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Abstract.
Drilling on Mars will be carried out under conditions of very low temperature and pres-

sure with the object of recovering cuttings or rock cores for analysis. Drill bits may use
either diamond impregnated segments or discrete cutters. The former will have a rela-
tively constant performance over time whereas bits with discrete cutters will gradually
become blunt and eventually cease to cut. It is suggested that a hybrid bit type may
allow the successful drilling of a variety of rock and soil types. Cuttings removal will prob-
ably be by auger or possibly by use of continuous or intermittent gas blasts. The com-
bination of low temperature and pressure implies that in certain areas, and if ice is present,
frictional heating at the bit will cause the ice to sublime directly to vapor, with the re-
sult that the cuttings will be blown directly out of the hole. This will make for easy drilling.
At lower elevations, again if ice is present, there is the possibility that liquid water may
form, with the resultant risk that it may re-freeze if drilling is stopped and therefor lock
the drilling equipment in hole. The drilling equipment may be run on a wireline or it
may use a string of drill pipes. Power requirements may not be limited by the average
power that can be generated on the lander, since drilling may proceed in short bursts
using a higher instantaneous power input.

1. Introduction

Landed Mars exploration missions aim to carry out in-
situ analysis and eventually return samples to Earth. While
sample acquisition and analysis are presently limited to sur-
face materials, there is growing interest in acquiring samples
from below the surface.

Samples can be acquired by drilling in the form of a solid
core or fine cuttings. Choosing the physical form of the sam-
ple to suit the particular mission at hand is decided by the
requirements of the scientific mission. Note also that useful
information may be obtained from instruments placed in the
borehole even if no material is recovered at the surface.

Because drilling will take place in a remote location under
extreme conditions of low temperature and pressure, there
exists a number of constraints that must be factored into
the design of an effective drilling system. If any of the con-
straints is disregarded, the success of the entire mission will
be compromised.

2. The Martian Environment

Mars is cold, with surface temperatures typically in the
region of -100 C. The atmospheric pressure ranges from ap-
proximately 1 to 11 torr Smith and Zuber [1998], Hess et al.
[1980], Tillman et al. [1993].

Since the density of the Martian atmosphere is very low,
the temperature of the surface is controlled mainly by solar
heating and infrared cooling to the atmosphere and space,
whereas on Earth, heat exchange with the atmosphere oc-
curs. The temperature of the Martian atmosphere is, in
turn, controlled by convective heat exchange with the sur-
face, the absorption of infrared radiation from the sun and
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surface and re-radiation to the surface, space, and rest of the

atmosphere. For this reason, Martian atmospheric temper-

atures can be as low as −133 ◦C at the poles during winter

(Clancy et al. [2000], Martin et al. [2003]) and thermal fluc-

tuations of over 100 ◦C within six hours can occur Martin

et al. [2003].

The coldest surface night temperature recorded by the

Thermal Emission Spectrometer (TES) instrument on the

Mars Global Surveyor was −120 ◦C, while the warmest tem-

peratures were −65 ◦C Christensen. The coldest regions are

areas of very fine (dust) grains, while the warmest regions

are areas of coarse sand, gravel, and rocks (all capable of

greater heat retention). A maximum temperature of 27 ◦C
was recorded during summer on the equator.

The low temperatures on Mars preclude the use of many

materials such as metals with a body centered cubic struc-

ture (e.g. ferritic steels) (Dutta [1988]) which may become

brittle at low temperatures. In addition, large thermal fluc-

tuations can cause thermal fatigue in composite materials

that have large differences in the coefficients of thermal ex-

pansion of their different components. One such composite

material could be a cutting segment in a diamond impreg-

nated bit. Cutting segments on these bits are made of dia-

monds embedded inside a metal matrix. Since the coefficient

of thermal expansion of diamond is much smaller than that

of metals, continuous expansion and contraction of the metal

around the diamond could lead to debonding. The risk of

debonding will become much larger if the diamonds are not

held in place by chemical means but only by mechanical

locking (Konstanty [2000], de Chalus [1994], Dwan [1998]).

If the gaps between the metal matrix and diamonds become

large enough, the diamonds could easily get dislodged and

fall out prematurely as shown in Figure 1.
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Figure 1. Diamond pull out due to weak mechanical
locking inside the matrix.

As well as being cold, Mars has a low atmospheric pres-
sure, ranging from 1 to 11 torr (Smith and Zuber [1998],
Hess et al. [1980], Tillman et al. [1993]). These pressures
are significant because they bracket the triple point of wa-
ter, located at 4.7 torr and 0 ◦C. If ice is present in the
subsurface, and the atmospheric pressure is above the triple
point, frictional heating resulting from the drilling process
may cause liquid water to be formed in the borehole, but if
the pressure is lower, any liquid water will immediately be
transformed into vapor. This is important from the point of
view of removing cuttings from the borehole (Zacny et al.
[2004]) and also because of the risk of melting followed by
re-freezing that may lock the drilling equipment in the hole.

The low atmospheric pressure will also reduce the heat
transfer from the bit by convection. This will no doubt re-
quire a drilling strategy that not only uses appropriately
modest values of rotary speed and down force on the bit
(weight on bit or WOB) but also includes intermittent stops
during the process to allow the bit to cool off (Zacny and
Cooper [2005]).

