion...................................................................................................26  

Alteration Mineralogy..................................................................................................26 

Extent of Weathering...................................................................................................27 

Effect of initial fluid chemistry....................................................................................28 

Temperature.................................................................................................................30 

Evaporation..................................................................................................................30 

Geochemical History of Sufates at Meridiani Planum......................................................31 

Implications for the Development and Persistence of Life................................................33  

Conclusions....................................................................................................................... 34 

References ..................................................................................................................... 37 

Tables ............................................................................................................................ 42 

Figures .......................................................................................................................... 44 



   v

 

 

Chapter 4 – Experimental simulation of shock-induced reequilibration of fluid 
inclusions...........................................................................................................................51 

Abstract ..........................................................................................................................51 

Introduction.....................................................................................................................52 

Background information................................................................................................ 53 

Pressure-Temperature Conditions During Impact…......................................................59 

Methods ..........................................................................................................................61 

Results.............................................................................................................................64 

Conclusions.....................................................................................................................66 

References.......................................................................................................................69 

Table ..............................................................................................................................73 

Figures ...........................................................................................................................74 

Chapter 5 – Shock reequilibration of fluid inclusions in Coconino Sandstone from 

Meteor Crater, Arizona.................................................................................................. 82 

Abstract.......................................................................................................................... 82 

Introduction.................................................................................................................... 83 

Shock metamorphism of Coconino sandstone............................................................... 85 

Principles of shock reequilibration of fluid inclusions.................................................. 85 

Methods...........................................................................................................................88 

Results and Discussion.................................................................................................. 90 

Comparison with Experimental Results..........................................................................93 

Fluid inclusions in meteorites and impactites................................................................96 

Conclusions.................................................................................................................... 98 

References.....................................................................................................................100 

Tables............................................................................................................................104 

Figures..........................................................................................................................107 

Chapter 6 – Shock reequilibration of fluid inclusions in crystalline basement rocks 

from the Ries Crater, Germany....................................................................................114 

Abstract….....................................................................................................................114 

Introduction...................................................................................................................115 



   vi

Background Information...............................................................................................117 

Fluid inclusions in impactites....................................................................................117 

Shock reequilibration.................................................................................................118 

Materials and methods.................................................................................................121 

Results...........................................................................................................................123 

Shock stage................................................................................................................123 

Biotite content............................................................................................................125 

Grain size...................................................................................................................125 

Discussion.....................................................................................................................126 

Comparison with single crystal shock experiments...................................................126 

Comparison with porous sedimentary target rocks....................................................127 

Shock devolatilization................................................................................................128 

Fluid inclusions in other minerals..............................................................................130 

Conclusions...................................................................................................................131 

References.....................................................................................................................132 

Tables............................................................................................................................137 

Figures..........................................................................................................................140 



   vii

List of Tables 
 
 
 
 
Chapter 3 

Table 1 Primary rock composition…..………...……….…………………..……42 
Table 2 Range of conditions used in simulations………….…...…………..……43 

Chapter 4 
Table 1 Summary of experimental conditions and observation…………....……73 

Chapter 5 
Table 1 Comparison of shock classification scheme used by Kieffer (1971) and 
classification criteria used in this study.……..............................................……104 
Table 2 Description of shock featured……….……...................................……105 
Table 3 Summary of shock features and fluid inclusion characteristics in 
Coconino sandstone.....................................................................................……106 

Chapter 6 
Table 1 Classification of impact target rocks based on shock features...........…137 
Table 2 Location and mineralogy of crystalline basement target rocks examined 
in this 
study.............................................................................................................……138 
Table 3 Percentage of quartz grains containing shock features and 
inclusions….....................................................................................................…139 



   viii

List of Figures 
 
Chapter 2 

Figure 1 Predicted alteration minerals…..……………….………………...……13 
Figure 2 Eh-Ph phase diagram of the Fe-S-Ca-Na-HCO3-H2O system at  
298 K.…………………………………………………………………………….14 

Chapter 3 
Figure 1 P-T diagram of liquid brines.…..…………….……………………...…44 
Figure 2 Jarosite-bearing outcrop “El Capitan” in Eagle Crater at Meridiani  
Planum…………………………………………………………………………...45 
Figure 3 Relationship between Fe-activity and pH………...……………………46 
Figure 4 Predicted alteration minerals……….…...…………………...…...……47 
Figure 5 Eh-Ph phase diagram of the Fe-S-Ca-Na-HCO3-H2O system at  
298 K ………………………………………………………………………….…48 
Figure 6 Jarosite paragenesis with respect to water:rock ratio and sulfate 
concentration of the fluid..………………………………………………......…...49 
Figure 7 Weathering and evaporation assemblages.......………………....…...…50 

Chapter 4 
Figure 1 Photomicrograph of two-phase inclusion in Arkansas quartz…….…...74 
Figure 2 Pressure-temperature conditions inside a fluid inclusion as a function of 
external temperature and pressure…….…....……………………………………75 
Figure 3 Pressure-temperature-time evolution of quartz resulting from a 22 GPa 
shock event…….……………...……………………………………...……..……76 
Figure 4 Pressure-temperature-time evolution of quartz resulting during a 22 GPa 
shock event …….….......................................................................................……77 
Figure 5 Comparison of pre- and post-impact homogenization 
temperatures………………………………………………………………..….…78 
Figure 6 Schematic representation of NASA’s Experimental Impact Laboratory 
Flat Plate Accelerator....….………………………………………………………79 
Figure 7 Evolution of fluid inclusion features with increasing shock pressure…80 
Figure 8 Raman spectra of quartz samples…….…......................................……81 

Chapter 5 
Figure 1 Pressure-temperature conditions inside a fluid inclusion as a function of 
external temperature and pressure…….…....………………………………..…107 
Figure 2 Pressure-temperature-time evolution of quartz resulting during a 22 GPa 
shock event …….….………………….………………...………………………108 
Figure 3 Evolution of fluid inclusion features with increasing shock pressure..109 
Figure 4 Geologic map of Barringer Meteorite Crater...................................…110 
Figure 5 Photomicrographs of shock features in Coconino sandstone...........…111 
Figure 6 Percentage of grains containing shock features and fluid inclusions...112 
Figure 7 Photomicrographs of inclusions within detrital quartz in unshocked 
Coconino sandstone.........................................................................................…113 

Chapter 6 
Figure 1 Photomicrographs of quartz containing two-phase fluid inclusions…140 
Figure 2 Evolution of fluid inclusion features with increasing shock pressure..141 



   ix

Figure 3 Pressure-temperature conditions inside a fluid inclusion as a function of 
external temperature and pressure…….…....………………………………..…142 
Figure 4 Pressure-temperature-time evolution of quartz resulting during a 22 GPa 
shock event…...………………………………………………..……..…………143 
Figure 5 Schematic cross-section of the Ries Crater showing approximate shock 
stage isobars of interest……...………………………...……………..…………144 
Figure 6 Photomicrographs of shock features in quartz.................................…145 
Figure 7 Shock features and fluid inclusions in quartz grains........................…146 
Figure 8 Photomicrographs of inclusions in quartz........................................…147 
Figure 9 Fluid inclusion frequency versus biotite content..............................…148 
Figure 10 Fluid inclusion frequency versus grain size...................................…149 



Chapter 1 
 
Introduction 
 
 From the early stages of planetary accretion and differentiation to the 
geomorphology of planetary surfaces and the evolution of life, fluids play an integral role 
in shaping planetary bodies. Since liquid water appears to be the critical resource needed 
to sustain life on Earth, even in extreme environments, the search for extraterrestrial 
environments which may have sustained life has become a search for evidence of liquid 
water (past or present) throughout the Solar System and beyond.  Therefore, much of the 
recent research and exploration in planetary science has focused on aqueous processes 
which may have occurred on planetary bodies as well as the distribution of liquid water 
in the Solar System.  
 As our knowledge of our Solar System grows with the launch of each new 
mission and every new meteorite which is analyzed, planetary science expands and 
continues to develop new areas of study. The recent focus on water and other fluids has 
been building over the last decade, however, many important questions remain 
unanswered.  

Much of our search for extraterrestrial water has been directed towards Mars, the 
most Earth-like of the terrestrial planets, and therefore, perhaps the most likely to have 
once harbored or still contain liquid water and/or life. Since the first experiments by the 
Viking landers to determine whether water or organics were present in the atmosphere 
and surface regolith on Mars and early pictures of outflow channels, the focus of Mars 
exploration has been a search for evidence of liquid water, and therefore the possibility of 
life. More recent Mars missions (Mars Pathfinder, Mars Odyssey, Mars Global Surveyor, 
the Mars Exploration Rovers, and Mars Express) have continued to search for water and 
evidence of aqueous alteration of the planet’s surface. However, the discovery of jarosite, 
a ferric sulfate salt, within outcrops in Meridiani Planum by the Mars Exploration Rover 
Opportunity in February 2004, provided the first mineralogical evidence of aqueous 
alteration processes on the surface of Mars.  

Chapters 2 and 3 describe the results of thermodynamic simulations of chemical 
weathering under Mars relevant conditions. These numerical modeling studies were 
conducted to invesitigate how jarosite and other sulfate minerals which have recently 
been discovered on Mars may have formed. Chapter 2, “Jarosite as an indicator of water-
limited chemical weathering on Mars”, was published in the October 14, 2004 issue of 
Nature. Chapter 3 represents an extension of the original study to incorporate evaporation 
and also includes an expanded description of the methods used as well as background 
information and discussion. This article was submitted to Geochimica et Cosmochimica 
Acta in February 2005. We are presently responding to the reviewer’s comments and 
hope to resubmit the paper in July or August of 200d 
  Chapters 4-6 address how the properties and abundance of fluid inclusions change 
with increasing shock metamorphism and the fate of fluid inclusions in meteorites and 
other impacted rocks.  While fluid inclusions are nearly ubiquitous in terrestrial rocks, 
there are only a few confirmed reports of fluid inclusions in meteorites. The experimental 
work described in chapter 4 indicates that fluid inclusions may reequilibrate at low shock 
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pressures and are eventually destroyed at moderate shock pressures. Similar patterns of 
fluid inclusion reequilibration and destruction are also observed in samples of naturally 
shocked sedimentary rocks from Meteor Crater, Arizona (Chapter 5) as well as 
crystalline basement rocks from the Ries Crater, Germany (Chapter 6). The results of 
these three studies suggest that impact processing results in the destruction of fluid 
inclusions which form prior to impact. Therefore, the lack of fluid inclusions in 
meteorites does not preclude the presence of fluids on the meteorite parent bodies. In 
addition, loss of fluid from fluid inclusions likely contributes to shock devolatilization of 
planetary materials.  Chapter 4, Experimental simulation of shock induced reequilibration 
of fluid inclusions” was published in volume 42 of Canadian Mineralogist, fall 2004. 
Chapter 5 “Shock reequilibration of fluid inclusions in porous sedimentary rocks” was 
submitted to Meteoritics and Planetary Science in May 2005. Chapter 6 will be submitted 
to Earth and Planetary Science Letters in June 2005. 
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Chapter 2 
 
Jarosite as an indicator of water-limited chemical weathering 
on Mars 
 
M. E. Elwood Madden, R. J. Bodnar & J. D. Rimstidt 
Department of Geosciences, Virginia Tech, 4044 Derring Hall, Blacksburg, Virginia 
24061, USA 
 
Published October 2004 in Nature, v. 431, 821-823. 
 
 

The Mars Exploration Rover Opportunity identified the ferric sulphate mineral 

jarosite and possible relicts of gypsum at the Meridiani Planum landing site1. On 

Earth, jarosite has been found to form in acid mine drainage environments, during 

the oxidation of sulphide minerals2, and during alteration of volcanic rocks by 

acidic, sulphur-rich fluids near volcanic vents3. Jarosite formation is thus thought 

to require a wet, oxidizing and acidic environment. But jarosite on Earth only 

persists over geologically relevant time periods in arid environments because it 

rapidly decomposes to produce ferric oxyhydroxides in more humid climates4. 

Here we present equilibrium thermodynamic reaction-path simulations that 

constrain the range of possible conditions under which such aqueous alteration 

phases are likely to have formed on Mars. These calculations simulate the chemical 

weathering of basalt at relevant martian conditions. We conclude that the presence 

of jarosite combined with residual basalt at Meridiani Planum indicates that the 

alteration process did not proceed to completion, and that following jarosite 

formation, arid conditions must have prevailed. 

The occurrence of sulphate alteration phases in martian meteorites5,6 and 

previous observations of significant concentrations of sulphur at the Viking7 and 
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Pathfinder8 landing sites support the recent Mars Exploration Rover (MER) evidence 

that sulphur has played an important role in Mars’ surface geochemical processes. 

Atmospheric sulphur released by volcanic outgassing9,10 appears to have been 

incorporated into the regolith through aqueous alteration or solid–gas interactions to 

produce sulphur-bearing phases11–14. Analyses of Viking and Pathfinder Lander data 

indicate that sulphur observed in Mars’ regolith is probably associated with magnesium 

sulphate salts6,15. However, early thermodynamic simulations predicted iron sulphates to 

be the most likely phases to form at Mars’ surface conditions. It should be noted that in 

this previous model iron sulphates were thought to form from solid–gas alteration of 

troilite and pyrrhotite, not through aqueous alteration processes16. Two models have 

been presented to account for the salts observed in the surface materials. The first 

assumes that early Mars was warm and wet, creating salty oceans that later evaporated, 

leaving behind evaporite minerals17. The second suggests that the sulphur phases 

formed relatively recently as a result of ‘acid fog’ reacting with surface materials to 

form secondary salts11. 

Equilibrium thermodynamic reaction-path simulations that constrain the range of 

possible conditions under which aqueous alteration phases are likely to form are 

presented here. Using the numerical thermodynamic reaction-path model REACT18 we 

have simulated chemical weathering of basalt at Mars-relevant conditions. The results 

provide a basis for interpreting the geochemical history of acidic chemical weathering 

on Mars. In these equilibrium models, a given quantity of a basaltic mineral 

assemblage19  consisting of diopside, enstatite, ferrosilite, K-feldspar, anorthite, albite, 

fayalite, forsterite and magnetite is titrated into 1 litre of aqueous fluid containing 

variable concentrations of sulphate and trace amounts of Na+, K+, Ca2+, Fe2+, Mg2+, Al3+ 
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and dissolved SiO2. The model includes kinetics only through the suppression of 

mineral phases unlikely to form in a geologically relevant time period. Suppression of 

mineral phases is done at the discretion of the operator based on the feasibility of such 

minerals forming as initial chemical weathering products under wet, oxidizing, low-

temperature conditions, as recommended by the author of the modelling package18. 

Phases suppressed in the models include epidote, phlogopite, muscovite, K-feldspar, 

andradite, annite, minnesotaite, greenalite, phengite, tremolite, haematite, goethite and 

nontronite. In acid mine drainage environments, goethite is the thermodynamically 

stable phase but it is rarely observed. Rather, the metastable phases jarosite and ferric 

hydroxides occur in this environment because goethite (and haematite) formation rates 

are very slow4,18. 

The model system is charge-balanced with H+, and is buffered by current 

martian atmospheric oxygen and carbon dioxide fugacities20 at 298 K and 104 Pa total 

atmospheric pressure. Although CO2 fugacity may have been greater early in Mars’ 

geologic history, increasing CO2 fugacity has little effect on jarosite stability. However, 

photolysis of CO2 to form O2 would have resulted in higher atmospheric oxygen 

fugacity than at present, expanding the pH range over which jarosite would form. The 

temperature used in the models (298 K) is higher than current martian surface 

conditions (average 220 K). If the weathering fluids at Meridiani Planum were 

approximated by the system H2O–FeSO4, liquid water could have been stable to 

temperatures as low as 271.3 K, or as low as 211 K if the fluid were an aqueous 

sulphuric acid solution21. The REACT model is only valid along the liquid–vapour 

curve for water, from 273 K to 573 K. A temperature of 298 K was used in the models 

because the thermodynamic data are more complete at this temperature. A few models 
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were run at 273 K for comparison, with no obvious differences from those run at 298 K. 

The difference in pressure between the model conditions and current atmospheric 

pressure on Mars (~600 Pa; ref. 22) is likely to have little effect on the thermodynamic 

properties of the aqueous–solid system23. Some phases observed on the martian surface 

today (such as anhydrite and haematite) were probably produced by later dehydration of 

salts and clays. By varying the fluid composition and water:rock mass ratio, we have 

constrained the range of conditions at which ferric sulphates are likely to form on Mars. 

Alteration assemblages containing ferric sulphate (a Na-end member jarosite 

phase and/or K-end member jarosite) always include a SiO2 phase (probably amorphous 

or microcrystalline when precipitated) and an amorphous iron hydroxide phase (Fig. 1). 

The minimum concentration of sulphate in aqueous solution required to produce a ferric 

sulphate phase is of the order of 10−5 molal, and the oxygen fugacity of the system must 

be greater than 10−50. Sodium concentrations >10−7 molal are required to produce Na-

jarosite (the ferric sulphate phase predicted to precipitate in greatest abundance), while 

potassium concentrations must exceed 10−11 molal to precipitate K-jarosite. The 

ubiquitous presence of SiO2 in the alteration assemblages suggests that the widespread 

high-silica signature observed in Mars’ surface thermal emission spectra24 represents 

secondary silica coatings on surface materials. 

Under most conditions jarosite is also accompanied by kaolinite (although 

kinetics may favour the formation of its polymorph halloysite25 or amorphous 

allophane26) and gypsum. For gypsum to form, calcium concentrations greater than 

10−3 molal are required. Subsequent lower humidity levels would probably dehydrate 

gypsum to form anhydrite, facilitating physical weathering of alteration rinds. This 

dehydration process may also alter jarosite to less hydrous ferric sulphates and alter iron 
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hydroxides to haematite. Dolomite and calcite are also predicted to form in most 

models, while dawsonite and the zeolite clinoptilolite are also predicted to form in some 

cases when initial sulphate concentrations are varied. 

The water:rock ratio does not affect the weathering path through Eh–pH space 

(bold line in Fig. 2), but reaction progress along this path is controlled by the amount of 

water available to react with the rock (symbols on bold line in Fig. 2). The initial 

sulphate-rich fluid has a pH of 1. However, the fluid pH increases as the basalt is 

weathered. This results in the precipitation of jarosite and gypsum early in the 

weathering process. Jarosite becomes unstable and is replaced by other Fe-bearing 

phases in the alteration assemblage as weathering proceeds and pH increases (Figs 1 

and 2). The final pH of the system (as defined by that point at which the fluid is in 

equilibrium with the mineral assemblage present) increases with decreasing water:rock 

ratio, thus moving the extent of the reaction farther along the weathering path into the 

iron hydroxide + gypsum field. As a result, the presence of jarosite within alteration 

assemblages can be used as an indicator of the extent of chemical weathering at Mars’ 

surface conditions. It is only possible for jarosite to form and remain stable if the 

alteration process is arrested after only a few per cent of basalt weathering occurs. 

As the water:rock ratio is decreased, jarosite is formed earlier in the chemical 

weathering process (>80% of basalt must weather to produce jarosite at water:rock = 

100:1, while <20%, <2% and <0.2% of basalt must be weathered at water:rock = 10:1, 

1:1 and 1:10, respectively). This suggests that jarosite may form in two ways: (1) from 

the complete reaction of a large quantity of water with a small amount of rock, that is, a 

large amount of water altering only a thin outer layer of rock, or (2) from a small 

amount of water partially weathering a large quantity of rock. In both cases, water must 
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be removed from the system (probably via evaporation) in order to arrest the alteration 

process before the weathering fluid pH increases and is no longer in the jarosite stability 

field. This in turn suggests that the weathering rind formed in a geologically short 

period of time. However, the presence of gypsum without accompanying jarosite would 

indicate that chemical weathering was extensive, allowing sufficient interaction with the 

basalt to raise the pH of the weathering fluid beyond the jarosite stability field. 

Thermodynamic simulations indicate that reaction of acidic aqueous fluids with 

basalt under oxidizing conditions produces jarosite and gypsum. However, for jarosite 

to survive in the weathering assemblage, alteration must have ceased well before the 

basalt had been significantly weathered (Fig. 1) and subsequent conditions must have 

remained dry. This suggests that liquid water was only active at the Opportunity landing 

site in Meridiani Planum for a geologically short period of time. Thus, while other 

studies indicate that liquid water was present for a relatively long period of time early in 

Mars’ history17, its distribution must have been spatially variable. Alternatively, the 

jarosite observed at Meridiani Planum may have formed later in Mars’ history during 

periods of transient liquid water stability; such conditions could have resulted from 

extremes in orbital obliquity27 and/or large additions of volatiles to the atmosphere from 

volcanic eruptions28 or bolide impacts29. In any case, the occurrence of residual 

(unweathered) basalt along with jarosite requires that liquid water was only present for a 

limited period of time at this location. 

On the basis of thermodynamic simulations, one possible chemical weathering 

scenario for the Meridiani Planum site is that, as weathering proceeded, the weathering 

fluids were incorporated into hydrated phases (that is, the rocks literally absorbed the 

water to form hydrous phases) while simultaneously evaporating. The evaporated water 
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would have over time been lost from the atmosphere by photolytic decomposition, 

reprecipitated as ice at the poles, or consumed by further weathering rind formation in 

subsequent periods of aqueous alteration. The lack of liquid water eventually ‘stalled’ 

the chemical weathering process early in its history, leaving jarosite or other ferric 

sulphates as stable alteration phases within the partially weathered basalt. Continued 

water loss from the planet’s atmosphere by photolytic decomposition gradually reduced 

the relative humidity to levels where hydrous phases exposed to the atmosphere could 

dehydrate, producing haematite and anhydrite from iron hydroxides and gypsum. 

Subsequent physical erosion and transport of such alteration rinds may have produced 

the globally distributed salty fines enriched in sulphur that have been observed at the 

Viking and Pathfinder field sites30. 
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Figure 1. Predicted alteration minerals, reported as weight per cent of 
alteration assemblage at a water:rock ratio of 1:1. Note that jarosite is 
only stable during the very earliest stages of basalt weathering.
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Figure 2. Eh-pH phase diagram of the Fe-S-Ca-Na-HCO3-H2O system at 298 K. 
Activities of SO42-, Ca2+ and Na+ are set at 10-2, 10-2 and 10-3, respectively. 
The dashed parallel lines represent the upper and lower bounds on water stability. 
The bold line at the upper left of the diagram shows the reaction path followed 
during weathering of basalt by sulphate-bearing aqueous fluids, buffered by the 
present martian atmosphere. Symbols on this line represent the extent of the 
reaction corresponding to different water:rock ratios, as shown in the key at upper 
right. As the reaction path moves to higher pH, it passes through the jarosite + 
gypsum stability field. However, if pH continues to rise with increased weathering 
of the basalt, the reaction path moves out of the jarosite stability field, resulting in 
dissolution of jarosite and reprecipitation as other ferric iron-bearing minerals in 
the alteration assemblage. Therefore, observations of jarosite would suggest a 
short-lived period of water-limited aqueous alteration.
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Abstract: Analysis of chemical weathering assemblages observed at the Mars 

Exploration Rover (MER) Opportunity landing site at Meridiani Planum can be used to 

constrain the environmental conditions under which aqueous alteration took place. Using 

thermodynamic reaction-path modeling of acidic alteration of basalt under Mars-relevant 

conditions, chemical weathering parameters including temperature, pressure, CO2 

fugacity, water:rock ratio, and fluid chemistry are constrained. As basalt reacts with 

acidic fluids, the pH of the system increases, passing through the jarosite-stable pH 

window early in the weathering process. In order to preserve jarosite in the alteration 

assemblage, liquid water must be removed from the system before it reaches neutral of 

alkaline pH, indicating a geologically short period of aqueous alteration. Magnesium 

sulfates form during evaporation of alteration fluids in equilibrium with jarosite, but do 

not form as a result of chemical weathering alone. Hematite spherules observed in the 

outcrops may have formed as a result of dissolution of metastable jarosite and subsequent 

precipitation of hematite, the thermodynamically most stable phase. This suggests that all 

the geochemical features in the rocks may have been formed during a single alteration 

event, followed by evaporation over a geologically short period of time. If the wet 

environment at Meridiani supported life, it may have been very similar to microbial 
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communities which thrive in jarosite-forming environments on Earth. However, evidence 

presented here that suggests a short-lived liquid water event in the immediate vicinity of 

the jarosite deposits precludes the development of evolved life forms at the site.  

