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ABSTRACT 

This dissertation investigates the possible role of hydrothermally driven ground

water outflow in the formation of fluvial valleys on Mars. Although these landforms have 

often been cited as evidence for a past wanner climate and denser atmosphere, recent 

theoretical modeling precludes such climatic conditions on early Mars when most fluvial 

valleys formed. Because fluvial valleys continued to form throughout Mars' geological 

history and the most earth-like stream valleys on Mars formed well after the decline of 

the early putative earth-like climate, it may be unnecessary to invoke drastically different 

climatic conditions for the formation of the earliest stream valleys. The morphology of 

most Martian fluvial valleys indicates formation by ground-water sapping which is 

consistent with a subsurface origin. Additionally, many Martian fluvial valleys formed 

on volcanoes, impact craters, near fractures, or adjacent to terrains interpreted as igneous 

intrusions; all are possible locales of vigorous, geologically long-lived hydrothermal 

circulation. 

Comparison of Martian valley morphology to similar features on Earth constrains 

valley genesis scenarios. Volumes of measured Martian fluvial valleys range from 1010 

to 1013 m3
• Based on terrestrial analogs, total water volumes required to erode these 

valleys range from _1010 to 1015 m3
• The clustered distribution of Martian valleys within 

a given terrain type, the sapping dominated morphology, and the general lack of 
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associated runoff valleys all indicate the importance of localized ground-water outflow in 

the formation of these fluvial systems. 

An analytic model of a conductively cooling cylindrical intrusion is coupled with 

the U.S. Geological Survey's numerical ground-water computer code SUTRA to evaluate 

the magnitude of ground-water outflow expected from magmatically-driven hydrothermal 

systems on Mars. Results indicate that magmatic intrusions of several 102 km3 or larger 

can provide sufficient ground-water outflow over periods (several lOs years) required to 

form Martian fluvial Valleys. Therefore, a vastly different climate on early Mars may not 

be necessary to explain the formation of the observed Valleys. Martian hydrothermal 

systems would have also produced long-lived sources of near-surface water; these 

localized regions may have provided oases for any microbial life that may have evolved 

on the planet. 
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CHAPTER I: INTRODUCTION 

The origin of the Martian valley networks has been debated ever since their 

discovery in the 1970's on the Mariner 9 and Viking Orbiter imagery. Presently, Mars 

has a desert climate, devoid of liquid water with atmospheric pressures averaging a mere 

0.6% that of the Earth's and average temperatures of 220oK, similar to winter 

temperatures in Antarctica. However, the presence of ancient fluvial valleys and large 

catastrophic flood channels indicate that several times during Mars' history, liquid water 

did persist long enough to significantly modify large areas of the surface. For example, 

the formation of the outflow channels, which are analogous to the catastrophic flood 

channels of eastern Washington and Siberia, required discharges on the order of several 

106 to 109 m3/s lasting over periods of weeks to months (Baker et al. 1991). Although 

these channels could still form in today's climate, there is much uncertainty as to whether 

the fluvial valley networks, which required ground-water outflow persisting for much 

longer time scales, could have formed without requiring an earth-like climate. Such 

drastic climatic changes would have been difficult particularly early in Mars' history when 

the solar luminosity was much lower than today's values. 

There are two prevailing views as to how the valley networks might have formed. 

Until recently, the conventional wisdom has been that early in Mars' geological history, 

greenhouse gases such as CO2 warmed the surface sufficiently so that liquid water derived 
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from rainfall could erode the surface and produce stream channels and valleys similar to 

the way such features form on the Earth. However, recent climate modelling results 

(Kasting 1991) preclude the existence of such a climate on Mars particularly early in the 

planet's history when many of the fluvial valleys formed in the Southern Highlands 

region. An alternative view has held that the stream valleys on Mars formed by ground

water outflow driven by a globally higher geothermal heat flow, early in Mars' geologic 

history (Squyres 1989). Both mechanisms have difficulty explaining all of the observed 

morphologic characteristics of the Martian valleys. A third possibility is that geological 

heat sources, such as igneous intrusions, volcano formation, and the formation of large 

impact craters created local hydrothermal systems and were responsible for valley 

formation. 

This thesis addresses the latter possibility by evaluating whether subsurface heat 

sources, which create long-term hydrothermal systems in a permeable, water- or ice-rich 

medium, can produce long term hydraulic gradients sufficient to form valley networks by 

ground-water outflow processes. In addition, I evaluate the geomorphic evidence for such 

a hypothesis. I estimate erosion volumes of these valleys and compare these to fluvial 

valley volumes on Earth in order to obtain estimates of the amount of water required to 

form such features. Lastly, I discuss the possible implications for life in Martian 

hydrothermal systems. It is hoped that data from the Mars Observer, that arrives at Mars 

in August, 1993, will provide information which will enable us to explain the enigmatic 

formation of these fluvial Valleys. 
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CHAPTER II: FLUVIAL HISTORY OF MARS 

This chapter summarizes the geological and fluvial history of Mars as it relates to 

the fonnation of fluvial Valleys. I discuss the changing morphology of the valleys 

throughout the planet'S history and what this morphology 'may imply about the 

environment in which the valleys fonned. I also discuss the problems of explaining 

fluvial valley fonnation in terms of prevailing views of Mars' paleoclimate. Some of 

these problems will be addressed more fully in the following chapters. 

The Surface of Mars 

The surface of Mars can be divided into two major provinces, the Southern 

Highlands and the Northern Plains (Figure 2.1). The Southern Highlands contain the most 

ancient terrains on the surface of Mars, while the Northern Plains units are geologically 

much younger. The geological history of the planet is divided into three major time

stratigraphic systems, the Noachian, the Hesperian and the Amazonian (Scott and Carr 

1978; Tanaka 1986). The earliest period for which there are preserved surfaces is called 

the Noachian. The Noachian includes the period of heavy bombardment, a time when the 

planets experienced extremely high impact cratering rates, due either to collisions of 

accretional debris left over from the fonnation of the solar system or to comets and 
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asteroids. Depending upon the source, this period ended on Mars between 3.8 and 2.8 

Ga (Strom et at. 1992). It is on these surfaces, the heavily cratered uplands and the 

somewhat younger intercrater plains,· where the earliest fluvial valley networks 

subsequently formed. Superposition relationships and crater density studies indicate that 

the valley networks are contemporaneous with much of the intercrater plains which are 

thought to be largely volcanic (e.g., lava flows, or igneous intrusions) in origin (Carr and 

Clow 1981; Tanaka 1986; Baker et al. 1992; Strom et ai. 1992). However, valley 

network formation continued after the emplacement of these plains units and after the 

period of heavy bombardment (Baker and Partridge 1986). The nearly coincident 

formation of fluvial valley networks and the high degree of impact crater degradation 

during this time period led to the prevailing theory that Mars had a thicker ancient 

atmosphere (Sagan et ai. 1973; Pollack et ai. 1987) dating to near the end of late heavy 

bombardment (Strom et ai. 1992; Barlow 1988). 

Toward the end of the Noachian and into the early Hesperian, volcanism was 

widespread throughout the Southern Highlands and dominated the formation of the 

Northern Plains units throughout the remainder of the Hesperian (Tanaka 1986; Barlow 

1988; Strom et ai. 1992). During the late Hesperian, volcanism became concentrated into 

two major volcanic regions within the Northern Plains; these are called the Tharsis and 

Elysium provinces. It is during this period in regions adjacent to these major volcanic 

provinces that catastrophic releases of ground water formed most of the outflow channels. 

Baker et ai. (1991) have suggested that outflow channel discharges formed a temporary 
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northern ocean. Release of CO2 and other greenhouse gasses associated with the 

catastrophic outflow of ground-water may have produced climatic perturbations. A 

possible consequence is that these gasses may have induced a short-lived «105 years) 

maritime climate. Although outflow channel formation was concentrated in the Hesperian, 

flooding continued, albeit at a much lower magnitude, well into the Amazonian. 

The fluvial valleys on Alba Patera, a volcano located along the northern edge of 

the Tharsis region, began to fonn on early Amazonian surfaces. These valley systems 

form the most integrated networks on the surface of Mars, and exhibit some of the highest 

drainage density values of any Martian valleys (Gulick and Baker, 1989; 1990). In 

addition, unlike all the other fluvial systems on Mars, the fluvial valleys on Alba Patera 

are remarkably similar morphologically to stream valleys formed on the Hawaiian 

volcanoes (Gulick and Baker, 1989, 1990). Note that these valleys formed well after the 

decline of the putative early Earth-like climate which ended soon after the end of the 

Noachian (see Figure 2.2 below). 

Throughout the late Hesperian and early Amazonian, glacial-like landfonns 

resembling aretes, eskers, and tunnel valleys, for example, modified ancient cratered 

terrains poleward of approximately 40 or 50°8, during the Amazonian (Kargel and Strom 

1992). Poleward extensions of the Northern Plains may also have been affected by 

glaciation (Kargel and Strom, 1992). The last vestiges of fluvial activity on Mars 

occurred near Olympus Mons, which is a large volcano in the Tharsis region, and also 



18 

formed on lava flows that comprise some of the youngest surfaces on the planet 

(Mouginis-Mark 1990). 

Fluvial Valley Formation 

Several periods of fluvial valley activity have been documented on Mars. These 

periods span Mars' geologic history with widespread episodes occurring during the 

Noachian, and more localized episodes continuing into the Hesperian and Amazonian 

(Figure 2.2). Each fluvial event produced valleys that are distinctive in overall 

morphology and network pattern, therefore providing information about the environment 

in which they formed. 

By far, most fluvial valleys developed in the Southern Highlands. These valleys 

form laterally extensive networks that are highly degraded. Headwater regions frequently 

cannot be traced with the quality of the existing images. However, in areas where they 

can be traced, tributaries often originate on crater slopes or issuefroin fractures. Lower 

reaches appear buried and later reactivated by the formation of less extensive pristine 

valleys on the intercrater plains. The resulting degraded and pristine compound valley 

morphology (Baker and Partridge 1986) has important implications for the environment 

in which they formed. Because the degraded networks are more laterally extensive and 

have relatively higher drainage densities than the pristine networks, more surface-water 

flow was probably available during the period when the degraded networks formed. 

However, junction angles of the degraded networks tend to be high (large), so it is not 



Noachian Hesperian Amazonian 

J I I 
400 300 200 100 . 70 30 0 

J 
Tyrrhena 

Olympus 
Hecctes Hadriaca Elysium Alba Mons 

Ceraunius Apollinaris 

Cratered 
(Uplands 

Intercrater 
Plains 

Lunae Chaotic 
Planum Terrain 

Degraded 
Networks 

Volcanic 
Networks 

Pristine 
Networks - - - - - - - - - - - -------

Outflow 
Channels 

Late 
Networks 

Alba 
Networks 

* Ancient 
• Glaciation 

Figure 2.2: Chronology of Mars' geological and fluvial history. Numbers indicate the crater densities of various age 
surfaces; they represent the number of craters with diameters greater than 8 km per million square kilometers (Barlow 1988) 
on a given surface. The top row below the numbers are the ages of some Martian volcanoes; below that are the ages of 
some key terrain types. The bottom two rows show the age of the surfaces on which various fluvial valleys have formed. ...... 

\0 



20 

-' always apparent from where the flows originate. In contrast, the pristine valleys that 

fonned in the intercrater plains units are structurally controlled (Pieri 1980; Schultz et 

al.1982; Gulick 1986; Brakenridge 1990). These networks seem to follow either 

preexisting valleys (Figure 2.3) or underlying fracture patterns (Figure 2.4) suggesting a 

subsurface water source was more important in the fonnation of these valleys. 

Fluvial valleys are also present on Ceraunius Tholus (Noachian age) and Hecates 

Tholus (Hesperian age) (Figure 2.5), two Martian volcanoes located in the Northern Plains 

region. These valleys have drainage densities that are one to two orders of magnitude 

higher than those in the Southern Highlands and are equivalent to drainage densities of 

terrestrial runoff valleys (Gulick and Baker 1989; 1990). Valleys on Ceraunius and 

Hecates exhibit a similar compound network morphology as the Noachian valleys in the 

Southern Highlands. However, the pristine valley segments are not structurally controlled, 

in that they do not follow preexisting fractures. Instead they have exploited and enlarged 

preexisting valleys. 

While widespread valley development on Mars ceased soon after the end of heavy 

bombardment, local areas of fluvial activity continued into the Hesperian in the Tempe, 

Electris, and Casius regions (Grant and Schultz 1989) and probably also in the Mangala 

Vallis region. Valley development in these regions, particularly near Mangala, is 

controlled largely by fractures. Valleys are enlarged, flat-floored and have extremely low 

drainage densities (Grant and Schultz 1989) which is consistent with a sapping origin. 

These networks probably fonned initially as a result of locally intense volcanic activity 
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Figure 2.3: Fluvial valleys in the Margaritifer Sinus region of the Southern Highlands. This region is the most densely 
valleyed region in the ancient Southern Highlands. The valley network in the upper left is Parana Valles; note the degraded 
headwater tributaries and the pristine lower segments. This system has formed on dark units of the intercrater plains which 
are thought to be igneous sill intrusions (Wilhelms and Baldwin 1989). Valleys are also present around impact craters; note 
the asymmetric distribution. tv .... 



Figure 2.4: Nirgal Valles (28°S, 48°W). Sapping valley in the intercrater plains region. Note the stubby theater-headed 
tributaries and lack of associated runoff valleys. Valley pattern appears to be structurally controlled by underlying fractures. 
Valley is 800 km long. 
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Figure 2.5: Fluvial valleys developed on Hecates Tholus, a Hesperian aged volcano. Black shaded areas on the sketch map 
show regions of valley enlargement. Figure from Gulick and Baker (1990). N 
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Figure 2.6: Fluvial valleys developed on the northern flank of Alba Patera, an 
Amazonian aged volcano. These valleys are the youngest, best developed, and most 
earth like on the planet. Figure from Gulick and Baker (1990). 
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(Grant and Schultz 1989). 

The latest period of fluvial valley development documented so far occurred on the 

nonhern flank of Alba Patera (Figure 2.6). These valleys are Amazonian in age and are 

morphologically similar to those formed by rainfall runoff processes on the Hawaiian 

volcanoes (Gulick and Baker 1989, 1990). According to the model presented in Baker 

et al. (1992), the last major episode of ancient ocean formation resulting from outflow 

channel discharges was relatively shon-lived « 104 years). This episode was concurrent 

with the formation of the Alba valleys (Gulick and Baker 1989, 1990). Thus the brevity 

of this episode and the generally high Martian surface permeability may have precluded 

the formation of fluvial runoff valleys by atmospheric precipitation in all regions but the 

low permeability, easily eroded zones on Alba Patera (Gulick and Baker 1989, 1990). 

Subsurface Geology of Mars 

The formation of various channel, valley, and mass wasting features suggests 

storage and mobilization of large quantities of ground water and ground ice throughout 

Mars' geologic history. Ground water and ground ice are distributed widely at different 

times and at different locations on Mars. While studies of the resulting landforms are 

many, those that address the properties of the crust are few. 

Carr (1979) was the first to address the issue of the nature of the Martian 

subsurface. His analysis was based on what the hydraulic properties of the subsurface 

must be to permit ground-water outflow in sufficient quantities to form the outflow 
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channels. Because the fonnation of these channels required the catastrophic release of 

immense discharges of ground water of short durations, Carr used the upper range of 

penneability values for volcanic rocks. He noted that the highest range of penneabilities 

measured in terrestrial rocks are in basaltic lava flow sequences. For example, 

penneabilities measured in the Snake River Plains basalts range up to about 2500 darcys. 

Values for basaltic lava flows in Hawaii are on the order of a few hundred darcys (Davis, 

1969), although penneability of young, unweathered lava flows on the island of Hawaii 

can easily exceed 1000 darcys (Davis, personal communication). Carr presented a 

conceptual model of the subsurface of Mars (Figure 2.7). Acco~ding to his model, the old 

cratered terrains consist of an upper pennafrost layer, underlain by a highly porous and 

penneable zone called the brecciated zone. This brecciated zone extends to a depth of 

about 10 to 20 km where the porosity and penneability decrease to negligible values 

under self-compaction. 

MacKinnon and Tanaka (1989) devised a stratigraphic model for the ancient, 

impacted Martian crust (Figure 2.8). They proposed that the crust generally consists of 

a lO-km thick zone of highly penneable, fractured basement rock overlain by a 1- to 2-Ian 

thick relatively impenneable pennafrost zone. The basement rock is probably composed 

of mafic igneous rock (e.g., Francis and Wood, 1982) and other materials such as lava 

flows. These materials were intensely bombarded by impactors until the middle Noachian 

Epoch, about 4 Ga. This period of heavy bombardment of the Martian surface resulted 

in a crust composed of intensely fractured basement rock overlain by a 1- to 2- Ian thick 
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Figure 2.7: Conceptual model of the subswface of Mars as envisioned by Carr (1979). 
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Figure 2.8: Stratigraphic model for the ancient, impacted Martian crust as envisioned by 
MacKinnon and Tanaka (1989). 
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zone of impact ejecta. Based on studies of terrestrial explosion and impact craters and 

gravity measurements over lunar impact craters, MacKinnon and Tanaka proposed ranges 

of values for physical and hydraulic properties of the Martian crust. They conclude that 

the fractured basement rock can have permeabilities that easily exceed 1000 darcys down 

to depths approaching 10 km. 