For heat balance calculations, aerodynamic equations
that work on Earth are also applicable on Mars. Continuum
gas equations hold true as long as the length scale of any
object (e.g. the width of the drill face) is much greater (>
100x greater) than the mean free path of the gas molecules
(5 µm on Mars, temperature dependent) (Wilson [2005]).

The following means of heat dissipation can be consid-
ered:
• 1. Forced convection to surroundings (wind-driven);
• 2. Free convection to surroundings (in the absence of

wind);
• 3. Radiated heat to surroundings;
• 4. Conduction to the surrounding formation via drilled

cuttings;
• 5. Gaseous heat conduction to surroundings;

Forced convection will only work when the drill is above
the ground surface and exposed to the Martian winds, which
are typically in the range of 1-10 m/s when measured at 1
m height, but lower if very near the ground (Wilson [2005]).
Since the drill inside the hole will be shielded from wind,
forced convection will play no role in heat dissipation.

Heat dissipation via free convection is very low. In fact,
a forced convection in 1 m/s of wind on Mars provides more
cooling than free convection.

Radiation to the surroundings will also be minimal as the
drill will be surrounded by freshly drilled cuttings. The only
significant cooling will take place via conduction.

The reduced atmospheric pressure also causes dust to set-
tle quickly. On Earth, fine dust becomes airborne and cov-
ers large distances from its source before settling down. On

Mars, however, the fine dust produced by the drilling or cor-
ing of rocks will settle rapidly. In our experiments on drilling
under reduced pressure (Zacny et al. [2004]) we have noted
that even very fine dust with particle sizes in the ten mi-
cron range settles at only a few centimeters from the hole.
As a result, instruments and cameras on the Mars Lander
or Rover may not require additional dust covers, although
some sort of deflector shield at the top of the hole may be ad-
vantageous. Similarly, missions utilizing solar arrays should
not require brushes or gas jets to clean their surfaces peri-
odically.

The geology of the surface of Mars is still incompletely
understood. Some parts of the surface appear to consist of
blocks of hard rocks, typically basalt, distributed in soil or
dust that may or may not be well consolidated. Such ter-
rain was encountered by the ”Spirit” Rover on the slopes
of Bonneville crater. In other locations, for example at Ea-
gle crater, ”Opportunity” found sedimentary terrain that
may contain evaporites (Soderblom and et al. [2004]). Such
formations would be expected to be much softer and more
uniform, and thus much easier to penetrate than basalt. The
drilling environment may thus be variable on a large scale
and also on a centimeter-by-centimeter basis. Some envi-
ronments may be particularly difficult. An example would
be if the drill encounters blocks of hard rock dispersed in
loose soil. Such terrain is notoriously difficult to penetrate,
with problems of hole collapse while traversing the loose soil
and problems of uneven running and hole deviation when
the drill bit makes glancing contact with the blocks of hard
rock.

Additional problems are posed by the possible presence
of ice, either as lenses of solid ice or dispersed in ice-bound
soils or rocks (permafrost). Solid ice is difficult to penetrate
by conventional drill bits as partial melting and re-freezing
tends to cause ice to fill into the spaces between the bit
teeth and produce a smooth, slippery surface on the bit
face that prevents it penetrating further. There is consider-
able evidence of water ice at the Martian poles (Titus et al.
[2003], Mitrofanov and et al. [2003]), but it is not certain
whether ice-bound terrain will be found at lower latitudes
(Murray and et al. [2005]). At present, there appears to be
no evidence of ice in the immediate subsurface where Spirit
and Opportunity are working, but that does not exclude the
possibility of ice being found at some depth. In terrestrial
drilling a solution that is often used is to pour a low-melting
point liquid such as glycol or methanol into the hole (Ueda
and Garfield [1969]), but this will not be an option on Mars
because of the difficulty of transporting the liquid to Mars
and because the temperature will be too low.

3. Drilling Equipment

The choice of drilling equipment will depend on many
inter-related factors, but it is clear that it is more impor-
tant for the drill to be able to make progress in any and all
terrain than to be able to drill rapidly in a specific formation.
Related to this requirement is that all precautions should be
taken to prevent the drill becoming stuck in the hole. Stuck
drilling tools not only prevent the hole being deepened, but
also prevent access by logging instruments. We now discuss
various elements of the equipment with these considerations
in mind.

3.1. Drill Bits

The drill bit will have to be able to penetrate a variety of
formations, including ice and ice-bound soils, sedimentary
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rocks including evaporites, sands (more or less cemented)

and hard volcanic rocks such as basalt. In view of the ex-

pected small diameter of the borehole (about 30 mm or so),

and the requirement to be able to cut and recover cores, a

fixed-cutter bit is indicated.

For terrestrial applications of this type, the choice is for

either a diamond-impregnated bit or a bit having larger

discrete teeth that are made, usually, of cemented tung-

sten carbide or polycrystalline diamond compacts (PDC).

Diamond-impregnated bits are provided with cutting ele-

ments in the form of blocks or segments of relatively soft

metal such as bronze, impregnated with small diamonds

dispersed throughout the body of the block. As drilling

proceeds, the bronze is worn away, exposing the diamonds

that then cut the rock. Further abrasion of the bronze ma-

trix by the drilled cuttings erodes the bronze away at a rate

that allows the surface diamonds to be lost as they become

worn, and new, sharp diamonds to be exposed (Figure 2).