 
 
1. Introduction: 

Identification of the sulfate salts jarosite and kieserite at Meridiani Planum by the 

Mars Exploration Rover (MER) Opportunity provides evidence that Mars surface rocks 

have been chemically weathered by liquid water at some point in the past (ELWOOD 

MADDEN et al., 2004; MORRIS et al., 2004; SQUYRES et al., 2004). 

The products of chemical weathering depend on the compositions of the rocks and 

fluids (liquid and/or gas) involved in the weathering process, as well as other parameters 

including the fluid:rock ratio, temperature, and pressure. Varying these parameters affects 

not only which minerals will form and their relative abundances, but also the order in 

which phases are produced and consumed. As such, the presence of jarosite and other 

sulfate phases in the alteration assemblage at Meridiani Planum places significant 

constraints on the amount and timing of liquid water activity at this location. 

Using thermodynamic reaction-path modeling to simulate chemical weathering of 

basalts under a range of Mars-relevant conditions, the conditions and processes leading to 

the formation and preservation of sulfates at Meridiani Planum have been identified. The 

results have implications on not only the chemistry, amount, and duration of fluid activity 

at the Meridiani Planum site, but also the likelihood that life may have developed and 

evolved in this or similar environments on Mars.  
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1.2. Evidence for liquid water on the martian surface 

 

While it is generally accepted that liquid water has been present on the martian 

surface at some time in the past, there is considerable uncertainty concerning the amount, 

distribution, duration and timing of surficial water activity on Mars. Here we briefly 

review the existing evidence geomorphic and chemical/mineralogical evidence for liquid 

water on Mars as background for the discussions that follow. 

Geomorphic evidence, including erosion channel (CARR, 1986), paleoshorelines 

(HEAD et al., 1999), and impact crater lakes (CABROL and GRIN, 2001) suggests that 

liquid water has been present on the surface of Mars. Current surface conditions preclude 

liquid water as a stable phase over extended periods because the average temperature 

(~200K) and pressure (600 Pa) at the surface rarely reach the triple point of water (273K, 

100 Pa) (FARMER, 1976; HABERLE et al., 2001; INGERSOLL, 1970). It has been suggested, 

however, that variations in temperature due to changes in obliquity (JAKOSKY and 

PHILLIPS, 2001) and/or large additions of volatiles to the atmosphere from volcanic 

eruptions (PHILLIPS et al., 2001) or bolide impacts (CHYBA et al., 1994) may have 

allowed liquid water to be intermittently present at the surface. 

If instead of pure water the fluids on Mars are/were saline brines, the stability 

range of liquid would expand to include a much larger portion of Mars surface conditions 

(BRASS, 1980); (BODNAR, 2001)(Figure 1). The presence of low-temperature Na-Ca-Cl 

eutectic brines could explain images from the Mars Global Surveyor that appear to show 

recently-formed gullies (<10 Mya; (MALIN and EDGETT, 2000) generated by liquid flow 

at the surface (KNAUTH and BURT, 2002). Other workers have suggested that these gullies 
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may be the result of snow events (CHRISTENSEN, 2003). Destabilization and flow of CO2 

clathrates have also been suggested as possible mechanisms for formation of older 

channels (HOFFMAN).  

Several interpretations of Mars surface mineralogy have been based on studies of 

aqueous alteration of Mars analog materials. (GOODING, 1978) presented a 

thermodynamic model of chemical weathering based on gas-solid reactions. The results 

suggested that Fe2O3, in the form of hematite or maghemite, quartz, calcite, magnesite, 

corundum, Ca-beidellite (a smectite phase) and kaolinite should be the stable phases 

under these conditions. (CLARK and VAN HART, 1981) proposed that the salt component 

of martian soils is likely made up mainly of (Mg,Na)SO4, NaCl, and (Mg,Ca)CO3 based 

on chemical and thermodynamic considerations. Other geochemical modeling studies of 

hydrothermal alteration of martian crust predict the formation of significant quantities of 

hydrated minerals (GRIFFITH and SHOCK, 1997). Experimental studies indicate that 

secondary mineral assemblages can vary significantly, depending on the conditions 

attending alteration. Thus, hydrothermal experiments at 23-400ºC produce opal-CT and 

quartz, carbonates, oxides, zeolites, and hydrous silicates (BAKER et al., 2000), while 

acidic alteration products are dominated by gypsum and alunogen (Al2(SO4)3•17H2O) 

(BANIN et al., 1997). 

In situ chemical analyses by the Viking and Pathfinder landers as well as 

chemical and mineralogical data from orbiting spectrometers have often led to more 

questions than answers regarding the surface chemistry and mineralogy. Viking Lander 

bulk chemical analyses can be accommodated by a mixture of SNC secondary minerals--

smectites, illites, and gypsum with minor halite, calcite, and hematite (GOODING, 1992). 
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(CLARK, 1993) interpreted trends in Viking elemental variations to represent well-

weathered soils composed of smectites and soluble salts. Pathfinder X-Ray spectrometer 

data have been interpreted as (1) andesitic material mixed with a mafic component and 

volcanic gas reaction products (RIEDER et al., 1997), (2) an assemblage of “nanophase 

ferric oxides” with small amounts of crystalline ferric and ferrous phases and possible 

smectites, calcite, gypsum, MgSO4 and/or halite (BELL et al., 2000), or (3) “nanophase” 

hematite/goethite with a mixture of andesitic rock and SNC meteorite composition soil 

(MORRIS et al., 2000).  Of these interpretations, only (2) requires aqueous alteration. 

Mars Global Surveyor Thermal Emission Spectrometer (TES) data show two 

distinct spectral signatures, separated geographically between the southern highlands and 

northern lowlands. The southern highlands data have been uniformly interpreted as 

representing basaltic material (BANDFIELD et al., 2000; WYATT and MCSWEEN, 2002). 

However, the composition of the northern lowlands has been interpreted as either 

andesitic material (BANDFIELD et al., 2000) or weathered basalts (WYATT and MCSWEEN, 

2002). Using TES surface spectra, limited deposits of crystalline gray hematite have been 

mapped (CHRISTENSEN et al., 2001) and qualitative limits have been placed on 

proportions of carbonates (<10%) sulfates (<10%), olivine (<10%), clays (<20%), and 

quartz (<5%) (BANDFIELD et al., 2000; CHRISTENSEN et al., 2001). Data from the Mars 

Odyssey Neutron Spectrometer show H2O ice deposits at the two poles as well as 

physically and/or chemically bound H2O and/or OH at mid- to low-latitudes (FELDMAN et 

al., 2002). This wide range in surface mineralogy suggests that significant geographic and 

temporal variations in weathering conditions may have existed on Mars.  
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1.3. Sulfur on Mars 

The occurrence of sulfate alteration phases in martian meteorites (BRIDGES et al., 

2001; GOODING, 1992) and observations of significant concentrations of sulfur at the 

Viking (CLARK and VAN HART, 1981) and Pathfinder (WANKE et al., 2001) landing sites 

support the recent MER evidence that sulfur has played an important role in Mars surface 

geochemical processes. Atmospheric sulfur released by volcanic outgassing (CLARK and 

BAIRD, 1979; SETTLE, 1979) appears to have been incorporated into the regolith through 

aqueous alteration or solid-gas interactions to produce sulfur-bearing phases (BANIN et 

al., 1997; CATLING, 1999; FARQUHAR et al., 2000; MARION et al., 2003). Analyses of 

Viking and Pathfinder Lander data indicate that sulfur in the Mars regolith is likely 

associated with magnesium sulfate salts (BRIDGES et al., 2001; CLARK, 1993). However, 

early thermodynamic simulations predicted iron sulfates to be the most likely phases to 

form at Mars surface conditions. It should be noted that in this earlier model iron sulfates 

were thought to form from solid-gas alteration of troilite and pyrrhotite, not through 

aqueous alteration processes (GOODING, 1978). 

Two models have been presented to account for the salts observed in surface 

materials. The first assumes that early Mars was warm and wet, creating salty oceans that 

later evaporated, leaving behind evaporite deposits rich in sulfates (POLLACK et al., 

1987). The second suggests that the sulfur phases formed relatively recently as a result of 

“acid fog” reacting with surface materials to form secondary salts (BANIN et al., 1997). 

Reports of recent volcanic activity on the surface suggest that volatiles may still be 

episodically released into the atmosphere, providing a source of sulfur for the latter 

model (NEUKUM et al., 2004). 
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The recent discovery of jarosite, gypsum, and magnesium sulfates by the Mars 

Exploration Rover (MER) Opportunity at Meridiani Planum provides clear evidence that 

acidic aqueous fluids have altered the rocks in this region (ELWOOD MADDEN et al., 2004; 

SQUYRES et al., 2004). At this location, jarosite and magnesium sulfates are found in 

association with hematite concretions, crystal-mold vugs which may have once contained 

gypsum or barite, and weathered basaltic siliciclastic materials (SQUYRES et al., 2004) 

(Figure 2). Here we consider the geochemical conditions under which jarosite and 

magnesium sulfates are likely to form in terrestrial environments, combined with 

thermodynamic simulations of chemical weathering of basalts under Mars surface 

conditions. These data constrain the geochemical processes and environmental conditions 

that may have led to the precipitation and preservation of jarosite-bearing alteration 

assemblages at Meridiani Planum. 

 

2. Terrestrial Jarosite Formation 

 On Earth, jarosite forms in wet, acidic, oxidizing environments. The source of the 

acidity (and sulfate) is provided either by the oxidation of iron sulfide minerals or by 

sulfuric acid released during volcanic eruptions. In either case, if the source of the acidity 

is removed either by consumption of the sulfide phases or cessation of volcanic activity, 

the pH of the aqueous fluids will increase. Jarosite, which is not stable in the presence of 

neutral or alkaline water, quickly converts to ferric oxyhydoxides. Therefore, to preserve 

jarosite, it must be isolated from the aqueous phase before the pH rises above 4-5.  
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 Jarosite is often found in wet acidic environments, including mangrove swamps 

(GONG and ZHANG, 1994) and sulfide-bearing acidic soils (STRAWN et al., 2002). In acid 

mine drainage (AMD) environments, oxidation of sulfide minerals produces acidic 

surface and groundwaters that precipitate jarosite. Precipitation of jarosite and ferric 

oxyhydroxides lowers the pH of the system by generating hydrogen ions and removing 

hydroxyl ions. The system remains acidic as long as sulfides are being oxidized and 

sulfate is being released into the environment. However, once the sulfide minerals are 

consumed by weathering reactions and the system returns to circumneutral pH 

conditions, jarosite does not persist in the presence of water. Only in arid environments is 

jarosite preserved.  

Weathering of sulfide minerals provides a source of acidic fluids in many 

terrestrial environments; however, sulfide minerals have not been observed at the 

Meridiani Planum field site. If oxidation of sulfides produced the acidic fluids that 

precipitated the jarosite observed in Eagle and Endurance craters, then (1) all the sulfide 

minerals were consumed by reaction or (2) the acidic waters that precipitated jarosite 

were not locally derived. If the body of water which precipitated jarosite was large, a 

localized sulfide deposit may have provided the source of the acidity and sulfate. These 

acidic fluids may have covered a large geographic area and precipitated jarosite far from 

the source of the acidity.    

Jarosite also forms as an alteration phase in acidic volcanic lakes, fumaroles, and 

geysers (DELMELLE and BERNARD, 1994; MARINI et al., 2003; VAREKAMP et al., 2000) 

(FULIGNATI et al., 2002; JONES and RENAUT, 2003). In these environments, sulfur-rich 

acidic fluids are released via volcanic outgassing and react with surrounding rocks. Such 
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outgassing and alteration is frequently episodic, resulting in highly variable fluid 

chemistry over time. Jarosite is therefore often an ephemeral phase in this environment. 

As acidic fluids wane and are replaced by more alkaline waters, jarosite dissolves and is 

replaced by iron oxyhydroxides. To preserve jarosite in such environments, water must 

be removed from the system before the pH increases. 

In addition, jarosite also forms in closed-basin acidic lakes in southwestern 

Australia (MCARTHUR et al., 1991). Similar environments may also have covered a 

significant portion of North America in the Permian (BENISON et al., 1998). However, the 

source of the acidity in these environments remains unclear.  

In all of the environments described above jarosite is not the thermodynamically 

most stable phase. Jarosite is metastable with respect to both hematite and goethite 

(Figure 3), but hematite and goethite are slow to form in low temperature environments. 

Jarosite is kinetically the most likely phase to precipitate early in the alteration process, 

consuming much of the available iron in the system (BETHKE, 1996; LANGMUIR, 1997). 

Metastable jarosite is observed in many terrestrial AMD environments, acidic lakes, and 

fumarole deposits where hematite is the thermodynamically stable phase (BENISON and 

LACLAIR, 2003; BETHKE, 1996; FULIGNATI et al., 2002; JONES and RENAUT, 2003; 

LANGMUIR, 1997). If jarosite remains in contact with acidic fluids for an extended period 

of time, it eventually converts to the thermodynamically more stable phases goethite or 

hematite. Likewise, if jarosite comes into contact with "fresh" water even for a short 

period of time, it is likely to be converted to hematite or iron oxyhydroxide. However, if 

liquid water is not present, jarosite may survive indefinitely as a metastable phase.  
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3. Conceptual Model: 

The conceptual model invoked here treats chemical weathering of Mars surface 

material as the thermodynamic equilibration of mafic igneous rocks with an aqueous fluid 

buffered by carbon dioxide and oxygen, analogous to physically weathered mafic 

sediments being deposited into an acidic body of water or acidic volcanic fluids reacting 

with surrounding rocks. Using a thermodynamic equilibrium reaction-path model, the 

effects of varying geochemical parameters on the equilibrium products are examined. In 

the case of Mars, many of the variables controlling chemical weathering are poorly 

constrained—chemistry of the weathering fluids, surface temperature and pressure, 

water:rock ratio, oxygen fugacity, carbon dioxide fugacity, etc. To determine which of 

the various parameters have the greatest effect on the formation and preservation of 

jarosite, numerous models were tested in which one parameter was varied over an 

acceptable range, and its effect on the alteration assemblage monitored. 

Using the numerical thermodynamic reaction-path model REACT (BETHKE, 

1996) we have simulated chemical weathering of basalt at Mars relevant conditions and 

constrained the range of possible conditions under which ferric sulfate minerals are likely 

to form. The results provide a basis for interpreting the history of chemical weathering at 

the Meridiani Planum site.  In these equilibrium models a given quantity of a basaltic 

mineral assemblage (a CIPW norm of weight percent oxides consisting of diopside, 

enstatite, ferrosilite, K-feldspar, anorthite, albite, fayalite, forsterite, and magnetite 

(ROSENBAUER et al., 1983), see Table 1) is titrated into 1L of aqueous fluid containing 

variable concentrations of sulfate and/or chloride along with trace amounts of Na+, K+, 
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Ca++, Fe2+, Mg2+, Al3+, and SiO2. The model includes kinetics only through the 

suppression of mineral phases unlikely to form in a geologically relevant time period. 

Suppression of mineral phases is done at the discretion of the operator based on the 

feasibility of such minerals forming as initial chemical weathering products under wet, 

oxidizing, low temperature conditions, as recommended by the author of the modeling 

package (BETHKE, 1996). Phases suppressed in the models include epidote, phlogopite, 

muscovite, K-feldspar, andradite, annite, minnesotaite, greenalite, phengite, tremolite, 

hematite, goethite, and nontronite, calcium ferrite, magnesium ferrite, albite, and 

analcime.  

The system was charge balanced with H+. Most simulations were buffered at 

current Mars atmospheric oxygen and carbon dioxide fugacities (OWEN, 1992) at 298K 

and 104  Pa total atmospheric pressure.  However a few simulations investigated the effect 

of varying CO2 fugacity (Table 2). Most simulations were at 298K , higher than current 

Mars surface conditions (average 220K), while some simulations were  run at 273-373K 

to explore the effects of temperature on weathering assemblage mineralogy.  It should be 

noted that the REACT model is only valid along the liquid-vapor curve for water, from 

273K to 573K; therefore temperatures below 273K cannot be considered using this 

model. A temperature of 298K was used in most of the simulations because the 

thermodynamic data are more complete at this temperature. The difference in pressure 

between the model conditions and current Mars atmospheric pressure (~600 Pa (OWEN, 

1992) ) is likely to have little effect on the thermodynamic properties of the aqueous-solid 

system (HEMLEY et al., 1986).  
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4. Results and discussion: 

 

Our results suggest that ferric sulfate minerals (Na-end member jarosite phase 

and/or K-end member jarosite) and gypsum are likely to form under a range of aqueous 

alteration conditions on Mars. However, magnesium sulfates are only predicted to form 

as a result of evaporation of alteration fluids. 

 

4.1 Alteration Mineralogy 

  

Alteration assemblages containing ferric sulfate salts always include a SiO2 phase 

(quartz in the thermodynamic database, but more likely amorphous or microcrystalline 

when precipitated) and an amorphous iron hydroxide phase (Figure 4). The ubiquitous 

presence of SiO2 in the alteration assemblages suggests that the widespread high-silica 

signature observed in Mars’ surface thermal emission spectra (KRAFT et al., 2003) 

represents secondary silica coatings on surface materials. 

Under most conditions jarosite formation is accompanied by kaolinite (although 

kinetics may favor the formation of its polymorph halloysite (ZIEGLER et al., 2003) or 

amorphous allophane (FIELDES and CLARIDGE, 1975)) and gypsum. Calcium 

concentrations greater than 10-3 molal are required for gypsum to form.  

Dolomite and/or calcite are predicted to form, along with dawsonite, under some 

conditions. Carbonates form contemporaneously with jarosite only under extremely high 

CO2 fugacities (>2.5). At these high CO2 fugacities, jarosite accounts for less than one 

weight percent of the alteration assemblage. Jarosite is not thermodynamically stable at 
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pH higher than ~4, the threshold needed for carbonates to form under moderate CO2 

atmospheres. 

As the acidic fluid (initial pH ~ 1) reacts with basalt, silicate weathering reactions 

consume hydrogen ions, effectively raising the pH of the system. Therefore, jarosite 

forms only during the early stages of chemical alteration, when pH is relatively low (< 5). 

As pH increases, the fluid composition moves out of the jarosite stability field and 

conditions become favorable for carbonate formation. Thus, thermodynamic data support 

the conclusions of (FAIREN et al., 2004) that carbonates are not likely to have formed in 

acidic fluids, such as those associated with jarosite formation, even under a relatively 

high CO2 atmosphere. This allows for the presence of a significant greenhouse 

atmosphere (and the accompanying elevated temperatures) along with liquid water 

without the formation of significant quantities of carbonates in the martian crust. 

 

4.2 Extent of weathering 

  

Simulations were conducted at varying water:rock ratios to determine where in 

the paragenetic sequence jarosite forms. While the water:rock ratio does not affect the 

fluid path through Eh–pH space (bold line in Figure 5), the extent of the reaction progress 

along this path is controlled by the amount of water available to react with the rock 

(circles on bold line in Figure 5). The initial sulfate-rich fluid has a pH of approximately 

one. However, due to the consumption of hydrogen ions in the process of weathering 

silicates, the fluid pH increases as the basalt is altered, as discussed above. This results in 

the precipitation of jarosite early in the weathering process. Jarosite becomes unstable 
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and is replaced by other Fe-bearing phases as weathering proceeds and pH increases 

(Figures 4 and 5). 

The final pH of the system (as defined by that point at which the fluid is in 

equilibrium with the final mineral assemblage) increases with decreasing water:rock 

ratio, thus moving the reaction progress farther along the weathering path and into the 

iron hydroxide + gypsum field. Jarosite forms and remains stable if the alteration process 

is arrested after only a few percent of basalt weathering occurs, before the pH of the 

aqueous solution increases such that it is no longer in the jarosite stability field. As a 

result, the presence of jarosite in alteration assemblages serves as an indicator of the 

extent of chemical weathering at Mars surface conditions.  

As the water:rock ratio decreases, jarosite forms earlier in the chemical weathering 

process (Figure 6). Thus, jarosite may form in two ways: (1) from the complete reaction 

of a large quantity of acidic water with a small amount of rock, i.e. a large amount of 

water altering only a thin outer rind of rock, or (2) from a small amount of water partially 

weathering a large quantity of rock. In both cases, water must be removed from the 

system (likely via evaporation) to arrest the alteration process before the weathering fluid 

pH increases and is no longer in the jarosite stability field. This in turn suggests that the 

weathering rind formed in a geologically short period of time.  

4.3 Effect of Initial Fluid Chemistry 

Varying the initial sulfate concentration of the fluid results in significant 

differences in jarosite paragenesis. The amount of sulfate available in the weathering 

fluid controls the pH because the solutions are charge balanced by hydrogen ions. In 
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solutions with higher initial sulfate concentrations, more basalt must be weathered before 

the pH increases above the range of jarosite metastability. Therefore, jarosite forms later 

in the weathering process. Alternatively, if the initial fluid is less acidic, less basalt 

weathering is required to increase the pH beyond the jarosite stability field and jarosite 

forms only in the very early stages of weathering (Figure 6). 

Simulations were also conducted using fluids containing both sulfate and 

chloride. Addition of chloride to the fluid has little effect on the alteration assemblage, 

other than the replacement of K-jarosite with alunite (both <1 wt. % of the alteration 

assemblage) at Cl- concentrations greater than 10-3 molal. This replacement of K-jarosite 

with alunite occurs only over a narrow range in the reaction progress. Clinoptolite is also 

predicted to form in some models containing chloride. 

Empty vugs in “El Capitan” at Meridiani have been interpreted to be holes that 

once contained gypsum (SQUYRES et al.). In this interpretation, the gypsum was later 

dissolved by diagenetic fluids. However, these vugs are also similar to barite weathering 

vugs observed in terrestrial rocks. To test whether barite is likely to have formed during 

chemical weathering of basalt at Meridiani and, thus, could have occupied the vugs, the 

role of barium in the alteration process was investigated. Initial barium concentrations 

less than 0.01 molal produce weathering assemblages containing both gypsum and barite. 

At higher barium concentrations, barite replaces gypsum in the alteration assemblage, 

allowing the excess calcium ions in solution to form calcite. In this case, calcite in the 

alteration assemblage buffers the system at a pH higher than jarosite stability. As a result, 

when barium concentrations exceed 0.01 molal, jarosite is does not form. Results from 

Mini-TES experiments at Meridiani indicate that gypsum is present in the jarosite-
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bearing rocks (CHRISTENSEN et al., 2004), perhaps as a disseminated phase.  If the vugs 

once contained gypsum, it seems unlikely that the vug-filling gypsum was dissolved, 

while disseminated gypsum remained in the rock. Alternatively, the vugs may have 

contained barium, which was dissolved late in the alteration or by subsequent diagenetic 

fluids, leaving gypsum disseminated in the rock. 

 

4.4 Temperature 

 

Temperature has no effect on jarosite paragenesis over the range for which 

thermodynamic data is available (273-298 K). However, other alteration minerals 

considered here are sensitive to changes in temperature. At temperatures greater than 

317K, anhydrite replaces gypsum and saponite appears in the alteration assemblage. 

Dolomite is replaced by calcite at temperatures greater than 337K, while magnetite 

replaces Fe(OH3) at T> 349K. However, goethite and hematite are lkely to form rather 

than FeOH3 at temperatures less than 349K, possibly eliminating jarosite from the 

alteration assemblage. Illite and paragonite only form at temperatures greater than 365K. 