The ejecta zone which they estimate is between 1 and 3- Ian thick is estimated to 

have a porosity of less than or equal to 20%. However, this porosity may be reduced by 

poor sorting of material, self-compaction at depth, hydrothermal alteration and mineral 

cementation. The permeability of ejecta material is estimated to have values less than 1 

darcy and probably less than 10-2 darcys. They pointed out that ejecta material would 

probably be poorly sorted, because analyses of terrestrial ejecta show that clasts from 

impact and explosion craters are well mixed and very poorly sorted (e.g., Ries crater, 

Germany (Horz et al. 1983». MacKinnon and Tanaka state that multiple superposed 

impacts are likely to enhance mixing and pulverization of the larger blocks of ejecta 

material. They conclude that ejecta material is likely to be well mixed and poorly sorted 

except for interbedded impact melt sheets and other possible deposits. However, these 

findings are in direct contrast to theoretical studies that indicate that fines are sorted 

during air fall (Schultz and Gault, 1979). 
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CHAPTER m: MARTIAN FLUVIAL VALLEYS 

In this chapter, the distribution, morphology, and formation of the Martian valley 

networks are discussed in comparison with fluvial valleys on the Hawaiian volcanoes and 

on the Colorado Plateau. I present estimates of the eroded volumes of selected Martian 

valley systems located in the heavily cratered terrains and on the Martian volcanoes. I 

also calculate likely ranges of water volumes necessary to carve these valley systems 

based on ratios of eroded volume to water volume required to form fluvial valleys on 

Earth. 

Distribution 

More than 98% of the fluvial valley networks on Mars are located in the Southern 

Highlands (Carr and Clow 1979; Mars Channel Working Group 1983) (Figure 3.1). 

Because the Southern Highlands date from around 3.8 Ga, the valleys formed on them are 

thought to be old, forming soon after the terrains themselves. Younger valleys are located 

on the south wall of Ius Chasma, which is part of an equatorial system of large canyons, 

and on the flanks of some Martian volcanoes. 

On Mars, valleys exhibiting a runoff-dominated morphology are rare; most valleys 

exhibit a sapping morphology (Pieri, 1980; Carr, 1981; Baker, 1982). To place this 

observation in context, I will briefly review the occurrence of terrestrial sapping valleys. 
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Figure 3.1: Distribution of fluvial valleys visible at a resolution of 125 to 300 m/pixel. 
(a) western hemisphere (b) eastern hemisphere. A generalized boundary between the 
older cratered terrain and the younger plains is shown. Stippled region marks where 
canyons and outflow channels are located. (Figure from Carr and Clow, 1981). 
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On Earth, sapping valleys almost always form with runoff-dominated systems, despite 

lithologic or climatic conditions. Two examples are fluvial valleys in Hawaii and on the 

Colorado Plateau in Utah. 

In Hawaii, a sapping valley develops when a larger runoff valley taps into the 

underlying ground-water reservoir (Figure 3.2). The addition of ground water to the 

fluvial system increases overall stream power and accelerates erosion at the valley head 

and along its walls. Oversteepening of relief and removal of support for the overlying 

material causes subsequent collapse in these areas. The characteristic sapping morphology 

of theater-headed tributaries and either U-shaped or broad flat-floored valleys with steep 

walls results. 

On the Colorado Plateau, sapping valleys have formed in sedimentary deposits of 

highly permeable, jointed sandstone that is underlain by relatively impervious rock units 

composed of mudstone, siltstone and sandstone (Figure 3.3). Runoff-dominated systems 

are also present and form under the same lithologic, stratigraphic, and climatic conditions 

as the sapping valleys; morphologic differences are attributed to structural constraints that 

control the effectiveness of surface and ground-water flow (Laity and Malin 1985). 

On Mars, sapping valleys form as isolated systems. The close association of 

sapping and runoff valleys, so common on Earth, is not seen. To learn if it were possible 

that such associations are in fact present on Mars, but are not seen due to inadequate 

image resolution, I examined the association of runoff and sapping valleys on the Earth. 
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From measurements of several fluvial valleys in both Hawaii and on the Colorado Plateau, 

the ratio of the width of the average runoff valley to the width of the average sapping 

valley is about 0.3 to 0.5. Therefore, in Viking orbiter images in which sapping valleys 

are seen at greater than about 2 to 3 times the image resolution, associated runoff valleys 

should be visible. Inspection of most Viking images in which sapping valleys are clearly 

delineated reveals that image resolution should be adequate to detect such runoff valleys, 

if they were there. Since no such valleys are visible, it seems that Martian sapping 

valleys do not form in association with runoff valleys, as sapping valleys do on the Earth. 

Possible exceptions include the fluvial valleys present on some Martian volcanoes (Gulick 

and Baker, 1989, 1990). 

Not only are Martian sapping valleys isolated from runoff valleys, they are also 

isolated from each other. Sapping valleys on Mars tend to form as isolated systems; 

within the Southern Highlands the valley networks are not uniformly distributed. Close 

examination of Viking orbiter medium (1 :2M) and high (1 :500K) resolution photomosaics 

reveals that the valleys are widely spaced with large interfluves between adjacent valley 

systems. These interfluves often remain untouched by erosion for hundreds of kilometers. 

In addition, single terrain units are not eroded uniformly by fluvial processes. Instead 

fluvial valleys, particularly in the cratered highlands, typically are in clusters surrounded 

by vast expanses of uneroded surfaces of the same apparent lithologic, structural, and 

hydrological setting. 

Furthermore, an asymmetric distribution of valleys around impact craters is 
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common on Mars, unlike the more uniform distribution of drainages around terrestrial 

impact craters. Therefore, Martian sapping valleys differ from their terrestrial counterparts 

in their lack of association with runoff valleys and their sporadic distribution. In the 

heavily cratered terrains, evidence for fluvial erosion is found on the ejecta blankets of 

impact craters, on some volcanoes, and in intercrater plains regions. Many valleys in the 

intercrater plains are associated with dark units that have been interpreted as igneous sill 

intrusions (Wilhelms and Baldwin, 1989). 

To further illustrate the properties of Martian valleys, I will discuss an example. 

A valley system that commonly appears in textbooks and review articles is Warrego 

Valles (42.5°S, 92.6°) located near Claritas Fossae in the Southern Highlands of Mars 

(Figure 3.4). This particularly well-formed valley system seems to exhibit a high degree 

of integration, an observation which led many to cite the valley as evidence for an early 

warm, Earth-like climate on Mars. However, detailed mapping of this system reveals a 

lack of a hierarchical network of tributaries. As shown in the sketch map, the valley 

forms a "digitate" system (Pieri, 1980) where tributaries drain directly into the main 

Valley. In terrestrial fluvial valleys, small tributaries near the drainage basin divide flow 

into larger, which in turn flow into even larger tributaries and so on until the largest 

tributaries coalesce into the main trunk Valley. Thus, Warrego is not typical of terrestrial 

runoff Valleys. 

Other characteristics of this valley system are distinct from most terrestrial runoff 

valleys. Warrego Valles parallels the Claritas and Thaumasia fracture systems, and the 
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valley's tributaries appear to originate from the fractures. Fluvial erosion is negligible for 

hundreds of kilometers along the same lithologic unit. At fIrst, the virtual lack of valley 

development on adjacent regions of the same terrain seems easily explained by a high 

surface permeability. Drainage density is typically low on highly permeable surfaces on 

Earth. However, if the hydrogeologic environment of the terrain in which the valley 

system formed is examined more closely, it then becomes apparent that regardless of 

whether the valley formed by sapping or runoff processes, the water source was not 

directly from rainfall. Warrego Valles is formed on a highlandllowland boundary. 

Because water flows from regions of high to low energy potential, any rain which falls 

in the highlands would eventually flow into the lowlands. The lowlands are the baselevel 

for this region, regardless of whether the water is flowing on the surface or has infiltrated 

into the subsurface. Because rainfall is a relatively uniformly-distributed source of water, 

fluvial valleys should have formed all along the boundary. Thus the valley system that 

has been used most often as the best evidence for a warm, wet climate on early Mars is 

completely isolated from any other similar erosional features. 

Erosion Volumes 

To constrain the amount of water required for the formation of some Martian 

valley systems, I measured the eroded volume of several Martian valley systems. These 

include valleys on several volcanoes and two of the best developed valleys in the heavily 

cratered terrain, Warrego and Parana Valles. 
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Figure 3.5: Estimated eroded volume for valleys on Martian volcanoes and for Warrego 
and Parana Valles located in the heavily cratered terrains (H.C.T.). Range indicates the 
uncertainty in eroded volumes assuming valley walls have between 10° and 30° slopes. 

Valley lengths and widths can be measured fairly accurately from Viking high 

resolution images. The difficulty in measuring valley volume is in determining cross 

sectional shape and depth. To estimate these quantities, I assumed that all the valleys 

are V -shaped. To measure valley depths, I assumed that the valley walls had either 10° 

or 30° slopes. The higher slopes imply a deeper valley depth for a given valley width. 

Most Martian valleys are in fact probably not highly V -shaped. As in terrestrial sapping 

valleys, most are likely flat-floored. However, the difference between these cases is at 
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Table 3.1: Estimated volume eroded by valleys on selected Martian volcanoes (m3). 

This Work Crown and Mouginis-Mark et al. 

Volcano 10° 30° 
Greeley (1989) 
(1991) 

slopes slopes 

Alba Patera 2x101O 7x101O - 5.3x1010 
- 1.7xl011 

Hecates Ix 1010 4x101O - -
Tholus 

Hadriaca lx1012 4x1012 1012 -
Patera 

Ceraunius 2xl01O 3xlO11 - -
Tholus 

Tyrrhena lx1012 3x1012 1012 -
Patera 

most a factor of 2 and may be considered as yet another uncertainty in a very approximate 

calculation. The results of my measurement of the total eroded volumes for valleys on 

five Martian volcanoes are shown in Table 3.1 and Figure 3.5. For those volcano valley 

systems which others have also measured, I list their results as well. Although there is 

clearly a large range of uncertainty, there is general agreement among different workers. 

I also measured the eroded volume for several valleys in the heavily cratered 

terrain. Results of these measurements are shown in Table 3.2 as well as Figure 3.5. The 

valley volume measurements of Goldspiel and Squyres (1991) for several valley systems 

are also listed in Table 3.2. Erosion volume estimates measured by both myself and 

Goldspiel and Squyres, compare favorably. These eroded volumes are remarkably similar 



Table 3.2: Estimated volume eroded by selected valleys on the Martian heavily 
cratered terrain (m3

). 

Valley System This Work Goldspiel and Squyres 

10° slopes 30° slopes 
(1991) 

Warrego Valles 4.1xlOll 1.3xlO12 -
Parana Vallis 4.3xlOll 1.4xlO12 1.5xlO12 - 2.9xlO12 

Mare Tyrrhenum 6.6xlOll 2.2xlO12 3.7xlOll - 7.1xlOll 
('Large') 

Mare Tyrrhenum 1.0xlO12 3.2xlO12 5.0xlOll - 9.5xlOll 
('Small') 

Gusev - - 1.3xlO13 
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to those estimated for the volcanoes Alba Patera, Hecates Patera, and Ceraunius Tholus. 

Hadriaca and Tyrrhena Paterae have estimated eroded volumes 1 to 2 orders of magnitude 

larger, possibly owing to more easily erodible surface materials. Since the valleys on 

some volcanoes were formed much later than the heavily cratered terrain valleys, I 

conclude that the climatic controls on valley formation must have been similar for the 

various valleys. 

Volumes of Water 

Assuming a particular lithologic environment, estimates of Martian valley erosion 

can be combined with terrestrial fluvial erosion rates to obtain estimates of the total 

volume of water required to form each set of Martian valleys. Some estimates of the 
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Table 3.3: Estimated aquifer water volumes (to 1 km depth) for two valley systems on 
heavily cratered terrain. 

Valley System Drainage Area Aquifer Water Volume (km3
) 

(km2
) 

10% porosity 50% porosity 

Warrego Vallis 29,800 2,980 14,900 

Parana Vallis 55,300 5,530 27,700 

ratios of water volume to eroded volume for Mars are as low as 3 or 4 to 1 (Goldspiel 

and Squyres, 1989). Based upon my own study of fluvial erosion on volcanic landscapes 

(Chapter 8), I find ratios as large as 1000 to 1. The total water volume using each 

estimated ratio is shown for each valley group in Figure 3.6. For each locality, each bar 

represents the range of possible volumes due to the uncertainty in the slopes of valley 

walls. The lower bar assumes a water to eroded volume ratio of 3:1, the upper bar a ratio 

of 1000: 1. As Figure 3.6 shows, the quantity of water passing through the two selected 

valley systems in the heavily cratered terrain does not drastically differ from that on the 

Martian volcanoes, barring major differences in lithology. 

With these estimates of the water volumes required for fluvial valley formation in 

hand, it is possible to test the hypothesis that recharge of aquifers was necessary for the 

formation of the fluvial valleys. Assuming estimated drainage areas for the valleys on the 

heavily cratered terrain (Table 3.3), subsurface porosities of 10 and 50%, and that ground 

water completely filled all pore space to a depth of 1 Ian (a typical valley depth), the total 

volume of ground water contained in the aquifer at anyone time can be estimated. These 
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numbers appear in Table 3.3. I find that for Parana and Warrego Valles the total quantity 

of water contained in their aquifers is of order 1012 to 1013 m3
• However, the total 

quantity of water required to erode these valleys, based on their volumes and water to 

eroded volume estimates of 3:1 and 1,000:1, ranges from 1012 to 1015 m3
• Therefore, there 

is enough water in the aquifer to erode the observed valleys only if the aquifer was 

emptied entirely to a depth of 1 lan, the aquifer porosity was large (50%), and the ratio 

of water to removed sediment is quite small (3 or 4 to 1). However, my measurements 

of terrestrial fluvial valleys strongly suggest much higher ratios of water to sediment 

volume are required. More realistic assumptions including imperfect emptying of 

aquifers, lower porosities, and water to sediment volume ratios of 600 to 1000: 1 requires 

recycling of ground water. Goldspiel and Squyres (1991) also concluded that recycling 

was likely required for the valley systems that they studied. In other words, based on my 

analysis, the aquifers of the observed valleys contain up to 100 (or possibly even 1,000) 

times less water than is required to form the valleys. Clearly if the Martian valleys 

required volumes of water comparable to similar terrestrial valleys, then a mechanism 

must have acted to recharge the aquifers as they discharged. 

Recycling Mechanisms 

Whether the formation of the Martian valley networks provides unequivocal 

evidence for drastically different climatic conditions remains debatable. Recent theoretical 

climate modeling seems to preclude the existence of a temperate climate early in Mars' 
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Figure 3.6: Estimated volume of water required to form valley systems on selected 
Martian volcanoes and the heavily cratered terrain (H.C.T.), based upon erosion volumes 
from Figure 3.5. For each locality, the lower bar represents uncertainty in valley volume 
from Figure 3.1 and a water to eroded volume ratio of 4:1. Upper bar is the same except 
a water to eroded volume to 1,000:1 is used. Given all the uncertainties, the volume of 
water required to form a given valley system is uncertain by a factor of 104

• 

geological history (Kasting, 1991), but such a climate may have been possible later when 

the sun's luminosity was closer to today's value. Lacking an atmospheric hydrologic 

cycle, subsurface energy sources must have maintained hydraulic gradients. Squyres 

(1989) suggests that Mars had a globally higher heat flow early in its geological history 

bringing liquid water to within 350 meters of the surface. Although a globally higher 

heatflow would produce vertical temperature gradients, it would not produce anomalously 
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large, localized horizontal temperature gradients in the ground water, by itself. Such 

gradients are necessary to produce lateral flow and recharge of aquifers near the outflow 

region. Furthermore, most of the valley networks would have probably required ground 

water to be much closer to the surface. 

However, the addition of vigorous, localized hydrothermal circulation to a 

uniformly higher heatflow overcomes this problem. Such systems would naturally be 

associated with igneous intrusions, volcano formation, and large impact craters, all of 

which are locales for valley formation on Mars, particularly in the heavily cratered 

terrains. Depending on the volume of the associated magmatic intrusion, Martian 

hydrothermal systems can circulate ground water into the surface environment for several 

million years; therefore, such systems can maintain hydraulic gradients over the timescales 

required for valley formation. Rather than replenishing ground water through rainfall and 

infIltration, my numerical modeling demonstrates that a Martian hydrothermal system 

replenishes itself by continually drawing in colder, denser ground water radially from 

more distant parts of the aquifer. As will be discussed in later chapters, the total quantity 

of ground water that passes through the modeled hydrothermal system, over its lifetime, 

is comparable to that needed to form a single outflow channel. Hence, subsurface 

aquifers of the required magnitude to form fluvial valleys must have existed on Mars. 