For optimal effect, the hardness of the bronze matrix must

be matched to the hardness of the rock to be drilled, with

harder rocks being matched to softer bronzes (since there is

more wear of the diamonds and less cuttings are produced

when drilling hard rocks). If the matrix is made too hard,

the diamonds can be worn down to a condition in which

they no longer cut (Figure 3)(Zacny and Cooper [2004]). At

this point, no more cuttings are formed, no further erosion

of the matrix occurs and the worn diamonds are not lost

and replaced. The result is that the bit stops drilling. If a

very soft matrix is chosen, the risk is that the overall rate of

wear of the bit will be high. Thus the total distance drilled

may be limited, but at least the bit will not be stopped. For

Martian drilling, therefore, it would be prudent to err or the

side of choosing a matrix that is soft, in order to be able to

advance at least until the impregnated segments have been

completely consumed.

Figure 2. Scanning Electron Micrograph of a diamond
impregnated segment in good condition.

Figure 3. Scanning Electron Micrograph of an ineffec-
tive diamond impregnated segment (note polished and
flattened diamonds).

Discrete-cutter bits have relatively few, large teeth usu-
ally made of cemented tungsten carbide or cemented tung-
sten carbide provided with a layer of polycrystalline dia-
mond on the forward edge of the cutter (PDC). Such bits are
generally much more aggressive than diamond-impregnated
bits and give rates of penetration that are typically an order
of magnitude greater for equivalent weight on bit and rotary
speed. However, the sharp edges of the cutters can be worn
down by exposure to hard, abrasive rocks, and they can also
be chipped by impact with hard rocks or when drilling in
uneven terrain where impact against hard inclusions occurs.
In contrast to diamond-impregnated cutters, once the sharp
edges of a discrete-cutter bit have been worn or chipped,
there is usually no way of re-sharpening the bit without re-
moving it from the hole and returning it to the factory. If
such wear were encountered on Mars, the bit would have to
be removed and exchanged for a new one.

Both bit types have difficulty in drilling ice and ice-bound
soils, since ice tends to melt and re-freeze between the pro-
jecting bit teeth, resulting in the formation of an ice-glazed
surface to the bit. One solution is to make the bit teeth
extremely sharp, and to provide them with a positive rake
angle with respect to the direction of cut. (A positive rake
angle is defined as being when the plane of the front face
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of the cutter is inclined so that it makes a positive clock-

wise angle with respect to the normal to the hole bottom,

i.e. the cutter face slopes upward and backwards with re-

spect to the direction of cut like the blade of a wood plane).

In such a case, the cutters operate very efficiently and the

cuttings are lifted off the work surface with minimal oppor-

tunity to lodge between the bit teeth. Unfortunately, such

very sharp cutters are easily damaged. Thus they work well

in clean ice or snow, but are quickly chipped and cease to

cut if stones or even sand or silt are encountered. For nor-

mal rock drilling, the cutters are usually set with a negative

rake angle to reduce the chance of cutter fracture.

3.2. A Hybrid Bit

Since neither of the bit types described above is likely to

be successful under all conditions on Mars, we have consid-

ered the possibility of building a hybrid bit type that may

be able to make progress in all formations. This will have a

combination of both PDC (discrete cutter) and impregnated

elements

Some hybrid bits (Tomlinson and Clark [1992], Sheppard

and Dolly [1993]) have been described that allow for rapid

rates of penetration in soft rocks, but for which the cut-

ting structure is protected in some way if very hard rocks

are encountered. These incorporate cutters of two types.

Some of the cutters are made of polycrystalline diamond,

set with a negative rake angle. Such cutters are sharp and

aggressive, even with negative rake, and allow for rapid re-

moval of the rock if it is soft enough. However, as noted

above, the sharp edges of polycrystalline diamond cutters

are easily broken if they encounter hard rocks. To deal with

this possibility, the bits are provided with a second type of

cutter. These are studs composed of diamond-impregnated

material as described above, or else the diamonds are set

into the surface of the studs. The studs are not easily bro-

ken, even by hard rocks, and the diamonds in them will be

able to grind away even very hard rocks. Thus the progress

of the bit is reduced but not stopped when an interval of

hard rock is encountered. However, although these designs

are intended to drill in soft rocks with occasional bands of

harder material, they are not suitable for drilling soils, ice,

ice and soil mixtures and rocks of variable strength, since

they tend to choke and clog with drilling debris when run

in very soft materials.

Figure 4 shows the proposed self-sharpening cutting seg-

ment for drilling in any geological formation. It comprises

two cutting elements. The first is a plane diamond table set

at a positive rake angle with respect to the cutting direction.

The diamond table is conveniently made of polycrystalline

diamond (PDC), but may be made of single crystal dia-

mond, chemical vapor deposited diamond, reaction bonded

diamond composite or other hard material such as cemented

tungsten carbide. The second part of the cutter is placed

immediately behind and in contact with the diamond table

and supports it so as to prevent it from being bent back-

wards and broken. It is composed of a regular diamond-
impregnated material.

Figure 4. A hybrid, self-sharpening cutting segment for
drilling in any geological formation.