 

4.5 Evaporation 

  

Evaporation of fluids in equilibrium with the alteration assemblage at the peak of 

jarosite formation (pH ~3) was simulated using REACT, forming additional gypsum, 

SiO2, and Fe(OH)3, along with precipitation of epsomite (MgSO4•7H2O) late in the 

evaporation process (>95% of the water evaporated from the system).  Magnesium 
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sulfate is the only phase that forms as a result of evaporation which does not also form 

during initial chemical weathering (Figure 7). Chemical and mini-TES analyses of altered 

rocks at the Meridiani site indicate that kieserite or other variably hydrated magnesium 

sulfate phases are present in significant quantities (CHRISTENSEN et al., 2004). The results 

of this study suggest that magnesium sulfates do not form solely through chemical 

weathering of basalts. Instead the presence of magnesium sulfates suggests that 

significant evaporation also occurred. Magnesium sulfates may also have precipitated as 

the alteration fluid froze (KING et al., 2004); however, we were unable to investigate such 

a scenario in this study due to the temperature limitations of the reaction-path model. 

 

5. Geochemical history of sulfates at Meridiani Planum 

 

Based on thermodynamic simulations, a geochemical model of the formation of 

sulfates at the Meridiani Planum site has been developed. In this conceptual model, basalt 

reacts with a sulfate-rich acidic fluid, analogous to mafic sediments deposited in an acid 

lake or volcanic fluids reacting with surrounding rocks. The acidic fluids remain in 

contact with the rocks for a limited period of time, forming jarosite, gypsum, kaolinite, 

Fe(OH)3, and SiO2. However, the fluids must have been removed from the system, likely 

via evaporation or freezing, before the fluids could equilibrate fully with the primary rock 

and increasing the pH above the stability field of jarosite. Thus, metastable jarosite is 

preserved in the alteration assemblage.  

Magnesium sulfates likely formed during the evaporation of fluids in equilibrium 

with jarosite-bearing alteration assemblages. The hydration state of the magnesium 
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sulfate phase may have varied over time, in response to changing water activity and 

relative humidity of the atmosphere (VANIMAN et al., 2004). As water was lost from the 

atmosphere via solar gardening processes and the relative humidity decreased, hydrous 

minerals such as gypsum and iron oxyhydroxides that were exposed to the atmosphere 

may have dehydrated over time to produce anhydrite and hematite. 

The presence of hematite concretions and vugs within altered rocks suggest that 

the rocks underwent diagenesis. Cross-cutting relationships presented by Squyres et al. 

(2004) indicate at least two stages of diagenesis occurred; first, the formation of the 

hematite spherules, followed by later dissolution of lath-shaped minerals (barite?) to 

produce the empty vugs. Owing to the metastability of jarosite with respect to both 

hematite and goethite, subsequent or prolonged contact with fluids is likely to result in 

the dissolution of jarosite and reprecipitation as hematite or goethite, the 

thermodynamically favored phases.  Preservation of jarosite within the alteration 

assemblage suggests that the hematite spherules formed in the late stages of a continuous 

alteration process or that subsequent fluid events involved acidic fluids, similar to those 

that originally precipitated the jarosite. Dissolution of barite to form the empty molds 

observed in several outcrops may have occurred due to slight changes in the composition 

of the active fluids, resulting in the aqueous solution becoming undersaturated with 

respect to barite. Multiple fluid events are not required to account for the diagenetic 

features observed in the Meridiani Planum rocks; instead, jarosite likely began 

transforming to hematite immediately following its precipitation. Slight changes in fluid 

chemistry may have led to the dissolution of the vug-filling phase in the late stages of 

alteration and/or evaporation. 
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6.  Implications for the development and persistence of life  

 

Observations of aqueous alteration assemblages at the Meridiani Planum site 

provide evidence that liquid water was active at or near the surface of Mars at some point 

in its past. Liquid water is thought to be the critical resource needed for life to develop 

and survive. Therefore, it is possible that the Meridiani Planum site supported life during 

the wet period when jarosite formed. The mineralogical environment we observe there 

today is similar to that in acid mine drainage or fumarole environments on Earth. If life 

developed and evolved in the Meridiani environment, it likely would face obstacles 

similar to those found in the terrestrial analog sites. However, the geologically short 

duration of the alteration event(s) and, therefore the presence of liquid water, may have 

interrupted the life evolution process in its earliest stages. 

Documentation of the geochemical conditions provides us with critically 

important clues about the nature of possible life on Mars. The process of convergent 

evolution has been documented numerous times on Earth (FUTUYMA, 1997) so there is 

every reason to believe that convergent evolution has occurred on Mars. Convergent 

evolution causes organisms living in similar ecological settings to develop similar traits. 

Based on this, we can predict that any life that developed in the Meridiani Planum 

environment should be similar biochemically and physiologically to the chemoautrophic 

microbes that are found in terrestrial AMD settings where jarosite occurs. These 

microorganisms typically derive energy by oxidizing Fe(II) to Fe(III) or sulfide to sulfate. 
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Acidothiobacillus ferrooxidans is a good model organism for predicting the nature 

of microbes that might have evolved in the Meridiani Planum crater. These microbes are 

extremely acid tolerant but become inactive at high pH (MADIGAN et al., 2000; PESIC et 

al., 1989). They derive the carbon in their cell mass from carbon dioxide (BELLY and 

BROCK, 1974), tolerate temperatures ranging from near 283K to around 323K (NORRIS, 

1990). Most importantly they have a specific biochemical pathway for oxidizing iron 

(NORDSTROM and SOUTHAM, 1997; NORRIS and JOHNSON, 1998). It seems reasonable to 

expect that if similar organisms had existed at the Meridiani Planum site, biochemical 

markers characteristic of Acidothiobacillus ferrooxidans and related acidophilic 

lithautotropic microbes (see (STALEY et al., 1984)) for a list of related microorganisms) 

might still be found in the rocks. This gives planners of future expeditions fairly specific 

guidance regarding the kinds of biochemical compounds that might be present as they 

plan for the next stage of the search for life on Mars.  

 

 

7. Conclusions 

 

Observations of jarosite and other sulfate minerals provide strong evidence that 

liquid water was once active at Meridiani Planum. Such alteration assemblages require 

wet, acidic, oxidizing conditions to form. Based on the results of Mars-relevant 

simulations of acidic weathering of basalts, the following constraints can be placed on the 

conditions that led to jarosite and magnesium sulfate precipitation at the Meridiani 

Planum field site: 
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1. Jarosite only forms over a limited pH range (pH ~2-4). As basalt reacts with 

acidic fluids, the pH of the system increases quickly, passing through the 

jarosite-stable pH window early in the weathering process. Therefore, jarosite 

only forms in the early stages of chemical weathering. In order to precipitate 

and preserve jarosite at Meridiani Planum, liquid water must have been 

removed from the system before enough basalt had reacted to produce neutral 

or alkaline fluid conditions. 

2. Due to the thermodynamic metastability of jarosite, prolonged or subsequent 

exposure to fluids results in the dissolution of jarosite and the reprecipitation 

of a more thermodynamically stable iron oxyhydroxide. Therefore, in order to 

preserve jarosite the fluid must have been removed from the system (likely via 

evaporation or freezing) before jarosite could be replaced by a more stable 

phase.  

3. Magnesium sulfates are not predicted to form as a result of chemical 

weathering of basalts. However, epsomite forms as a result of evaporation of 

fluids in equilibrium with alteration assemblages containing jarosite. The 

magnesium sulfates reported at Meridiani likely formed by evaporation after 

jarosite formation. 

4. Formation of secondary hematite concretions does not require multiple fluid 

events. Jarosite is likely to begin transforming to hematite immediately upon 

precipitation due to its thermodynamic metastability. Therefore, the hematite 
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concretions may have formed during the later stages of a continuous alteration 

event. 

5. If the wet environment at Meridiani supported life, it may have been very 

similar to microbial communities which thrive in jarosite-forming 

environments on Earth. However, evidence presented here that suggests a 

short-lived liquid water event in the immediate vicinity of the jarosite deposits 

precludes the development of evolved life forms at the site. 

 

These constraints suggest that the sulfate-bearing alteration assemblages observed 

at Meridiani Planum likely formed during a brief period of aqueous alteration of basaltic 

material. Water was removed before the system reached neutral or alkaline pH. As water 

was removed, via evaporation or freezing, magnesium sulfates were also precipitated.  
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Table 1: Primary Rock Composition  
Oxides1 Wt. % 
SiO2 50.2 
Al2O3 14.8 
Fe2O3 3.99 
FeO 7.41 
MgO 7.59 
CaO 12.1 
Na2O 2.63 
K2O 0.11 
CIPW Norm Mineral 
Assemblage  

 

Albite 12.7 
Anorthite 32.5 
Diopside 28.3 
Enstatite 2.9 
Fayalite 4.6 
Ferrosilite 11.4 
Forsterite 3.1 
K-feldspar 0.4 
Magnetite 4.1 
Quartz 0.0 
1Rosenbauer et al. (1983) 
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Table 2. Range of conditions used in simulations 
Variable Range  Constant 
Temperature 273-373 K 298 K 

f CO2 .00001-10 .006 

SO42- .001-1 molal .1 molal 
Water: Rock 100:1 to 1:100 10:1 
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Figure 1. P-T diagram showing the stability field for liquid brines (after BODNAR, 
2001), compared to the estimated temperature-pressure conditions on the martian 
surface (shaded horizontal box). Note that much of the range of surface P-T conditions 
falls within the liquid field.
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1 cm

Figure 2. Jarosite-bearing outcrop "El Capitain" in Eagle Crater at Meridiani Planum.  This rock 
has been interpreted to be a clastic sediment deposited in flowing water or an Aeolian 
environment (SQUYRES et al., 2004). Mossbauer spectroscopy indicates that jarosite is present 
(KLINGELHOEFER et al., 2004), suggesting that the sediments were deposited in a water-
limited, acidic environment (ELWOOD MADDEN et al., 2004; SQUYRES et al., 2004). Lath-
shaped molds within the outcrop may represent dissolution of sulfate minerals (barite or 
gypsum?). Spherules containing hematite have been interpreted as diagenetic features 
(SQUYRES et al., 2004).
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Figure 3. Relationship between Fe-activity and pH.  Note that jarosite is metastable with 
respect to both goethite and hematite (stability field closely follows that of goethite) under 
surface conditions on both Earth and Mars.
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MADDEN et al., 2004). Note that jarosite is only stable over a narrow 
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Figure 5. Eh-pH relationships in the Fe-S-Ca-Na-HCO3-H2O system at 298K 
(after (ELWOOD MADDEN et al., 2004). Activities of SO42-, Ca2+, and Na+ 
are set at 10-2, 10-2, 10-3, respectively. The dashed parallel lines represent the 
upper and lower bounds on water stability. The bold line at the upper left of the 
diagram shows the reaction path followed during weathering of basalt by sulfate-
bearing aqueous fluids, buffered by present Mars atmosphere. Gray circles along 
this line represent the extent of the reaction corresponding to different water:rock 
ratios. As the reaction path moves to higher pH, it passes through the jarosite + 
gypsum stability field. However, continued weathering of the basalt causes the 
pH to increase and the reaction path moves out of the jarosite stability field, 
resulting in dissolution jarosite and reprecipitation as other ferric iron-bearing 
minerals in the alteration assemblage. Therefore, observations of jarosite suggest 
a short-lived period of water-limited aqueous alteration. 
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Figure 6. Jarosite paragenesis with respect to water: rock ratio and initial 
sulfate concentration of the fluid. At high water:rock ratios, the pH of the 
weathering fluid remains low throughout the weathering process, forming 
jarosite late in the alteration assemblage (>80% basalt weathered). As the 
amount of water available to react with the basalt decreases and the 
available hydrogen ions are consumed through reactions with silicate 
minerals, jarosite is stable earlier in the alteration assemblage. Likewise, 
as initial sulfate concentrations decrease, the hydrogen ion concentration 
also decreases and jarosite only forms early in the weathering process.
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Abstract: Meteorite impacts and their attendant shock waves create conditions of 

extremely high strain rates, temperatures, and pressures. As the role of fluids in our Solar 

System becomes increasingly recognized and studied, it is important to understand the 

effects of shock on fluid-bearing materials. In this study, the effects of 5-30 GPa 

experimental shock waves on aqueous fluid inclusions in single-crystal quartz were 

observed and quantified. The homogenization temperatures of fluid inclusions within the 

samples and other physical features were documented before and after the experimental 

shock events.  Fluid inclusion properties show a systematic and gradual evolution with 

increasing shock pressure. Some fluid inclusions survived shock pressures ≤6 GPa, yet 

they exhibited an increase in homogenization temperature relative to pre-impact 

measurements, suggesting reequilibration occurred due to internal overpressures. 

Decrepitated fluid inclusions were observed in the 6 and 7.6 GPa samples, while textures 

indicative of fluid inclusion collapse due to internal underpressure were observed in 

samples shocked at 7.6-12 GPa. No features which could be directly related to fluid 
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inclusions were observed in samples shocked at pressures greater than 12 GPa. Results of 

these experiments suggest that fluid inclusions initially undergo a decrease in volume 

during shock compression.  If the fluid inclusions survive this event, the initial volume 

decrease is overprinted by the subsequent effects of elevated temperature at ambient 

pressure, leading to an increase in inclusion volume and homogenization temperature.   

Therefore, homogenization temperatures of fluid inclusions found in shocked materials 

should be considered a maximum value, as the density of the originally trapped fluid was 

likely greater than that observed in shock-processed inclusions.  These results suggest 

that the rarity of fluid inclusions in meteorites may be a result of shock processing, and 

may not reflect a fluid-poor environment on the parent body.  

Keywords: fluid inclusions, reequilibration, experimental impacts, shock metamorphism, 

meteorites  

Introduction  

Fluid inclusions in terrestrial rocks are the rule rather than the exception, but only 

a few fluid-inclusion-bearing meteorites have been documented (Bodnar 1999, Zolensky 

et al. 1999, Bridges & Grady 2000, Rubin et al. 2002). The rarity of fluid inclusions in 

meteoritic materials may be explained in two ways: first, it may reflect the absence of 

fluids on meteorite parent bodies. However, significant aqueous alteration features and 

phases observed in many apparently fluid-inclusion-free meteorites suggest that fluids 

were present on their parent bodies (Zolensky & McSween 1988, Bischoff 1998, Bridges 

et al. 2001), contradicting this hypothesis. Alternatively, fluid inclusions originally 
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trapped on the parent body may have been destroyed by the extreme P-T conditions 

meteorites often experience during impact events. Just as textures, structures, and 

compositions of mineral phases can be significantly altered by shockwaves, fluid 

inclusions contained within component minerals may be altered or destroyed due to the 

high pressures, temperatures, and strain rates associated with collisional events. As 

interest in the occurrence of water in our Solar System grows, it is important to develop 

additional tools that can be used to test for the presence of water in present or past 

planetary environments. Fluid inclusions in meteorites and other impact-related samples 

provide one such tool, and it is thus important to understand shock metamorphism of 

fluid-bearing materials. This study tests the effects of experimental impacts on fluid 

inclusions trapped in single crystal quartz to better understand the pressure-temperature-

time (P-T-t) path that fluid inclusions and their host minerals experience during shock 

events. These data can be applied to fluid inclusions in shocked meteorites as well as 

terrestrial rocks and may lead to a better understanding of why fluid inclusions are so rare 

in meteorites.  The experimental results additionally help to constrain P-T-t conditions 

during impact events, especially at low pressures, and they may serve to reconstruct the 

pre-impact fluid conditions in shocked materials. 

 

Background Information 

Fluid inclusions are micrometer to millimeter-sized samples of fluid (water, CO2, 

igneous melt, etc.) trapped within minerals as they precipitate in the presence of a fluid 

phase (Fig 1). Fluid inclusions are nearly ubiquitous in terrestrial minerals formed in the 

presence of a fluid. Conversely, fluid inclusions in extraterrestrial materials are relatively 
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rare, although fluid inclusions have been documented in both chondritic and achondritic 

meteorites.  Fluid inclusions observed in the Monahans (1998) and Zag H5 chondrites are 

believed to have formed during alteration of the parent body, shortly after its formation in 

the early Solar System (Zolensky et al. 1999, Rubin et al. 2002).   Fluid inclusions in 

SNC (Shergotty-Nakhla-Chassigny type originating on Mars) meteorites, such as the CO2 

inclusions found in Nakhla and ALH84001 (Bodnar 1999), provide evidence of in situ 

processes involving fluids on Mars. These samples of fluid, trapped during mineral 

growth in the Martian mantle, provide evidence that may be used to decipher the early 

magmatic history of Mars and the source of volatiles in its early oceans and atmosphere. 

While these occurrences of fluid inclusions in meteorites are extremely rare, they offer 

important and unique opportunities to constrain pressure-temperature conditions and fluid 

compositions during the formation and alteration of meteorite parent bodies. Therefore, it 

is imperative that we understand why fluid inclusions are so rare in meteoritic 

materials—whether it be a result of a lack of fluids on the parent bodies or subsequent 

alteration and processing of meteoritic material—to better characterize the role of fluids 

throughout the Solar System and to direct our search for evidence of fluids and fluid 

inclusions in meteorites. 

Meteorites may experience extreme conditions of pressure and temperature during 

the evolution of their parent bodies and in the process of being ejected from their parent 

bodies and upon arrival on Earth. Most SNC meteorites show evidence of impact 

pressures up to, and in some cases exceeding, 40 GPa (Stoffler et al. 1986, Greshake 

1998, Langenhorst & Greshake 1999, El Goresy et al. 2000, Malavergne et al. 2001, Fritz 

et al. 2003). Impact textures and phases observed in chondritic meteorites indicate shock 
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pressures ranging from negligible levels to melting at > 60 GPa (Stoffler et al. 1991, 

Schmitt & Stoffler 1995, Rubin et al. 1997; note that higher shock pressures associated 

with melting and vaporization are possible, but here we limit the discussion to "solid 

state" deformation).  Fluid inclusions interpreted as having been formed pre-impact have 

also been documented in terrestrial impact sites (Koeberl et al. 1989). Impact events 

subject material not only to extremely high strain rates and pressures, but also to elevated 

temperatures (Langenhorst 1994). These high-temperature, high-pressure conditions may 

lead to reequilibration (change in fluid density) of any fluid inclusion that might be 

contained in shocked materials, as suggested by Komor et al. (1988) in a study of fluid 

inclusions in the Siljan Ring impact structure.  Complete collapse and physical 

destruction of fluid inclusions seems possible as well and may explain the relative 

scarcity of fluid inclusions in meteorites.  

 Reequilibration of fluid inclusions may occur when the external pressure on the 

sample and the internal pressure in the fluid inclusion differ.  "Reequilibration" is a 

general term that refers to any change that an inclusion may undergo following 

formation, including a change in volume or shape, or the loss or gain of fluid along 

fractures or by diffusion through the host crystal (Vityk et al. 2000; their Fig. 1; Bodnar 

2003). For quartz, the mineral that is the focus of this investigation, fluid inclusions will 

generally begin to reequilibrate if the pressure difference exceeds about 0.2 GPa (Bodnar 

et al. 1989, Vityk et al. 1994).  The magnitude of the difference required to reequilibrate 

fluid inclusions varies as a function of the strength and cleavage of the host mineral, as 

well as the size and shape of the inclusions and on the absolute distance of inclusions 

from free surfaces, such as fractures, cleavage planes and mineral surfaces (Tugarinov & 
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Naumov 1970, Ulrich & Bodnar 1988, Bodnar et al. 1989). The likelihood that 

reequilibration will occur can be predicted by comparing the external pressure conditions 

applied on the host mineral to the pressure conditions within the fluid inclusion at any 

point on the P-T-t path. While the external pressure exerted on the host mineral is 

dependent on the load applied, the pressure inside the fluid inclusion is controlled by the 

isochore (line of constant density) for the fluid. Therefore, the temperature of the rock 

and the PVT properties of the fluid determine the internal pressure of the inclusion.    

At any temperature, the internal pressure of a fluid inclusion trapped at Tt, Pt 

(point A, Fig. 2) is constrained by the isochore that extends from the conditions of 

formation (point A, Fig. 2) to its intersection  with the liquid-vapor curve (Th, Fig. 2). 

Along the isochore (between point "A" and Th, Fig. 2) the inclusion contains a single 

liquid phase. With continued cooling below the homogenization temperature the 

inclusion will contain both liquid and vapor, and the internal pressure in the inclusion is 

constrained by the pressure along the liquid-vapor curve (L+V; Fig. 2).  

Most rocks in nature do not cool along a P-T path identical to the isochore for its 

contained fluid inclusions. As a result, the fluid inclusions generally experience internal 

underpressure or internal overpressure relative to the external pressure during cooling and 

uplift to the surface.  For example, if the rock containing the fluid inclusions trapped at 

point A (Fig. 2) follows an isobaric path initially (path 1), followed by later isothermal 

uplift, the internal pressure in the inclusions would be less than the confining pressure 

during the entire retrograde process. Thus, at a temperature Tcooling shown on Figure 2, the 

internal pressure in the inclusions would be constrained by the pressure along the 

isochore (PD, as shown by point D along the isochore), whereas the confining pressure 
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(PB) would be determined by the intersection of the cooling path with the temperature 

Tcooling (as shown by point B along the cooling path), resulting in fluid inclusions that are 

underpressured by an amount equal to PB minus PD.  In this case, the fluid inclusion 

cavity may decrease in size without loss of fluid, resulting in an increase in the fluid 

density and a concomitant decrease in the homogenization temperature. For example, if 

the fluid inclusion completely reequilibrates at Tcooling such that the internal pressure in 

the inclusion and the confining pressure are equal (=PB), the reequilibrated inclusions 

would homogenize at the temperature at which the new (reequilibrated) inclusion 

isochore (isochore B) intersects the liquid-vapor curve, i.e., Th(B) (Fig. 2). Conversely, if 

the rock follows an essentially isothermal path during initial stages of uplift (path 2), the 

confining pressure at temperature Tcooling (Fig. 2) would be as shown by point C along the 

uplift path, whereas the internal pressure in the inclusion at this temperature would again 

be the pressure along the isochore at that temperature (point D, Fig. 2).  In this case, the 

internal pressure in the inclusion exceeds the confining pressure by an amount equal to 

PD minus PC. Such overpressured inclusions reequilibrate by increasing the inclusion 

volume, with or without loss of fluid, thus decreasing the fluid density and increasing the 

homogenization temperature. Thus, as depicted in example C in Fig. 2, if the fluid 

inclusion completely reequilibrates at Tcooling such that the internal pressure in the 

inclusion and the confining pressure are equal (=PC), the reequilibrated inclusions would 

homogenize at the temperature at which the new inclusion isochore (isochore C) 

intersects the liquid-vapor curve, i.e., Th(C) (Fig. 2). 

Based on results of numerous studies of terrestrial samples, as well as many 

experimental studies simulating burial or uplift  (Lawler & Crawford 1983, Goldstein 
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1986, Sterner & Bodnar 1989, Wanamaker & Evans 1989, Bakker & Jansen 1991, Vityk 

et al. 1994, Sterner et al. 1995, Invernizzi et al.1998, Zhang 1998, Bodnar 2003), it is 

well known that fluid inclusions may reequilibrate if the P-T-t history of the sample 

results in a confining pressure that differs from the internal pressure in the inclusion, 

thereby creating a pressure gradient.  Reequilibration, as used in the fluid-inclusion 

literature, includes changes in volume of the fluid-inclusion cavity with no loss of fluid 

from the inclusion, loss of fluid from the inclusion along cracks, as well as changes in 

fluid density due to a combination of these processes. For a complete discussion of the 

different types of reequilibration that may occur under different temperature-stress-strain 

conditions, the reader is referred to Bodnar (2003).   