The clustered distribution or localization of sapping valleys on Mars and their 

isolation from runoff valleys, as discussed in the last chapter, strongly suggests localized, 

subsurface sources of water. In short, a rainfall genesis should produce associated runoff 
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valleys, and a more uniform distribution of fluvial valleys within a given terrain type or 

surface geologic unit. A uniform, globally higher heatflow should not produce such 

localized sapping valleys. It is for these reasons that I invoke localized hydrothermal 

systems for Martian valley genesis. Such hydrothermal systems would be localized in 

surface extent, yet (as the simulations suggest) draw ground water from great distances 

while focusing outflow into relatively small regions. The hydrothermal discharge would 

also preferentially produce landforms associated with ground-water outflow--the sapping 

valleys. However, snowfall melting in hydrothermal areas and sublimating elsewhere 

might also playa role in producing such a distribution (Gulick and Baker, 1993). 
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In the last chapter, I discussed the detailed morphology, distribution, and eroded 

volumes of the Martian valley networks, in comparison to terrestrial fluvial valleys. In 

this chapter, I discuss the rationale for invoking hydrothennally-driven ground-water 

outflow for fluvial valley fonnation on Mars and present a conceptual model for how 

ground water may be cycled into the surface environment in the presence of a vigorous 

hydrothennal system. I also present a model of how the resulting ground-water outflow 

may play a role in fonning fluvial valleys on Mars. 

Maintenance of Hydraulic Gradients 

As discussed in the previous chapter, the majority of Martian valley networks seem 

to have fonned by sapping processes that involve erosion by ground-water outflow. 

Formation of both terrestrial and Martian sapping valleys requires much more ground 

water than can be contained within the subsurface below a watershed at any given time 

(see Chapter 3). Therefore, ground water confined within the drainage basin must be 

replenished periodically to maintain hydraulic gradients necessary for erosion. Since 

water flows from regions of high to low potential energy, replenishing the ground-water 

system requires an input of energy. On Earth, the necessary hydraulic gradients for 
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fluvial valley formation are primarily maintained by inputs of solar energy which drive 

global and local hydrologic cycling of water. Such inputs produce an endless cycle of 

evaporation, precipitation, surface runoff and eventual infIltration back into the ground-

water system. However, on Mars, the atmospheric hydrologic cycle at the current time 

involves insignificant quantities of water from a valley-formation viewpoint. The 

atmosphere is near saturation on a daily basis, typically holding only about 20 precipitable 

micrometers of water vapor per day (Jakosky and Haberle, 1992). In order to form fluvial 

valleys by a global atmospheric hydrological cycle, the magnitude of atmospheric water 

transport would have to increase by many orders of magnitude. This would require 

significant increases in Mars' atmospheric temperature and pressure. Whether the 

formation of the Martian valley networks provides unequivocal evidence for drastically 

different climatic conditions in the past remains debatable. What is clear is that the 

sustained ground-water outflow needed to form fluvial sapping valleys requires that 

hydraulic gradients be maintained. Determining the energy source which maintained these 

, 
gradients is the central problem in understanding Mars' paleoclimatic history. 

After the discovery of the Martian valleys, it was presumed that an atmospheric 

hydrologic cycle was responsible for their formation. Subsequently, significant effort 

went into theoretical climate modeling to determine under what circumstances Mars could 

support an atmospheric hydrologic cycle. The modelers concluded, based on the presence 

of fluvial valleys on the ancient cratered terrains, that Mars could support an earth-like 

climate very early in the planet's history prior to approximately 3.8 Ga (Pollack et al. 
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1987; Fanale et at. 1992). Such a climate would have been generated by outgassing of 

CO2 during planetary accretion, causing subsequent greenhouse warming of the planet. 

Additional CO2 would have been released during volcanic outgassing and by the 

formation of impact craters (Pollack et at. 1987; Carr 1989). However, recent theoretical 

climate modeling precludes the existence of a temperate climate early in Mars' geological 

history, due to CO2 condensation (Kasting 1991). Such CO2 cloud formation would 

decrease the atmospheric lapse rate thereby reducing the magnitude of the greenhouse 

effect. Surface temperatures would then not rise above 273°K. This problem arises 

early in the planet's history at a time when most of the valley networks formed and when 

the solar luminosity was much lower than the present value. 

A second problem with an atmospheric recycling mechanism for Martian valley 

formation is that the geologic evidence is not entirely consistent with this model. On 

Earth, rainfall, melting snow or ice eventually infiltrate into the subsurface and help 

maintain hydraulic gradients within ground-water systems. Thus, on Earth, ground-water 

outflow and surface runoff are intimately connected and such a connection is reflected in 

the formation of fluvial systems. In locations where sapping valleys do form, they are 

associated with runoff-dominated systems, regardless of lithologic or climatic conditions 

(Gulick and Baker 1993; see also Chapter 3). On Mars, however, this association is not 

as apparent, particularly in the Southern Highlands, where most fluvial valleys exhibit a 

sapping morphology. In these regions, sapping valleys generally do not form together 

with runoff valleys, but instead form as isolated systems. Therefore, ground-water 
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outflow does not seem closely linked to an atmospheric hydrological cycle. Fluvial 

processes did not erode single terrain units uniformly. Instead fluvial valleys typically are 

distributed in clusters within a given terrain unit (see Chapter 2). Vast expanses of a 

terrain unit have remained essentially untouched by fluvial erosion even though some 

areas are located in the same lithologic, structural, and hydrological settings as the eroded 

regions. 

A second line of evidence is the asymmetric distribution of valleys around impact 

craters that is common on Mars, unlike drainages situated around terrestrial impact craters 

that tend to be more uniformly distributed. It is unlikely opposite sides of a given impact 

crater received differing amounts of rain, given an impact crater's relatively low relief. 

Thus such axisymmetric valley distributions are likely evidence of ground-water outflow 

processes dominating valley development. While most Martian valley networks are 

attributed to formation by ground-water outflow processes (Pied 1980; Carr 1981; Baker 

1982), the distribution of these networks is unlike that formed by terrestrial sapping 

valleys (see Chapter 3). 

Lacking an atmospheric hydrologic cycle, subsurface energy sources must maintain 

hydraulic gradients. Two possibilities are a global, uniformly higher heat flow and 

localized energy sources, such as magmatic intrusions. 

Squyres (1989) suggests that Mars had a globally higher heat flow early in its 

geological history. This would bring the 273°K isotherm and therefore water tables to 

within 350 meters of the surface. Higher heat flows, on the order of six times the present 
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estimated values, are expected early in the planet's history because of dissipation of 

accretional heat and a higher production of radiogenic heat (Fanale et al. 1992). The 

contribution to planetary heat flow around 3.8Ga from accretional heating is estimated to 

be 70mW m-2 (Schubert et al. 1979), while the contribution from the radiogenic 

component during this time is estimated to have been between 100 and 300mW m-2 

(Fanale et al. 1992). The current heat flow is estimated at 100 mW m-2
• 

A globally higher heatflow, however, also is not compatible with all of the 

observed valley characteristics. While a globally higher heatflow would initiate ground

water circulation at depth, formation of the valley networks probably required water tables 

to be even closer to the surface. Such a higher heatflow would produce vertical 

temperature gradients, although it would not produce anomalously large, localized 

horizontal temperature gradients in the ground water, by itself. Such gradients are needed 

so that denser and colder ground water can continually flow in 'from more distal reaches 

of the aquifer and replace the warmer, more buoyant ground water which has discharged 

to the surface. In this way, ground-water outflow can become more focussed resulting 

in higher regional discharges. Localization of outflow increases the likelihood of erosion 

at the surface and the eventual formation of fluvial valleys. 

However, the addition of vigorous, localized hydrothermal circulation to a 

uniformly higher heatflow can produce such gradients. Such systems would naturally be 

associated with igneous intrusions, volcano formation, and large impact craters, all of 

which are locales for valley formation on Mars, particularly in the heavily cratered 
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terrains. Many valleys in the intercrater plains are associated with dark units that have 

been interpreted as igneous sill intrusions (Wilhelms and Baldwin 1989). In addition, the 

flanks of several Martian volcanoes are dissected by fluvial valleys (Gulick and Baker 

1990). These fluvial valleys are some of the best developed valleys on the surface of 

Mars. 

Magma chambers associated with volcano fonnation would produce especially 

long-lived perturbations in the regional geothennal gradient. Martian volcanoes are 

unusually large compared to their terrestrial counterparts; volcano volumes are in excess 

of several 104 km3
• These volcanoes probably required magma chambers several tens to 

several hundreds of km3
• Repeated intrusions into the magma chamber are indicated by 

multiple collapse areas of the caldera (Mouginis-Mark et al. 1988) and result in an 

additive increase in the lifetime of the associated hydrothennal system (Brikowski and 

Norton 1990). 

Conceptual Model 

The near surface of Mars is composed of an ice-rich pennafrost zone that varies 

in thickness from 1 to 3 km at the equator and mid-latitudes to approximately 3 to 8 Ian 

at the poles (Fanale, 1976; Rossbacher and Judson, 1981). Below this layer, ground water 

can fill voids to a depth of about 10 Ian, possibly extending to depths of about 20 Ian, 

where the lithostatic pressure will close pores (Squyres et al., 1992). However, the 

fonnation of volcanoes, igneous intrusions, and large impacts present on the Martian 
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Figure 4.1: Conceptual model of vigorous hydrothermal systems as might be produced 
by igneous intrusion associated with volcano formation on Mars. 

surface throughout the planet's history would have produced perturbations in this 

equilibrium thermal structure. 

As an example of how this equilibrium thermal structure might be perturbed, I 

present an idealized conceptual model of ground-water flow associated with a 

magmatically-generated hydrothermal system as might be produced by the formation of 

a martian volcano (Figure 4.1). Although this model is presented as being associated with 

volcano formation, the concepts are similar and would be' applicable to any igneous 
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intrusion. Soon after emplacement of the magma, the outer region of the magma starts 

to solidify, forming a low permeability outer shell of hot rock, the thickness of which 

increases with time (Gasparini and Mantovani 1984). Thermal energy is transported 

primarily by conduction from the magma through the shell, and then primarily by 

convection once it conducts into the permeable country rock. Theoretically, this shell 

prevents ground water from contacting the intrusion itself. 

Heat flowing into the saturated, permeable country rock from the magma induces 

perturbations in the fluid density distribution of the ground water. A buoyant plume of 

upwardly moving ground water forms near the intrusion. Colder, denser ground water 

will flow in towards the intrusion from surrounding regions, and will continue to replace 

the upwardly moving ground water as long as a thermal gradient exists. Depending on 

the size of the intrusion, ground water within several tens of kilometers or more could be 

incorporated into the system. Ground ice above and near the intrusion would be melted, 

thinning or locally eliminating the permafrost zone (Gulick and Baker, 1992; Chapter 9). 

Ground water may be transported to the surface as liquid or vapor or both. The near

surface behavior of the hydrothermal fluids would depend on their temperature and 

mineral concentration, and on the atmospheric temperature and pressure. 

Ground water which reaches the near-surface environment can contribute to the 

geomorphic modification of that surface. If local hydrologic and lithologic conditions 

permit, water could flow on the surface and re-enter the ground-water system in regions 

where the rate of infiltration is sufficiently high. However, if atmospheric temperature 
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Figure 4.2: Model of small fluvial valley formation by ground water flow on Mars. See 
text for discussion. 

and pressure are not favorable for fluid flow, ground-water would initially start to boil and 

evaporate but then freeze due to the latent heat carried away by the vapor. This process 

would result in the formation of an insulating ice layer beneath which subsequent outflows 

of hydrothermal water may move as ice-covered rivers (W' all ace and Sagan, 1979; Carr, 

1983; Brackenridge, Newsom, and Baker, 1985). Ground water that does not intersect 

with the surface would help to recharge near-surface aquifers and eventually could 

intersect with the surface farther away from the intrusion. Whether ground water remains 
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liquid would depend on the local lithologic conditions, the mineral concentration of the 

water and the atmospheric conditions at the time of ground-water outflow. 

Although terrestrial fluvial valleys are formed by precipitation-runoff processes, 

it may also be possible to form fluvial valleys exhibiting either ground-water sapping 

morphology or both runoff and sapping morphology by ground-water outflow processes. 

On the left side of Figure 4.1, the surface is composed of permeable basalt so any 

outflowing ground water would quickly infiltrate back into the subsurface and recharge 

near-surface aquifers. This water may again intersect the surface further down the flank 

of the volcano forming a seepage face. At this site, sapping processes (i.e., erosion of the 

surface by ground-water outflow) may eventually form a valley. On the right flank, the 

surface is mantled with ash. This ash, which is much less permeable than the underlying 

basalt, infiltrates much more slowly thereby allowing more water to flow on the surface. 

With continued surface flow, water will start to downcut into the surface and may 

eventually form a fluvial valley with a dominant runoff morphology. 

The scenario presented above for the right flank is illustrated in Figure 4.2. This 

diagram illustrates how ground-water outflow may form fluvial valleys with both runoff 

and sapping valley morphology. If the seepage face intersects the surface on a very 

gently sloping surface « 5°) as is common on many Martian volcanoes (Reimers and 

Komar, 1979), and if the surface downslope of the seepage is such that the rate of runoff 

is greater than the rate of infiltration and is fairly easily eroded (e.g., ash-mantled), fluvial 

valleys with a dominant runoff valley morphology may form. However, if the ground 
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water emerges from springs or seepage faces on a cliff or steeply sloping surface, sapping 

valleys may form. This model of valley pattern development and morphology is 

consistent with those proposed for small valleys in the heavily cratered terrains (Baker and 

Partridge, 1986) and on the Martian volcanoes (Gulick and Baker 1989, 1990) as 

discussed in Chapter 2. 

Impact Craters and Hydrothermal Systems 

Another conceptual model for fluvial valley formation associated with 

hydrothermal systems on Mars invokes impact craters (Brakenridge et al 1985). 

Brakenridge et al. suggest that thermal springs would form as a natural result of projectile 

collisions into an ice-permafrost rich. Such collisions would produce impact melts as a 

by product of impact crater formation. The impact melts would melt ground ice forming 

a two phase zone of steam and liquid ground water (Newsom 1980) which initially would 

evaporate but then freeze. Subsequent ground water and steam would flow under an ice 

cover away from the craters, eventually forming small fluvial Valleys. 

The fluvial valley networks in the Southern Highlands appear to have formed 

during or shortly after the time of heavy bombardment (around 3.8 Ga) when Mars 

experienced very high cratering rates followed by widespread volcanism. Thus a 

connection between the formation of valley networks and impacts or volcanism is 

plausible. 
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CHAPTER V: NUMERICAL MODEL 

This chapter explores the numerical model used to investigate the behavior of the 

conceptual model presented in the preceding chapter. First, the mathematical background 

is presented. This is followed by a discussion of the numerical model SUTRA, the 

modifications that were made to SUTRA, and the background behind the boundary 

conditions used in the modeling. 

Mathematical Background to Numerical Model 

Transport of fluid and heat in the subsurface is modeled using equations that 

describe time-dependent flow through saturated porous, permeable media. Conservation 

of fluid mass can be expressed at each point by 

o(ep) = -"Y. (epli) + Q at P 
(5.1) 

where e is the porosity, p is the density of the fluid, v is the fluid velocity, t is time, and 

Qp is the fluid mass source or sink (kg/m3·s). Conservation of fluid momentum is 

expressed by a general form of Darcy's law: 
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v= - (!J . (Vp -pfl. (5.2) 

Double underscores indicate tensors. The penneability tensor ~ is assumed isotropic. 