Unlike the cutters used in bits described elsewhere (Tom-
linson and Clark [1992]), in which the PDC cutters are sep-
arate from the diamond-impregnated studs, the present cut-
ter combines both elements. This is so that the impregnated
element can support the diamond table, and so that the dia-
mond table can protect the impregnated element from undue
abrasive wear.

In operation, the cutters operate in one of two ways. In
very soft material, such as ice, ice-bound soil, soft clay etc,
it has been found that it is important that the cutter have a
positive rake angle. The cutter then acts much like a chisel
or plane to peel the material to be drilled away from the
substrate. Having a cutter with a negative rake angle such
as is used in the hybrid bits described above (Tomlinson and
Clark [1992]) has been found to build up a mass of cuttings
in front of the cutter that chokes the bit if the material being
drilled is very soft. During drilling of this type, the abrasive
action of the undrilled rock and the cuttings wears away the
matrix of the diamond impregnated segment behind the ta-
ble. The segment thus takes no part in the cutting action.
It does, however, have a very important function in limiting
the depth of penetration of the diamond table so that the
forces on the table are kept low enough to prevent it from
being broken.

When drilling in hard material, however, it is expected
that the cutting edge of the table will either be chipped or
rapidly worn away. Under these circumstances, the diamond
impregnated metal segment is exposed to the rock and will
continue the drilling action as the exposed diamonds make
contact with the rock. A judicious selection of the abrasion
resistance of the metal matrix will ensure that the matrix
is worn away, allowing the diamonds to fall out, at just the
rate that causes the diamonds to be lost when they have
become blunt and cease to cut. In particular, use of a soft
matrix is indicated when the abrasivity of the drilled cut-
tings is low. In the absence of clear knowledge of the terrain
to be drilled, it is advisable to use a soft matrix to be sure
that the segments will be worn down adequately.
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When the bit, having been drilling in hard material, now

encounters a softer layer of rock (or soil), the material being

drilled will no longer be able to wear or break the diamond

table, but the drilled debris will still be able to wear away

the (much softer) matrix of the impregnated element. Thus,

the original cutting structure, with the table standing proud

of the impregnated element, will be re-established. At this

time, the major contribution to drilling will once again be

from the table. In this way, the cutter adjusts its behav-

ior to suit the material being cut. By the same token, it is

self-repairing if damaged by accidental overload.

Different combinations of materials may be used for the

table and the diamond-impregnated matrix. Diamond in

one form or another (PDC, thermally stable diamond com-

posites, chemical vapor deposited or single crystal diamond)

may all be used, as well as cemented carbides, hard tool

steels etc. The impregnated elements may contain diamonds

of different size and quality, and the matrix metal may be

varied. In particular, if it is expected that the terrain to be

drilled is composed mainly of softer rocks and soils, it will be

preferred to have a matrix of low abrasion resistance. This

is to encourage the wear of the impregnated element so as

to allow preferential exposure of the table.

The advantage of this design is that the bit should be able

drill in most formations. It should also be self-sharpening

and, to a degree, self-repairing if damaged. For example,

if the bit encounters frozen soil, the table will cut while

the matrix will be wearing down. Once a hard formation

is encountered, the table will break off and the diamond-

impregnated segment will carry on with the drilling. When

soft material is encountered again, the cutting action will

revert to using the table. Again, if icy clay is encountered,

the impregnated segment will wear out and form a chisel

type bit employing the table surface as shown in Figure 4.

3.3. Cutting Sizes as a Function of Bit Types.

Figure 5 shows the particle size distribution of cuttings

produced by PCD, Hybrid and Diamond Impregnated Bits.

The particle size distribution varies quite extensively as a re-

sult of the different rock destruction mechanism by the bits

under consideration. In particular, d50= 100 microns for the

PDC bit, 45 microns for the Hybrid bit and 25 microns for

the Diamond Impregnated bit. Note that the most efficient

drilling process produces the coarsest particles.

The PDC bit relies on a chisel cutting action and thus it

produced the coarsest particles. The Hybrid bit, although it

utilized mainly PDC cutters, produced finer cuttings. This

is because the bit also had diamond impregnated segments

which re-ground previously cut rock. The segments in addi-

tion ground extra rock. The finest cuttings were produced

by the diamond impregnated bit. The rock drilling action of

such a bit relies on the localized cutting and grinding of the

rock by small (300 microns or so) diamonds. Thus, particle

size distribution successfully confirmed the mechanisms of

rock destruction by various bits.

Figure 5. Particle size distribution of cuttings produced
with PDC, Hybrid and Diamond Impregnated bits.

Figure 6. A view of the drill and a hole (clear acrylic
tube) before and during a gas flushing.

Figure 7. Extraction efficiency of the Santa Barbara
Sandstone and Basalt rock powders as a function of dif-
ferential pressure (after Zacny et al. [2005]).
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4. Choosing a Cuttings Removal System

The rock excavation process consists of two stages which
can occur either simultaneously or separately. The first
stage is breaking the rock and the second stage is the ex-
traction of cuttings from the hole. Failure to remove the
cuttings in time results in their being pulverized into pro-
gressively finer particle sizes without extending the hole,
making drilling very inefficient. Thus, the next question
concerns the means for removing the cuttings from the work-
front. Because of the combination of low temperature and
low pressure on Mars, there is no liquid that can be used to
flush the cuttings out of the hole.