In this study, we examine the effects of impact events and the resultant shock 

wave on the extent of survival and homogenization temperature of fluid inclusions. The 

homogenization temperatures of aqueous fluid inclusions in quartz were measured before 

and after being subjected to experimentally simulated shock waves of known magnitude 

in order to determine if the inclusion volume increased, decreased, or remained 

unchanged as a result of the impact.  Quartz was chosen as the host mineral in this study 

because it has been the most thoroughly investigated mineral in studies of fluid inclusion 

reequilibration.    Similarly, the shock behavior of quartz is well characterized and quartz 

serves as the standard to delineate the shock history of common terrestrial rocks (Stoffler 

& Langenhorst 1994).  These background studies identify quartz as the ideal starting 

material to evaluate the general behavior of fluid inclusions under shock, yet we realize 

that quartz is not found in meteorites. Moreover, the effects of non-isochoric confining 

conditions on fluid inclusions in minerals commonly found in meteorites (e.g. olivine, 
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pyroxene, carbonates, sulfates, halides) are not well documented, making application of 

the results from this study to meteorites difficult. Experimental investigations similar to 

those discussed here but on minerals more commonly found in meteorites are necessary 

to fully understand the effects of shock metamorphism on fluid inclusions in meteorites. 

This study merely provides a starting point for observing and quantifying the effects of 

shock metamorphism on the properties of fluid inclusions. 

 

Pressure-Temperature Conditions During Impact  

Impact events result in shock deformation due to the extremely high strain rates 

and pressures created by the shock wave originating at the point of impact, as well as the 

elevated temperatures resulting from the entropy gain of the impacted material.  Using 

the experimentally determined equation of state (EOS) of quartz from Wackerle (1962), 

Gratz et al. (1992) calculated the shock pressures and temperatures of quartz during small 

scale impacts similar to the experimental conditions of this study. Their P-T-t data (Fig. 

3) indicate that maximum shock pressure and temperature conditions are reached within 

1-2 microseconds using flat metal plates of millimeter thickness simulating the projectile. 

The duration for the target rock to reside at elevated pressures is linearly related to the 

dimensions of the projectile and is on the order of µs in experimental impacts, but can 

approach seconds in basin-scale, natural events. Waste heat is generated upon adiabatic 

decompression of the sample to ambient pressures. This thermal energy takes a relatively 

long time to dissipate and the sample remains at elevated temperatures for a considerable 

period of time, compared to the amount of time the sample experiences elevated 

pressures. 
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Fluid inclusions that follow the P-T path predicted by Gratz et al. (1992) 

experience an initial internal underpressure in the fluid inclusions as the amplitude of the 

shock wave far exceeds the isochoric pressure within the inclusion (Fig. 4). This is 

followed by a period of internal overpressure during extended sample heating at ambient 

pressure; the isochoric pressure within the inclusion remains high as a result of the 

elevated temperatures.  For example, less than one µs after impact the P-T conditions of 

the sample would reach 500K and approximately 5 GPa (point "A", Fig. 4). At this same 

time, the internal pressure in a fluid inclusion with a homogenization temperature of 

373K (100°C) would be about 0.2 GPa (point "B", Fig. 4) resulting in an internal 

underpressure of about 4.8 GPa.  After about 4 µs, the shock pressure will have decreased 

to ambient pressure (0.0001 GPa) but the temperature of the sample has only cooled to 

500K (point "C", Fig. 4). Owing to the elevated temperature, the internal pressure in the 

inclusion will be about 0.2 GPa at this time (point "B", Fig. 4), whereas the confining 

pressure is only 0.0001 GPa, resulting in an internal overpressure of about 0.2 GPa. A 

fluid inclusion subjected to the P-T-t history shown in Figures 3 and 4 would thus 

initially undergo compression, resulting in an increased fluid density and a lower 

homogenization temperature (Sterner & Bodnar 1989, Vityk & Bodnar 1995). This initial 

reequilibration would then be over-printed by fluid inclusion stretching, resulting in a 

decreased density of the trapped fluid and a higher homogenization temperature (Bodnar 

et al. 1989, Bodnar 2003). Extreme compression of fluid inclusions could result in the 

complete collapse of the inclusion vesicle (see Vityk & Bodnar 1995, their Fig. 6H), 

whereas expansion of the inclusion could lead to decrepitation with complete loss of fluid 

along microcracks or dislocations to produce empty voids.   
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At low to moderate shock pressures (≤ 9-15 GPa), below the Hugoniot Elastic 

Limit of quartz (HEL—the transition from brittle to plastic deformation; Wackerle 1962), 

the impact is accommodated by brittle deformation of the shocked quartz, potentially 

leading to leakage of fluid inclusions along microcracks.  At shock conditions above the 

Hugoniot Elastic Limit, materials behave plastically, deforming the original structure of 

the crystal (Poirier 1991) and potentially destroying fluid inclusions due to the movement 

of fluids along dislocations (Bakker & Jansen 1990, Vityk et al. 2000). Likewise, 

recrystallization of the host mineral due to reconstructive phase transitions or formation 

of amorphous material at still higher shock pressures may also erase any record of fluid 

inclusions as water may be lost from the system (or accommodated structurally into new 

phases, although this is not known for quartz).   

Methods  

Disks (7.3 mm diameter, 1 mm thick) were cut from single, centimeter-sized 

Arkansas quartz crystals (Engle 1952), polished, examined petrographically, and 

photographed. Each disk contained several planes or trails of fluid inclusions of varying 

size and shape but with similar liquid:vapor ratios and, presumably, similar 

homogenization temperatures. No one-phase inclusions, inclusions with daughter 

crystals, or inclusions containing more than two fluid phases were observed.  

Ideally, we would have measured the homogenization temperature of every fluid 

inclusion in every quartz disk to be used in the impact experiments.  However, given the 

large number of disks and the large number of inclusions in each disk (several hundred), 

measuring the homogenization temperature of every inclusion was not practical. 

Therefore, a plan was developed that would allow us to characterize the mode as well as 
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the complete range (minimum and maximum) of homogenization temperatures in each 

disk.  To accomplish this, a few inclusions from each plane or trail in the disk were 

selected and monitored during heating.  Each disk was heated slowly from room 

temperature in a USGS-type heating stage (Roedder 1984) to first determine the 

minimum homogenization temperature of the entire fluid inclusion suite in the disk (i.e., 

no inclusions homogenized below this temperature).  Once this minimum temperature 

was determined, the disk was then heated in small increments (either 5, 10 or 20K), held 

at temperature, and monitored to determine which, if any, of the pre-selected inclusions 

had homogenized during the heating increment.  This procedure was continued until all 

of the pre-selected inclusions had homogenized. Then the sample was scanned to 

determine if any other unhomogenized inclusions still remained.  If so, stepped heating 

was continued until every observable inclusion in the sample had homogenized - this then 

defined the maximum homogenization temperature for the complete suite of inclusions in 

the sample. 

Pre-impact fluid inclusion homogenization temperatures were very uniform from 

one disk to the next, and ranged from 373 to 433K with the mode lying between 393 and 

413K (Fig. 5). This approach used here to characterize the complete range of pre-impact 

homogenization temperatures was viable only because of the homogeneity of fluid 

inclusions within the sample, with all inclusions homogenizing over a small range in 

temperature.  If each sample had shown a wide range in homogenization temperatures, 

this approach would not have been valid.   

The quartz disks were subjected to planar shock waves of known amplitude using 

a 25 mm caliber powder-propellant gun to accelerate flat metal-flyer plates (see Table 1 
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and Figure 6).  Experimental details are given in Skala et al. (2002). The sample disk was 

inserted into a jacket of Aluminum Alloy 2024 (Al2024) or Stainless Steel 304 (SS304) 

and placed at a distance of 0.5 mm from the machined surface to be impacted by flat 

flyerplates.  The latter were some 20 mm in diameter and 2 mm thick, composed of either 

Lexan, Al2024, or SS304.  These flyer-plates form the flat face of a cylindrical 

polyethylene projectile.  Approximate projectile speed is predicted from the measured 

weight ratio of the propellant powder and projectile, yet it is measured to better than 1% 

via occultation of multiple lasers (4 stations) trained onto photodiodes.  The equations of 

state of all materials used for the metal jackets and flyer plates are known (e.g. Marsh 

1980); it suffices then to measure impact speed only and to apply a graphical impedance 

match method to obtain the peak pressure experienced by the quartz sample, following 

multiple reverberations of the shockwave (Duval 1962).  For further details, the reader is 

referred to NASA’s Experimental Impact Laboratory website 

(http://ares.jsc.nasa.gov/education/websites/craters/gunlabtour.htm).   

The shocked disks were machined from the metal sample holder while using 

liquid nitrogen as a coolant, impregnated with epoxy, re-polished, and examined 

petrographically. If fluid inclusions were found within the shocked samples, their 

homogenization temperatures were again measured in 20 K steps on the USGS heating 

stage.  

The shocked disks were also analyzed using Raman spectroscopy to search for 

evidence of any high-pressure phases or diaplectic glass in the samples. The spectra were 

compared to spectra for an unshocked sample of Arkansas quartz. The Raman analyses 

were obtained on a JY Horiba LabRam 300mm instrument using a 532.09 nm excitation 
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wavelength and 100x objective, with the sample oriented parallel to the C axis. 

Accumulation times (5 s for the unshocked sample, 10s for the 18GPa, and 60s for the 24 

GPa and 30 GPa samples) varied for the samples in order to maintain an approximately 

constant intensity for the major peak at about 465 cm-1. For each sample, 5 spectra were 

collected on the same spot and averaged to give the final spectrum.  

 
Results  

The petrographic features of fluid inclusions in the shocked samples could be 

included in one of four categories: (1) relatively pristine fluid inclusions, (2) decrepitated 

(or leaked) fluid inclusions, (3) collapsed fluid inclusions and (4) no optical evidence of 

fluid inclusions remaining (Fig. 7). Relatively pristine fluid inclusions were observed 

only in the lowest shock pressure-- 5 and 6 GPa -- samples. Decrepitated fluid inclusions 

have no recognizable vapor bubble and were found in samples shocked at 6 and 7.6 GPa. 

Textures similar to those observed in samples experimentally reequilibrated at conditions 

of internal underpressures (Vityk & Bodnar 1995) were observed in samples shocked at 

7.6, 8.4, and 10 GPa and are interpreted as collapsed fluid inclusions. The disk shocked at 

12 GPa contained two very small features similar to these collapse textures; however, no 

further evidence of fluid inclusion features was observed in the sample. Samples shocked 

at 18 GPa and higher contained no evidence of fluid inclusions following the impact 

experiment. 

The samples shocked at 5 and 6 GPa show a significant decrease in the number of 

fluid inclusions present.  Fluid inclusions were found in both heavily fractured areas and 

those areas in which the quartz remained relatively clear. The highest concentration of 

preserved fluid inclusions was found in a clear area of the 6 GPa sample separated from 
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the rest of the disk by fractures, which appeared to be mainly unaffected by shock 

deformation.  The inclusions observed within the 5 and 6 GPa shocked samples could not 

be matched with the pre-impact fluid inclusions documented in the disks, so no direct 

comparison of homogenization temperatures can be made.  However, the range of 

homogenization temperatures (393-453K) and the mode (413-433K) observed in both the 

5 and 6 GPa post-shock samples show a distinct increase compared to pre-impact results 

(Fig. 5), suggesting that the inclusions have expanded during the impact event (or have 

lost some fluid), resulting in a lower bulk density of the fluid.  Decrepitated (or leaked) 

fluid inclusions were also observed in the 6 GPa sample.  Both the increase in 

homogenization temperatures and the presence of decrepitated fluid inclusions are likely 

the result of internal overpressures accompanying the elevated temperatures following the 

impact event.  No evidence for reequilibration during the short period of internal 

underpressure that occurred during the first few microseconds following impact was 

found in the 5 and 6 GPa samples. Any such features have likely been overprinted by the 

longer, high-temperature overpressure conditions that followed.  

No intact fluid inclusions were found within samples shocked at pressures ≥ 7.6 

GPa.  Very few decrepitated inclusions were found in the 6.0 and 7.6 GPa samples.  

However, groupings of small dark features were observed in the 6.0, 7.6, 8.4, and 10 GPa 

samples. These groupings of what may be very small (≤1µm) inclusions contained within 

an area of anomalously textured quartz are similar to inclusions experimentally subjected 

to conditions of high external overpressure, effectively collapsing the fluid inclusions 

(Vityk & Bodnar 1995; their Fig. 6H). This would suggest that these “collapse” features 

formed during the compressive phase of the shock event.   Two small features similar to 
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these collapse features were also observed in the 12 GPa sample. No other evidence of 

the former presence of fluid inclusions was found in this sample, however.  

No optical evidence for the survival of fluid inclusions was found in samples 

subjected to shock pressures greater than 12 GPa. The samples are nearly opaque, with 

the amount of petrographically recognizable quartz decreasing with increasing shock 

pressure.  Above 9-15 GPa (the HEL), quartz no longer deforms elastically during 

impact. Instead, the crystal structure begins to deform plastically, and the crystal structure 

of quartz is severely disrupted (Horz & Quaide 1972).  At still higher pressures, shock-

induced isotropization begins and any fluid inclusions as well as the crystal structure will 

be destroyed.  

Raman analysis of the shocked samples showed no evidence of coesite or 

stishovite in any of the disks. However, in the 30 GPa sample, the main quartz peak 

(observed in unshocked quartz at 464 cm-1)  is broadened and shifted to lower 

wavenumbers (Fig. 8), indicating that the sample contains a mixture of diaplectic glass 

and quartz (McMillan et al. 1992). The 24 GPa sample also appears to contain a small 

component of the amorphous phase, while the spectrum from the 18 GPa disk matched 

that of unshocked quartz .  

 

 

Conclusions  

This experimental shock study demonstrates that fluid inclusions undergo a 

systematic and gradual evolution in reequilibration effects with increasing shock 

pressures. Fluid inclusions in single crystal quartz can survive low levels of shock 
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metamorphism, up to 6 GPa. The homogenization temperatures of fluid inclusions in 

these modestly shocked samples increased an average of  ~20 K compared to pre-impact 

homogenization temperatures, suggesting reequilibration due to internal overpressure. 

This most likely results from extended heating of the samples following impact. In all 

cases, those inclusions that are preserved show increased homogenization temperatures, 

compared to pre-shock samples. Therefore, homogenization temperatures measured for 

fluid inclusions in meteorites and terrestrial impactites should be considered a maximum 

value, as the density of the original trapped fluid was likely greater than that observed in 

the inclusions following the impact event.  

Only decrepitated and/or collapsed fluid inclusions were observed in samples 

experiencing 7-10 GPa shocks.  The collapse features observed in these samples are 

similar to experimentally-produced collapsed fluid inclusions. However, it remains 

unclear if these textures may also form due to internal overpressure conditions. No 

optical evidence of fluid inclusions was found in quartz shocked at pressures greater than 

12 GPa. Plastic deformation of the host mineral may have completely destroyed pre-

impact fluid inclusion petrographic features. 

  This systematic progression of shock reequilibration features may be used to 

estimate syn- and post-impact pressure-temperature conditions experienced by quartz-

bearing rocks, especially at pressures < 10 GPa that seem otherwise difficult to resolve 

optically (e.g. Stoffler & Langenhorst 1994).  The experimental results may also apply to 

feldspars, which do occur in meteorites. Feldspars are also tectosilicates and display 

shock behavior that is qualitatively similar to quartz (e.g. Ostertag 1983).  Other phases 

reported from meteorites to contain fluid inclusions (carbonates, sulfates, halides) are 
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more compressible than tectosilicates, suggesting that their fluid inclusions may be 

greatly affected at still lower shock stresses, whereas those in olivine may be modestly 

more resistant.  Our results thus indicate that the absence of fluid inclusions in meteoritic 

materials does not preclude the presence of fluids on meteorite parent bodies-- instead all 

previously trapped fluid inclusions may have been destroyed by relatively modest shock 

processes. 
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Table 1: Summary of Experimental Conditions and Observations 

Target  Velocity  Projectile  Projectile Shock  Fluid Inclusion  
Number  (km/s)  Material*  Mass (g) Pressure 

(GPa)  
Characteristics  

16  1.21  Poly Lexan  9.09 5.0  FIs present  
     Th increase ~ 20K  
1  1.39  Poly Lexan  9.08 6.0  FIs present  
     Th increase ~20K  
     Decrepitated FIs  
     Collapsed FIs  
6  0.97  Poly Al2024 9.80 7.6  Decrepitated FIs  
     Collapsed FIs  
18  1.04  Poly Al2024 9.76 8.4  Collapsed FIs  
7  1.20  Poly Al2024 9.73 10.0  Collapsed FIs  
3  1.43  Poly Al2024 9.64 12.4  Collapsed FIs ?  
4  1.41  Poly Al2024 9.71 18.0  No FI textures  
5  1.13  Poly SS304  12.32 24.2  No FI textures  
2  1.39  Poly SS304  12.80 30.8  No FI textures  
 
* The first half of the entry (in all experiments “Poly”) refers to the polyethelene body of 
the projectile. The second half refers to the flat plate at the head of the projectile which 
collides with the sample. 
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Vapor Bubble

Liquid

Fluid Inclusions

10 µm

Figure 1: Photomicrograph of two-phase fluid inclusions in Arkansas 
quartz. Euhedral fluid inclusions of various sizes maintain the negative 
crystal shape of the quartz host. All fluid inclusions in the figure contain a 
liquid phase (water) and a bubble containing water vapor at room 
temperature.  As the sample is heated, the density of the liquid phase 
decreases and the vapor bubble shrinks until the homogenization 
temperature (Th) is reached (see Fig. 2), at which point the vapor bubble 
disappears and the inclusion is filled with one homogenous fluid phase. 
The homogenization temperature is directly related to the density of the 
trapped fluid, therefore providing information on the P-T conditions 
under which the fluid was trapped. 

Megan E. Elwood Madden 74



P
 

T 

Is
oc

ho
re

 A

Internal 
underpressure

Internal 
overpressure

B A

C

L

V

Th(A)

TP

Tt, Pt

L+V

D

CP

Tcooling

path 1

pa
th

 2

PB

PD

PC

Is
oc

ho
re

 B

   
Is

oc
ho

re
 C

Th(B) Th(C)

Figure 2: Pressure-temperature conditions inside a fluid inclusion as a 
function of external temperature and pressure. At any temperature (T) the 
pressure inside of a fluid inclusion containing both liquid and vapor is 
defined by the pressure along the liquid-vapor curve (line L+V extending 
from the triple point [TP] to the critical point [CP]). After the inclusion 
homogenizes, the pressure is defined by the pressure along the fluid 
isochore (line extending from the homogenization temperature [Th] to the 
inclusion trapping conditions [Tt, Pt]). A fluid inclusion trapped at 
conditions Tt, Pt (point A) whose P-T cooling or uplift path corresponds 
to the fluid isochore (isochore A) will always maintain the same pressure 
inside of the inclusion as outside, resulting in no reequilibration as there 
is no pressure gradient. However, if the sample follows an initial isobaric 
cooling path (path 1), the external pressure is always greater than the 
internal pressure and reequilibration due to the internal underpressure 
may occur. The resulting decrease in the volume of the fluid inclusion 
produces an increase in fluid density and a decrease in homogenization 
temperature (e.g. Th (B)). If the rock follows an isothermal uplift path 
(path 2), the fluid inclusion may reequilibrate owing to internal 
overpressures, resulting in an increase in the size of the fluid inclusion, a 
decrease in fluid density, and an increase in homogenization temperature 
(e.g. Th (C)).  See text for details.
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Figure 3. Pressure-Temperature-time evolution of quartz resulting from a 
22 GPa shock event, based on hydrodynamic modeling of Gratz et al. 
(1992), using experimental conditions similar to those employed in the 
present study.  Within the first 2 µs after impact, pressure and temperature 
have reached their maximum values. After 3 µs the pressure has returned 
to pre-shock conditions. The temperature, however, remains high for an 
extended period as the sample slowly cools. 
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Figure 4. Pressure-temperature-time path of quartz during a 22 GPa impact event. The 
dashed line with arrows approximates the P-T-t path of the sample (using data from Gratz 
et al. 1992 shown in Fig. 3). The thin line labeled "373 isochore" represents the isochore 
for a fluid inclusion that homogenizes at 373K (100°C). Stability fields for various phases 
of H2O are also shown: the light gray field at high pressure shows the stability field of ice 
VII, the small dark gray wedge at moderate pressure and low temperature represents the 
stability field of ice VI. The bold line (labeled L/V) that ends at the critical point (CP) of 
water is the liquid-vapor curve for H2O. Phase boundaries for the SiO2 polymorphs 
stishovite, coesite and quartz are shown as thin, nearly horizontal lines at elevated 
pressure.  When the P-T path is above the fluid isochore (such as at point "A"), the fluid 
inclusions are underpressured, and when the P-T path is below the fluid isochore (such as 
at point "C") the inclusions are overpressured. Note that immediately following impact, 
the fluid inclusions experience a significant internal underpressure. The quartz host also 
passes through the coesite field and into the stability field of stishovite during this event. 
After the high pressure shock wave has traveled through the sample and the pressure 
returns to ambient conditions, the temperature of the sample remains high for an extended 
period as the quartz slowly cools, resulting in an extended period of internal overpressure 
within the fluid inclusions. 
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Figure 5: Comparison of pre- and post-impact homogenization 
temperatures (Th). Pre-impact Th data are nearly identical for both 
samples, ranging from 373-433K, with the mode between 393 and 413K. 
Post-impact Th range is shifted to temperatures 20K higher, as is the 
mode in both the 5 and 6 GPa experiments, indicating reequilibration due 
to internal overpressures. 
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Figure 8. Raman spectra of quartz samples (intensity normalized).  
Unshocked quartz sample shows a narrow main quartz peak at 464.8 cm-1. 
The 18 GPa sample produces a similar spectrum with no discernible shift or 
broadening of the 464 peak.  At 24 GPa the main quartz peak has shifted to 
slightly lower wavenumber and begins to show signs of broadening, 
indicative of a diaplectic glass component.  In the 30 GPa sample the main 
quartz peak is broader and shifted to 455 cm-1. 
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Abstract:  

Hydrous phases that indicate alteration in the presence of aqueous fluids are often 
observed in chondritic meteorites and some SNC-related (Martian) meteorites. 
However, fluid inclusions are rarely observed in meteorites, unlike terrestrial 
samples that have been exposed to fluids at some time in their history. This, in 
turn, has led to questions concerning the environment in which hydrous phases in 
meteorites were formed, and whether liquid water was (and is) present on the 
parent bodies. This study examines the effects of natural shock metamorphism on 
fluid inclusions trapped in porous sedimentary target rocks and compares these 
results to previous experimental work on single crystal quartz. Samples of shock 
metamorphosed Coconino sandstone were collected from Barringer Meteorite 
Crater (Meteor Crater, Arizona) and classified based on their shock features into 
the six shock stages described by Kieffer (1971). The frequency of two-phase 
fluid inclusions decreases dramatically from unshocked samples of Coconino 
sandstone through shock stages 1a, 1b, and 2. No two phase fluid inclusions were 
observed in shock stage 3 or 4 samples. However, the total number of grains 
containing fluid inclusions remains approximately the same for shock stages 1a-2, 
suggesting that two-phase fluid inclusions reequilibrated during impact to form 
single-phase inclusions. In shock stages 3 and 4, the total number of inclusions 
also decreases, indicating that at these higher shock pressures fluid inclusions are 
destroyed by plastic deformation and phase changes within the host mineral. 
Entrained quartz grains within a shock stage 5 sample contain two-phase 
inclusions, emphasizing the short duration of melting associated with the impact 
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and the heterogeneous nature of impact processes. These results are similar to 
those observed in single crystal experiments, although inclusions survive to 
slightly higher shock pressures in samples of naturally shocked Coconino 
sandstone. Results of this study suggest that the rarity of fluid inclusions in 
meteorites does not preclude the presence of fluids on meteorite parent bodies. 
Instead, fluid inclusions trapped during alteration events may have been destroyed 
due to shock processing. In addition, loss of fluids from inclusion vesicles along 
fractures and microcracks may lead to shock devolatilization, even in unsaturated 
target rocks.  

 
 
Introduction:  
 In recent years, many space exploration missions have focused on the search for 

evidence of liquid water because these environments may have been, or may still be, 

hospitable for extraterrestrial life. Results obtained so far demonstrate that liquid water 

has been active since the earliest stages of the Solar System [1, 2]. Evidence of liquid 

water in the solar system includes hydrous evaporite minerals on the surface of Mars [3, 

4], aqueous alteration features in chondritic meteorites [1, 2], and inferred liquid oceans 

beneath the icy surface of Europa [5].  Explicit samples of extraterrestrial liquid water, 

however,  are only contained in small fluid inclusions observed in a few meteorites [6-8].  