Fluid viscosity is Jl, p is the pressure of the fluid, and g is the gravitational acceleration, 

which for Mars is 3.71 m/s2
• Conservation of energy, or the balance of changes in stored 

energy with various energy fluxes, is represented as: 

a[epew + (l-e)p eJ (5.3) 
__ ---::---_3_ = -V. (epe V) + V· (Al· VT) + V· (epc D· VT) + Q cT. at w _ w_ p W 3 

The energy per unit mass of the solid and fluid are e3 and ew, A is the bulk thennal 

conductivity of the solid matrix plus fluid, £ is the unit matrix or identity tensor (2x2, ones 

on diagonal, zeroes elsewhere), T is the temperature of the fluid, IJ. is the dispersion 

tensor (m2/s; 2x2 matrix), Ts is the temperature of the source fluid (O°C), and Cw is the 

specific heat of water (4.182x103 J/(kgOC». The fIrst tenn to the right of the equal sign 

in equation (3) is the convective energy transported by the average-unifonn flowing fluid, 

the second tenn is the energy transported by heat conduction through the solid matrix and 

fluid, the third tenn expresses the dispersive energy transported by irregular flows and 

mixing not represented in the fIrst tenn, and the fourth tenn expresses the energy gain or 

lost at fluid sources or sinks. Remaining intrinsic material parameters are presented in 

Table 5.1. 
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Table 5.1: Summary of Intrinsic Material Properties Used in Models 

Materials Properties Symbol Values Units 

All Solids specific heat capacity Cs 8.4x102 joules/(kg °C) 
thermal conductivity As 3.5 joules/(s m °C) 
density Ps 2650 kg/m3 

porosity E 0.25 

Magma intrusion temperature Ti/IJ 1250 °C 
density Pm 3000 kg/m3 

thermal diffusivity Km 1xlO-6 m2/s 
specific heat capacity Cm 8.4x102 joules/(kg °C) 

Country rock permeability kb 0.10 - 103 darcys 

Layered units permeability ka 1O-7kb darcys 

Numerical Model 

The finite-element, density-dependent ground-water flow simulation model SUTRA 

(Saturated-Unsaturated Transport) (Voss, 1984) is then employed to model, using 

equations (5.1) to (5.3), ground-water flow and energy transport. As discussed in the next 

section, SUTRA's simplified treatment of the water properties has been replaced with an 

accurate equation of state for H20 (Johnson, 1987). Stability of the numerical solution 

is preserved by restricting the size of the time step !It to less than the size of the cell I1z 

divided by the maximum velocity vmax' 

llt ~ llz /1 vmax I. (5.4) 

The hydrothermal system is modeled using a radially symmetric, cylindrical grid 
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Figure 5.1: Illustration of numerical grid used in modeling hydrothermal systems. The 
thickness of the elements varies across the grid and is proportional to their distance from 
the z axis. 

with a central cavity for the intrusion (Figure 5.1). Single, cylindrical intrusions of height 

4 km emplaced 2 km beneath the Martian surface are considered. The modeled region 

extends from the outer radius of the intrusion rj to a distance R = 20rj. The 6-km high 

grid (Figure 5.2) consists of 440 elements; each element is 400 m high. Element widths 

vary from several meters near the intrusion to approximately 1 km along the outer edge; 

widths are scaled to the radius of the intrusion. Each element has thickness 21tr, where 

r is the inner radius of the element. 
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Figure 5.2: The total number of elements used in grid is 440; each element has a height 
of 400m. Fluid and energy flow boundary conditions are illustrated above and discussed 
in the text. 

Modifications to SUTRA 

The numerical model SUTRA was developed to simulate the interdependent processes 

of single phase fluid movement and energy transport in the subsurface. However, 

SUTRA is designed to model these processes over relatively small temperature ranges. 

In order to use this code to model hydrothermal circulation, it was necessary to both 

modify the code and limit the scope of the investigation. 

In its original form, SUTRA uses a simple linear expression to describe the 
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temperature dependence of fluid density p, 

(5.5) 

where Po is the fluid density at temperature To. Po, To, and Cdp/anTO are then normally 

supplied to SUTRA by an input data file. Equation (5.5) is valid over only small 

temperature ranges and is not sufficiently accurate for hydrothermal modeling since the 

temperature dependence of water density is not linear over large temperature ranges. 

Every occurrence of Equation (5) in the SUTRA code was instead replaced by a call to 

a subroutine that interpolates the fluid density from a table of densities for 40 

temperatures and 20 pressures computed before each run. The table is created by 

repeatedly calling the water equation of state code H20EOS (Johnson, 1987). This code 

calculates accurate fluid properties in the range -20 < T < 2250°C, 1xlO-4 < P < 3x104 

bars. The SUTRA table includes the range 0 < T < 350°C, 0.9 < P < 500 bars (100 bars 

corresponds to a 2.7 kIn hydrostatic head of O°C water under Martian gravity). 

A subset of the calculated points (low P, high 1) lie in the vapor portion of the 

water phase diagram (Figure 5.3). Since SUTRA cannot handle two phase flow, this 

imposes the major limitation on the calculation. First, it was decided to primarily 

investigate low temperature hydrothermal systems so that significant subsurface boiling 

would not occur. Secondly, to avoid halting the model if the vapor phase transition were 

encountered, points in the vapor portion of the table are artificially given fluid-like 

densities by extrapolating the density from adjacent fluid phase points. Whenever the 
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Figure 5.3: Schematic pressure-temperature phase diagram of water (after Hurlbut and 
Klein 1977). C marks the critical point, T the triple point. Line E-T marks the freezing 
point curve. Ice and vapor may coexist along line D-T. M marks the approximate current 
surface temperature and pressure of Mars. Liquid water is not thermodynamically stable 
at the surface. A typical SUTRA simulation takes water at O°C and about 200 bars 
hydrostatic pressure (point G) to temperatures of 50-70°C and 1 bar pressure (point H). 
Models which would reach temperatures greater than 100°C (such as point A) would 
produce surface or near-surface boiling. To prevent the resulting failure of the model, 
these points have been given artificial, fluid-like densities. The only model in this thesis 
in which these points are used (the low permeability case of Chapter 6) is clearly marked. 
Note that no models stray close to the critical point. 

code made use of these artificial points, a message was printed to the log file. The vast 

majority of the results reported in this thesis contained no points in this range. Only 

speculative or extreme models produced high (T > 100°C) temperatures near the surface. 
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Results that rely on this portion of the phase diagram are clearly marked in the thesis and 

should be regarded as only indicative of the fluid transport behavior and not an accurate 

model. 

SUTRA also makes use of other temperature dependent water parameters. These 

include fluid viscosity, compressibility, specific heat, and conductivity. These quantities 

tend to be less sensitive to temperature and pressure variations than the fluid densities, 

except near the critical point and SUTRA treats them as either constants, or as simple 

functions of temperature. Values used by SUTRA for these quantities were compared 

with the equivalent values returned by H20EOS. The differences for T<100°C are in all 

cases less than 10%. This is judged an acceptable accuracy considering the other 

uncertainties and the SUTRA calculated values have been used for these parameters. 

The need to model relatively low fluid temperatures imposed by the one phase flow 

limitation of SUTRA made modeling of the intrusion itself difficult. Since the initial 

temperature of the intrusion is 1250°C, it was not possible to include it directly in the 

calculation. However, studies of terrestrial hydrothermal systems (Gasparini and 

Mantovani 1984) have shown that almost immediately after emplacement of an igneous 

intrusion, the intrusion forms an impermeable outer shell, through which heat transport 

is primarily conductive. Water does not enter the intrusion itself until after the intrusion 

fractures, which occurs late in the lifetime of the hydrothermal system (Norton 1984). 

Therefore, in order to determine the heat flow into the model from the intrusion, a 

conductively cooling cylindrical stock was used as a boundary condition and the intrusion 
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itself was not included in the numerical model. This approach has been used successfully 

in numerical models of terrestrial hydrothermal systems (Gasparini and Mantovani 1984). 

Boundary Conditions 

Water (at O°C) is allowed to flow into or out of the system along the outer vertical 

(right) boundary and along the top boundary. The boundaries (see Figure 5.2) along the 

base of the grid and along the inner vertical (left) edge are impermeable to fluid flow. 

Ground water is held at hydrostatic pressure along the outer vertical boundary at r = R. 

Surface pressure is set at 1 bar along the top of the modelled region in order to maintain 

a numerically stable system by keeping hydrothermal fluids circulating near this boundary 

in the liquid state. However, in the actual Martian environment, the near surface behavior 

of the discharged water will depend on the surface temperature and pressure conditions. 

Thermal energy enters the model by conduction through the portion of the left 

boundary that is directly next to the intrusion (Le., at depths below 2 km). All other 

boundaries are thermally insulated, although energy can be transported out of modelled 

region along the top boundary by discharging hydrothermal fluids. The conductive heat 

flux at the inner boundary at depths below 2 kIn is modelled as a time varying energy 

source applied at the appropriate nodes as explained below. 

Calculation of Heat Flow Boundary Condition 

The exact heat flow boundary condition was calculated by considering a cylindrical 
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stock of radius a. The temperature at a given time t and radius r in the interior of the 

stock T(r,t) (Carslaw and Jaegar 1959; §1O.3, Equation (12» is given by 

(5.6) 

where a and 't are dimensionless radius and time (a.=r/a and 't=Kt/cr; 1C is the thermal 
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Figure 5.5: Comparison of dimensionless cooling rate (d(E1Eo)ld't) calculated from 
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diffusivity), To is the initial temperature and 10 is the modified Bessel equation. 

Temperature profiles for four dimensionless times, calculated using equation (5.6) are 

shown in Figure 5.4. The number next to each curve shows the elapsed dimensionless 

time 't since the time of intrusion. For a 50 km3 intrusion, these times correspond to 

approximately 127, 1,270, 12,700, and 127,000 years. These values can each be 

multiplied by a factor of 10 and 100 to obtain times corresponding to the 500 km3 and 

5000 km3 intrusions, respectively. 
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To calculate the boundary condition for the numerical model, temperature profiles 

were calculated for 40 different dimensionless times 1: for 1: ~ 1.28 (cooling of the 

cylinder is virtually complete by this time). Two T profiles, separated by <)'t; = 0.005, 

were calculated for each dimensionless time. The energy content E of the cylinder at 

each time is found by integrating over the temperature profile in the interior of the 

cylinder, 

E(1:) =21tC P r la'T(a',1:)da'. 
p Jo 

(5.7) 

After finding the energy content of the cylinder for each 1: and 1:+B1:, the conductive 

cooling rate dE/d1: was easily determined for each of the 40 different dimensionless times, 

dE (1:) = E(1: +B1:)-E(1:) . 
d1: B1: 

(5.8) 

Since the energy that flows out of the intrusion flows into the surrounding country rock, 

the conductive energy input into the hydrothermal region is just -dE/d1:. An expression 

was then fit to the dimensionless results of this calculation: 

40.0-17681: 1:<0.01 ( ~ r 0.01~1:<0.2772 (5.9) 3.7-
A(1:) = 0.20 ( ~ r 0.2772~1: 4.5-

0.20 
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Equations (5.6), (5.7), (5.8), and (5.9) were all evaluated using the computer mathematics 

program Mathcad. The Mathcad documents are included as Appendices A and B. 

Figure 5.5 compares the results of the numerical calculation of heat flow with the 

values given by (5.9). The expressions are accurate to within 10% for't < 1.28, which 

was judged a sufficient accuracy given the other uncertainties (subsurface permeability, 

porosity, etc.). The actual energy flux out of the intrusion is -dE/d't('t) = KHToPC~('t), 

H is the height of the intrusion. Note that the radius of the intrusion does not enter this 

expression (except in determining 't) since the heat flow is proportional to the cylinder 

volume divided by the surface area of its sides (no heat flows through the top or bottom 

of the intrusion in this model). 

The SUTRA subroutine BCTIME specifies the heat input into each node at each 

model timestep. Expression (5.9) is implemented in this subroutine. SUTRA passes to 

BCTIME the current time in the simulation. BCTIME converts this to dimensionless time 

then uses equation (5.9) to calculate the actual heat flow to be added at the appropriate 

nodes. Each of the Nw grid points next to the intrusion receives (l/Nw -1) of the intrusion 

heat flow. The top and bottom points equally divide the remaining (l/Nw -1). Therefore, 

model elements adjacent to the intrusion simply see the inner boundary as a time-variable 

heat source, the behavior of which mimics a cylindrical intrusion cooling by 

conduction. 

One drawback to this approach is that it neglects the effect of the hydrothermal 

system on the cooling rate of the intrusion. The cooling rate of the intrusion will be 
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affected by the convective cooling of the surrounding region. Therefore, the temperature 

gradient between the interior and exterior of the cylinder will, in reality, be larger than 

assumed by the conduction-only model. The larger gradient will produce a larger heat 

flow and a shorter overall lifetime for the heat source. However, the total energy 

introduced into the country rock is the same in either case. 

Magma Chamber Volume 

Figure 5.2 illustrates the finite element grid used in the calculations. For the 50 

km3 intrusion, the innennost column of nodes lies at r = 2 km and the outennost at r = 

10 km' The dimensions of the baseline 50 km3 magma chamber are then a cylinder with 

a radius of 2 km and a height of 4 km. Larger volumes are accommodated by uniformly 

multiplying each radial node coordinate by the constant (V mJVo)lIZ, thus assuming the 

height of the intrusion remains unchanged. The 500 km3 intrusion is modeled as a 

cylinder of height, H, 4 km and a radius, R, of 6.31 km. 

Element radial thickness varies as a function of distance from the intrusion. To adapt 

to steep temperature gradients, the first column of elements has a thickness of 10 m, 

expanding to 50 m by the tenth column of elements for the 50 km3 intrusion. The height 

of each element is 400 m and remains constant for all intrusion volumes considered. The 

thickness of each element also varies with radius. Because each element represents an 

annulus of a cylinder (Figure 5.1), the thickness of an element with an inner radius of r 

and an outer radius of r + 8r is 21tr. Therefore the volume of an element is 21tr8rhe, 
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where he is the (constant) element height. Each element has a specified permeability, 

porosity, and dispersivity. Non-isotropic permeabilities and dispersivities are permitted 

by SUTRA but were not considered in this modeling effon. 

A shoncoming of the finite element grid is that there are no elements directly above 

the intrusion. The entire energy content of the magma cylinder is assumed to dissipate 

by conduction through the walls of the cylinder. The surface area of the intrusion walls 

is less than the surface area of the intrusion roof when R > 2H. Thus, for the 50 and 500 

km3 intrusions, conductive cooling will primarily take place through the walls. For 

intrusions of the same height with V > 800 km cooling primarily takes place through the 

intrusion roof. The behavior of such large intrusions was also explored using the same 

grid. Although the model is no longer rigorously applicable, this approach should 

nevertheless still be sufficient to provide order-of-magnitude estimates of the total volume 

of ground-water outflow over the lifetime of larger hydrothermal systems. 

Justification of Model Parameters 

The intrinsic material properties used in the numerical model are summarized in 

Table 5.1. Although there is currently no way of obtaining values for model input 

variables for Mars, these values were estimated for Mars based on what is known about 

terrestrial hydrothermal systems and volcanic environments. One input variable known 

with cenainty is the gravity. The gravitational acceleration of Mars is 3.71 m/sec2
• 

The near surface of Mars is thought to be composed of a thick blanket of impact 
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ejecta several kilometers thick, containing interbedded lava flows, ash beds, and 

sedimentary material. Below this material lies a heavily-fractured basement rock that has 

been intensely bombarded by impacts (Carr, 1979). The near-surface structure of Mars 

is similar to the blocky, porous megaregolith that comprises the lunar crust (Squyres et 

a/., 1992). In addition, lava flows have subsequently buried this surface in many areas 

on Mars. It is for this geology that material parameters must be estimated by comparison 

with terrestrial analogs. 

Of primary concern is the subsurface permeability since models are quite sensitive 

to this parameter (Chapter 6). Terrestrial basalts typically have permeabilities ranging 

from 0.10 to 1000 darcys, with Hawaiian lava flows having some of the highest values 

(Davis and DeWiest, 1966). Volcanic rocks can have a wide range of permeabilities and 

porosities. For example, young or poorly weathered lava flows have some of the highest 

natural permeabilities known, ranging from 10 to over 1000 darcys. Other volcanic rocks 

such as ash tuffs can have extremely low permeabilities ranging from around 0.01 to 10 

millidarcys. The Martian megaregolith is thought to have a permeability of approximately 

3000 darcys (Carr, 1979). To bracket the permeability range, we consider permeabilities 

ranging from 0.01 to 1000 darcys (Table 5.1). Very low permeabilities are not considered 

as these are typically associated with highly silicic lavas, which do not appear to be 

common on Mars. Less permeable layers were added to some models with permeability 

10.7 times the background. 

The choice of subsurface porosity primarily affects fluid velocities, and not fluxes 
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(Chapter 7). Most models employ a uniform subsurface porosity of 25%, a typical value 

for terrestrial vesicular volcanic rock which can range from 10 to 50% (Davis, 1969). 

Subsurface grain density, heat capacity, and thermal diffusivity were also chosen to be 

typical of terrestrial volcanic rocks (Jaegar, 1968). 
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CHAPTER VI: MODEL RESULTS 

In order to investigate the effect model uncertainties such as the subsurface 

permeability, porosity, subsurface geology, magma chamber size and depth have on the 

characteristics of Martian hydrothermal systems, I constructed several cases to be 

evaluated by the numerical model. To evaluate the effect of a particular variable on 

model results, generally only one parameter was changed.at a time. One model served 

as the 'baseline model' to which other cases and runs could be compared. Therefore the 

baseline model was chosen to represent central values of permeability and porosity, but 

has the smallest investigated magma chamber size, 50 km3
• The baseline model also has 

a homogeneous subsurface; fluid inflow and outflow is permitted along the entire top of 

the modeled region. Below I fIrst discuss models with a homogeneous subsurface, 

including the baseline model. I then turn to inhomogeneous models and discuss 

signifIcant differences in results or behavior. 