4.1. Blasts of Gas

One possibility would be to use a gas stream, either from
a supply of compressed gas brought to Mars on the space-
craft, or else generated by compressing the Martian atmo-
sphere. Early studies by Blacic et al (J. D. Blacic [2000]),
based on the pressures and flow rates of compressed air that
are typically required in terrestrial drilling, concluded that
the required pressures and flow rates would be so high that
it would be prohibitive to bring the required gas supplies
from Earth, while the bulk of the compressor and the en-
ergy required to compress the Martian atmosphere would
again make this alternative unworkable.

In more recent work, however, we have shown that when
drilling under simulated Martian conditions, it may not be
so difficult to use a gas flow to remove the cuttings as had
been expected (Zacny et al. [2005]). This is for two major
reasons. First, because we expect the drilling operation to
be carried out at low energy levels, the cuttings will be very
fine. In our experiments with either diamond-impregnated
or PDC bits, we have found that the typical cuttings par-
ticle diameter is a few tens of microns (see Figure 5). In
the lower gravity of Mars, such cuttings will be relatively
easily lifted. Second, we have found that it is not so much
the pressure drop occurring at the drill bit that is effective

Figure 8. A close up of the drill and the hole showing
rock cuttings being blown out of the hole. The auger
diameter is 39 mm. (Zacny et al. [2004])

in lifting the cuttings, but the volume expansion of the gas
flow as it crosses the bit face, and the resulting gas velocity
as it returns to surface in the annular space between the
drilling assembly and the hole wall. For example, we have
found that for an ambient pressure of 5 Torr, typical of Mar-
tian conditions, the majority of the cuttings can be blown
out of the hole by a gas flushing pressure of 30 Torr (Fig-
ures 6 and 7). It should not be very difficult or require an
excessive amount of power to compress the Martian atmo-
sphere to this degree. Further, it appears that intermittent
blasts of gas may be as effective as a steady gas flow. Lifting
the cuttings by this method may have an important further
advantage insofar as the gas flow will help to cool the bit.

4.2. Cuttings Lift by Sublimation of Ice

A very interesting related possibility for lifting the cut-
tings occurs if the formation being penetrated contains water
ice. In experiments on ice-containing rocks and soils (Zacny
et al. [2004]), we have found that, when drilling under con-
ditions of low pressure, the heat generated by the drilling
process causes the ice to melt and then immediately to boil
to vapor. At a pressure of 5 Torr, the volume expansion
occurring in converting ice to vapor is 150,000 times. Even

Figure 9. Diamond wear under Earth atmospheric con-
ditions is extensive.

Figure 10. Diamonds are replaced before they wear
when drilling in water saturated rock at 5 torr.
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relatively small concentrations of ice in soils or in the pore
spaces of rocks thus generate enough water vapor to blow
the cuttings out of the hole (Figure 8). Since the water is
converted to vapor at the drill bit, the cuttings being blown
out of the hole are, in effect, freeze dried, and so they do
not stick to the drilling equipment or to the hole walls as
they leave the hole. An additional advantage is that the
latent heat of sublimation, at 2.6 kJ / gm, removes a large
quantity of heat from the hole. This helps to keep the bit
cool and to maintain the core in a frozen condition.

In our experiments with diamond impregnated bits, for
all of the above reasons, we have found that the efficiency of
drilling porous, ice filled frozen rocks at Martian pressures is
much greater than when drilling under Earth atmospheric
pressure. Typically, rates of penetration are doubled and
the drilling power is halved under Martian conditions by
comparison with Earth conditions. Under Earth conditions
or whenever the pressure exceeds that at the triple point of
water, liquid water forms and mixes with cuttings to form a
paste. This paste is more difficult to auger out than vacuum
dried cuttings. In addition, the paste could easily refreeze
around the bit and the auger trapping the bit inside the hole.
The diamond impregnated bits consist of small diamonds
(300 microns in size) embedded inside a metal matrix. The
drilling action is thus through grinding rather than cutting
of rock (as is the case with PDC type bits). When the hole
is full of paste, the efficiency of the bit therefore drops.

Core recovery under Martian pressure is much better both
because of the reduced tendency of the core ice to melt and
because of the more efficient removal of cuttings which re-
duces the tendency of the core to jam in the barrel. The bit
wear however is much different. Under Earth atmospheric
pressure, cuttings are cleared via volumetric displacement
and the action of the auger. This is an inefficient method,
because there is a layer of rock powder adhering to the sur-
face of the cutters. This layer protects the underlying metal
matrix from wear and in turn, diamonds are not being re-
placed sufficiently frequently (Figure 9). Under Mars pres-
sure conditions, on the other hand, newly formed rock pow-
der is continuously being blown out of the hole allowing the
metal matrix of the diamond segment to slide against the
bottom of the hole. Since the matrix wear due to abrasive
action against the surface of the rock is very fast, diamonds
are being replaced very frequently and they do not have the
time to wear (Figure 10).

Note that for this process to be effective, it is important
that the ambient pressure be below the triple point of water
so that no liquid water can be formed. As noted above, while
many parts of Mars have atmospheric pressures that are be-
low the required limit, some of the lower-lying areas have
pressures above the triple point, and so this must be taken
into account when deciding whether the sublimation of ice
is likely to help the drilling process. Note also, of course,
that the process will only be effective if ice is present in the
formations being drilled.