 Fluid inclusions are nanoliter volumes of fluid trapped in minerals as they 

precipitate, and provide direct samples of geochemically active fluids (water, CO2, 

igneous melt, etc.) that were present when the minerals precipitated or during later 

alteration events.  These small droplets of fluid not only provide direct in situ evidence 

for the presence of aqueous fluid, they also contribute to the total volatile content of a 

rock, particularly in normally anhydrous minerals.  

Fluid inclusions are ubiquitous in terrestrial rocks that have formed in the 

presence of fluids.  However, fluid inclusions occur much less frequently in meteorites—

confirmed aqueous fluid inclusions have only been found within halite in the Monahans  
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[6] and Zag [8], which are H5 chondrites, and carbonaceous chondrites [9], while CO2 

inclusions have been observed in SNC meteorites Nahkla [6, 10] and ALH84001 [6].  

The scarcity of fluid inclusions in meteorites may be a result of (1) a lack of fluids on the 

parent body, (2) conditions of mineral formation not conducive for fluid inclusion 

formation, (3) loss of fluid-inclusion host minerals due to sample preparation or 

terrestrial weathering, or (4) destruction of fluid inclusions prior to observation.  The 

presence of hydrous phases and alteration assemblages indicative of aqueous processes 

observed in numerous meteorites suggests that many parent bodies did contain 

geochemically active fluids [7]. Similar alteration minerals in terrestrial rocks often 

contain abundant inclusions, suggesting that inclusions should also form during alteration 

events on meteorite parent bodies. While terrestrial weathering and aqueous processing of 

samples may remove soluble salts from meteorites, other common fluid inclusion host 

minerals (carbonates and silicates) are observed in both falls and finds [11]. 

Previous experimental work on quartz single crystals has demonstrated that fluid 

inclusions are destroyed at moderate shock pressures (>12 GPa) [12].  These results 

suggest that impact events on the meteorite parent bodies, as well as impacts associated 

with transport of planetary materials to Earth, may have destroyed evidence of previously 

formed fluid inclusions in many meteorites. If similar shock reequilibration of fluid 

inclusions occurs in polycrystalline rocks during natural impact events, the loss of fluid 

inclusions may also contribute to shock devolatilization of planetary materials. 

This study describes the characteristics of fluid inclusions in shock 

metamorphosed samples of Coconino sandstone collected in and around  Barringer 

Meteorite Crater (or Meteor Crater), Arizona to determine the correlation between shock 
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pressure  and the extent of reequilibration of fluid inclusions in porous sedimentary rocks. 

While extraterrestrial samples do not usually contain quartz, the dominant mineral in 

Coconino sandstone, the physical properties of this rock are similar to those of loosely 

aggregated asteroids [13] and unconsolidated regolith or sedimentary rocks on Mars [14].  

 
Shock metamorphism of Coconino sandstone: 
  

Coconino sandstone from Barringer Meteorite Crater is a high-purity (>90% 

quartz [15]) sandstone with relatively high porosity (8-15% [15]). The shock 

metamorphic features of this rock have been described previously [16-22].  The 

properties of unshocked Coconino sandstone have been described by [15], along with 

detailed descriptions of shock features observed with increasing shock pressure. 

However, previous studies have not discussed fluid inclusions in shock metamorphosed 

samples of Coconino sandstone.  

 Previous studies have classified Coconino sandstone at Barringer Meteorite Crater 

into six shock stages based on observations in hand sample and thin section, along with 

quantitative XRD measurements of the relative proportions of quartz, coesite, stishovite 

and glass in the sample [15] (Table 1).   Micro-scale shock deformation and the formation 

of shock lamellae, planar fractures, coesite, stishovite, and diaplectic glass in shocked 

metamorphosed quartz in samples of Coconino sandstone were also examined by TEM 

[20]. Based on these observed shock features, shock pressures can also be estimated [23] 

(Table 2). 

    
Principles of shock reequilibration of fluid inclusions 
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 Fluid inclusions are liquid time capsules that trap and preserve fluids in host 

minerals as they precipitate. The density of the trapped fluid may change over time due to 

changes in the volume of the fluid inclusion vesicle and/or the loss or gain of fluid by 

flow along fractures or by diffusion through the host mineral ([24] their Fig. 1;) [25]. 

Such changes in fluid inclusion properties are referred to as reequilibration.  Fluid 

inclusion reequilibration occurs when the fluid pressure within the inclusion (determined 

by the fluid isochore, see figure 1) and the confining pressure exerted on the host mineral 

are different, resulting in a pressure gradient between the inclusion and its external 

environment. The confining pressure exerted on the host mineral depends on the load 

applied, whereas the pressure inside the fluid inclusion is defined by the pressure along 

the fluid isochore at any temperature (line of constant density- isochore B in figure 1). 

Therefore, the temperature of the rock (host mineral) and the PVT properties of the fluid 

can be used to determine the internal pressure of the inclusion (as long as the volume 

remains constant).  

The likelihood that reequilibration will occur can be predicted by comparing the 

confining pressure applied on the host mineral with the pressure conditions in the fluid 

inclusion at any point on the P-T path (Figure 1). If the external pressure applied to the 

host mineral exceeds the fluid pressure in the inclusion, such as along path 1 in Figure 1, 

then fluid inclusion may collapse, decreasing the volume of the inclusion and thus 

defining a new isochore for the inclusion (isochore A). Reequilibration due to internal 

underpressure within the inclusion leads to an increase in the density and a decrease in 

the homogenization temperature (ThA). Alternatively, if the fluid pressure within an 

inclusion is greater than the confining pressure on the host mineral (path 2, Figure 1), the 
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fluid inclusion may stretch, resulting in increased inclusion volume, decreased fluid 

density (isochore C), and higher homogenization temperature (ThC)    For a more detailed 

explanation of fluid inclusion reequilibration, the reader is referred to [25].  

The extremely high pressures and strain rates created by impact events, as well as 

the elevated temperatures resulting from the entropy gain of the impacted material, may 

create large gradients between fluid pressures within inclusions and shock pressure 

conditions experienced by the host mineral, resulting in fluid inclusion reequilibration. 

Reequilibration of fluid inclusions has been studied experimentally by [12] and the P-T-t 

path followed by the rocks during impact was compared with isochoric paths of typical 

inclusions. The results indicate that fluid inclusions that follow a typical impact-

generated P-T-t path calculated by [26] experience an internal underpressure early in the 

impact event as the amplitude of the shock wave exceeds the isochoric pressure within 

the inclusion (Fig. 2). This is followed by a period of internal overpressure as the rocks 

remain heated long after the pressure has returned to ambient conditions. Fluid inclusions 

subjected to the P-T-t history shown in Figure 2 would initially experience compression, 

resulting in reequilibration due to internal underpressure within the inclusion, thus 

increasing the fluid density and lowering the homogenization temperature [27, 28]. This 

initial reequilibration would then be over-printed by fluid inclusion stretching, resulting 

in lower fluid densities and higher homogenization temperatures [25, 29]. Extreme 

compression of fluid inclusions results in the complete collapse of the inclusion cavity 

(see [28], their Fig. 6H), whereas expansion of the inclusions may lead to decrepitation 

(complete loss of fluid along microcracks or dislocations to produce empty voids; [25].   

Shock-induced fracturing at low to moderate shock pressures below the Hugoniot 
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Elastic Limit (HEL—the transition from brittle to plastic deformation [30]) may result in 

loss of fluid from the sample and/or destruction of fluid inclusion cavities.  At shock 

conditions above the Hugoniot Elastic Limit, materials behave plastically, deforming the 

original structure of the crystal [31] and potentially destroying fluid inclusions via loss of 

fluids along dislocations [32, 33]. Likewise, phase transitions within the host mineral 

may destroy fluid inclusion cavities with concomitant water loss from the system [12].    

Recent experimental studies [12] have demonstrated that fluid inclusions in 

single-crystal quartz undergo a systematic and gradual evolution in reequilibration 

characteristics with increasing shock pressure (Figure 3). Some fluid inclusions survive 

low-pressure impacts (<6 GPa).  The homogenization temperatures of inclusions in these 

modestly shocked samples may increase several 10’s of degrees compared to pre-impact 

homogenization temperatures, suggesting reequilibration due to internal overpressure.

 Only decrepitated and/or collapsed fluid inclusions were observed in samples 

experiencing 7-10 GPa shocks.  The collapse features observed in these samples are 

similar to experimentally-produced collapsed fluid inclusions [33]. Optical evidence of 

fluid inclusions was not observed in quartz shocked at pressures greater than 12 GPa.  

Similar shock reequilibration features have also been reported in a study of fluid 

inclusions from the Siljan Ring impact structure [34].   

 
Methods 
 
 Samples of Coconino sandstone were collected in and around Barringer Meteorite 

Crater, with permission from the Barringer Crater Company. Coconino sandstone is a 

relatively pure, fine-grained aeolian sandstone [15, 35, 36]. The detrital quartz grains 

originated from a variety of source rocks and contain two-phase inclusions, melt 
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inclusions, and mineral inclusions.  Samples were collected from the ejecta blanket on the 

southeast side of the crater, the silica pit on the south side of the crater, the walls of the 

crater along the Astronaut Trail, and from mine tailings surrounding an access shaft at the 

base of the crater (Figure 4). For comparison, unshocked Coconino sandstone was 

collected from an exposure in Oak Creek Canyon, approximately 100 km southwest of 

the crater.   

Polished thin sections were examined optically using 80 and 100x objectives 

under crossed and uncrossed polars. The samples were classified based on the shock 

features observed (Figure 5, Table 3). This classification scheme is similar to that of [15], 

but not identical.  Kieffer’s classification scheme relied upon quantitative X-ray 

diffraction measurements of SiO2 polymorphs as well as optical petrography to group 

samples into six shock stages (1a, 1b, 2-5).  In this study, classification was based only on 

petrographic observations of shock features in thin sections observed on a flat stage.  

Shock stage 1a samples displayed only irregular fracturing (Fig. 5A) and retained 

their original grain size.  Shock stage 1b samples also exhibit irregular fractures (Fig. 

5A), but only a fraction of the grains preserve the original grain size. These isolated 

grains are surrounded by much smaller, highly fractured quartz particles. Shock stage 2 

samples contain planar fractures in addition to irregular fractures. Those samples 

containing planar fractures (Fig. 5b) and shock lamellae (Fig. 5c) (or planar deformation 

features- pdf’s) were classified as shock stage 3. Shock stage 4 samples contain diaplectic 

glass, and shock stage 5 rocks have experienced whole-rock melting. While the criteria 

used to classify samples in this study differ subtly from those used by [15], the samples 
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fit within the previous classification scheme based on morphological features observed in 

thin section (Table 1).   

The percentage of grains displaying shock features -- irregular fractures, planar 

fractures, shock lamellae, diaplectic glass, and lechatelierite  or “normal” glass – was 

determined using a point counting technique (Table 3). The thin section was mounted on 

a microscope X-Y stage and moved in 1mm increments in both the X and Y directions 

and the quartz grain closest to the crosshairs was selected for point counting. Note that 

the increment of movement (1 mm) was greater than the average grain size, so that no 

two measurements involved the same grain.  Quartz grains were classified based on their 

maximum shock indicator. For example, a grain containing planar fractures (>5-8 GPa) 

and shock lamellae (10-35 GPa) would be classified as containing shock lamellae, since 

this combination represents a higher shock pressure than planar fractures alone.  

The percentages of quartz grains containing (1) two-phase (liquid + vapor bubble) 

fluid inclusions, (2) only inclusions (melt, solid, or fluid) without vapor bubbles (i.e., no 

two-phase inclusions), or (3) no recognizable fluid inclusions were determined by point 

counting in the same thin sections used to characterize the shock features. If a quartz 

grain contained both two-phase and single-phase inclusions, it was classified as 

containing two-phase inclusions; these grains were not counted a second time as 

containing single-phase inclusions. Rutile and apatite inclusions in the quartz were 

identified by Raman spectroscopy. 

 
Results and Discussion 

 The relationship of shock features observed and shock level is summarized in 

Figure 6A.  Only irregular fractures were observed in the unshocked sample of Coconino 
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sandstone. Approximately 50% of the quartz grains in shock stage 1a show no shock 

features, with the remainder containing only irregular fractures. Only a few percent of 

grains representing shock stage 1b show no deformation features, whereas most show 

irregular fractures. All grains representing shock stage 2 show some evidence of 

deformation with irregular fractures in ~80% of the grains and planar fractures in ~20% 

of the grains. Approximately 60% of the quartz grains in shock stage 3 samples show 

planar fractures, 20% of the grains contain shock lamellae, and 10% show irregular 

fractures and minor diaplectic glass. Approximately 50% of the grains in shock stage 4 

contain diaplectic glass, 30% contain shock lamellae, and 20% show planar fractures. 

Shock stage 5 samples are dominated by normal (flowed) glass. 

 The percentage of grains containing shock lamellae observed here is considerably 

higher than that reported by previous authors for this location [15, 23].  [15] reports that 

only 5% of the grains in shock stage 3 rocks contain “planar features”. Based on the 

published description of the shock features, these planar features correspond to shock 

lamellae described in this work. However, in this study, we observed that approximately 

20% of the grains contain shock lamellae. This increase in observed shock lamellae may 

be a result of the high magnification used to observe samples in this study. 

Unshocked Coconino sandstone contains solid inclusions of rutile and apatite 

(Figs. 5d, 7a), melt inclusions (Figs. 7a,b), and abundant small, two-phase aqueous (Figs. 

7c, d, e) fluid inclusions (average size <10 µm) in detrital quartz grains. Shock 

metamorphosed samples of Coconino sandstone examined in this study display 

systematic changes in fluid inclusion properties with increasing shock pressure (Fig. 6B; 

Table 3).  
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Unshocked samples contain the highest percentage of quartz grains with two-

phase fluid inclusions (Table 3, Fig. 6B). The percentage of quartz grains with two phase 

inclusions decreases with increasing shock pressure through shock stages 1a, 1b, and 2. 

No two phase fluid inclusions were observed in shock stage 3 and 4 rocks. Two phase 

fluid inclusions were preserved within quartz grains entrained in normal glass in shock 

stage 5 rocks.  This decrease in two-phase inclusions with increasing shock pressure is 

likely a result of fluid inclusion reequilibration at low to moderate shock pressure. At 

higher shock pressures (Shock stage 3 and 4), plastic deformation  and phase changes 

result in the destruction of fluid inclusions.  

The presence of two-phase fluid inclusions within quartz grains entrained in 

normal glass in the shock stage 5 sample indicates that these grains experienced very 

limited heating. This, in turn, suggests that the melt was rapidly quenched. The presence 

of relatively unshocked quartz grains within the melt clast emphasizes the heterogenous 

nature of shock processes.  

The frequency of grains containing only inclusions without a vapor bubble 

(decrepitated fluid inclusions, single phase fluid inclusions, melt inclusions, or solid 

inclusions) increases slightly through shock stages 1a, 1b, 2, and 3 (Fig. 6B). It should 

also be noted that the total percentage of grains containing inclusions (either with or 

without a vapor bubble) remains approximately the same in unshocked Coconino 

sandstone and shock stage 1a and 1b rocks, while the percentage of two-phase inclusions 

decreases with increasing shock pressure (Fig. 6B). Therefore the increase in one-phase 

inclusions is interpreted to represent the reequilibration of two-phase fluid inclusions. As 

fluid inclusions reequilibrate, they may collapse, forming a one-phase fluid-filled 
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inclusion, or fluid inclusions may decrepitate, resulting in a total loss of fluid along 

microcracks.  In both cases, the inclusions would not contain a vapor bubble. 

Observations of planar fractures intersecting and offsetting rutile inclusions (Fig. 5d) in 

shock stage 2 and 3 rocks suggest that the contents of fluid inclusions may have been lost 

along such fractures.  The percentage of grains containing inclusions without vapor 

bubbles decreases significantly in shock stage 4 and 5. This suggests that plastic 

deformation and phase transitions destroyed evidence of previous inclusions.    

 

Comparison with Experimental Results 

It has been suggested that the pressure conditions at which indicative shock 

features form may differ between single crystal experiments and naturally shocked 

porous materials [37]. Comparison of experimental reequilibration results from single 

crystal quartz fluid inclusion with reequilibration data from Coconino sandstone in this 

study suggests that in both cases, two phase fluid inclusions are only observed below the 

HEL of quartz (<7 GPa, or shock stages 1a and 1b, as well as a few grains in shock stage 

2). Above the HEL, inclusion vesicles are destroyed by plastic deformation and phase 

changes in the host mineral.  However, this transition from brittle to plastic deformation 

may occur at different absolute shock pressures in single crystal experiments than in 

large-scale impacts into porous sediments.  

Impact experiments using single crystals demonstrate the systematic modification 

of fluid inclusions with increasing shock pressure [12], but shock reequilibration of fluid 

inclusions in porous, polycrystalline samples may be more complex. Shock wave 

propagation velocity is dependent on the density of the medium.  In dense homogeneous 
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media, such as a single crystal, the shock wave propagates at a single and unique 

velocity, Vq. However, at the contact with any second material (of different density, 

compressibility, or other physical properties) the velocity of the shock wave will change. 

This change is minor if both materials have grossly similar properties, for example, 

component minerals in most dense, nonporous crystalline rocks. In these types of target 

rocks one may take the modal mixture of component minerals and construct an “average” 

velocity and other shock properties (F. Hörz, personal communication, 2005).  

Compared to crystalline rocks with low porosity, shock waves may propagate 

differently in porous rocks, such as the Coconino sandstone  If the rock contains porosity 

and “voids”, the medium also contains free surfaces at which the shock wave will  

reverberate [15]. The shock wave will be reflected and may pass through individual 

grains multiple times, thus depositing more energy compared to a single wave passage.  

Additionally, tensile waves will form at grain boundaries, leading to spallation/cataclastis 

that is not present in non-porous materials.  Shock interferences may also generate local 

“hot spots” (where conditions are above average), as well as “cold spots” which 

experience lower than average stresses.  Therefore, the stress /peak pressure distribution 

is highly heterogeneous on a grain by grain basis and local conditions may deviate 

significantly from the average conditions in the sample. For example, local grain 

boundary melts may form in rocks that have experienced “average” stresses of 20 GPa.  

However, this does not indicate that these melts were generated at 20 GPa; instead local 

shock pressures likely exceeded 50 GPa.  

In addition, the thermal history of porous and nonporous materials will also differ 

at a given shock pressure.  In porous rocks, considerable energy is used to close the pore 
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space by frictional forces and associated heating . Therefore, by the time all the porosity 

in a  porous target has been compressed, heat will have been generated and the rock will 

have an elevated temperature [15].  This causes the entire shock calibration to shift to 

somewhat lower pressures in porous materials; i.e. formation of diaplectic phases and 

melting will occur at modestly lower pressures compared to the dense, single crystal 

experiments.  

In summary, porous materials are characterized by a much wider range of shock 

features on a grain-by-grain basis, compared to non-porous rocks.  Therefore shock 

classification schemes for porous media are based on the “average” shock damage 

suffered by most grains in a sample.  However, substantial local deviations from the 

average pressure occur on a grain by grain basis.   

Previous work [12] has demonstrated that fluid inclusion reequilibration follows a 

gradual and systematic progression with increasing shock pressure in single crystal quartz 

shock experiments (Fig. 3).   A similar progression in fluid inclusion features is also 

observed in this study of naturally shocked Coconino sandstone.  As in the experimental 

study, some fluid inclusions in Coconino sandstone survive low shock pressures (up to 

shock stage 2) intact, however, decrepitation and/or collapse of fluid inclusions results in 

an increase in one-phase inclusions relative to unshocked samples. At higher shock 

pressures, plastic deformation and phase changes within the host mineral result in the 

complete destruction of inclusions.   

While there was no evidence of the former presence of fluid inclusions in single 

crystal quartz experimentally shocked to pressures greater than 12 GPa, inclusions 

without bubbles were observed in shock stage 2-5 Coconino sandstone. These inclusions 
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may be decrepitated or collapsed aqueous inclusions that have formed as a result of 

reequilibration of two-phase inclusions, or  they could be mineral or melt inclusions that 

remain in the sample.  

 

Fluid inclusions in meteorites and impactites 

The results of this study confirm that shock metamorphism leads to fluid inclusion 

reequilibration in naturally shock metamorphosed rocks. Moreover, pre-impact inclusions 

in porous target rocks are destroyed at moderate to high shock pressures. While some 

single-phase inclusions are preserved in moderate and highly shocked samples, two-

phase inclusions reequilibrate to form single-phase inclusions even in mildly shocked 

samples exhibiting only irregular fractures. If the results of this study can be applied to 

target rocks on meteorite parent bodies, the absence of fluid inclusions in meteorites does 

not preclude the presence of water. Fluid inclusions may have formed prior to impact, 

only to be destroyed by subsequent shock metamorphism. Future searches for fluid 

inclusions are likely to be more successful in samples that have experienced little shock 

metamorphism (e.g.,  shock stage S1-S2 of [38]) compared to those which have 

experienced moderate and high-pressure (e.g., S3-S6 of [38]) impacts.   

Based on observations of planar fractures intersecting and offsetting needle-like 

mineral inclusions, it is likely that some of the fluid trapped in inclusions may have been 

lost along fractures and microcracks during shock metamorphism, resulting in 

devolatilization of the target material. Although water may be lost from inclusions during 

low to moderate shock metamorphism, higher shock pressures may be needed to 

dehydrate hydrous minerals [39].  
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Terrestrial rocks often contain on the order of 0.001 to 1 volume percent fluid 

inclusion vesicles [40]. Therefore, the total water trapped within fluid inclusions in 1 km3 

of rock may be as high as 109 kg.  Based on previous estimates of the volume of 

Coconino sandstone excavated from the crater during impact [41], up to  2.6 x 108 kg of 

water may have been lost from fluid inclusions due to shock metamorphism. The exact 

volume remains uncertain until the fraction of excavated material that was shocked above 

shock stage 2 is determined. Combining estimates of excavated rock volume with data 

regarding the depth of the water table at the time of impact (140m, [41]), and porosity 

values measured by Kieffer [15](8-15%), the mass of water released from pore spaces in 

the Coconino sandstone ranges from 1.8 x 109 to 4.0 x 109 kg.  For comparison, subaerial 

volcanism on Earth releases approximately 1011 kg of water per year [42]. 

These estimates suggest that while the volume of water trapped in fluid inclusions 

is more than an order of magnitude less than that which may be present in the pore space 

of many sedimentary rocks, a significant amount of water may be lost even from 

unsaturated rocks, which lie above the water table. Shock devolatilization of fluid 

inclusions may be particularly important with regards to porous regolith on Mars and at 

the surface of asteroids, where near-surface saturated rocks and sediments may be absent 

or heterogeneously distributed.  

While this study focused on fluid inclusions trapped in quartz, the trends observed 

here can be used to predict reequilibration behavior of fluid inclusions trapped in other 

host minerals which may be more common in planetary materials. The magnitude of the 

pressure differential (external load on the host mineral compared to the fluid pressure 

within inclusions) required to reequilibrate fluid inclusions is dependent on the size and 
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shape of the inclusion, the absolute distance of the inclusions from free surfaces, and the 

bulk modulus and cleavage properties of the host mineral [29, 43-45]. Therefore, fluid 

inclusions trapped in olivine are likely to survive greater pressure gradients than those 

trapped in quartz since olivine has a higher bulk modulus and similar cleavage properties. 

However, fluid inclusions trapped in soft minerals like calcite or other carbonates with 

good cleavage are likely to reequilibrate at lower shock pressures.  

The pressure at which elastic deformation ceases and plastic deformation begins 

(the HEL) appears to be the most important factor determining whether or not single-

phase inclusions will be preserved in impacted rocks [12]. Therefore, according to the 

shock classification schemes of [38, 46], fluid inclusions in pyroxene, olivine, and 

plagioclase will show approximately the same behavior as those in quartz. However, fluid 

inclusions may be preserved at higher shock pressures in minerals with an HEL 

significantly greater than that of quartz (ex. olivine or pyroxene).  