Homogeneous Models 

Baseline Model 

Figure 6.1 illustrates results for the baseline model. In this model thermal energy 

from a 50 km3 magmatic intrusion emplaced at a depth of 2 to 6 km is conducted into a 

saturated, homogeneous subsurface with a permeability of 10 darcys (typical of penneable 
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Figure 6.1: Results of baseline numerical model incorporating homogeneous subsurface 
with permeability k = 10 darcys surrounding a 50 Ian3 intrusion. (a.,.c) Five degree Celsius 
temperature contours for hydrothermal plume. (a) t = 187 years, (b) t = 628 years (time 
of peak surface discharge), (c) t = 123,300 years. (d) Vector plot of fluid flow field for 
(b). Longest vector represents velocity of 70 m/yr, length of stem on smaller vectors near 
the heat source is proportional to this peak velocity. 

basalt). Figures 6.1a, b, and c, show temperature contours of the rising hydrothermal 

plume at various times after emplacement of the magmatic intrusion. Figure 6.1d 

illustrates the velocity flow field of the ground water induced by the thermal anomaly at 

the time of peak discharge to the surface. The peak velocity is 70 mlyear. Note that 

because the subsurface is homogeneous in these models, the discharge is confined to the 

region near the intrusion. The effects of heterogeneity and the introduction of less 
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Figure 6.2: Discharge as a function of time for baseline model. Vertical axis may be 
interpreted as m3/sec by dividing kg/sec by 1000. Discharge is total quantity of water 
leaving the model per second along the top boundary as calculated by SVTRA. Note the 
log scale on the time axis. Total quantity of water discharged by the hydrothermal system 
is primarily controlled by the discharge between 10,000 and 100,000 years. The inflection 
near 30,000 years is an artifact caused by the expression used for the heat flow boundary 
condition (Equation 5.9) which does not affect the results. 

permeable layers will be discussed later in the chapter. Spreading at the top of the plume 

into a bulb shape is cau'sed by the longitudinal dispersivity, which represents impediments 

to the flow at scales smaller than the grid size. For a dispersivity of 100 meters, the 

discharge is confined to the region within 2 km of the perimeter of the intrusion. 

Figure 6.2 illustrates the discharge to the surface as a function of time for the 

baseline model. The cumulative discharge plotted in Figure 6.2 represents the sum of the 

discharges from each node along the surface, as calculated by SVTRA. For the 
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permeability used here, peak discharges are reached about 600 years after emplacement 

of the intrusion, yet ground-water outflow continues for approximately 100,000 years. 

These outflows are balanced by recharge along the remainder of the surface and inflow 

along the right hand boundary. In other models, surface recharge was inhibited by the 

presence of less permeable layers (see below). Significant discharge from the system 

ceases by about 100,000 years after emplacement of the magma. 

Permeability Modifications 

In addition to the 10 darcy baseline model, subsurface penneabilities of 1000 and 

0.1 darcy were also modeled. Results for the 0.1 darcy model (typical of a silty sand or 

loess (Freeze and Cherry 1979)) are shown in Figure 6.3. Comparison of Figures 6.1 and 

6.3 reveals that the model temperatures are especially sensitive to changes in the overall 

permeability. In the 0.1 darcy model, the resistance to flow is much larger; consequently 

the water spends longer periods of time adjacent to the heat source and is heated to higher 

temperatures. The higher temperatures produce a greater buoyancy force, somewhat 

overcoming the lower permeability. The discharge for this model is less than in the 

baseline case, but the discharge is not directly proportional to model permeability. The 

effect of pelmeability on discharges is discussed in more detail in Chapter 8. 

Since the temperatures are quite high close to the surface, subsurface boiling 

would be expected in such a low permeability system, and the SUTRA model is not 

strictly applicable (see Chapter 5). Therefore low permeability, high temperature Martian 
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Figure 6.3: Temperature contours and fluid flow vectors for case with country rock 
having a permeability of 0.1 darcy. In this figure only, temperature contours are 25°C. 
Note that temperatures exceed 100°C near the surface at times (a) and (b). Thus boiling 
would take place below the surface and the numerical model is no longer accurate. 

systems would certainly be expected to be associated with geysers and fumaroles. In 

contrast, the baseline model discharges water at 20 to 30°C into the surface environment. 

In that case the behavior will depend upon the atmospheric surface pressure (see Chapter 

9). 

I also modeled a very high permeability system of 1000 darcy (equivalent to gravel 

or permeable basalt (Freeze and Cherry 1979)). In such a system, the permeability is so 
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high (yielding a low resistance to the upward moving flow) that as soon as the ground 

water is heated a few degrees over the background temperature, it begins to rise. Because 

ground water does not remain long near the heat source, peak fluid temperatures are 

cooler. At 3,900 years, the peak fluid temperature is 7° C and peak velocity is 130 m/yr, 

substantially cooler and faster than the 0.1 darcy model. The velocities are sufficiently 

high that time steps must be very small to maintain numerical stability. 

In the homogeneous models, permeability was the parameter with the greatest 

influence on calculated fluid behavior. Other model parameters, such as porosity, 

dispersivity, and intrusion depth were also varied. Results from these calculations are 

presented in Chapter 7. 

Heterogeneous Models 

In this section, I consider more complex subsurface geologic models. As was 

illustrated in the conceptual model, the subsurface geology associated with a volcanic 

construct is complex. In terrestrial shield volcanoes, buried soil horizons, ash layers, 

pyroclastic debris, and buried lava flows comprise the volcanic subsurface. To explore 

the effects of such horizons, various impermeable or less permeable layers were added to 

the numerical model. The penneability of these layers was set at 10-7 times the 

background permeability. Impermeable layers were added both at the surface and in the 
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Figure 6.4: Similar to baseline model except for the presence of a less permeable layer 
at top of modelled region extending from 3 to 10 km away from center of intrusion. This 
layer has k = 10-6 darcy and is illustrated by the shaded region in the vector diagrams. 
The layer inhibits surface recharge of water into the subsurface. Temperature contours are 
at 5° Celsius intervals. 

subsurface. Confining layers were added near the intrusion to determine the effects of 

these layers on upwardly moving hydrothermal waters. The effects of these layers are 

explored in the 50 km3 case. 

First, the effect of inhibiting surface recharge by adding a less permeable layer 

along the surface (extending from r = 3 to r = 10) km to the baseline model are 
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Figure 6.5: Model similar to baseline Figure 6.1, except that an impenneable cap has 
been added directly above the intrusion. This layer has k = 10-6 darcys and is illustrated 
by the shaded region. The fluid has no difficulty diverging around the cap and emerging 
3 km from the intrusion perimeter. 

considered. This layer prevents water from entering along the top of the model, but does 

not interfere with recharge from the outer perimeter of the modeled region. Figure 6.4 

shows temperature contours for three separate time steps as the plume rises, peaks, and 

wanes. Figure 6.4b shows the temperature contours and flow field near the time of peak 

discharge (1,170 years). Note the small convection cell which develops to the lower left 

of the top layer. If this layer were pennafrost, such action would help to melt through 
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Figure 6.6: Model similar to that shown in Figure 6.5, except that a less permeable layer 
has been added to the subsurface. As a result of the multiple layers, plume is hotter and 
spreads out farther from the intrusion. Fluids find egress to the right of upper layer. (a) 
t = 300 years. (b) t = 1051 years (peak surface discharge. (c) t = 128,600 years. (d) 
Same time as (b), maximum velocity is 59 rn/yr. 

this layer (see Chapter 8). Discharges for several of the models with impermeable layers 

are compared in Figure 6.8 with the baseline model. The peak discharge for this one 

layer model (labeled 'top right' in Figure 6.8) is slightly less, but the total volume of 

water discharged over the lifetime of the system is comparable to the baseline model. 

The lifetime of the system is again about 100,000 years. From this model it is apparent 

that the hydrothermal system has no difficulty drawing in water from 8 km away from 
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the intrusion perimeter, or four times its radius, and discharging it at the surface. Surface 

recharge does not seem to be necessary for a vigorous hydrothermal system, if sufficient 

quantities of ground water are available in a permeable subsurface. 

Figures 6.5 and 6.6 present results for two additional models. In Figure 5 an 

impermeable cap has been added directly above the perimeter of the intrusion. The flow 

has no problem diverging around the confining layer and discharging 3 kilometers away 

from the heat source. The impermeable cap results in a greater volume of water being 

heated, as is apparent from comparison of Figure 6.5 with Figure 6.1. This is likely due 

to greater mixing. In Figure 6.6, a subsurface layer at a depth of 2 km has been added, 

extending from r = 4 km to the outer edge of the modeled region. This lower layer also 

hinders surface recharge of water, again forcing the model to rely on ground water from 

more distant subsurface aquifers. 

Although peak discharge of fluid to the surface is delayed in the layered case, the 

total volume of ground water discharged to the surface is similar, because the buoyant 

plume simply flows around the upper less permeable layer. While the layers do not 

impede ground-water outflow to the surface, they do hinder surface-water recharge into 

the system. Water that enters the numerical model from the surface is not a primary 

source of recharge into the system. Results show that sufficient ground water is drawn 

into the modelled region along the outer (right) vertical boundary by the hydrothermal 

system so that the total volume of water discharged is unaffected. 

The model evaluated in Figure 6.7 is identical to Figure 6.6 except that the upper 
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Figure 6.7: Results for a model similar to that shown in Figure 6.6, except top layer has 
opening above the perimeter of the intrusion. The upper layer confines the top of the 
hydrothermal system from 2.5 to 4 km from the center of the intrusion; the deeper layer 

. is situated at a depth of 2 km and extends from 3km away from the center of the intrusion 
out to the perimeter of the modelled region. The temperature contours (5°C intervals) 
of a rising hydrothermal plume at (a) 187 years, (b) 1564 years, (c) 135,650 years 
after emplacement of a 50 km3 magmatic intrusion. (d) Velocity field of the ground-water 
flow after 1564 years. Note how the ground water flows around the less permeable 
regions and discharges at greater distances from the intrusion. Fluids egress both through 
this opening and to the right of the top layer. 

confining layer starts 2km away from the inner boundary thus allowing flow of some 

hydrothermal waters directly to the surface. The discharge for this model peaks sooner 

than the baseline model. However, because a smaller quantity of water is now heated by 
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Figure 6.8: Graph of discharge vs. time for several models. 'Baseline' is same as Figure 
6.1. 'One Layer' refers to model in Figure 6.5. 'Two Layers' refers to model in Figure 
6.6. 'Top Right' refers to model in Figure 6.4. 

mixing (since direct egress to the surface is available), the discharge is smaller for this 

case than for the case without the hole in the upper confining layer. Therefore the 

. presence of confining layers may be advantageous by spreading out the hydrothermal 

discharge zone, heating up a greater volume of water, albeit to a lower temperature, and 

increasing the discharge to the surface. 

In all cases, the system has little difficultly drawing in water from the edge of the 

model (a distance of 8 Ian from the perimeter of the intrusion) and discharging over 3 km 

from the intrusion. Therefore the influence of the hydrothermal system can extend to 
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Figure 6.9: (a-c) Five degree Celsius temperature contours for hydrothermal plume 
associated with a 500 km3 intrusion. Results are for a homogeneous subsurface, k= 10 
darcys. Model parameters are similar to the baseline model illustrated in Figure 1. 
Temperature contours illustrate (a) a rising plume at 463 years, (b) plume at peak 
discharge at 1463 years, (c) plume at 275,670 years after initiation of hydrothermal 
activity. (d) Vector plot of fluid flow field for (b). 

many times the radius of the intrusion, given the appropriate subsurface geology. 

Considering the perturbation to the subsurface flow field evident in Figure 6.4, 6.5, and 

6.6, the discharge is surprisingly robust. Despite the subsurface geology, the rising plume 

will eventually find an egress to the surface if such a pathway is available. 
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Intrusion Volume 

As discussed in Chapter 5, the volume of the modeled intrusion was also varied. 

Results for a baseline-like model with a 500 km3 intrusion are shown in Figure 6.9. The 

horizontal scale of this model is expanded by a factor of 3.16 compared to the baseline 

model, but the outer two-thirds of the model are not included in this graph. The principal 

difference in the large intrusion models is that a larger volume of water is heated and the 

surface discharge is greater. Another important difference is that the larger intrusions take 

a longer period of time to cool. Therefore, hydrothermal systems associated with larger 

intrusion volumes discharge water to the surface for a longer time. Discharges are 

discussed in greater detail in Chapter 9. Otherwise, the response of this model is very 

similar to the 50 km3 models when layers, and other model parameters are considered. 

Finally, several models with a 5,000 km3 intrusion were constructed. As discussed 

in Chapter 5, these models are not realistic, because they assume a very flattened magma 

chamber, but do not account for heat conduction through the roof. However the heat 

content of the intrusion and its conduction over time into the country rock are accurately 

treated, within the context of the model. Since these models are speCUlative, I do not 

. include contour plots, but the estimated discharges are discussed in Chapter 9. 
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CHAPTER Vll: OTHER MODEL PARAMETERS 

The previous chapter discussed the model parameters that had the greatest effect 

on the subsurface fluid flow and the surface discharge. However, several other 

parameters used in the numerical model were also evaluated for their effect on model 

results. These parameters (and their associated uncertainties) have a much smaller impact 

on the calculations than those discussed in Chapter 6. In this chapter, I discuss the effect 

of varying the intrusion depth, subsurface porosity, and dispersivity on the calculations. 

Intrusion Depth 

I investigated two cases where the depth to the heat source was different from the 

baseline model. In the 'deep' case, the region of energy delivery was from 4.4 to 6 km 

beneath the surface; in the 'shallow' case, delivery was from 0.8 to 6 km beneath the 

surface. In each calculation, the total energy entering the modeled region was the same 

as in the baseline case. The energy input into the model at each time step was simply 

distributed over a correspondingly smaller or larger area than in the baseline calculation. 

Therefore, the differences between the models are due solely to the depth of energy 

delivery and not to the total energy input into the model. 

The response of the model to these differing conditions is shown in Figures 7.1 and 

7.2. As a consequence of the assumptions listed above, the 'deep' model is characterized 
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Figure 7.1: Similar to baseline model except intrusion is more shallow (.8 to 6 kIn). Five 
degree Celsius temperature contours and fluid velocity flow field of (a) rising plume at 
t = 63 years, (b) plume at peak discharge at 317 years, (c) plume at 193,000 years. 

by a higher heat flux per unit area than the shallow model. The peak fluid temperatures 

and velocities reached in the 'deep' model are higher than in the 'shallow' model. For 

example at 1,564 years the peak velocities are 66 and 46 m yr-1 respectively. This 40% 

velocity difference results in a correspondingly greater dispersion of the flow in the deep 

case. Therefore, the rising plume spreads out over a wider area and, due to mixing, heats 

a larger volume of water. This may be seen by comparing Figure 7.1(b) and 7.2(b). 
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Figure 7.2: Model similar to model in Figure 7.1, except that the heat source is deeper 
(4.4 to 6 Ian deep). Total volume of intrusion is 50 km3

• Temperature contours at 5 
degree Celsius intervals and fluid velocity flow fields are depicted for, (a) a rising plume 
at t = 317 years, (b) plume at peak fluid flow discharge out of the system at t = 1564 
years, (c) plume at 193,000 years after the initiation of hydrothennal activity. 

The discharge of the two systems and the baseline model is compared in Figure 7.3. 

Because of the mixing, the deep model produces a greater discharge as a function of time 

than either the baseline or shallow models. The cumulative discharged volume of water, 

differs between the three models by only about 10%. The closer proximity of the shallow 

intrusion to the surface somewhat compensates for its lower fluid velocities. From these 
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Figure 7.3: Comparison of discharges for baseline, deep, and shallow intrusion models. 
Differences in fIrst 1,000 years are due primarily to selection of different time steps to 
plot. For lifetime of hydrothermal system the depth of intrusion does not signifIcantly 
affect the discharge. 

results, it seems that the model results are not sensitive to intrusion depth within the 

interval considered here. 

Porosity 

The porosity assumed for the country rock was also varied in some models. 

Porosity is a measure of the total volume of pore space to the total volume of medium 

(pores + matrix) and not their degree of interconnectedness. As such, porosity is not 

expected to have as strong a control on ground-water flow as permeability. This was also 
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Figure 7.4: Similar to Figure 1, but for a model with the baseline intrusion depth and a 
homogeneous porosity of 35%. 

found to be true in the modeling. In contrast, permeability is a measure of how well the 

pore space is interconnected within the medium. Because it reflects the ease with which 

water travels through the country rock, permeability was expected to have a significant 

effect on the ground-water flow. This was found to be true in the previous chapter. 

Temperature contours and velocity vectors are shown for a high porosity model 

in Figure 7.4. In this model, the country rock has a porosity of 35%. The temperature 

contours and flow characteristics are very similar to the baseline model. The only 
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significant difference is that the fluid velocity is slower than in the baseline model. Not 

shown are results from a low porosity model in which the fluid velocity is higher than the 

baseline model. The buoyancy forces are the same in all three model calculations, only 

the size of the channel and therefore the fluid velocity is different. The total discharged 

volume for all three models (low, high, and baseline porosity) was essentially identical. 

Therefore, the uncertainty in porosity is not a critical element of the models. 