4.3. Auger Methods

Currently, the method for removing the cuttings that is
receiving the most attention is by the use of augers. A typ-
ical arrangement envisages the use of a hollow-stem auger
allowing the cutting and recovery of a core, with a drive
tube surrounding the coring assembly. The auger may or
may not be shrouded, and may either continue all the way
to the surface or convey the cuttings to a suitable catch
basket situated immediately above the coring assembly.

The use of augers in drilling is well known, although there
is still a lot of empiricism in their design (Carleton et al.
[1969], ). From the practical point of view, a major con-
cern is to keep the cuttings flowing freely up the auger and

preventing them from choking the auger flights. Augers gen-
erally work well when conveying dry, powdery materials but
choke when required to handle wet or sticky materials. In
our experiments, we have found that the presence of liquid
water is very damaging to auger performance, and that once
an auger fills with sticky cuttings, it is extremely difficult to
clear. For the various reasons advanced above, however, it
may be that drilling under Martian conditions will be easier
than drilling under terrestrial conditions because the ground
to be penetrated will either be dry, or if ice is present, the
ice may be sublimed away by the heat of drilling before it
can clog the bit and auger.

In our experiments on drilling under Martian conditions
we have found that once the auger has choked and become
clogged with cuttings, it is almost impossible to clear it, in
spite of, for example, lifting of bottom while rotating or even
applying reverse rotation. It is thus extremely important to
determine the maximum lifting capacity of the auger under
the operating conditions that are anticipated and then to
limit the rate of penetration of the drill so as not to exceed
this value. This will require deliberately limiting the rate of
advance of the bit in ”easy” drilling formations.

5. Selecting a Drill System
5.1. Drill Pipe vs Wireline

Two candidate styles of drilling are being investigated. In
the first, the system that applies rotary motion and down-
ward force (weight on bit) to the drill bit is located out of
the hole on the surface. It is connected to the bit and cor-
ing assembly by a string of drill pipes that are screwed or
otherwise connected together to form a rigid connection be-
tween the surface equipment and the bit. Such a system has
the advantage that the drive mechanism is placed out of the
hole where its size is not constrained by the diameter of the
hole and where maintenance may be easier. Further, if the
bit gets stuck in hole, it may be possible to unscrew the drill
pipe and, while the bit and a number of lengths of pipe may
be lost, if spares are available, the equipment may be moved
to another location and a new hole started.

On the other hand, the drill pipes will be heavy, and a
substantial mass of surface equipment will be needed to store
unused pipe, then to bring it to the drilling equipment and
connect it to the pipes already in hole. Similarly, when re-
covering core, changing the drill bit or removing the drilling
assembly in order to log the hole, it will be necessary to re-
move and store the drill pipe. Additional inconvenience may
also occur if it is desired to instrument the drill bit or make
measurements down hole while drilling is under way. This is
because it will be difficult to maintain electrical connections
between successive sections of drill pipe and it will be neces-
sary to provide a means of transferring information from the
rotating drill pipe to the fixed equipment on surface. If an
auger system is used, the drill pipes will probably all have
to be provided with auger flights (unless there is provision
for down-hole cuttings storage), and the torque required to
bring the cuttings to surface may quickly limit the depth of
hole that can be drilled.

An alternative system uses a drilling assembly that con-
sists of a bit, drive motor and cuttings catch basket that are
located in the hole, suspended from the surface on a cable
that brings electrical power to the drive motor. The same
cable can be used to return drilling information to the sur-
face. Weight on bit is provided by a gripper system that
braces itself against the hole wall. No drill pipe is used and
the cuttings are stored down hole in a catch basket that is
periodically returned to the surface to be emptied when the
core is recovered or a bit change is required.

Such a system dispenses with the need for drill pipes and
the handling equipment that is required to run them into
and out of the hole. Instead, the cable that attaches the



X - 8 ZACNY, COOPER: STRATEGIES FOR DRILLING ON MARS

drilling equipment to the surface can be stored on a simple
cable reel. Of course, a launch tube will be needed to al-
low the gripper system to obtain an initial purchase until
the hole has been deepened enough to allow the grippers
to enter the hole, but this may well be combined with the
guidance system that will in any case be needed to change
drill bits, recover core and empty the cuttings catch basket.
Once in the hole, if the gripper system is powerful enough,
the maximum weight on bit that may be applied will not
be limited by the dead weight of the spacecraft. In such a
system, it will not be necessary to auger the cuttings all the
way to the surface, as they only have to get to the cuttings
catch basket. Disadvantages to this system may include the
possibility that the hole wall may be damaged by the action
of the gripper, and that if the drilling assembly becomes
stuck in the hole, unless there is a back-up set of down-hole
equipment, it will not be possible to drill another hole.

5.2. Drilling vs Coring

The benefits of acquiring a core rather than a small pow-
dered rock sample are much higher. However, the choice of
coring vs full face drilling affects the drill system design.

The main benefit of coring is that a much smaller volume
of rock needs to be excavated to reach the desired depth
(during coring only the annular space is removed inside the
rock). A full face drill will require much more energy to
achieve the same depth. In addition, the coring bit requires
smaller values of WOB than a full face bit.

There is also an additional challenge in designing a full
face bit as the cutters along the axis of rotation have only
vertical motion (only cutters which are away from the axis
of rotation have a translation motion). This complicates the
choice and placement of cutters.