 

Conclusions  

 The results of this study of fluid inclusions in Coconino sandstone from Meteor 

Crater confirm previous experimental observations of shock reequilibration of fluid 

inclusions in quartz. Two-phase fluid inclusions reequilibrate to form single-phase 

inclusions in shock stage 1a and 1b (~<5 GPa). Above shock stage 2 (~>5-8 GPa), no 

two-phase fluid inclusions are observed, except within entrained quartz grains in one 

shock stage 5 sample. In addition, the percent of grains containing singe phase inclusions 

decreases significantly above shock stage 2, likely as a result of plastic deformation and 

phase changes in the host mineral. This systematic progression in fluid inclusion 
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reequilibration closely follows that observed in single crystal quartz experiments, 

suggesting that the inclusions and host minerals experience similar shock conditions, 

albeit on different timescales. The overall similarity in reequilibration trends suggests that 

single crystal experiments of fluid inclusion behavior are accurate predictors of mineral 

behavior in larger-scale natural impact events. 

 This study also indicates that two-phase inclusions are unlikely to survive 

moderate to high shock pressures, providing an explanation for the scarcity of fluid 

inclusions in meteorites.  The absence of fluid inclusions in meteorites therefore does not 

preclude the presence of liquid water on the meteorite parent bodies. Similarly, moderate 

to high shock pressures result in the destruction of fluid inclusions in impactites on Earth 

and other planetary bodies. Thus, the destruction of fluid inclusions during impact 

processing may also have contributed to the devolatilization of early planetismals and the 

surface of Mars. 
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Table 1. Comparison of shock classification scheme used by Kieffer (1971) and classification criteria used in this study. 
 
Shock 
classification 

Classification scheme based on {Kieffer,1971}   Classification features 
used in this study 

 Properties in hand sample Modal mineralogy Properties in thin section Shock features  
1a Similar in appearance to 

unshocked Coconino 
sandstone 

>95% quartz,  
<5% remnant 
porosity 

Irregular fractures and/or wavy extinction in 
<5% of grains. 

Irregular fractures, 
some porosity 

1b Snow white, undistorted 
laminations in some samples 

>95% quartz,  
no remnant porosity

Fractured grains throughout. Irregular fractures, no 
porosity 

2 White, well-indurated, dense, 
small parallel partings 
<2mm. 

80-95% quartz, 
 2-5% coesite, 
 3-10% glass 

Fractured grains, altered at grain boundaries, 
interlocking grain boundaries, planar 
fractures, <5% of grains have shock lamellae 

Irregular fractures, 
planar fractures 

3 Well-indurated, dense, platy 
structure 

45-80% quartz,  
18-32% coesite, 
trace stishovite,  
0-20% glass 

Plastic deformation of quartz makes 
determination of individual grains difficult, 
planar fractures, shock lamellae, grains 
surrounded by coesite crystallites. 

Planar fractures, shock 
Lamellae 

4 Elongated, aligned fractures 
and vesicles 

15-45% quartz,  
10-30% coesite,  
20-75% glass,  
no stishovite 

Cores of remnant quartz surrounded by 
coesite crystallites and opaque isotropic 
material. Glass-filled vesicles 

Planar fractures, 
shock lamellae, 
glass 

5 Low density, vesicular, 
nearly pumiceous 

0-15% quartz,  
0-5% coesite, 
 80-100% glass, 
 no stishovite 

Flowed, stretched glass with vesicles. 
Remnant quartz grains embedded in the 
flowing glass. 

Glass w/ vesicles and 
flow features, some 
entrained quartz grains 
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Table 2. Description of shock features observed and approximate shock pressure and 
shock stage correlations. 
 
Shock Feature Description* Pressure range* Shock Stage 
Planar fractures Parallel sets of planar 

cracks or cleavages, 
spaced 10-20 µm  

> 5-7 GPa 2-4 

Planar deformation 
features or shock lamellae 

Closed, narrow <3 µm , 
parallel planar features,  
closely spaced 2-10 µm 

> 10 GPa 3-4 

Diaplectic glass Amorphous phase, 
maintains original rock 
fabric 

> 35GPa 4 

Lechatelierite Complete melting of 
mineral grains, flow 
features 

> 45 GPa 5 

*{French, 1998} 
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Table 3.  Summary of shock features and fluid inclusion characteristics in Coconino sandstone samples used in this study. 
 
Sample # Sample location Shock Stage Shock Features      Inclusion Data   
   No shock Irregular 

fractures 
Planar 
Fractures 

Shock 
Lamellae 

Diaplectic 
Glass 

Lachalerite Two-phase  One phase  No 
inclusions 

unshocked Oak Creek Canyon unshocked 94 6     65 35 0 
MCR 110204-1 SE Rim  1a 63.0 37.0 0 0 0 0 26.0 62.3 11.7 
MCR-120204-2 East Shaft 1a 49.0 51.0 0 0 0 0 45.0 48.3 6.7 
MCR 120204-16 Silica Pit 1a 62.5 37.5 0 0 0 0 33.3 62.5 4.2 
MCR 120204-9 Mixed Breccia, Astronaut 

Trail 
1a 58.3 41.7 0 0 0 0 39.5 57.9 2.6 

MCR 120204-11 Above mixed breccia, 
Astronaut Trail 

1a 37.7 62.3 0 0 0 0 38.5 50.8 10.8 

MCR 120204-15 Silica Pit  1a 35.2 64.8 0 0 0 0 32.1 66.1 1.8 
MCR 110204-5 S. Alluvial Terrace 1b 2.1 97.9 0 0 0 0 23.7 71.2 5.1 
MCR 120204-12 Mixed Breccia, Astronaut 

Trail 
2 0 76.9 23.1 0 0 0 2.2 76.1 21.7 

MCR 110204-3 S. Alluvial Terrace 3 0 17.7 66.1 16.1 0.0 0 0 81.6 18.4 
MCR 110204-12 S. Alluvial Terrace 3 0 5.5 54.5 34.5 5.5 0 0 74.5 25.5 
MCR 110204-2 S. Alluvial Terrace 4 0 0 28.9 40.0 31.1 0 0 25.0 55.8 
MCR 110204-7 S. Alluvial Terrace 4 0 0 13.3 48.9 37.8 0 0 23.7 39.0 
MCR 110204-9 S. Alluvial Terrace 4 0 0 15.6 35.6 48.9 0 0 7.1 33.9 
MCR 110204-11 S. Alluvial Terrace 4 0 0 7.5 15.0 77.5 0 0 1.6 15.9 
MCR 110204-13 Towards rim of crater from 

S. alluvial terrace 
5 7.3 0 0 0 0 92.7 3.2 6.5 0 

MCR 120204-1 East Shaft 5 0 0 0 0 0 100.0 0 0 0 
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Figure 1.  Pressure-temperature conditions inside a fluid inclusion as a function 
of temperature and pressure (modified from [12]). At any temperature (T) the 
pressure inside a fluid inclusion containing both liquid and vapor is defined by 
the pressure along the liquid-vapor curve (line L+V extending from the triple 
point [TP] to the critical point [CP]). At temperatures above the homogenization 
temperature, the pressure is defined by the pressure along the fluid isochore (line 
extending from the homogenization temperature [ThB] to the inclusion trapping 
conditions [Tt, Pt]). A fluid inclusion trapped at conditions Tt, Pt and cooled 
along a path that corresponds to the fluid isochore (isochore B) will always 
maintain the same pressure inside of the inclusion as outside, resulting in no 
pressure gradient and no reequilibration. However, if the rock follows path 1, the 
external pressure will always be greater than the internal pressure and 
reequilibration due to the internal underpressure may occur. The resulting 
decrease in the volume of the fluid inclusion produces an increase in fluid 
density (isochore A) and a decrease in homogenization temperature (ThA). If the 
rock follows path 2, the fluid inclusion may reequilibrate owing to internal 
overpressures, resulting in an increase in the volume of the fluid inclusion, a 
decrease in fluid density (isochore C), and an increase in homogenization 
temperature (ThC).
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Figure 2.  Pressure-temperature-time path during a 22 GPa impact event (modified from [12]). 
The dashed line with arrows approximates the P-T-t path of the sample (using data from [26]). 
The thin line labeled "373 isochore" represents the isochore for a fluid inclusion that 
homogenizes at 373K (100°C). Stability fields for various phases of H2O are also shown: the 
light gray field at high pressure shows the stability field of ice VII, the small dark gray wedge at 
moderate pressure and low temperature represents the stability field of ice VI. The bold line 
(labeled L/V) that ends at the critical point (Cp) of water is the liquid-vapor curve for H2O. 
Phase boundaries for the SiO2 polymorphs stishovite, coesite and quartz are shown as thin, 
nearly horizontal lines at elevated pressure.  When the P-T path is above the fluid isochore (such 
as at point "A", analogous to point A in fig. 1), the fluid inclusions are underpressured, and when 
the P-T path is below the fluid isochore (such as at point "C", analogous to point C in fig. 1) the 
inclusions are overpressured. Note that immediately following impact, the fluid inclusions 
experience a significant internal underpressure. The quartz host also passes through the coesite 
field and into the stability field of stishovite during this event. After the high pressure shock 
wave has traveled through the sample and the pressure returns to ambient conditions, the 
temperature of the sample remains high for an extended period as the quartz slowly cools, 
resulting in an extended period of internal overpressure within the fluid inclusions. 
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Figure 3.  Evolution of fluid inclusion features with increasing shock pressure. Fluid inclusions that reequilibrate 
by collapse may contain a small vapor bubble or only a single fluid phase (6-12.4 GPa).  Inclusions that 
reequilibrate as a result of internal overpressure may decrepitate with loss of all fluid (6-7.6GPa) or stretch to 
produce a higher homogenization temperature (5-6 GPa). At shock pressures above 12.4 GPa no evidence of 
fluid inclusions is preserved.
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Figure 4.  Geologic map of Barringer Meteorite Crater (from [36]). Location of sample 
collection areas are superimposed: (a) southeast alluvial terrace, (b) location of shock stage 5 
rock with entrained quartz containing two-phase fluid inclusions, (c) southeast rim of crater, (d) 
east shaft, (e) mixed breccia along Astronaut Trail, (f) silica pit.
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Figure 5.  Photomicrographs of shock features in Coconino sandstone. (a) irregular 
fractures in shock stage 1b sample (crossed polars); (b) planar fractures in shock stage 3 
sample, arrows are parallel to fractures; (c) narrowly spaced shock lamellae (SL) in 
shock stage 4 sample; (d) planar fractures intersecting and offsetting needle-like mineral 
inclusions in shock stage 3 samples.  Dashed arrows are parallel to planar fractures and 
shock lamellae within the sample. 
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Figure 6. (A) Percentage of grains containing shock features. Point counting of sample thin 
sections was used to determine the percentage of grains containing shock features. The 
percentage of shocked grains is based on flat-stage thin-section work and, thus, represents 
minimum values. Shock stage 1a and 1b rocks contained grains displaying irregular fractures or 
no shock features. Planar fractures were observed in shock stages 2-4 rocks, shock lamellae 
were observed n shock stages 3 and 4 along with diaplectic glass. Lechatelierite was only 
observed in shock stage 5 rocks. One of these two samples also contained apparently unshocked 
quartz grains entrained in the melt. See text for further details. (B) Percentage of grains 
containing inclusions. The percentage of grains containing two-phase fluid inclusions decreases 
with increasing shock pressure through shock stages 1a, 1b, and 2. However, the total 
percentage of grains containing inclusions (two phase inclusions and single phase inclusions) 
remains relatively constant in the unshocked, 1a, and 1b samples, suggesting that the fluid 
inclusions are reequilibrating to form single-phase inclusions, but are not destroyed. However, 
in shock stage 2, 3, 4, and 5 rocks, the percentage of grains containing fluid inclusions declines 
and no two-phase fluid inclusions are observed in shock stage 3 and 4. This suggests that plastic 
deformation and phase changes within the host mineral result in the destruction of inclusions. 
Quartz grains containing two-phase inclusions were also observed in one of the shock stage 5 
samples, indicating that these entrained quartz grains experienced little shock metamorphism or 
insipient heating within the melt.  
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Figure 7.  Photomicrographs of inclusions within detrital quartz in unshocked 
Coconino sandstone. (a) melt inclusions (MI) along with needle-like inclusions (N) 
of rutile or apatite; (b) melt inclusions, some containing a bubble (B) which forms 
when the melt (M) cools and contracts within the vesicle. Note that the optical 
properties of the inclusions are very similar to those of the host mineral; (c) 
irregularly shaped two-phase aqueous inclusions containing  vapor (V) and liquid (L) 
phases; (d) regularly shaped two-phase aqueous inclusions containing  vapor (V) and 
liquid (L) phases; and (f) closely spaced two-phase aqueous inclusions containing 
vapor (V) and liquid (L) phases. 
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Abstract: 

This study examines the effects of shock metamorphism on fluid inclusions in 
crystalline basement target rocks from the Ries Crater, Germany. The occurrence 
of two-phase fluid inclusions decreases from shock stage 0 to shock stage 1, while 
single-phase inclusions increase, likely as a result of reequilibration. In shock 
stages 2 and 3, both two-phase and single-phase inclusions decrease with 
increasing shock stage, indicating that fluid inclusion vesicles are destroyed due 
to plastic deformation and phase changes in the host minerals. However, quartz 
clasts entrained in shock stage 4 melts contain both single-phase and two-phase 
inclusions, demonstrating the rapid quenching of the melt and the heterogeneous 
nature of impact deformation. Inclusions in naturally shocked polycrystalline 
samples survive at higher shock pressures than those in single crystal shock 
experiments. However, fluid inclusions in both experimental and natural samples 
follow a similar trend in reequilibration at low to moderate shock pressures 
leading to destruction of inclusion vesicles in higher shock stages. This suggests 
that shock processing may lead to the destruction of fluid inclusions in many 
planetary materials and likely contributed to shock devolatilization of early 
planetismals.  
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Introduction:  

 In recent years, much of the research and exploration in planetary science has 

focused on the distribution and role of volatiles in the evolution of the Solar System. This 

research and exploration effort is driven by our search for environments where liquid 

water may have been (or is) active and therefore may have been (or still is) hospitable for 

life.  

A series of orbiting spacecraft and robotic landers have been sent to Mars to 

search for evidence that liquid water was once active at or near the surface (Soffen, 1976; 

Golombek et al., 1997; Feldman et al., 2002; Malin et al. 1998; Squyres et al. 2004; 

Bibring et al., 2005). Measurements made by the Galileo spacecraft indicate that a 

subsurface ocean may exist beneath Europa’s icy crust (Carr et al., 1998) and the Cassini 

spacecraft is currently investigating the role of volatiles on Titan and Saturn’s other 

moons (Porco et al., 2005).  Observations of hydrous phases in interplanetary dust 

particles suggest that even primitive Solar System materials contain water (Zolensky and 

Barrett, 1993). In addition, a number of recent meteorite studies have demonstrated that 

volatiles, including water, have been active on many chondritic parent bodies 

(Fredriksson and Kerridge, 1988; Keller et al.1994; Endress et al., 1996). In addition, 

halides and carbonates in SNC meteorites provide further evidence of aqueous processes 

on Mars (Bridges et al., 2001; Warren, 1998). 

These missions and laboratory studies provide ample evidence that water has been 

active throughout the Solar System since its early stages. However, the only explicit 

samples we have of extraterrestrial liquid water are in the form of rare fluid inclusions in 

meteorites. Fluid inclusions are nanoliter volumes of fluid trapped in minerals as they 
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precipitate (Figure 1). These small droplets of fluid are a unique tool which can be used 

to directly analyze geochemically active fluids which have been trapped and stored in a 

host mineral for perhaps billions of years. 

While fluid inclusions are nearly ubiquitous in terrestrial rocks which form in the 

presence of a fluid phase (water, CO2, methane, igneous melt, etc. (Roedder, 1984)), only 

a few confirmed observations of fluid inclusions in meteorites can be found in the 

literature (Bodnar, 1999; Bridges et al., 2001; Rubin et al., 2002; Zolensky et al., 1999). 

However, many other meteorites contain aqueous alteration minerals which demonstrate 

that water and other volatiles were active on the meteorite parent bodies , even though the 

samples contain no inclusions (Bridges et al., 2001; Endress et al., 1996; Fredriksson and 

Kerridge, 1988) .  

If water was geochemically active on meteorite parent bodies, why don’t we find 

fluid inclusions more commonly in meteorites? In some cases, fluid inclusions are 

trapped in highly soluble phases, such as the aqueous inclusions within halite in the 

Monahans and Zag H5 chondrites (Rubin et al., 2002; Zolensky et al., 1999). These fluid 

inclusions were only preserved because the meteorites did not encounter terrestrial water 

and were carefully processed in order to preserve the soluble phases. However, most fluid 

inclusions in terrestrial rocks are trapped in relatively insoluble carbonate and silicate 

phases. Therefore, we would also expect to find fluid inclusions in planetary carbonate 

and silicate phases, even if the more soluble phases have been destroyed.  Alternatively, 

shock processing of planetary materials may cause previously trapped fluid inclusions to 

reequilibrate, resulting in devolatilization of the target rock and the destruction of fluid 

inclusion features.  
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The results of a previous experimental study demonstrate that low to moderate 

impact pressures may destroy  any fluid inclusions trapped in single crystal quartz 

(Elwood Madden et al., 2004). The goal of this study is to determine if fluid inclusions in 

polycrystalline rocks reequilibrate in a similar manner resulting in a loss of fluid 

inclusions. If fluid inclusions in crystalline rocks are also destroyed by natural shock 

metamorphism at moderate shock pressures, this would suggest that fluid inclusions may 

have formed on meteorite parent bodies, but were later destroyed due to impact 

processing, resulting in the relative scarcity of fluid inclusions observed in planetary 

materials. The polycrystalline rocks studied here may be most useful as terrestrial analogs 

for achondritic parent bodies.  

By comparing the effect of natural shock metamorphism on fluid inclusions in 

polycrystalline samples, we will also evaluate whether the results of single crystal 

experiments can be applied to shock reequilibration of fluid inclusions in natural 

impactites and shock metamorphosed planetary materials. 

  

Background Information 

Fluid Inclusions in Impactites 

 Most previous studies of fluid inclusions in terrestrial impactites have focused on 

fluid inclusion assemblages trapped post-impact as a result of hydrothermal activity 

(Koeberl et al., 1989; Andersen and Burke, 1996; Sturkell et al., 1998; Kirsimae et al., 

2002; Hode et al., 2003; Lueders and Rickers, 2004;)  or annealing of planar fractures and 

shock lamellae (Grieve et al., 1996; Whitehead et al., 2002).  Only one previous study 

that we are aware of examined the effect of shock metamorphism on fluid inclusions 
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trapped in target rocks prior to a natural impact event (Komor et al., 1988). In their study, 

Komor et al. (1988) describe dark inclusions within the shock metamorphosed samples 

from the Siljan Ringe impact structure and interpret them to be fluid inclusions which 

have decrepitated due to heating associated with the impact event. However, (Elwood 

Madden et al., 2004) attribute similar features which formed as a result of shock 

reequilibration in single crystal quartz experiments to fluid inclusion collapse due to their 

morphologic similarity to fluid inclusions which have collapsed in static laboratory 

reequilibration experiments (Vityk and Bodnar, 1995). 

    

Shock Reequilibration 

 Previous experimental work(Elwood Madden et al., 2004) has demonstrated that 

shock metamorphism at low to moderate pressures results in changes in fluid inclusion 

properties (reequilibration) and the destruction of fluid inclusion features at moderate to 

high shock pressures (Figure 2). Fluid inclusion reequilibration occurs when the fluid 

pressure within an inclusion differs from the confining pressure applied to the host 

mineral, resulting in a pressure gradient (Bodnar, 2003; Vityk and Bodnar, 1995). While 

the external pressure on the host mineral is determined by the lithostatic or hydrostatic 

load applied to the host mineral or by stress during shock loading, the pressure within 

fluid inclusions is determined by the P-V-T properties of the enclosed fluid (Figure 3).  

Therefore, the internal pressure within a fluid inclusion as determined by the temperature 

of the host mineral and the corresponding pressure along the liquid vapor curve or fluid 

isochore may differ greatly from the external pressure applied to the host mineral.  
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If the external pressure and internal fluid pressure are equal, there will be no 

pressure gradient, reequilibration will not occur, and fluid inclusions will maintain their 

original volume and fluid density. However, if the external pressure applied to the host 

mineral exceeds the fluid pressure within the inclusions (path 1 in Figure 3, where the 

external pressure [A] is greater than the internal pressure [B] along the fluid isochore), 

fluid inclusions may collapse due to the internal underpressure resulting in smaller 

inclusion volumes and therefore higher fluid densities (isochore A), smaller vapor 

bubbles, and lower homogenization temperatures (ThA). Alternatively, if the fluid 

pressure within the inclusion is significantly greater than the pressure applied to the host 

mineral (path2 in figure 3, where the internal pressure [B] is greater than the external 

pressure [C]), then the fluid inclusion vesicle may expand due to the internal overpressure 

resulting in a larger volume within the inclusion, lower fluid density (isochore C), larger 

vapor bubbles, and higher homogenization temperatures (ThC). Therefore, by comparing 

fluid isochores to metamorphic pressure-temperature-time paths, the likelihood and 

nature of fluid inclusion reequilibration can be predicted.  

 During experimental and natural impact events, the target rocks experience rapid 

compression and  unloading (Grieve et al., 1996). In addition, the target rocks experience 

significant heating due to entropy gains (Langenhorst, 1994). The target rocks may 

experience elevated pressure conditions over a period of a few microseconds in impact 

experiments  to tens of seconds in extremely large natural impact events. However, the 

waste heat remaining after adiabatic release will take much longer time scales to 

dissipate, leaving the rocks at elevated temperature, but ambient pressure for long periods 

of time (Gratz et al., 1992). Due to the shock P-T-t path, fluid inclusions in the target 
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rock may experience significant external overpressures during the period of shock 

loading and compression which may result in the collapse of fluid inclusion vesicles 

(Figure 4). However, this is followed by a period of internal overpressures once the target 

rocks return to ambient pressure but reside at elevated temperatures. This can lead to 

stretching of fluid inclusions and possibly decrepitation (complete loss of fluid along 

fractures) (Elwood Madden et al., 2004). 

 The results of this previous experimental study suggest that fluid inclusions 

follow a systematic reequilibration progression with increasing shock pressure (Figure 2). 

At low shock pressures, homogenization temperatures increase due to fluid inclusion 

stretching. This suggests that the early high pressure part of the P-T-t path has been 

overprinted by stretching which occurs after the pressure has returned to ambient 

conditions, but the rocks remain heated.  At slightly higher pressures (6-8 GPa) 

decrepitated fluid inclusions are also observed. Between 6 and 12 GPa, fluid inclusions 

also collapse due to internal underpressure, and above 12 GPa no evidence of previous 

fluid inclusions was found in single crystal quartz. These results suggest that below the 

Hugenoit Elastic Limit  (HEL) of quartz, fluid inclusions reequilibrate leading to 

decrepitation and/or collapse of fluid inclusion vesicles. Above the HEL, fluid inclusion 

vesicles and all evidence of previous fluid inclusions are destroyed by plastic deformation 

and possibly phase transitions within the host mineral (Elwood Madden et al., 2004). The 

present study builds on these observations by 1) examining polymineralic nonporous, 

igneous and metamorphic rocks containing quartz and 2) by employing rocks from a 

natural impact event of substantially longer shock pulse duration approaching 1 second 

(Stoffler et al., 2002) 
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Materials and Methods 

The Ries Crater, a 14-15 Ma (Schwarz and Lippolt), 24 km diameter complex 

impact crater (Pohl et al., 1997) in southeastern Germany (figure 5), has been the subject 

of numerous studies to characterize shocked crystalline basement rocks (e.g. (Stoffler, 

1971), see Kring (2005) for a review). In addition, extensive impact deposits are exposed 

at the surface allowing collection of a wide range of samples from crystalline megablocks 

and polymict breccias, to clasts in suevite  that represent the complete range of shock 

metamorphic stages. The target rocks consist of a two-layered sequence of crystalline 

basement rocks (mainly granites and gneisses) overlain by Mesozoic sediments. Impact 

deposits include low shock stage sedimentary breccias (Bunte Breccia), sedimentary and 

crystalline megablocks, polymict breccias, fall-out breccias (suevite) and localized 

impact melts(von Engelhardt, 1990). Previous studies have shown that suevite deposits 

contain clasts of crystalline basement rocks that represent the full range of shock 

metamorphic stages (von Engelhardt, 1990; von Engelhardt, 1997).   