Changing the porosity does affect the total quantity of ground water contained 

within the finite element grid at any given time. However, since all models are assumed 

to be surrounded by an infinite ground water reservoir, this difference is of little 

importance. If there were an impermeable boundary adjacent to the modeled region, 

models with a smaller porosity (and no recharge) would discharge a smaller total quantity 

of water to the surface. Since changes in the porosity did not affect the total quantity of 

water discharged to the surface, I did not experiment with models in which the porosity 

varied as a function of depth. 

Dispersivity 

SUTRA uses the dispersivity to model impediments to the flow smaller than the 

cell size. The dispersivity can be modeled as non-isotropic (resulting from horizontal 

jointing, for example), but that capability was not investigated in this modeling effort. 

Maintenance of stability of the numerical calculation requires that the Mesh Peelet 

number, Pern, (Voss 1984) be less than about 4. In practice, for typical simulations, the 
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Figure 7.5: Temperature contours for baseline-type model with a dispersivity of 500 
meters at time t = 1,564 years. Note that while the temperatures are similar to the 
baseline model, the plume has dispersed over a larger area. Compare to Figure 6.1. 

requirement may be restated Pem "" (M)a) ::; 4, where U is the local distance between 

element sides along a streamline of flow and a is the dispersivity (Voss 1984). This 

criterion is of special importance when temperatures change along streamlines, as is the 

case in the hydrothermal simulation. Since the regime of primary interest is the vertical, 

upward flow where the element spacing is a uniform 400 meters, the minimum 

dispersivity required for numerical stability is 100 meters. This was the value used in the 
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Figure 7.6: Discharge as a function of time for the baseline, high dispersivity, and high 
porosity models. The high dispersivity model results in greater mixing of wann and cool 
water and a larger discharge. The high porosity model produces a curve which is not 
distinguishable from the baseline model. 

majority of calculations reported in this thesis. 

In order to investigate the sensitivity of the model to this parameter, one case with 

a dispersivity of 500 meters was also run. As expected, this model was characterized by 

greater mixing. Streamlines strayed farther from the intrusion and a greater volume of 

cold water was mixed with upward flowing water which had been heated by the intrusion. 

The result was a cooler average surface temperature for the water which reached the 

surface and a slightly higher discharge (Figure 7.5), since more water was heated by 

mixing, albeit to a lower temperature. Larger dispersivities are more accurately analyzed 



96 

by introducing impenneable layers in the model, as discussed in the previous chapter. 

Therefore, I conclude that the modeled discharges are not highly sensitive to the value 

selected for the dispersivity. 

Thus the results of the numerical model are quite robust. Most model parameters 

do not significantly affect the outcome of the calculation. For a given penneability and 

energy input, which is determined by the size of the intrusion, the discharge is relatively 

unaffected by other model details. As long as the fluid has a path to the surface and a 

recharge source, the plume grows and discharges water. Of course the ultimate fate of 

this fluid depends on the near surface conditions, as discussed in the next chapter. 
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CHAPTER Vill: HYDROTHERMAL SYSTEMS AND VALLEY EROSION 

In this chapter, I place the discharges calculated in the previous two chapters in 

context. I compare the total quantities of water discharged by the Martian hydrothermal 

systems with the quantities of water required to form similar terrestrial landforms. I also 

compare the calculated lifetimes of the Martian hydrothermal system with the ages of 

terrestrial valleys. To make these comparisons, I fIrst turn to the Earth. 

Eroded Volumes 

In Chapter 3, I discussed the volumes of valleys observed on the heavily cratered 

terrains and volcanoes of Mars. The estimated volumes of material removed by these 
. 

valley systems are summarized in Figure 8.1. The length of the vertical bars represents 

the range of volumes of removed material due to the uncertainty in the valley side slopes. 

Estimated eroded volumes of the Parana and Warrego valley systems on the heavily 

cratered terrain are remarkably similar to those estimated for the volcanoes Alba Patera, 

Hecates Patera, and Ceraunius Tholus. Hadriaca and Tyrhena Paterae have estimated 

eroded volumes 1 to 2 orders of magnitude larger. Goldspiel and Squyres (1991) 

estimated eroded volumes for four other Martian valley networks in the heavily cratered 

terrain. Their estimates of eroded volume (Table 3.2) ranged from 5xlO11 m3 for the 

smallest system they considered to 1.3xlO13 m3 for the largest. These numbers all fall in 
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Estimated Eroded Volume 1a3r-__________________________________ ~ 

1~~----------------------------------~ Alba Hadrlaca Tyrrhena 
Hecates Ceraunlus H.C.T 

Figure 8.1: Estimated volume of material removed by various valley systems. Volcano 
names refer to total volume eroded by valley systems on the flanks of each volcano. 
H.C.T. refers to volume removed by each of two well developed valley systems on the 
heavily cratered terrain as discussed in text. For each system upper edge of bar assumes 
valley side slopes of 10° and lower edge of bar slopes of 30°. 

the range illustrated in Figure 8.1 for the systems I measured. 

These estimates of valley erosion can be combined with estimates of fluvial 

erosion rates to approximate the total volume of water that passed through each set of 

Martian valleys during their formation. Estimates of the ratios of water volume to eroded 

volume for Mars necessarily begin with observations of terrestrial river systems that are 

then extrapolated to Mars. Terrestrial rivers vary widely, however, in their ability to 

transport sediment out of their drainage basins. For example, the Huang He River carries 

more sediment than any other terrestrial river (Holeman 1968) and its ratio of water to 
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suspended sediment is about 62:1 by volume (Goldspiel and Squyres, 1991). The same 

ratio for the Mississippi River is approximately 6200: 1. Clearly the choice of which ratio 

is appropriate for Mars introduces a large uncertainty to estimates of water volume 

required for valley erosion. 

Goldspiel and Squyres (1991) rely upon several sediment transport scaling 

relationships to derive a theoretical ratio of water volume to suspended sediment at Mars 

ranging from 4:1 to 260:1, depending upon the grain size. Included in their analyses are 

considerations of Martian valley slopes and the planet's lower gravity. They test their 

results by application to large terrestrial rivers. However it may be inappropriate to 

extrapolate sediment carrying capacity of such large rivers to Martian stream valleys 

which probably formed by a combination of hillslope erosion (sapping) and down valley 

fluvial transport. 

Terrestrial Valleys 

To derive an independent estimate of the ratio of water to sediment volume for 

Martian valleys, I estimated the volume of water required to erode the volumes of 

terrestrial valleys morphologically more similar to the Martian valleys than those 

considered by Goldspiel and Squyres (1991). To do so, I calculated eroded volumes for 

fluvial runoff and sapping valleys on the northeast slope of Kohala volcano, Hawaii and 

on the Colorado Plateau. 

The valleys on Kohala share many characteristics with the valleys on the Martian 
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Table 8.1: Volume erosion and stream discharge for selected runoff (r) and sapping 
(s) valleys on the Colorado Plateau and Kohala volcano, Hawaii. 

Valley System Vol. (m3
) Q (m3/lOS years) age (yrs) (Qxage)/ 

V 

Explorer Canyon (s) LOx 108 3.3x101O <1.5x108 <290,000 

Bown's Canyon (s) 2.3x108 4.5xlOlo <1.5x108 <290,000 

Honopui Stream (s) 6.5x108 3.8xlOll 4x1OS 2,307 

Pololu Stream (s) 1.8x109 8.3xlOll 4xlOs 1,800 

Waipio Valley (s) 8.2x109 3.9xlO12 4xlOs 1,900 

Kolealiilii Stream (r) 8. Ix 105 7.5x101O 4xlOs 370,400 

Paopao Stream (r) 1.2x107 1.9xlOll "4xlOS 63,000 

volcanoes and are believed to be good analogs for these Martian valleys (Gulick and 

Baker, 1990). The valleys on the Colorado Plateau share many morphologic similarities 

to the valleys on the heavily cratered terrains (Laity and Malin, 1985). 

For the terrestrial valleys I measured valley dimensions by using U.S.G.S. 1:24,000 

topographic maps. I determined volumes from measurements of valley lengths, widths, 

depths, and cross-sectional shape. Results for several valleys are shown in Table 8.1. 

Also for the terrestrial valleys it was possible to estimate the total quantity of water which 

has flowed through the valleys. I did so by multiplying the current average precipitation 

for the appropriate region (Mcdonald et al., 1983; Laity and Malin, 1985) times the 

drainage basin area times the age of the valleys. Results are shown in Table 8.1. In both 
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cases the age is the age of the eroded surface. This may be a significant overestimate for 

the age of the Colorado Plateau valleys. Clearly these quantities are highly uncertain, but 

the parameters which enter into the calculation are more constrained than for the Martian 

valleys where no such information is available. 

From the measurements of the terrestrial valley volumes and the quantities of 

water which have flowed through the valleys, I calculated the ratio of water volume to 

eroded volume. For the Hawaiian sapping valleys, the ratios were typically about 2000:1. 

When scaled to Martian gravity (Goldspiel and Squyres, 1991) this ratio is reduced to 

about 800 to 1000:1, a factor of 4 larger than the largest ratio employed by Goldspiel and 

Squyres (1991). The Colorado Plateau results may imply even larger ratios. Other than 

the correction for gravity, I have made no other attempt to model sediment transport in 

detail. Since the measured valleys on Hawaii and the Colorado Plateau are 

morphologically similar to the Martian valleys, I consider these estimates as empirical 

measures of the, water volumes required to form Martian fluvial vatleys. Goldspiel and 

Squyres (1991) conclude that their theoretical ratios likely underestimate the water to 

sediment ratio. Their most conservative estimate is 3:1. Thus the range from 3:1 to 

1000: 1 derived from theoretical and observed valley erosion considerations likely brackets 

the actual range on Mars. Since the ratio of 1000: 1 comes from observations of terrestrial 

valleys more similar to the Martian ones, I feel this estimate is closer to reality. 

The total water volume derived for the valley systems shown in Figure 8.1, using 

estimated ratios of 3:1 and 1000:1, is shown for each valley group in Figure 8.2. For 
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each locality there are two vertical bars. The range shown by the lower bar represents 

the uncertainty due to the slope of the valley walls while using a water to eroded volume 

ratio of 3: 1. The lower edge of the bar is for valleys with 10° side slopes; the upper edge 

is for 30° slopes. The upper bar illustrates the same range while using a water to 

sediment ratio of 1000: 1. 

As Figure 8.2 suggests, the uncertainty in the absolute quantity of water required 

to erode these valleys is large. Nevertheless the quantity of water passing through those 

valleys on the heavily cratered terrain is similar to that found for the valleys on the 

Martian volcanoes, barring major differences in lithology. Since the valleys on some 

volcanoes were formed much later than the heavily cratered terrain valleys, the climatic 

controls on valley formation and possibly the formation mechanism must have been 

similar for the various Valleys. Therefore it seems inappropriate to infer drastically 

different climates early in Mars' history as opposed to later. 

The range in uncertainty of water volume required to form any given valley 

shown in Figure 8.2 is about 3 to 4 orders of magnitude. This range is similar to the 

uncertainty quoted by Goldspiel and Squyres (1991) for the valley systems that they 

studied. Thus for both the valley systems I measured and those measured by Goldspiel 

and Squyres (1991), the inferred range of water volume required to form the measured 

Martian valley systems lies in the range of 1010 to 1016 m3
• 



Table 8.2: Total quantities of water discharged by various hydrothermal systems 
(homgeneous subsurface), average discharge areas, and equivalent depths (QIA). 

V intrusion (km
3
) k (darcys) QUlt (m3

) Adischarge(km2) DcqUiikm) 

50 .1 2xlO11 17 11 

50 10 2x1012 22 100 

50 1000 4x1012 19 210 

500 10 2x1013 53 320 

500 1000 4x1013 50 800 

5000 10 2x1014 40 4900 

Model Discharge Results 

103 

These estimates of the quantity of water required to form the Martian valleys can 

now be compared with the quantity of water calculated to be discharged by the 

hydrothermal systems. In this section I make this comparison in two separate ways. 

First, the horizontal lines in Figure 8.2 illustrate the total discharge over the 

lifetime of hydrothermal systems associated with 50, 500, and 5000 km3 igneous 

intrusions. The results are also shown in Table 8.2. These volumes are obtained by 

integrating the instantaneous discharge calculated by SUTRA over the lifetime of the 

hydrothermal system for the baseline models associated with intrusion of 50, 500, and 

5,000 km3 and permeabilities of 10 darcys. As discussed in Chapter 5, the discharges 

from the 5,000 km
3 intrusion model are approximate, since the geometry of this large 

model is not self consistent with the cooling model. 
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Figure 8.2: Estimates of water volume required to form fluvial valley systems from 
Figure 8.1. For each valley system upper bar assumes a water to sediment volume ratio 
of 1000: 1; lower bar assumes a ratio of 3: 1. The upper limit of each bar arises from 
assuming valley side slopes of 30°; lower limit assumes side slopes of 10°. Horizontal lines 
illustrate total quantity of water discharged by hydrothermal systems associated with 
intrusions of 50, 500, and 5,000 km3 as calculated by SUTRA for baseline models 
(homogeneous subsurface, permeability k = 10 darcys, porosity = 25%). 

The figure shows that if the volume of water to sediment ratio is small, 10: 1 or 

less as suggested by Goldspiel and Squyres (1991), hydrothermal systems associated with 

small intrusions, about 100 km3 or less, provide enough surface discharge over their 

lifetimes to form the valleys. However, the larger water to eroded volume ratio, 1000: 1 , 

requires correspondingly larger intrusions. Nevertheless, a hydrothermal system associated 
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with an intrusion of 500 to 1,000 Ian3 appears to provide sufficient ground-water outflow 

to the surface over its lifetime to erode the observed valleys. Hadriaca and Tyrrhena 

would require either a larger volume intrusion, or multiple smaller intrusions, to produce 

the large quantity of water shown in Figure 8.2. Of course this assumes that all of the 

fluid discharged by the system flows on the surface, and that a significant volume of fluid 

is not lost to evaporation or infiltration. 

The valley formation potential of the calculated discharges is evaluated in a second 

way in Figures 8.3 and 8.4. These figures illustrate the discharge as a function of time 

for models with a homogeneous subsurface and a 500 Ian3 intrusion. Discharges for three 

permeabilities, 0.1, 10, and 1000 darcy are illustrated. The discharges shown in this 

figure are larger than those from the baseline 50 km3 model shown in Figure 8.1 of 

Chapter 5. Hydrothermal systems associated with the larger intrusion also last for a 

longer time. The discharge does not drop to insignificant" levels until about 1 million 

--
years after the intrusion, compared to about 100,000 years for the smaller case. The same 

data is plotted in Figures 8.3 and 8.4; the only difference is the logarithmic time axis in 

Figure 8.4. Superimposed on both figures is the average rainfall rate the discharge region 

would receive if it were transported to Hawaii Island. The three separate dashed lines 

illustrate the precipitation that would be received on the dry and wet sides of Kohala 

volcano as well as the average value for this volcano (Macdonald, 1983). 

Many well developed, fluvial valleys cover the windward, or wet, side of Kohala 

volcano. The leeward, or dry, side of the volcano shows only incipient valley formation. 
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Figure 8.3: Discharge as a function of time for hydrothermal system associated with 500 
km3 intrusion as calculated by SUTRA. Models are for baseline case as summarized in 
Figure 8.2 caption, except 3 different permeabilities are illustrated, as indicated by legend. 
Discharge indicated in figure is released to the surface over a region of approximately 20 
km2

• The horizontal dashed lines indicate the quantity of rainfall, expressed in the same 
units, which would fallon the discharge region if it were located on Hawaii island and 
received either the island's average (HI ave) or leeward-side (HI dry) rainfall. Length of 
the lines indicates the age of the surface upon which the Hawaiian fluvial valleys have 
formed. See text for further discussion. 

The surface of this volcano is approximately 400,000 years old. Assuming rainfall on the 

island has remained constant over this time span, the area beneath each dotted line is a 

measure of the quantity of water a 20 km2 region on the volcano would receive over this 

time. Since fluvial erosion has empirically occurred on this surface, it serves as a second 

criterion for judging the quantity of water discharged by the numerical hydrothermal 
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Figure 8.4: Same as Figure 8.3 except that the time axis is logarithmic. This better 
illustrates the high discharges which occur early in the lifetime of the hydrothermal 
system. The horizontal lines are the same as in Figure 8.3 except that the average rainfall 
on the windward side of Hawaii island (HI wet) has been added. When the curves are 
above the dashed lines the hydrothermal system is discharging more water to the surface 
than the same area would receive if it were transported to Hawaii Island. 

system models. 

These figures show that the quantity of water discharged by the 500 kIn3 model, 

intermediate permeability case, is comparable to the rainfall rate on the dry side of Kohala 

volcano. The high permeability model provides a quantity of water intermediate between 

the average and the wet side rainfall over the age of the surface. If the observed valleys 

formed over 400,000 years, this graph implies that Valleys on Mars would have formed 
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from the modeled discharges on similar lithologic surfaces. However, the same caveats 

as mentioned above regarding the fate of the discharged fluids, apply here as well. 