The main advantage of a full face bit is that no additional
core handling equipment needs to be built. This makes the
design of the drill much simpler and the diameter of the
hole could be made smaller (reducing the amount of neces-
sary rock excavation). In addition, since there is no core,
the space inside the drill could be used for downhole logging
devices.

6. Constraints and Requirements for the
Martian Drill System
6.1. Power

The main source of power for the present and near-future
Mars surface missions (including the 2007 Phoenix Lander
mission) comes from multi-panel solar arrays. Mars Explo-
ration Rovers have solar arrays that can generate up to 140
Watts for four hours per sol but they do have some dis-
advantages. First, they only work when exposed to direct
sunlight, varying their efficiency with the time of the day.
Second, solar panels gradually become covered with dust,
which, in turn, lowers their efficiency. Third, since Mars’
rotational axis is tilted at approximately 24 ◦, the angle at
which the panels face the sun varies from season to season
and this affects their efficiency. Last, since the orbit of Mars
is elliptical, the intensity of the incoming sunlight will vary
from season to season.

Future Mars Landers, particularly the 2009 Mars Science
Laboratory rover mission, will use a Radioisotope Thermo-
electric Generator (RTG) that can provide an uninterrupted
power supply for many years. With RTGs, drilling will be
independent of the time of day or positioning of the planet
with respect to the sun. In fact, drilling could be conducted
at night, which would be ideal to minimize overheating of
the core (night time temperature can be 100 ◦C lower than
the day time temperature. Martin et al. [2003]). Although

RTGs are more compact than solar panels, they are heav-
ier and also generate a large amount of heat energy that
needs to be dissipated via radiators. The science commu-
nity is highly concerned that if such an RTG powered Lander
or Rover crashes (instead of landing) in ice bearing regions
(Southern or Northern polar regions (Titus et al. [2003] and
Mitrofanov et al. [2003]), it could potentially sublime or melt
and vaporize the ice underneath and contaminate the sur-
rounding ice with bacteria brought from Earth. In the pres-
ence of water-ice and possible liquid water, bacteria could
grow and spread over large areas (Palluconi [2004]).

In addition to solar panels or RTG‘s, any power system
will include rechargeable batteries that are re-charged by the
solar arrays during daytime or continuously by the RTG. In
all probability, the drill will be powered by the batteries,
so there is no reason why the drill power should be limited
to the average or even the peak power that can be obtained
from the primary energy source. The 2003 Mars Exploration
Rovers have two lithium ion batteries with an energy con-
tent of about 300 Watt-hours each. For use in intermittent
drilling, therefore, such batteries could provide 300 watts for
an hour or 600 watts (comparable with a hand held home
handyman’s drill ) for half an hour. Thus specifications that
call for the drilling equipment to be limited to 50 watts of
power are probably unduly conservative (NASA [2004]).

6.2. Weight or Force on Bit

As noted above, the maximum force that can be ap-
plied on the drill bit while on Mars is a function of the
weight of the Martian Lander or Rover for a system that
applies weight from surface via a drill pipe, of for a cable-
deployed system as long as the gripper system is still in the
launch tube unless some positive anchoring system is pro-
vided against which the lander can pull (this seems unduly
complicated to build).

The 2009 Mars Science Laboratory Rover will have a mass
of approximately 500 kg (Space.com [2005]). Assuming that
the Mars 2011 WildCat Drilling Rover will have the same
mass, then the maximum force that should be applied on
the bit while testing the drill bits on Earth is:

WOB = 0.3 ∗ 500 ∗ 9.8 ≈ 1500Newtons, (1)

The effect of the lower Martian gravity must therefore be
borne in mind when carrying out drilling test experiments
on Earth, and it must also be remembered that the entire
weight of the Lander will not be available unless the drill
is situated directly under its center of gravity. In the more
likely event that the drill is placed so as to drill over the side
of the Lander, the available weight will be typically a half
or less than the total Lander weight.

Thus, the available WOB will be actually:

WOB = f ∗ 0.3 ∗Mlander/rover ∗ 9.8Newtons, (2)

where,
• f = fraction of the dead mass of the lander available for

applying of WOB.

PDC and other discrete cutter bits are normally supplied
with sharp cutting edges, and when new are very aggressive.
If the maximum available weight is applied to such bits in
this condition, they can easily be damaged by the excessive
depth of cut that results. However, as they wear, progres-
sively more weight must be applied. Conversely, diamond-
impregnated bits tend to have a much more constant be-
havior because of the regular loss and replacement of the
diamonds. The drilling control system will have to account
for these differences according to the bit type selected.
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6.3. Rotational Speed

For most rock types, changes in rotary speed do not
change the rock destruction mechanism significantly, so the
drilling torque is approximately constant while the rate of
penetration and the power required become proportional to
the rotary speed. However, increasing input power results
in increased heat generation and this may have undesired
effects both as regards the wear of the bit and the heating
of the core being cut. For diamond impregnated bits, too
high a speed at low weight can for example cause diamond
glazing (the diamonds become polished flat and cease to cut)
while too low a speed can cause excessive vibrations, which
might lead to diamond fracture. Excessive vibrations at low
RPM are also observed when drilling with PDC bits. In this
case, PDC cutters are much more suspectable to micro and
macro fractures at their cutting edges.