Samples of crystalline basement rocks (mainly granites and gneisses) were 

collected from outcrops of suevite, basement megablocks, and polymict crystalline 

breccias within and surrounding the Ries Crater (notation [ex. 080803-4.1D] for these 

samples includes the date of collection [8 August, 2003] and sample number [4.1D]) 

Additional samples from the area were also provided by Friedrich Horz and Dieter 

Stoeffler (Stoeffler, 1971, sample numbers 43-1120). Samples were grouped into two 

categories- plutonic or metamorphic- based on the presence or absence of foliation in 
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hand sample. However, the more detailed sample classifications used by Stoeffler were 

retained for his sample set.  Thin sections of the samples were examined optically using a 

petrographic microscope  to characterize shock features as well as inclusions.  

 Samples were classified (shock stage 1-4) based on their shock features (Table 1). 

Shock stage 0 samples contain no indicative shock features. Samples containing planar 

fractures (Figure 6, a and b) and/or shock lamellae or planar deformation features (pdf’s, 

Figure 6c) were classified as shock stage 1. Shock stage 2 samples contain diaplectic 

glass and shock stage 3 rocks have experienced localized melting. Those samples 

constituting melt bombs made up nearly entirely of normal glass and exhibiting flow 

features were classified as shock stage 4. This classification scheme follows that of 

(Stoeffler, 1971). 

 Modal mineralogy (Table 2) and the frequency of quartz grains exhibiting shock 

features (Table 3, Figure 7A) were quantified by point counting. Quartz grains were 

classified based on their maximum shock indicator. For example, a grain containing 

planar fractures and shock lamellae would be classified as containing shock lamellae, 

since these features first appear at higher shock pressures than planar fractures alone.  

 Quartz grains were also characterized into three categories based on the type of 

inclusions they contain: two-phase inclusions (liquid and vapor bubble), single phase 

inclusions (mineral inclusions, melt inclusions, single phase liquid or gas, or decrepitated 

inclusions), and those containing no inclusions (Table 3). If a quartz grain contained both 

two-phase and single phase inclusions, it was classified as containing two-phase 

inclusions; these grains were not counted a second time as containing single phase 

Megan E. Elwood Madden 122



inclusions so that the minimum amount of reequilibration within each grain was 

measured. 

  

Results 

 All of the Shock Stage 0 samples analyzed in this study contained two phase 

aqueous fluid inclusions (Figure 8, b and c). Some two-phase inclusions appear to be 

associated with microcracks (MC in figure 8c), suggesting that they have experienced 

internal overpressures. However, it is unclear if these microcracks formed as a result of 

shock reequilibration or were present in the target rocks prior to impact.  Melt inclusions 

(Figure 8a), mineral inclusions (likely rutile or apatite, see figure 8d), and single-phase 

inclusions (SPI in 7c) were also observed in the unshocked or weakly shocked samples. 

The melt inclusions observed in these rocks likely formed during crystallization of the 

target rocks or their protoliths and are not a result of impact melting.  

 

Shock Stage:  

 The results of this study demonstrate that fluid inclusions in crystalline rocks may 

be lost due to shock reequilibration, even at low to moderate shock pressures. While 

unshocked samples  from the Ries are not available due to limitations in their surface 

exposure, comparison of average fluid inclusion frequency between rocks of different 

shock stages demonstrates that fluid inclusions have been lost due to impact processing. 

All of the quartz grains in shock stage 0 rocks contain inclusions and nearly 70% of 

contained two-phase fluid inclusions (Figure 7B). However, the frequency of two-phase 

inclusions decreases sharply to less than 20% of quartz grains in shock stage 1 samples. 
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The average frequency of two-phase inclusions decreases to less than one percent of 

quartz grains in shock stage 2 and 3 rocks (only one of six shock stage 2 rocks and two of 

thirteen shock stage 3 samples contained two-phase inclusions). This indicates that two-

phase fluid inclusions either reequilibrate due to non-isochoric P-T-t paths experienced 

during the impact event (Figure 4) or are destroyed due to plastic deformation and phase 

changes within the host mineral.  

 While the percentage of grains containing two-phase inclusions decreases sharply 

between shock stage 0 and shock stage 1, the total percentage of grains containing fluid 

inclusions (single phase and/or two-phase) decreases only slightly (Figure 7B). This 

suggests that while some inclusions are completely destroyed, most of the two-phase 

inclusions have simply reequilibrated to form single phase inclusions, resulting in a large 

increase in the percentage of grains which contain only single-phase inclusions. 

However, between shock stage 1 and shock stage 2, the percentage of grains containing 

either single phase or two-phase inclusions decreases significantly, indicating that many 

inclusions have been destroyed. A similar decrease is also observed in the shock stage 3 

samples, where even more single phase inclusions have been lost.  

 It should be noted that the frequency of both single phase and two phase 

inclusions are higher in the shock stage 4 rocks relative to shock stage 3. In these two 

glass bomb samples, it appears that low to moderately shocked quartz grains have been 

incorporated into the melt, retaining some of their inclusions. That is, whereas the rock 

represents shock stage 4, the clasts entrained in it may only represent shock stages 0,1, 

2,or 3. This type of heterogeneous mixing of shock metamorphosed materials is common 

at impact sites. 
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Biotite Content: 

 The effect of biotite content on fluid inclusion survival was also investigated.  

Due to its propensity to kink, the volume of individual grains of biotite can be reduced up 

to 20% during impact (Horz and Ahrens, 1969). This may result in biotite 

accommodating a disproportionate amount of the strain in a heterogeneous target with 

quartz and other minerals experiencing lower levels of strain.  This may also generate 

more waste heat in the rock and lead to higher average shock temperatures. Therefore, 

rocks containing high percentages of biotite may respond to shock processes differently 

than rocks containing no sheet silicates.   

The results of this study indicate that biotite content (ranging from 0 to 35%) has 

little to no effect on fluid inclusion preservation (Figure 9).  Since fluid inclusion 

preservation is likely dependent on localized differences in shock pressure, it appears that 

kinking of biotite does not absorb enough strain to cushion nearby quartz grains, nor does 

it significantly elevate the average temperature of the rock, thus causing fluid inclusions 

to reequilibrated at lower pressures.  This held true for rocks in all four shock stages. 

However, there is a slight trend toward fewer fluid inclusions with higher biotite content 

in Shock Stage 0 samples. However, no biotite kinking was observed in these low shock 

pressure samples. 

  

Grain size:  

 The effect of grain size on fluid inclusion preservation was examined. Rocks of 

intrinsically smaller grain size may accommodate a greater proportion of strain along 
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grain boundaries than rocks with larger grain sizes potentially resulting in some grain-

size dependent differences in inter- and intragranular deformation.  If this is the case, 

fluid inclusions may be more likely to be preserved in host rocks with smaller average 

grain sizes, as intergranular deformation may dominate.   

 Analysis of fluid inclusion preservation as a function of grain size within this 

sample set shows no evidence that grain size affects fluid inclusion reequlibration or 

preservation (Figure 10). In crystalline basement rocks, deformation along grain 

boundaries may not be as important as in porous sediments due to the interlocking nature 

of the grain boundaries. 

  

Discussion 

 

Comparison with single crystal shock experiments 

  Single crystal and polycrystalline shock experiments are used routinely to 

calibrate the pressure and temperature conditions at which indicative shock features are 

likely to form. However, shock experiments are limited by the timescale over which 

target rocks are compressed and unloaded. The results of this study indicate that fluid 

inclusions in naturally impacted crystalline basement rocks follow a similar 

reequilibration pattern as those observed in previous single crystal shock experiments 

(Elwood Madden et al., 2004). Below the HEL fluid inclusions reequilibrate due to 

extreme internal overpressures or underpressures resulting from non-isochoric pressure-

temperature conditions and fluid is lost along fractures in the host mineral. Above the 

HEL, inclusion cavities begin to be destroyed due to deformation and phase changes 
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within the host mineral. This may be a result of the destruction of the crystal lattice with 

increasing shock pressure (Horz and Quaide, 1973) 

In single crystal experiments,  two-phase inclusions were not observed  in 

samples shocked to greater than 6 GPa and all evidence of previous fluid inclusions was 

lost in samples shocked above 12 GPa. In the naturally shock metamorphosed crystalline 

rocks examined in this study, some two-phase inclusions are observed in shock stage 1 

rocks (10-35 GPa). However most have reequilibrated to form single phase inclusions, 

leading to an increase in the frequency of single phase inclusions, but only a small net 

loss of inclusions from these samples.  In addition, single phase inclusions were 

frequently observed in samples of shock stage 2 and 3 crystalline basement rocks, 

suggesting that single-phase inclusions within quartz grains which experience little or no 

deformation may be preserved even though the average shock pressure for the host rock 

likely exceeded 20 GPa. This wide range of shock effects within  polycrystalline samples 

has been observed in several other studies that compared natural impactites with single 

crystal shock experiments; this is likely a result of local heterogeneities in shock pressure 

distribution caused by impedance contrasts between neighboring grains and reflections 

through the rock (Grieve et al., 1996; Stoeffler, 1971)  

 

Comparison with porous sedimentary target rocks 

 The authors of this study are also currently investigating the effects of shock 

metamorphism on fluid inclusions trapped in porous sedimentary target rocks.  Samples 

of Coconio sandstone were collected from Barringer’s Meteorite Crater (Meteor Crater), 

Arizona, and analyzed following similar methods described above (Elwood Madden et 
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al., 2005). The results from the study of sedimentary rocks are similar to those observed 

in this work on crystalline basement lithologies. Two-phase fluid inclusions are 

extremely rare in samples of Coconino sandstone which also contain planar fractures. No 

two-phase inclusions were observed in samples containing shock lamellae and/or 

diaplectic glass. In addition, the frequency of single-phase fluid inclusions decreases 

dramatically in samples containing diaplectic glass. The effects of shock reequilibration 

on fluid inclusions in sedimentary rocks appear to be more homogeneous than for 

crystalline targets; however, some degree of variability is still observed. Comparison of 

the two data sets also suggests that fluid inclusions in sedimentary rocks may begin to be 

destroyed at slightly lower shock pressures since single phase inclusions were observed 

in crystalline basement rocks which also contained shock lamellae. However, it is 

difficult to directly compare the two sample sets since shock lamellae are not as common 

in sedimentary rocks  and may require higher shock pressures in order to form (French, 

1998; Grieve et al., 1996; Kieffer, 1971).  

 

Shock  Devolatilization 

 The reequilibration and destruction of fluid inclusions which occurs during shock 

metamorphism results in the loss of fluid contained within impacted materials and may 

also result in the redistribution of fluids or shock devolatilization of crystalline target 

rocks. Terrestrial rocks often contain on the order of .001 to 1 volume percent fluid 

inclusion vesicles (Roedder, 1984). Therefore, a 1 km3 volume of rock may contain up to 

107 m3 of water trapped in fluid inclusions.  As these fluid inclusions reequilibrate, the 

fluid contained within the inclusions may be lost from the host rock along fractures and 
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microcracks. Therefore, even in shock stage 0 and shock stage 1 rocks (<10 GPa, see 

figure 5), a significant amount of fluid may be lost from fluid inclusions. In addition, loss 

of fluid inclusion vesicles due to plastic deformation and possibly phase changes in the 

host mineral at higher pressures (>30 GPa, see figure 5) may lead to additional water 

loss. As a result, shock reequilibration and destruction of fluid inclusions in crystalline 

target rocks likely contributed to the devolatilization of early planetismals and 

redistribution of water in terrestrial rocks during the period of heavy bombardment.  

 Parnell et al (2005) recently described hydrocarbon-bearing fluid inclusions in 

dolomite-rich host rocks from the Haughton impact structure. The authors assumed that 

the fluid inclusions were trapped prior to impact because similar fluid inclusions occur in 

the surrounding rocks, even though the impacted rocks experienced shock pressures 

exceeding 10 GPa. However, results of this study of crystalline basement target rocks, 

combined with previous experimental work and a concurrent study of porous sedimentary 

target rocks (Elwood Madden, 2005), suggest that fluid inclusions begin to reequilibrate 

at shock pressures at low shock pressures and that most fluid inclusions are destroyed at 

shock pressure greater than 10-12 GPa. Therefore, it is unlikely that the fluid inclusions 

described by Parnell et al. (2005) represent pristine, pre-impact fluid inclusions. Recent 

studies of fluid inclusions and alteration phases in hydrothermal veins in the Chicxulub 

impact crater demonstrate that post-impact hydrothermal activity can redistribute fluids 

and alter rocks within an impact crater (Lueders and Rickers, 2004; Zuercher and Kring, 

2004). In the case of the Haughton impact structure, post-impact hydrothermal activity 

may have led to regional migration of hydrocarbons through rocks within the impact 

crater as well as the surrounding area. If this is the case, the temperatures recorded by the 
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biomarkers do not constrain the maximum temperature associated with the impact event, 

but they might represent maximum temperatures associated with subsequent 

hydrothermal activity. 

 

Fluid inclusions in other minerals 

 This study along with the previous experimental work has focused on shock 

reequilibration of fluid inclusions trapped in quartz. While quartz is abundant in the 

Earth’s crust and is commonly found in terrestrial impactites, it is seldom found in 

meteorites and planetary materials. However, the results of these studies can be used to 

evaluate the reequilibration behavior of fluid inclusions trapped in host minerals other 

than quartz which may be more common target minerals in meteorites and other planets.  

The magnitude of the pressure differential (external load on the host mineral 

compared to the fluid pressure within inclusions) required to reequilibrate fluid inclusions 

is dependent on the bulk modulus and cleavage properties of the host mineral as well as 

the size and shape of the inclusion and the absolute distance of the inclusions from free 

surfaces (Bodnar et al., 1989; Tugarinov and Naumov, 1970; Ulrich and Bodnar, 1988; 

Zhang, 1998). Therefore, fluid inclusions trapped in olivine are likely to survive greater 

pressure gradients than those trapped in quartz since olivine has a higher bulk modulus 

and similar cleavage properties. However, fluid inclusions trapped in calcite or other 

carbonates are likely to begin to reequilibrate at smaller pressure gradients due to 

cleavage and deformation of the host mineral.  

The pressure at which elastic deformation ceases and plastic deformation begins 

(the HEL) appears to be the most important factor determining whether or not single-
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phase inclusions will be preserved in impacted rocks (Elwood Madden et al., 2004b). 

Therefore, fluid inclusions may be preserved at higher shock pressures in minerals with 

an HEL greater than quartz. Alternatively, in minerals such as carbonates with HEL’s 

less than quartz, fluid inclusions may be destroyed by plastic deformation at much lower 

shock pressures.  

  

 

Conclusions  

The results of this study demonstrate that two-phase fluid inclusions in crystalline 

basement rocks reequilibrate to form single-phase inclusions at low to moderate shock 

pressures. As shock pressure increases, host minerals undergo plastic deformation and 

phase changes, destroying inclusion vesicles and leaving no evidence of fluid inclusions 

that may have been present prior to impact. Therefore, the relative scarcity of fluid 

inclusions in planetary materials may be a result of impact processing, and may not 

reflect the absence of water on the parent body. Reequilibration and eventual destruction 

of fluid inclusions with increasing shock pressures may have contributed significantly to 

shock devolatilization early planetismals and liberated water from terrestrial impactites.  

Biotite (or sheet silicate) abundance from 0-35% appears to have no effect on 

fluid inclusion preservation, except in shock stage 0 samples where two-phase inclusion 

frequency decreased slightly as biotite content increased. Target rock grain size also had 

little to no effect on fluid inclusion preservation. 

Fluid inclusions in naturally shock metamorphosed crystalline basement rocks 

follow a progression of reequilibration at low shock pressures to destruction of inclusion 
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vesicles in moderate to highly shocked rocks, similar to that observed in experimental 

studies. However, inclusions in this study survive slightly higher shock pressures than 

those in experiments on single crystal quartz. Fluid inclusions in crystalline basement 

rocks observed in this study exhibit similar shock reequilibration behavior as those 

observed in porous sedimentary target rocks.  

  

Acknowledgements: We would like to thank D. Stoeffler and F. Horz for providing 

some of the samples used in this study and their shock classification. We would also like 

to thank F. Horz for his helpful advice throughout the course of this study. MEEM 

received support from the Barringer Family Fund for Meteorite Impact Research and a 

student travel grant from the Meteoritical Society for field work. MEEM was also 

partially supported by a Virginia Tech ADVANCE fellowship. A modest level of support 

was provided by NASA grant NAG5-12881 to DAK and NSF grants EAR-0125918 and 

EAR-0337094 to RJB. 

 

 

ANDERSEN T. and BURKE E. A. J. (1996) Methane inclusions in shocked quartz from the 
Gardnos impact breccia, South Norway. European Journal of Mineralogy 8(5), 
927-936. 

BIBRING J.-P., LANGEVIN Y., GENDRIN A., GONDET B., POULET F., BERTHE M., SOUFFLOT 
A., ARVIDSON R., MANGOLD N., MUSTARD J. and DROSSART P. (2005a) Mars 
Surface Diversity as Revealed by the OMEGA/Mars Express Observations. 
Science 307(5715), 1576-1581. 

- (2005b) Mars Surface Diversity as Revealed by the OMEGA/Mars Express 
Observations. Science (Washington, DC, United States) 307(5715), 1576-1581. 

BODNAR R. J. (1999) Fluid Inclusions in ALH84001 and other martian meteorites, 
evidence for volatiles on Mars. Lunar and Planetary Science Institute XXX 
Absracts, 1222 (CD-ROM). 

- (2003) Reequilibration of fluid inclusions. Short Course Series - Mineralogical 
Association of Canada 32 (Fluid Inclusions), 213-231. 

Megan E. Elwood Madden 132



BODNAR R. J., BINNS P. R. and HALL D. L. (1989) Synthetic fluid inclusions. VI. 
Quantitative evaluation of the decrepitation behavior of fluid inclusions in quartz 
at one atmosphere confining pressure. Journal of Metamorphic Geology 7(2), 
229-42. 

BRIDGES J. C., CATLING D. C., SAXTON J. M., SWINDLE T. D., LYON I. C. and GRADY M. 
M. (2001) Alteration assemblages in Martian meteorites: Implications for near-
surface processes. Space Science Reviews 96(1-4), 365-392. 

CARR M. H., BELTON M. J., CHAPMAN C. R., DAVIES M. E., GEISSLER P., GREENBERG R., 
MCEWEN A. S., TUFTS B. R., GREELEY R., SULLIVAN R., HEAD J. W., 
PAPPALARDO R. T., KLAASEN K. P., JOHNSON T. V., KAUFMAN J., SENSKE D., 
MOORE J., NEUKUM G., SCHUBERT G., BURNS J. A., THOMAS P. and VEVERKA J. 
(1998) Evidence for a subsurface ocean on Europa. Nature 391(6665), 363-5. 

ELWOOD MADDEN M. E., KIRNG D. A. and BODNAR R. J. (2005) Shock reequilibration of 
fluid inclusions in Coconino Sandstone from Meteor Crater, Arizona. Earth and 
Plentary Science Letters submitted May, 2005. 

ELWOOD MADDEN M. E., HORZ F. and BODNAR R. J. (2004) Experimental simulation of 
shock-induced re-equilibration of fluid inclusions. Canadian Mineralogist 42(5), 
1357-1368. 

ENDRESS M., ZINNER E. and BISCHOFF A. (1996) Early aqueous activity on primitive 
meteorite parent bodies. Nature 379(6567), 701-3. 

FELDMAN W. C., BOYNTON W. V., TOKAR R. L., PRETTYMAN T. H., GASNAULT O., 
SQUYRES S. W., ELPHIC R. C., LAWRENCE D. J., LAWSON S. L., MAURICE S., 
MCKINNEY G. W., MOORE K. R. and REEDY R. C. Global distribution of neutrons 
from Mars: results from Mars odyssey. Science 297(5578), 75-8.  

FREDRIKSSON K. and KERRIDGE J. F. Carbonates and sulfates in CI chondrites: formation 
by aqueous activity on the parent body. Meteoritics 3, 35-44. 

 FRENCH B. M. (1998) Traces of Catastrophe: A Handbook of Shock Metamorphic Effects 
in Terrestrial Meteorite Impact Structures. Lunar and Planetary Institute, 
Houston. 

GOLOMBEK M. P., COOK R. A., ECONOMOU T., FOLKNER W. M., HALDEMANN A. F. C., 
KALLEMEYN P. H., KNUDSEN J. M., MANNING R. M., MOORE H. J., PARKER T. J., 
RIEDER R., SCHOFIELD J. T., SMITH P. H. and VAUGHAN R. M. (1997) Overview of 
the Mars Pathfinder Mission and assessment of landing site predictions. Science 
278(5344), 1743-1748. 

GRATZ A. J., NELLIS W. J., CHRISTIE J. M., BROCIOUS W., SWEGLE J. and CORDIER P. 
(1992) Shock metamorphism of quartz with initial temperatures -170 to +1000 
Deg C. Physics and Chemistry of Minerals 19(5), 267-88. 

GRIEVE R. A. F., LANGENHORST F. and STOEFFLER D. (1996) Shock metamorphism of 
quartz in nature and experiment: II. Significance in geoscience. Meteoritics & 
Planetary Science 31(1), 6-35. 

HODE T., VON DALWIGK I. and BROMAN C. (2003) A hydrothermal system associated 
with the Siljan impact structure, Sweden-implications for the search for fossil life 
on Mars. Astrobiology 3(2), 271-289. 

HORZ F. and AHRENS T. J. (1969) Deformation of experimentally shocked biotite. 
American Journal of Science 267, 1213-1229. 

Megan E. Elwood Madden 133



HORZ F. and QUAIDE W. L. (1973) Debze-Scherrer investigation of experimentally 
shocked silicates. The Moon 6, 45-82. 

KELLER L. P., THOMAS K. L., CLAYTON R. N., MAYEDA T. K., DEHART J. M. and MCKAY 
D. S. Aqueous alteration of the Bali CV3 chondrite: evidence from mineralogy, 
mineral chemistry, and oxygen isotopic compositions. Geochimica et 
cosmochimica acta 58(24), 5589-98. 

 KIEFFER S. W. (1971) Shock metamorphism of the Coconino sandstone at Meteor Crater, 
Arizona. Journal of Geophysical Research 76, 5449-5473. 

KIRSIMAE K., SUUROJA S., KIRS J., KARKI A., POLIKARPUS M., PUURA V. and SUUROJA 
K. (2002) Hornblende alteration and fluid inclusions in Kardla impact crater, 
Estonia: Evidence for impact-induced hydrothermal activity. Meteoritics & 
Planetary Science 37(3), 449-457. 

KOEBERL C., FREDRIKSSON K., GOETZINGER M. and REIMOLD W. U. (1989) Anomalous 
quartz from the Roter Kamm impact crater, Namibia: Evidence for post-impact 
hydrothermal activity? Geochimica et Cosmochimica Acta 53(8), 2113-18. 

KOMOR S. C., VALLEY J. W. and BROWN P. E. (1988) Fluid-inclusion evidence for impact 
heating at the Siljan Ring, Sweden. Geology 16(8), 711-15. 

KRING D.A., (2005) Hypervelocity collisions into continental crust composed of 
sediments and underlying crystalline basement: comparing the Ries (~24km) and 
Chicxulub (~180 km) impact craters. Chemie der Erde 65, 1-46. 

LANGENHORST F. (1994) Shock experiments on pre-heated a- and b-quartz: II. X-ray and 
TEM investigations. Earth and Planetary Science Letters 128(3-4), 683-98. 