These results show that Martian hydrothermal systems have the capability to 

supply sufficient quantities of water for sufficient periods of time to produce valley 

erosion on the surface. Surface recharge is not required, if a sufficient subsurface 

reservoir of ground water exists adjacent to the intrusion. This region must, of course, 

be connected to the system by a sufficiently highly permeable'route. However the 

permeabilities required, 10 to 1000 darcy, are well within that estimated for the Martian 

subsurface (Chapter 2). The intrusion volumes required, several hundred cubic kilometers, 

are also within the range estimated for both Martian volcanoes and igneous intrusions. 

Impact Related Hydrothermal Systems 

The estimates of discharged fluid discussed above arise from· the numerical model 

as applied to a hydrothermal system associated magmatic intrusions. Magmatic events, 

however, are not the only mechanisms that can introduce regions of hot, melted rock into 

the subsurface. As discussed in Chapter 4, melt sheets created in large impact events may 

also be associated with hydrothermal systems. 

Scaling relations from studies of terrestrial impact craters and computer models 

(Lange and Ahrens 1979; O'Keefe and Ahrens 1977) predict that a 100 km diameter 

Martian impact crater would produce approximately 760 km3 of impact melt. Kieffer and 

Simonds (1980), however, argue that the vapor cloud produced by impact into a volatile 
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rich surface would disperse most of this melt beyond the crater. This interpretation is 

controversial and Newsom et al. (1986) argue from analysis of terrestrial impact craters 

that the majority of the melt does remain in place. If the melt does remain in the crater, 

a melt sheet several hundred meters thick would cover much of the crater floor. 

Additionally a volume of rock about 10 times as great as the rock volume melted would 

be heated to temperatures in excess of 100°C. Therefore the volume of melted rock 

produced by the creation of a 100 km diameter impact crater is comparable to the volume 

of magma which the models indicate can form fluvial Valleys. Furthermore, the impact

fractured subsurface would provide an adjacent region of high permeability that would 

allow circulation of hydrothermal fluids. 

A numerical model would be required to accurately estimate the quantity of water 

that could be circulated by a Martian impact-induced thermal anomaly. However, the 

lifetime of an impact-related hydrothermal system can be estimated from observations of 

terrestrial craters. Petrologic analyses of the Manicouagan impact crater melt sheet 

(Onorato et al., 1978) suggests that the time for the sheet to cool to 100°C was about 

. 15,000 years. If such an impact occurred in a fluid-rich medium, such as Martian 

permafrost, an active hydrothermal system would inevitably result from the thermal 

anomaly. The presence of the hydrothermal system would reduce the cooling time to 

about 5,000 years (Norton, 1984). In this short time highly integrated runoff valleys 

probably could not form, but gullies could be initiated if the hydrothermal system supplied 

sufficient fluid. For example, gullies have formed in less than 200 years on the 1790 
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Keanakakoi ash on Kilaeua volcano. 

Larger impacts producing larger craters would yield greater volumes of impact 

melt and shock heated rock with correspondingly longer cooling times. For the 300 km 

diameter Serenitatis basis on the Moon, a conductive cooling time of about 5xl07 years 

has been estimated (Bratt and Solomon, 1981). An active hydrothermal system would 

reduce this time by a factor of 2 to 3 (Norton, 1984). The resulting cooling time is 

comparable to that found for the magmatic hydrothermal system~ above. I thus conclude 

that Martian impact craters greater than about 100 km in diameter could produce active 

hydrothermal systems for prolonged periods. 



CHAPTER IX: PHYSICAL CONSIDERATIONS OF 

HYDROTHERMAL SYSTEMS ON MARS 
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In the last several chapters, I discussed modeling results of Martian hydrothermal 

systems, valley erosion volumes, and volumes of water needed to erode particular valley 

systems on Mars based on terrestrial analog studies. However, as. mentioned in these 

chapters, the amount of ground-water outflow which remains liquid and therefore 

available for geomorphic work is highly dependent on several factors, including the 

atmospheric temperature and pressure, regional hydrogeological conditions, and the 

mineral concentration and temperature of the outflowing ground water. In this chapter, 

I discuss some of the underlying processes that affect these factors and how they might 

have affected the volume and nature of the hydrothermally-driven ground-water outflow 

during periods of fluvial valley formation on Mars. Although the general physical 

interactions between thermal anomalies and ground water would be similar for both Earth 

and Mars, the magnitude of these interactions may differ. These differences arise largely 

from the lower Martian gravity, different atmospheric conditions, the presence of an ice

rich permafrost zone on Mars, and the processes that transport ground water into the near

surface environment. This chapter summarizes the possible effects of these processes on 

a hydrothermal system formed on Mars. 
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Permafrost 

The presence of ice-rich permafrost would affect an active hydrothermal system 

on Mars. There is extensive morphologic evidence for ground ice in the Martian 

subsurface (Squyres et al. 1992). For example, lobate ejecta around many impact craters 

are thought to have formed by the fluidization of ground ice and mobilization of ground 

water as a direct result of impact formation. The presence of thermokarst features, karst-

like landforms, that form by the melting and removal of subsurface ice, and the presence 

of various periglacial landforms such as patterned ground and pingo-like features, also 

suggest significant quantities of ice exist in the near surface. There are numerous 

estimates for the thickness of the ice-rich Martian permafrost. Most are based on 

theoretical estimates of where ice would be stable given present atmospheric conditions; 

some are based on geomorphic studies of landforms. Regardless of the approach used, 

the thickness of this zone seems to vary with latitude and a common estimate for mid-

latitude permafrost thickness is 2 km (Squyres et al. 1992). 

Upwardly moving hydrothermal fluids must melt through this permafrost to reach 

the surface. The energy, E, required to melt through a cubic centimeter of permafrost 

is given by 

E = Il TIp C (1 -e) +p.C .f) + f pL 
~ r p.r I p,l I 

(9.1) 

Where IlT is the difference between the initial temperature of the permafrost and its 

melting temperature, p is the density of either rock (r) or ice (i), Cp is the heat capacity 
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Figure 9.1. Time for an upward fluid flux of 5xlO-6 g cm-2 sec-l to melt through a 2 km 
thick permafrost layer as a function of permafrost volume fraction of ice. Different lines 
represent a range of energy fluxes delivered to the ice (see text). 

per gram of rock (r) or ice (i) (assumed independent of temperature), L is the latent heat 

of melting of ice, and e is the volume fraction of the permafrost that is occupied by ice. 

Therefore, hydrothermal waters impinging on the base of the permafrost must deliver 

enough energy to raise the temperature of the rock/ice mixture to the melting point of 

water and also provide the latent heat of melting. 

The time required to melt through a 2 km thick permafrost zone can be estimated 

from the numerical modeling results reported in the previous chapters. This time can be 
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calculated by dividing the energy required to melt the ice contained within this zone by 

the energy flux. For the baseline 50 km3 intrusion, the convective mass flux averaged 

over the first 10,000 years of hydrothermal activity is 5 x 10-6 g cm-Z sec-lover an area 

of approximately 20 kmz. The amount of energy this water delivers to the permafrost can 

be measured by the amount the water cools upon contact. In Figure 9.1, the time required 

to melt through the permafrost is shown as a function of porosity, assuming the water 

cools by 3.3, 10, and 30°C upon contact with the permafrost. These temperatures 

correspond to energy fluxes of 0.7, 2.1, and 6.3 watt m-z. The calculation assumes that 

all the pore space within the soil is filled with ice and that the initial temperature averaged 

over the thickness of this zone is 240°K. Since the energy necessary to heat both the soil 

and ice to 273 oK must be provided, a [mite amount of time is required to heat the soil 

even if ice is not present. 

If permafrost on Mars fills a region with a pore space of 10 to 35%, then 

hydrothermal fluids can melt through 2 Ian thick permafrost in several thousand years. 

This is a conservative estimate since, in reality, some pore space may also contain gas 

along with ice. In this case, the amount of energy and time required to melt through the 

permafrost would be less. However, assuming the conservative scenario, the time 

required to melt through the permafrost is short compared to the lifetime of the 

hydrothermal system (about 100,000 years). Therefore, the presence of an ice-rich 

permafrost zone should have a negligible effect on the lifetime of a hydrothermal system 

on Mars. 
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Figure 9.2. Equilibrium pennafrost thickness as a function of geothennal heat flow. 
Pennafrost thickness is shown for three mean surface temperatures. Typical estimates of 
current martian heat flow as well as geomorphologic evidence indicate pennafrost 
thicknesses of approximately 2 kIn. Higher surface temperatures and interior heat fluxes 
both produce thinner pennafrost layers. Heat flow above an active hydrothennal system 
may be as large as 3 to 5 watt mo2

, indicating equilibrium thicknesses of several hundred 
meters or less. 

Even directly above a volcanic intrusion, the surface temperature at Mars would 

be primarily controlled by the balance between absorbed solar and emitted infrared 

radiation (Fan ale et al. 1992). The surface temperature will remain below freezing and 

a residual ice-rich pennafrost zone will remain near the surface, except for areas directly 

areas directly above the intrusion or where springs or seeps have formed. Figure 9.2 
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Figure 9.3. Cartoon illustrating two ways in which ground water may reach the surface 
above an active hydrothermal system. The local water table is elevated and if the water 
table intersects with the surface ground water outflow will occur at seeps or springs as 
illustrated on the right. If the water table does not intersect with the surface vapor rising 
from the elevated water table will diffuse upwards into the unsaturated zone. Upon 
condensing this water may recharge near surface aquifers and eventually reach the surface 
as illustrated on the left of the diagram. 

illustrates the eqUilibrium thickness for a variety of heat flows and surface temperatures 

(applying McKay et al. (1985) Eq. 2). A thermal conductivity of 3.3 watts mol KI is 

. assumed. Based on the estimate of a 2 km thick permafrost zone, the present day 

background geothermal gradient probably provides on average around 0.1 watts/m2
, 

assuming present surface temperatures and a permafrost thickness of 2 km. However, the 

average heat flow in the presence of an active hydrothermal system can range from 2 to 
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Table 9.1: Hydrostatic head as a function of water temperature. 

H20 Temperature H20 Density Hydrostatic Head (km) 

5 0.99999 0.00 

15 0.99913 0.01 

25 0.99707 0.02 

35 0.99406 0.04 

45 0.99025 0.06 

65 0.98058 0.12 

85 0.96865 0.19 

100 0.95835 0.26 

5 watt/m2
• For example, at Wairaki, New Zealand, the heat flow averaged over 

approximately 50 km2 is 2.1 W/m2
• However, fluxes two orders of magnitude higher can 

occur in localized areas around springs. The graph shows that equilibrium permafrost 

thickness above an active hydrothermal system may be less than 100 m. Any 

inhomogeneities in the subsurface, such as fractures, would pennit egress of hydrothermal 

water to the surface. As shown in Figure 9.1, the system can adjust to the new 

permafrost equilibrium thickness in less than about 10,000 years, a time that is short 

compared to the lifetime of the hydrothermal system. 

Hydrothermal Fluids in the Near Surface Environment 

An important consideration is the actual physical process by which the water is 
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Figure 9.4. Idealized hydrothermal system. Water near heat source is at temperature Tl 
which is warmer than distant ground water temperature To and thus expands. The mass 
of water in the two columns is equal. The warmer water thus has a hydrostatic head M 
over the surrounding cold water. Table 9.1 lists values of M for a variety of water 
temperatures. 

transported to the surface. Figure 9.3 illustrates two ways upwardly moving water can 

reach the surface in the presence of an active hydrothermal environment. In an active 

hydrothermal system, the local water table becomes elevated due to the expansion of 

warm water (Figure 9.4). If the water table does not intersect the surface, as on the left-

side of Figure 9.3, vapor from the water table will be transported up through the 

unsaturated zone by a process called thermal vapor diffusion. As the vapor rises, it will 
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Figure 9.S. Graph showing scaled discharge for an idealized hydrothennal system (Figure 
. 9.4) as a function of elevation, as measured in units of hydrostatic head above the distant 

water table. When the elevation is equal to the head, there is no discharge. This 
calculation neglects friction in the region of positive elevation and is thus an upper limit. 

cool, gradually condense, and may recharge near-surface aquifers. If the elevated water 

table intersects with the surface, as on the right-side of Figure 9.3, ground water will 

directly flow out onto the surface from seeps and springs. Both processes are considered 

below. 

Water Table Elevation 

The height of this elevated water table will depend on the relative temperature of 
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the hydrothennal waters compared with surrounding ground water. As in Figure 9.4, both 

arms of the V-shaped tube contain the same mass of water. Table 9.1 lists the hydrostatic 

head, and thus the difference in ground water elevation, of water at various temperatures 

in a 6 km deep aquifer. The surrounding ground water is assumed to have a temperature 

equal to 273°K. As the table shows, the higher the temperature of the water, the higher 

the elevation of the water table. 

The rate at which fluid is discharged to the surface can be calculated for an 

idealized system, such as shown in Figure 9.4. If the ground surface corresponds to the 

top of the hot water table, the hydraulic head tJz of the heated water above the thennal 

anomaly produces direct outflow, at a rate Ro, onto the surface. This is the situation that 

the numerical model considers. However, it is possible that the actual ground surface is 

some distance Az above the surrounding unperturbed water table, but still below the top 

of the perturbed water table (Az < ~h). In this situation, a spring will still result, but the 

discharge will be less than if the ground surface was lower. The discharge in this 

situation, R, can be calculated as a ratio of the discharge calculated by SVTRA, Ro. 

Using Elder (1981, Chapter 10) this scaled discharge R1Ro is given by 

(9.2) 
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This equation neglects the resistance to the flow due to viscosity and permeability through 

the distance Az, and thus slightly overestimates R. Figure 9.5 depicts the scaled discharge 

with elevation as a function of hydrostatic head. The graph shows a decrease in discharge 

with increasing elevation. When Az is equal to the hydrostatic head, the top of the water 

table lies at the surface and, in this idealized situation, there is no discharge at the top of 

the tube. Thus if there is significant topography above the top of the unperturbed water 

table, such as a volcanic construct, other mechanisms must transport the water from the 

top of the water table to the surface. 

Thermal Vapor Diffusion 

Clifford (1991) explored water transport in the subsurface of Mars by the mechanism 

of thermal vapor diffusion. In the presence of a thermal gradient, water vapor in a porous 

medium will migrate from warmer (higher vapor pressure) regions to colder (lower vapor 

pressure) regions where it will condense. The condensed water may then flow downward 

back to the water table, or alternatively flow along upper, less permeable layers, if 

present. The thermally-driven vapor flux J depends on the diffusion coefficient D, the 

thermal gradient a = cll'ldz, and the saturated vapor pressure P at the top of the water 

table at temperature T: 

(9.3) 

. D is proportional to r I
(2 or '(3(2 depending on whether the pores are small or large 
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compared to the mean free path of the water molecules. For the case examined by 

Clifford, T = 20°C and a = 15°K/km, the flux of vapor reaching 1.33 Ian above the water 

table was approximately 10-4 m H20 yr-l, with a factor of 3 uncertainty depending upon 

the pore size. However, in the presence of an active hydrothermal system water 

temperatures may exceed 50°C and the temperature gradient may exceed 50°K/km 

directly above the intrusion. Under such conditions the thermal vapor diffusion flux 

would be 13 to 15 times greater than estimated for background conditions by Clifford. 

For even hotter water (and higher vapor pressures), the flux could be as much as 20 times 

greater than the Clifford fluxes, corresponding to several 10-3 m/yr or I km/106 yr. 

While thermal vapor diffusion clearly does not provide the large fluxes of water 

. made possible by direct fluid flow (which can produce near surface velocities of tens of 

meters per year), it does deliver ground water to the near surface environment when direct 

fluid flow cannot. This mechanism may playa role in the long-term replenishing of near 

surface, perched aquifers if the condensing water is trapped by a less permeable layer (as 

in Figure 9.3) and does not return to the deeper water table (Clifford 1991). Over the 

lifetime of a hydrothermal system, several kilometers of water may be transported by this 

mechanism. 

Water from Volcanic Eruptions 

Hydrothermal circulation is not the only mechanism that can transport significant 

quantities of subsurface liquid water and water vapor to the surface. Volcanic eruptions 
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transport water and steam to the surface and atmosphere for brief periods, usually on the 

order of hours to days. There is abundant evidence of the presence of mantling units on 

several Martian volcanoes. These mantling units are thought to be ash deposits resulting 

directly from explosive activity of the respective volcano (Mouginis-Mark et al. 1992). 

Both airfall deposits and pyroclastic deposits of ash have been identified. The formation 

of such deposits require the interaction of volatiles with magma in the subsurface. 

Juvenile water and/or ground water are the most likely contributors to these explosive 

events, although CO2 may also have played a role. 