6.4. Water Saturation and Temperature Effects

As noted above, the low temperatures on Mars preclude
the use of many materials, and the wide fluctuations in am-
bient temperature may cause problems of thermal fatigue.
In addition, the choice of lubricants will be severely limited.

The effect of temperature on the rock-breaking process
itself is quite significant. Heins and Friz (Heins and Friz

Figure 11. Rate of Penetration vs Power for a dry and
water saturated frozen sandstone under Martian pres-
sure.

Figure 12. Rate of Penetration vs Weight on Bit for a
dry and water saturated frozen sandstone under Martian
pressure.

[1967]) found that the strength of basalt is a function of
temperature. In particular, the strength of the oven-dried
basalt increases by 50% when cooled down to −80 ◦C. This
temperature dependency of the strength of rocks was also
confirmed for other rock types by Mellor (Mellor [1971]).

Mellor found that the strength of the rock is not only a
function of temperature but also of water content. The un-
confined compressive strength of Berea Sandstone when wa-
ter saturated and frozen down to −80 ◦C increased by three
times. In our drilling experiments we found that the power
required for the same rate of penetration also increased by
three. Figure 11 shows the Rate of Penetration as a function
of the Weight on Bit for oven-dried Briar Hill Sandstone and
for water saturated (100% saturated) frozen Briar Hill Sand-
stone under Martian pressure. At a Rate of Penetration of
80 cm/hr, the power usage was around 30 Watt for dry rock
and 100 Watt for the water saturated frozen rock. Since
the rate of penetration is proportional to the rock strength,
it appears that the strength of the water saturated rock is
approximately three times larger than the strength of the
dry rock. This observation is consistent with the experi-
mental findings reported by Mellor (Mellor [1971]). The
exact strength increase is not only a function of the rock
type (and in particular porosity) but also water saturation
and the temperature. This finding is of particular impor-
tance to the Martian drill design as it is expected that the
Martian hole will be drilled in water saturated areas (where
the probability of finding life is highest).

When the best fit lines are extrapolated to the x-axis,
they intercept the axis at a value of around 5 Watt. This
power (when the rate of penetration is zero) can be at-
tributed to the frictional resistance of the bit rotating on
the bottom of the hole and auger torque. The gradients of
the best fit lines are 0.7 and 2.7 for the saturated and frozen
rock and for the dry rock, respectively.

Figure 12 shows the Rate of Penetration as a function
of the Weight on Bit for the dry and the water saturated
frozen Briar Hill sandstone. Dry rock requires much lower
weight on bit for the same rate of penetration. In particular,
the weight on bit required for the rate of penetration of 80
cm/hr is 25 kg for the dry rock and 60 kg for the water satu-
rated frozen rock. The approximate values for the threshold
weight on bit required for the cutters to penetrate the rock
are 20kg and 40kg for the dry and the water saturated rocks
respectively. From the cutter geometry, the total surface
area of cuter pressed against the rock was 20 mm2. Using
these threshold weight on bit values, the pressure exerted by
the cutters on the face of the rock was 10 MPa and 20 MPa
in the case of dry and the water saturated rocks respectively.
Both values are much smaller than the unconfined compres-
sive strength of the rock, measured at 48 MPa (Briar Hill
Hill).

The specific energy (energy required to drill unit volume
of rock) for the dry sandstone was 210 MJ/m3 and for the
100% water saturated and frozen sandstone was 770 MJ/m3.

7. Strategy for Drilling on Mars

The design of a drill system largely depends on the drilling
location. Factors such as atmospheric pressure and the pos-
sible presence of water are major considerations.

There are three possible scenarios:
Scenario one. Drilling may take place in a water-rich lo-

cation with pressures below the triple point of water. In
such a case, all or a portion of the heat generated by the
drilling process (depending on the amount of water) will be
used up by the latent heat of fusion and vaporization. Since
liquid water is not stable at pressures below the triple point
of water, the risk of a thaw followed by re-freezing that locks
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the drill in the hole seems much reduced. In addition, the
risks of cross- contamination of core samples will be mini-
mal. At the same time, the drilling power will be reduced
and hole cleaning will be improved as the subliming water
will blow the drilled cuttings from the bottom of the hole
(Zacny et al. [2004]).

Scenario two. Drilling may occur in water bearing forma-
tions with pressures above that of the triple point of water.
Water could then exist in its liquid form. Liquid water not
only increases the chances of contaminating the core with or-
ganisms already existing on the drill, but could also refreeze,
trapping the bit inside the hole. Thus, the temperature of
the drill bit must be monitored very closely to avoid the
melting of water ice. Since water on Mars may contain salts,
the freezing point could actually be lower than 0 ◦C. There-
fore, using the bit’s temperature to monitor the state of the
ice will not necessarily be the best method. An alternative
approach, using an electrical resistivity measurement would
be more accurate (Zacny and Cooper [2005]) as the resis-
tance of the formation changes depending on the amount of
liquid water. Hence, a sudden change in resistance indicates
water ice melting.

Scenario three. Drilling may take place where there is no
water present. In this case, the atmospheric pressure will
not be a significant factor any longer. However, the drill’s
temperature will necessitate careful monitoring since over-
heating of the cutting elements could be detrimental to the
structure of the bit (Zacny and Cooper , Radtke et al. [2004]).
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