LUEDERS V. and RICKERS K. (2004) Fluid inclusion evidence for impact-related 
hydrothermal fluid and hydrocarbon migration in Cretaceous sediments of the 
ICDP-Chicxulub drill core Yax-1. Meteoritics & Planetary Science 39(7), 1187-
1197. 

MALIN M. C., CARR M. H., DANIELSON G. E., DAVIES M. E., HARTMANN W. K., 
INGERSOLL A. P., JAMES P. B., MASURSKY H., MCEWEN A. S., SODERBLOM L. A., 
THOMAS P., VEVERKA J., CAPLINGER M. A., RAVINE M. A., SOULANILLE T. A. and 
WARREN J. L. Early views of the martian surface from the Mars Orbiter Camera 
of Mars Global Surveyor. Science FIELD Publication Date:1998 Mar 13 
279(5357), 1681-5. FIELD Reference Number: FIELD Journal Code:0404511 
FIELD Call Number:. 

- (1998) Early views of the martian surface from the Mars Orbiter Camera of Mars 
Global Surveyor. Science 279(5357), 1681-5. 

OSINSKI G. R., GRIEVE R. A. F. and SPRAY J. G. (2004) The nature of the groundmass of 
surficial suevite from the Ries impact structure, Germany, and constraints on its 
origin. Meteoritics & Planetary Science 39(10), 1655-1683. 

PARNELL J., OSINSKI G. R., LEE P., GREEN P. F. and BARON M. J. (2005) Thermal 
alteration of organic matter in an impact crater and the duration of postimpact 
heating. Geology 33(5), 373-376. 

POHL J., STOEFFLER D., GALL H. and ERNSTON K. (1977) The Ries impact crater. In 
Impact and Explosion Cratering (ed. R. B. Merrill), pp. 343-404. Pergamon Press, 
New York. 

PORCO C. C., BAKER E., BARBARA J., BEURLE K., BRAHIC A., BURNS J. A., CHARNOZ S., 
COOPER N., DAWSON D. D., DEL GENIO A. D., DENK T., DONES L., DYUDINA U., 

Megan E. Elwood Madden 134



EVANS M. W., FUSSNER S., GIESE B., GRAZIER K., HELFENSTEIN P., INGERSOLL A. 
P., JACOBSON R. A., JOHNSON T. V., MCEWEN A., MURRAY C. D., NEUKUM G., 
OWEN W. M., PERRY J., ROATSCH T., SPITALE J., SQUYRES S., THOMAS P., 
TISCARENO M., TURTLE E. P., VASAVADA A. R., VEVERKA J., WAGNER R. and 
WEST R. (2005) Imaging of Titan from the Cassini spacecraft. Nature (London, 
United Kingdom) 434(7030), 159-168. 

ROEDDER E. (1984) Fluid inclusions. Reviews in Mineralogy(12), 1-644. 
RUBIN A. E., ZOLENSKY M. E. and BODNAR R. J. (2002) The halite-bearing Zag and 

Monahans (1998) meteorite breccias: shock metamorphism, thermal 
metamorphism and aqueous alteration on the H-chondrite parent body. 
Meteoritics & Planetary Science 37(1), 125-141. 

SCHWARZ W. H. and LIPPOLT H. J. (2002) Coeval argon -40/argon-39 ages of moldavites 
from the Bohemian and Lusatian strewn fields. Meteoritics & Planetary Science 
37, 1757-1763. 

SOFFEN G. A. (1976) Scientific results of the Viking missions. Science 194(4271), 1274-
6. 

SQUYRES S. W., ARVIDSON R. E., BELL J. F., 3RD, BRUCKNER J., CABROL N. A., CALVIN 
W., CARR M. H., CHRISTENSEN P. R., CLARK B. C., CRUMPLER L., MARAIS D. J. 
D., D'USTON C., ECONOMOU T., FARMER J., FARRAND W., FOLKNER W., 
GOLOMBEK M., GOREVAN S., GRANT J. A., GREELEY R., GROTZINGER J., HASKIN 
L., HERKENHOFF K. E., HVIID S., JOHNSON J., KLINGELHOFER G., KNOLL A. H., 
LANDIS G., LEMMON M., LI R., MADSEN M. B., MALIN M. C., MCLENNAN S. M., 
MCSWEEN H. Y., MING D. W., MOERSCH J., MORRIS R. V., PARKER T., RICE J. 
W., JR., RICHTER L., RIEDER R., SIMS M., SMITH M., SMITH P., SODERBLOM L. A., 
SULLIVAN R., WANKE H., WDOWIAK T., WOLFF M. and YEN A. (2004a) The 
Opportunity Rover's Athena science investigation at Meridiani Planum, Mars. 
Science 306(5702), 1698-703.  

STOEFFLER D. (1971) Progressive metamorphism and classification of shocked and 
brecciated crystalline rocks in impact craters. Journal of Geophysical Research 
76(23), 5541-51. 

STOFFLER D., ARTEMIEVA N. A. and PIERAZZO E. (2002) Modeling the Ries-Steinheim 
impact event and the formation of the moldavite strewn field. Meteoritics & 
Planetary Science 37(12), 1893-1907. 

STURKELL E. F. F., BROMAN C., FORSBERG P. and TORSSANDER P. (1998) Impact-related 
hydrothermal activity in the Lockne impact structure, Jaemtland, Sweden. 
European Journal of Mineralogy 10(3), 589-606. 

TUGARINOV A. I. and NAUMOV V. B. (1970) Decrepitation temperatures as influenced by 
the composition of gas-liquid inclusions and mineral strengths. Doklady Akademii 
Nauk SSSR 195(1), 182-4 [Mineral]. 

TURTLE E. P. and PIERAZZO E. (1998) Constraints on the size of the Vredefort impact 
crater from numerical modeling. Meteoritics and Planetary Science 33, 483-490. 

ULRICH M. R. and BODNAR R. J. (1988) Systematics of stretching of fluid inclusions. II: 
Barite at 1 atm confining pressure. Economic Geology and the Bulletin of the 
Society of Economic Geologists 83(5), 1037-46. 

Megan E. Elwood Madden 135



VITYK M. O. and BODNAR R. J. (1995) Textural evolution of synthetic fluid inclusions in 
quartz during reequilibration, with applications to tectonic reconstruction. 
Contributions to Mineralogy and Petrology 121(3), 309-23. 

VON ENGELHARDT W. (1990) Ditribution, petrography, and shock metamorphism of the 
ejecta of the Ries crater in Germany. Tectonophysics 171, 259-273. 

- (1997) Suevite breccia of the Ries impact crater, Germany: petrography, chemistry, and 
shock metamorphis, of crystalline rock clasts. Meteoritics & Planetary Science 
32, 545-554. 

WARREN P. H. Petrologic evidence for low-temperature, possibly flood evaporitic origin 
of carbonates in the ALH84001 meteorite. Journal of geophysical research 
FIELD Publication Date:1998 Jul 25 103(E7), 16759-73. FIELD Reference 
Number: FIELD Journal Code:100971480 FIELD Call Number:. 

WHITEHEAD J., SPRAY J. G. and GRIEVE R. A. F. (2002) Origin of \"toasted\" quartz in 
terrestrial impact structures. Geology 30(5), 431-434. 

ZHANG Y. (1998) Mechanical and phase equilibria in inclusion-host systems. Earth and 
Planetary Science Letters 157, 209-222. 

ZOLENSKY M. and BARRETT R. (1993) The genetic relationship between hydrous and 
anhydrous interplanetary dust particles. Microbeam Analysis  2(4), 191-7. 

ZOLENSKY M. E., BODNAR R. J., GIBSON E. K., JR., NYQUIST L. E., REESE Y., SHIH C.-Y. 
and WISMANN H. (1999) Asteroidal water within fluid inclusion-bearing halite in 
an H5 chondrite, Monahans (1998). Science 285(5432), 1377-1379. 

ZUERCHER L. and KRING D. A. (2004) Hydrothermal alteration in the core of the 
Yaxcopoil-1 borehole, Chicxulub impact structure, Mexico. Meteoritics & 
Planetary Science 39(7), 1199-1221. 

Megan E. Elwood Madden 136



Table 1. Classification of impact target rocks based on shock features, after (Stoeffler, 
1971). 
Shock Stage Shock Features in 

Quartz 
Pressure Range 
(GPa) 

Post shock 
temperature (◦C) 

0 Irregular fractures <5-10 <100 
1 Planar fractures and 

shock lamellae 
(PDF’s) 

5-35 100-300 

2 Diaplectic glass 35-45 300-900 
3 Localized melting 45-60 900-1200 
4 Whole rock melting 60-100 1200-2500 
5 Vaporization <100 >2500 
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Table 2. Location and mineralogy of crystalline basement target rocks examined in this study. 
Sample Number Location Rock type* Shock 

Stage 
Grain Size 
(mm) 

Quartz Biotite Feldspar Mafics Garnet Calcite Opaque 

080803-4.1D Wenneburg granite 0 0.27 36.5 13.5 50 0 0 0 0 
030803-1.1 Lehburg   granite 0 0.36 50.9 1.9 47.2 0 0 0 0 

080803-4.1B Wenneburg granite 0 0.22 38.9 18.5 40.7 1.9 0 0 0 
689 Langenmuehle biotite granite 0 0.34 37.5 20 42.5 0 0 0 0 
719 Wegenhausen biotite granite 0 0.15 41.3 2.5 51.3 5 0 0 0 

43 Aumuehle leuco granite 0 0.2 38.6 3.5 57.9 0 0 0 0 
600 Otting biotite monzodiorite 0 0.24 28.9 17.8 46.7 4.4 0 2.2 0 
136 Schratten Hofen leuco granite 0 0.4 44.2 1.9 53.8 0 0 0 0 

1120 Albuck amphibolite 0 0.18 10.9 0 43.6 43.6 0 1.8 0 
725 Minderoffingen granite 0 0.35 35.8 9 55.2 0 0 0 0 
851 Huernheim hornblende gneiss 0 0.2 38.9 0 50 11.1 0 0 0 

030803-1.2 Lehburg   gneiss 0 0.46 54.8 26.2 7.1 0 11.9 0 0 
030803-1.7 Lehburg   gneiss 0 0.25 45.3 32.8 17.2 0 4.7 0 0 
090803-1.1 Meyers Keller granite 1 0.18 50.9 25.5 23.6 0 0 0 0 

080803-1.1F Amuehle   granite 1 0.32 71.2 9.6 19.2 0 0 0 0 
030803-1.6 Lehburg   granite 1 0.31 52.9 2.9 44.1 0 0 0 0 

604 otting leuco granite 1 0.27 46 4 50 0 0 0 0 
633 Alerheim leuco granite 1 0.35 54.9 3.9 41.2 0 0 0 0 
316 Zipplingen hornblende gneiss 1 0.28 55.2 6.9 37.9 0 0 0 0 

030803-4.1C Meyers Keller gneiss 1 0.35 68.1 12.8 19.1 0 0 0 0 
397 Zipplingen gneiss 1 0.25 65.8 0 34.2 0 0 0 0 

44 Alteburg granite 2 0.34 39.5 15.8 39.5 0 0 0 0 
080803-1.1E Amuehle  granite 2 0.25 47.7 13.6 36.4 0 0 0 0 
030803-4.1B Meyers Keller granite 2 0.2 36.7 24.5 22.4 10.2 0 0 0 
030803-4.1D Meyers Keller granite 2 0.19 52.7 25.7 13.5 8.1 0 0 0 
030803-2.1E Amuehle  gneiss 2 0.22 47.6 11.9 40.5 0 0 0 0 
040803-2.3B Aufhausen  gneiss 2 0.08 35.4 12.5 27.1 2.1 0 0 20.8 

742 Aumuehle biotite gneiss 2 0.09 40.3 35.5 24.2 0 0 0 0 
156 Aumuehle granite 3 0.27 34 12.8 12.8 0 0 0 0 

040804-2.3K Aufhausen  granite 3 0.06 27.6 0 0 0 0 10.3 0 
040803-2.3L Aufhausen  granite 3 0.46 36.9 3.1 0 0 0 18.5 0 
080803-1.1H Amuehle  granite 3  20 31.1 4.4 2.2 0 0 0 
080803-1.1I Amuehle   gneiss 3 0.1 48.9 6.7 24.4 0 0 0 0 

080803-1.1G Amuehle   gneiss 3 0.37 40 0 31.1 0 0 0 0 
040803-2.3H Aufhausen   gneiss 3 0.11 6.1 34.7 26.5 0 0 2 0 
090803-3.1A Seelbronn   gneiss 3 0.13 33.3 6.3 8.3 0 0 0 0 
080803-1.1A Amuehle   gneiss 3 0.09 4.9 31.1 19.7 0 1.6 0 1.6 

090803-3.1 Seelbronn   gneiss 3 0.3 3.8 9.6 51.9 26.9 0 7.7 0 
658 Otting gneiss 3 0.2 26.1 19.6 0 8.7 0 2.2 0 
603 Otting hornblende gneiss 3 0.23 22.4 10.2 8.2 0 0 8.2 0 
149 Otting hornblende gneiss 3 0.18 20.5 9.1 13.6 27.3 0 0 11.4 
618 Otting glass bomb 4  33.3 0 2.4 0 0 0 0 
620 Otting glass bomb 4  36.6 0 2.4 0 0 0 0 

* Rock type determined by the presence of absence of foliation for most samples, however, more detailed sample classifications were 
retained from Stoeffler (1971) where applicable. 
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Table 3. Percent of quartz grains containing shock features and inclusions. 
 
   Shock Features      Inclusions   
Sample # Shock 

Stage 
Grain Size 
(mm) 

No 
shock 

Irregular 
Fractures 

Planar 
Fractures 

Shock 
Lamellae 

Diaplectic 
Glass 

Normal 
Glass 

Two 
phase 

Single 
phase 

No 
inclusions 

080803-4.1D 0 0.27 10.5 89.5 0 0 0 0 55 45 0 
030803-1.1 0 0.36 63 37 0 0 0 0 75.9 24.1 0 

080803-4.1B 0 0.22 42.9 57.1 0 0 0 0 66.7 33.3 0 
689 0 0.34 13.3 86.7 0 0 0 0 81.3 18.8 0 
719 0 0.15 42.4 57.6 0 0 0 0 78.8 21.2 0 

43 0 0.2 0 100 0 0 0 0 72.7 27.3 0 
600 0 0.24 0 100 0 0 0 0 53.8 46.2 0 
136 0 0.4 56.5 43.5 0 0 0 0 87.5 12.5 0 

1120 0 0.18 0 100 0 0 0 0 16.7 83.3 0 
725 0 0.35 54.2 45.8 0 0 0 0 92 8 0 
851 0 0.2 66.7 33.3 0 0 0 0 100 0 0 

030803-1.2 0 0.46 52.2 47.8 0 0 0 0 54.5 45.5 0 
030803-1.7 0 0.25 55.2 44.8 0 0 0 0 62.1 37.9 0 
090803-1.1 1 0.18 0 21.4 67.9 10.7 0 0 44.4 55.6 0 

080803-1.1F 1 0.32 0 21.6 45.9 32.4 0 0 0 88.9 11.1 
030803-1.6 1 0.31 5.6 61.1 33.3 0 0 0 44.4 55.6 0 

604 1 0.27 0 8.7 43.5 47.8 0 0 9.1 86.4 4.5 
633 1 0.35 0 75 17.9 7.1 0 0 18.5 77.8 3.7 
316 1 0.28 6.3 25 43.8 25 0 0 12.5 75 12.5 

030803-4.1C 1 0.35 3.1 6.3 37.5 50 3.1 0 6.3 71.9 21.9 
397 1 0.25 48 12 12 28 0 0 0 53.8 46.2 

44 2 0.34 0 0 0 20 80 5.3 0 26.7 73.3 
080803-1.1E 2 0.25 0 0 9.5 61.9 28.6 2.3 0 15 85 
030803-4.1B 2 0.2 0 0 27.8 44.4 27.8 6.1 0 38.9 61.1 
030803-4.1D 2 0.19 2.6 2.6 20.5 61.5 12.8 0 0 61.8 38.2 
030803-2.1E 2 0.22 0 0 10 50 40 0 0 30 70 
040803-2.3B 2 0.08 0 5.9 5.9 35.3 52.9 2.1 5.6 44.4 50 

742 2 0.09 0 0 0 84 16 0 0 4 96 
156 3 0.27 0 0 0 0 100 40.4 0 0 100 

040804-2.3K 3 0.06 0 0 0 0 100 62.1 0 0 100 
040803-2.3L 3 0.46 0 0 0 12.5 87.5 41.5 0 8.3 91.7 
080803-1.1H 3  0 0 0 11.1 88.9 42.2 0 0 100 
080803-1.1I 3 0.1 9.1 0 18.2 18.2 54.5 20 4.5 31.8 63.6 

080803-1.1G 3 0.37 0 0 0 5.6 94.4 28.9 0 5.6 94.4 
040803-2.3H 3 0.11 0 0 33.3 33.3 33.3 30.6 0 0 100 
090803-3.1A 3 0.13 18.8 18.8 6.3 0 56.3 52.1 5.9 35.3 58.8 
080803-1.1A 3 0.09 0 0 33.3 0 66.7 41 0 0 100 

090803-3.1 3 0.3 0 0 0 0 100 0 0 0 100 
658 3 0.2 0 0 8.3 0 91.7 43.5 0 0 100 
603 3 0.23 0 0 0 0 100 51 0 0 100 
149 3 0.18 0 11.1 33.3 11.1 44.4 18.2 0 11.1 88.9 

 4  2.4 17.1 2.4 12.2 65.9 0 7.3 9.8 82.9 
620 4  2.6 25.6 2.6 7.7 61.5 2.4 0 21.6 78.4 
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Figure 1. Photomicrograph ofquartz containing two-phase fluid 
inclusions in shock stage 0 sample (#719 from Stoeffler (1971) collected 
at Wegenhausen) from the Ries impact crater. These aqueous fluid 
inclusions contain a liquid (L) and a vapor (V) phase.
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Figure 2. Evolution of fluid inclusion features with increasing shock pressure.  See text for details.
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Figure 3. Pressure-temperature conditions inside a fluid inclusion as a 
function of external temperature and pressure (modified after (Elwood 
Madden et al., 2004a)). At any temperature (T) the pressure inside of a 
fluid inclusion containing both liquid and vapor is defined by the pressure 
along the liquid-vapor curve (line L+V extending from the triple point 
[Ttriple] to the critical point [Tcritical]). Once the inclusion homogenizes, 
the pressure is defined by the pressure along the fluid isochore (isochre B 
extending from the homogenization temperature [ThB] to the inclusion 
trapping conditions [Tt, Pt]). A fluid inclusion trapped at conditions Tt, Pt 
whose P-T cooling or uplift path corresponds to the fluid isochore 
(isochore B) will always maintain the same pressure inside of the 
inclusion as outside, resulting in no reequilibration. However, if the 
sample follows path 1, the external pressure is always greater than the 
internal pressure and reequilibration due to the internal underpressure 
may occur. The resulting decrease in the volume of the fluid inclusion 
produces an increase in fluid density (isochore A) and a decrease in 
homogenization temperature (ThA). If the rock follows path 2, the fluid 
inclusion may reequilibrate owing to internal overpressures, resulting in 
an increase in the size of the fluid inclusion, a decrease in fluid density 
(isochore C), and an increase in homogenization temperature (ThC).
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Figure 4. Pressure-temperature-time path of quartz during a 22 GPa impact event 
(adapted from (Elwood Madden et al., 2004a). The dashed line with arrows 
approximates the P-T-t path of the sample (using data from (Gratz et al., 1992). The thin 
line labeled "373 isochore" represents the isochore for a fluid inclusion that 
homogenizes at 373K (100°C). Stability fields for various phases of H2O are also 
shown: the light gray field at high pressure shows the stability field of ice VII, the small 
dark gray wedge at moderate pressure and low temperature represents the stability field 
of ice VI. The bold line (labeled L/V) that ends at the critical point (Cp) of water is the 
liquid-vapor curve for H2O. Phase boundaries based on static experiments for the SiO2 
polymorphs stishovite, coesite and quartz are shown as thin, nearly horizontal lines at 
elevated pressure.  When the P-T path is above the fluid isochore (such as at point "A"), 
the fluid inclusions are underpressured, and when the P-T path is below the fluid 
isochore (such as at point "C") the inclusions are overpressured (points A, B, and C are 
analogous to points A, B, and C in Figure 3). Note that immediately following impact, 
the fluid inclusions experience a significant internal underpressure. After the high 
pressure shock wave has traveled through the sample and the pressure returns to 
ambient conditions, the temperature of the sample remains high for an extended period 
as the quartz slowly cools, resulting in an extended period of internal overpressure 
within the fluid inclusions. 
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Figure 5. Schematic cross-section of the Ries Crater showing approximate shock stage 
isobars of interest (cross-section modified from Osinski et al. (2004), pressure 
estimates from Turtle and Pierazzo (1998)). Most two-phase fluid inclusions have 
reequilibrated to form single phase inclusions in shock stage 1 samples. At and above 
shock stage 2, most single phase inclusions are also lost from the samples. Shock 
stage 4 represents whole-rock melting.
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Figure 6.  Photomicrographs of shock features in quartz, illustrating the relationship of two-phase 
and single phase inclusions to these features. However, it should be noted that most grains 
containing planar fractures and/or shock lamellae do not contain inclusions and that the cases 
illustrated are somewhat atypical.Two-phase fluid inclusions are observed in a few grains which 
also contain planar fractures (A, shock stage1, sample RIE090803-1.1 from polymict breccia at 
Myers Keller near Noerdlinglen). Single phase inclusions are also observed in grains with 
decorated planar fractures (B, shock stage, sample 316 collected by Stoeffler from  Zipplingen) and 
shock lamellae (C, shock stage 3, sample RIE080803-1.1I from Amuehle). 
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Figure 7. (A) Shock features observed in quartz grains with increasing shock stage.  The 
relative proportions of grains containing planar fractures and shock lamellae are based on 
flat stage thin section observations which represent minimum values. (B) Frequency of 
quartz grains containing inclusions with increasing shock stage. The frequency of two-phase 
fluid inclusions decreases sharply from shock stage 0 to shock stage 1 while single phase 
inclusions increase and the total fluid inclusion count decreases only slightly. This suggestes 
that two-phase inclusions are reequilibrating to form single phase inclusions due to shock 
metamorphism. At higher shock pressure, the frequency of single phase inclusions also 
decreases sharply, indicating that fluid inclusion vesicles are destroyed due to plastic 
deformation and phase changes within the host minerals. The presence of two-phase 
inclusions within entrained quartz grains in melt clasts demonstrates the hetrogenous nature 
of shock deformation within the target rocks  and the rapid quenching of the Ries melts.  
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Figure 8. Photomicrographs of inclusions in quartz. Melt inclusions (A, sample RIE030803-1.2 collected 
from Lehburg), single-phase aqueous inclusions (SPI in C, sample 136 collected by Stoeffler from 
Schratten Hofen), two-phase aqueous inclusions (B, sample 698 collected by Stoeffler from 
Langenmuehle, and C), and mineral inclusions of rutile and apatite (D, sample RIE030803-1.1 collected 
from Lehburg) were observed in shock stage 0 rocks. Two-phase inclusions contain a liquid phase (L) 
and a vapor bubble (V), while melt inclusions, mineral inclusions, and single-phase inclusions do not 
contain a vapor bubble. 
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Figure 9. Fluid inclusion frequency versus biotite content of rocks within shock stages 0-3. In the shock stage 0 
samples, the frequency of quartz grains containing two-phase inclusions decreases slightly as biotite content 
increases. However, biotite content appears to have no effect on fluid inclusion preservation in shock stages 1-3.  
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Figure 10. Fluid inclusion frequency versus grain size within shock stages 0-3. Within shock stages 0-2, 
grain size of appears to have no effect on the preservation of fluid inclusions in quartz. There is some 
evidence in shock stage 3 rocks that fluid inclusions may be more likely to survive in rock with a smaller 
grain size.
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