Mouginis-Mark et al. (1982), and Wilson and Mouginis-Mark (1987) investigated 

the quantities of magmatic water required to drive ignimbrite or plinian eruptions on the 

Martian volcanoes, Hecates Tholus and Alba Patera, respectively. Plinian eruptions are 

highly explosive volcanic eruptions that result in fallout deposits of ash and pumice, while 

ignimbrite eruptions result in pyroclastic flow deposits composed of similar material 

(Mouginis-Mark et al. 1992). They estimated the volume of pyroclastic/air fall deposits 

present on the surface of both volcanoes, and adopted reasonable values for magma water 

content of between 0.5 and 5.0 wt. %. For pyroclastic flow deposits located on Alba 

Patera, Wilson and Mouginis-Mark calculated a minimum total volume of water released 

to the atmosphere as ranging between 700 km3 and 7000 km3
• For the airfall deposits 

located on Hecates, Mouginis-Mark et al. calculated the minimum total volume of water 

required to form these late-stage deposits to be between 0.35 and 3.5 km3
• Although these 

values are several orders of magnitude less than the volume required to form valley 
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Figure 9.6: Temperature contours (5°C) and velocity vectors for a baseline model 
with Earth gravity. Contour plots are for times of 317, 1,564, and 36,567 years. Note 
that the higher velocities cool the intrusion more rapidly than in the equivalent Mars 
model. Longest vector in (d) represents a velocity of 65 m/yr. 

networks in these deposits, recurrent eruptions throughout the lifetime of the volcano do 

provide a way of replenishing near surface aquifers with significant amounts of water. 

Gravity Considerations 

Gravity also plays a role in controlling the circulation and outflow of ground water 

in a hydrothermal system. To investigate this I considered a model in which the gravity 
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Figure 9.7: Comparison of baseline model discharges from hydrothennal system on 
Earth and Mars. 

was set at 9.8 m/s2 instead of 3.71 m/s2 to see how such a change would affect the results. 

Figure 9.6 illustrates the rising plume assuming Earth's gravity and should be compared 

with Figure 6.1. The peak velocity of the Earth-like gravity case is approximately 30% 

higher than that for the Mars system, but temperatures are about 40% cooler. Both effects 

are attributable to Earth's higher gravity. This is because buoyancy forces increase with 

increasing gravity. The buoyancy force, Fb = .1pwg, where .1pw is the density difference 

between the heated packet of water and the background water temperature and g is the 
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gravity. All else being equal, on Earth the buoyancy force on a packet of fluid will be 

equal to the Mars case for a smaller L.\pw' Therefore fluid will move upward, away from 

. the intrusion sooner and at a lower temperature. The net result is higher velocities, cooler 

temperatures, and a larger total volume of water discharged. Since each packet of water 

is cooler, more packets of water have to move through the system in order to cool the 

associated intrusion than in the equivalent Martian case (Figure 9.7). 

Although the theoretical magnitude of hydrothermal systems is predicted to be 

greater on Earth, several factors act to make hydrothermal systems more important on 

Mars. First, meteoric water on Earth can form a cap of cold water on top of a 

hydrothermal system. This cap can either prevent the hydrothermal water from finding 

egress to the surface or mask the surface manifestations of such systems by diluting 

hydrothermal fluids. This is the situation at Kilauea volcano, Hawaii, for example 

(Thomas 1984; Fournier 1987). Without an atmospheric hydrologic cycle, this would not 

affect Martian systems. Secondly, in few places on Earth does a volcanic intrusion sit 

surrounded by a highly fractured, porous medium saturated with ground water or ice. Yet 

that is just the situation in the Martian megaregolith. The outflow channels demonstrate 

that great quantities of water existed in the Martian subsurface. Hence hydrothermal 

systems may be especially well suited to produce surface discharge on Mars, while similar 

systems·may not be noticeable on the Earth. 
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CHAPTER X: IMPLICATIONS AND CONCLUSIONS 

The Martian valley networks have long presented a puzzle. They were almost 

certainly formed by running water, although the water more likely emerged from the 

subsurface rather than as rainfall. Most were formed about 3.8 to 2.8 billion years ago, 

depending upon the cratering model (Strom et al. 1982). Since water is thermodynamical

ly unstable in the current Martian climate, how did these valleys form? How were their 

aquifers recharged? In short, what was different about Mars early in its geologic history 

that allowed these ubiquitous valleys to form? The pursuit of the answers to these 

questions has fundamentally shaped the study of Mars for the past two decades. 

Two solutions to the valley puzzle have received the greatest attention. The fIrst 

is that Mars' climate was warmer early in its history, thanks to a CO2 greenhouse effect. 

In the accompanying warmer, denser atmosphere, water could flow freely on the surface. 

The second solution is that the planet-wide geothermal heat flux was larger in the past. 

Water could be melted closer to the surface and flow out, creating the sapping valleys. 

Both solutions leave unanswered the question of how ground-water aquifers were 

repeatedly recharged. Perhaps rainfall recharged aquifers in the warm climate model, but 

where are the associated runoff valleys? A uniformly higher heatflow could not recycle 

water laterally and does not explain why the valleys so widely separated from one 

another. 
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In this thesis I have investigated a third possibility: localized hydrothermal systems 

were responsible for both fluid discharge and subsurface cycling. In this model, a 

localized magmatic intrusion modifies the ground-water flow locally, drawing in cool 

water, heating it, and discharging it to the surface. This model might still require an 

atmosphere in which water could flow on the surface, perhaps under ice-covered rivers, 

but a global, atmospheric hydrologic cycle would not be required. The predominant 

uncertainty of this model has been how much water could be cycled. To address this 

question I constructed numerical models for Martian hydrothermal systems associated with 

igneous intrusions. 

Principal Findings 

The principal fmding of my modeling is that magmatic intrusions of several 102 

km3 or larger provide sufficient volumes of ground-water outflow over the time scales 

(several 105 years or more) needed to form fluvial valleys. Calculated discharges are 

robust. Subsurface inhomogeneities, local impermeable caps, and uncertainties in porosity 

all affect the discharges at the 20% level or less. The parameter with the single greatest 

effect on the calculated discharges is the subsurface permeability. Permeabilities between 

10 and 1000 darcys provide sufficient quantities of ground-water outflow to form fluvial 

valleys. Lower permeabilities require larger intrusion volumes to produce the same 

discharge. However in the range of permeabilities expected for basaltic rock, there is no 

difficulty in producing significant surface flow. 
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The estimates of the quantity of water to erode the Martian valleys come from 

measurements of the observed valley volumes and erosion rates responsible for forming 

similar terrestrial valleys. 

Life 

A major question presented by the fonnation of Martian hydrothermal systems is 

whether life could have evolved in such environments. There is a growing consensus 

that all forms of life that exist on Earth today arose from an ancestral sulfur-metabolizing 

thermophilic organism (Woese 1978, Lake 1988). Some workers place the amount of 

time needed for life on Earth to evolve as low as 2.5 million years (Oberbeck and 

Fogelman, 1989). If this hypothesis is correct, similar ancestral microorganisms may 

also have evolved in the sulfur-rich, hot spring environment of a Martian hydrothermal 

system (Boston et aI., 1992). Alternatively, if Mars had an earth-like climate early in its 

geologic history (Pollack et ai., 1987), then perhaps life, similar to that of the Archean 

and early Proterozoic periods on Earth, also evolved on the surface of Mars. Such life 

may have eventually migrated to subsurface hydrothermal environments as atmospheric 

conditions became increasingly inhospitable (McKay et aI., 1990). Recent discoveries of 

non-photosynthetic microbial ecosystems in deep-sea hydrothermal vents and in deep 

subsurface aquifer communities on Earth support the idea that such systems could also 

have existed in subsurface habitats on Mars (Boston et ai., 1992). 

I demonstrated in earlier chapters that, hydrothermal systems associated with 
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magmatic intrusions exceeding several 100 Ian3 can last for several million years; larger 

ones, such as those associated with the Tharsis or Elysium regions might have lasted on 

the order of a billion years. The models investigated in the previous chapters, however, 

were focused on evaluating discharge from a hydrothermal system to the surface. 

However, not all hydrothermal systems will have easy egress to the surface. Models in 

which the fluid does not discharge to the surface would be expected to produce elevated 

subsurface temperatures for a longer period of time. To evaluate how long a hydrother

mal system confined beneath an impermeable cap might last, I considered one further 

numerical model. 

In Figure 10.1, a 50 Ian3 intrusion model similar to that shown in Figure 6.4 is 

considered, except that the surface impermeable layer extends completely across the top 

of the model. The fluids are not entirely confined, however, as they are allowed to flow 

in and out of the grid along the right-hand boundary of the model, as in the earlier 

calculations. Note that the plume rapidly spreads throughout the modeled region and that 

temperatures are similar to those found in the previous models. However, a larger region 

surrounding the intrusion is heated to a higher degree since the energy remains confined 

beneath the surface. Inspection of the vector plots reveals that a circulation cell develops 

and much of the water recirculates through the system. Some fluid, however, does flow 

out of the system along the right vertical boundary, carrying away some energy. 

Nevertheless, this system remains at elevated temperatures for much longer than the 

similar model from Chapter 6. In that model the 5° C temperature contour 
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Figure 10.1: Temperature contours (5° C) and velocity vector plots for hydrother
mal system which has no direct fluid egress to the surface. Water temperatures are ele
vated over a much larger volume than models from Chapter 6. Also water temperatures 
are elevated for five to ten times as long close to the surface as in the baseline model. 

occupies a small region after about 70,000 years. In the model shown in Figure 

10.1, the same contour occupies a large region after 886,000 years. Thus the 

numerical model confirms that hydrothermal systems that do not discharge water 

to the surface can produce elevated subsurface temperatures last for up to an 

order of magnitude longer time than systems that do discharge water. Therefore 

hydrothermal systems on Mars, particularly larger, confined ones, could have 
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easily provided adequate timescales and possibly the necessary environments 

required for the formation or sustenance of life. Additionally, regions of 

past hydrothermal activity would provide the best locations in the search for 

morphological evidence of microbial fossils on Mars. Hydrothermal systems 

provide highly concentrated regions suitable for life and organisms that 

thrived in such systems would have been readily incorporated into the deposits 

formed by mineral-rich hydrothermal water and preserved as fossils (Walter and 

Des Marais, 1993). Martian hydrothermal systems may thus have provided both 

the quantities of ground-water outflow needed for valley formation and 

presented the fmal oases for life. 



Appendix A: Conductive Cooling of a Cylinder 

Equation (12) of Section 10.3 of Carslaw and Jaegar (1959) gives 
the temperature in the interior and exterior of a cylinder cooling by 
conduction. 

S(a,<) ,_ 1 .e(:~:).Jl i,~:).IO(ex.s).s ds 
( 2.' 't) 2' 1: 

o 
Temperature of cylinder of radius a, at a given point r and time 1 is given by 

(1) 

the above referenced equation. The equation uses dimensionless time 't (where 
't = 1<:.tla2, 1<:. is the thermal diffusivity) and dimensionless distance ex, ex = rIa. 

The boundary of the cylinder is at ex= 1. S = TIT 0, where TO is the initial 

temperature of the cylinder. 10 is the modified Bessel equation, as defined below . 

. _ (~.s)(2.n) 
JO( s) .- L ( n! ) 2 D 

The summation runs from n=1 to infinity. 
Sufficient accuracy is obtained with n = 50. 

n 

To test equation (1), temperature profiles are calculated for two separate 
times, 't = 0.05 and 0.01: 

Calculate Tn'O at 17 radii, ri 1:= 1 .. 17 
(i - 1) 

ri := 8 

Ai := S(ri ,0.05) 

Bi := S (ri' 0.01) 

A. 
1 

B. 
1 

A gives TITO as a function of radius for't = 0.05. 

B gives TITO as a function of radius for't = 0.01. 

1.5 r----.,----y------,--...., 

0.5 

o 0.5 1.5 2 

r· 
.1 

radius 
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In order to detennine the amount of energy remaining in the intrusion at 
time 1: , it is necessary to integrate the temperature distribution throughout the 
intrusion. This can be done by dividing the intrusion in many concentric cylindrical 
shells. The energy content of each shell (of thickness or) is 2m (or) hpCp T(r). 

So to find the total energy in the intrusion, this expression is integrated over the 
radius of the intrusion: 

E(t):= 2 0 ,,-1: roS(r,t) dr 

To plot the energy of the intrusion, pick 50 different dimensionless times. 

nt := 1 .. 50 This defines those times, starting at 1: = 0.01. 

tnt := 0.01 + nt· 0.02 

E1 is the energy in the intrusion at the 50 times. 

3~--------~------------n 

2 

o~--------~----------~ 

As the energy leaves the 
intrusion, it enters the 
surrounding country 
rock, therefore heating 
both the country rock and 
water. 

What needs to be input into SUTRA, however, is not the energy in the intrusion 
at a given time, but the rate at which energy is leaving the intrusion. 

The time derivative of the energy in the intrusion tells how fast the cylinder is 
cooling off at time 1: • A numerical derivative is used. 

dEC ) '= E( 1: + 0.005) - E( 1:) 
1: ' 0.005 

We will calculate dE for the same 50 different times. 

This array contains dE for the 50 time·s. 



This table contains the results of the calculation: 

t E(t) 

Elnt 
2.532 

dE 

d't 
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APPENDIX B: CALCULATING THE RATE OF PERMAFROST 
MELTING DUE TO WATER IMPINGING FROM BELOW 
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We calculate the rate of melting of a permafrost consisting of ice and rock with heated 
water impinging on the bottom of the permafrost. 

First, define the constants for the appropriate material parameters: 

Heat capacity of the water 

Cpi:= 4.2·107·erg·g- 1·K- 1 Heat capacity of the ice 

Cpd := 8.2'106• erg' g-I. K- 1 Heat capacity of the ground holding 
the permafrost. 

P soil := 2.5' g'cm- 3 

Pice := 0.917·g·cm- 3 

P water := 1.0' g. cm-
3 

The relevant densities. 

Latent heat of fusion of water, this is the 
energy required to melt each gram of ice 
in the permafrost 

Now determine the rate at which rising water contacts the base of the permafrost. 

Q sutta := 106 • g' sec- 1 

A sutta := 20' km2 

Typical discharge rate for systems from SUTRA 

SUTRA discharge area 

F := Q sutta 
A sutta 

Mass flux of water hitting the bottom of 
the permafrost 

F = 50 10-6 °g'cm- 2 'sec- 1 

Some more constants: 

TO := 230' K Average starting temperature of the permafrost 

T melt := 273' K Melting temperature of the permafrost 

~T := T melt - TO Need to raise the dirt and ice temperature this amount. 



Determine the energy required to heat the soil component and the ice component 
from TO to T melt. Assume that the soil porosity is E and that all pore space is filled 

with ice. 
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E soil(E, tlT) := (1 - E)'P soil·Cpd·tlT E to heat the soil component 

E ice(E, dT) := E'P ice·Cpi·tlT E to heat the ice component to 
its melting temperature 

E to melt the ice component 

So the total energy needed to melt a cubic centimeter of the ice is: 

For example, for a 25% porosity and tlT = 5DK, the energy per cm3 is: 

The energy flux impinging on the bottom is the mass flux times the heat capacity 
of the water times the amount the water cools after interacting with the ice. 

E flux (F, tlTw) := F·tlTw·Cpw 

For example, for the above mass flux and assuming the upward moving water 
cools by 20K upon contacting the pennafrost, 

What thickness of ice can the upward moving water melt per unit of time? 

v melt(F, .25, tlT, 20.K) = 2.266-10-6 -cm·sec- 1 



Let peImafrost thickness = Thick. Then the time for the hydrothermal 
fluids to melt through is just: 

Thick 
Time (F , E, .1 T , .1 Tw , Thick) 

v meltCF, E,.1T, .1Tw) 

Time(F,.25,.1T,20·K,2.km) = 2.797-103 .yr 

This is the time to melt through permafrost 2 km thick with 25% porosity. 

Consider three different energy fluxes into the permafrost and calculate 
the melting time for a variety of porosities. 

i := 1 .. 41 
Pick the porosities. 

Set the thickness of peImafrost to 2 km: 

Set the amount by which the upward 
moving water cools upon contact with 
the permafrost (this determines how much 
energy the fluid gives to the permafrost. 

Thick := 2' km 

.1Tw := lO·K 

Calculate the time to melt for this energy flux and the various porosities. 

If the heat flux is 1/3 of this then: 

.1Tw := 3.3·K 

tI i := Time(F,ci,.1T,.1Tw,Thick) 

If the heat flux is 3.3 times the first case, then 

.1Tw := 33·K 

t2i := Time(F, ci ,.1T , .1Tw , Thick) 
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t· 1 

yr 
- 30 104 

Time tl j 

(years) yr 
- - - 2" 104 

t2. 
1 

yr 
- - 10 104 

Time to melt through 2km thick permafrost as 
a function of porosity for 3 energy fluxes . 

.1Tw = 3.3 K 

.1Tw = 10 K 

--- ---- .1Tw = 33 K 
o~--~----~----~----~--~ o 0.2 0.4 

E· 1 

0.6 

porosity 

This figure appears as Figure 1 of Chapter 9. 
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